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Liquid droplets of protein LAF1 provide a vehicle
to regulate storage of the signaling protein
K-Ras4B and its transport to the lipid membranet

Lei Li, Marius Herzog, Simone M&bitz and Roland Winter (2 *

Liquid-liquid phase separation has been shown to promote the formation of functional membraneless
organelles involved in various cellular processes, including metabolism, stress response and signal trans-
duction. Protein LAF1 found in P-granules phase separates into liquid-like droplets by patterned
electrostatic interactions between acidic and basic tracts in LAF1 and has been used as model system in
this study. We show that signaling proteins, such as K-Ras4B, a small GTPase that acts as a molecular
switch and regulates many cellular processes including proliferation, apoptosis and cell growth, can
colocalize in LAF1 droplets. Colocalization is facilitated by electrostatic interactions between the
positively charged polybasic domain of K-Ras4B and the negatively charged motifs of LAFl. The
interaction partners B- and C-Raf of K-Ras4B can also be recruited to the liquid droplets. Upon contact
with an anionic lipid bilayer membrane, the liquid droplets dissolve and K-Ras4B is released, forming
nanoclusters in the lipid membrane. Considering the high tuneability of liquid-liquid phase separation
in the cell, the colocalization of signaling proteins and their effector molecules in liquid droplets may
provide an additional vehicle for regulating storage and transport of membrane-associated signaling

rsc.li/pccp

Traditionally, intracellular organization is thought to involve
membrane-bound cell organelles, such as the nucleus and
mitochondria. These lipid membranes play a crucial role in
regulating cell signaling and controlling the transport of substances
in and out of cell organelles." However, in recent years, liquid-
liquid phase separation (LLPS) has emerged as a novel form
of intracellular organization.”> Many cellular compartments are
reported not to be bound by lipid membranes, such as RNA-
protein granules, nucleoli, speckles and Cajal bodies in the nucleus,
or stress granules and germ granules in the cytoplasm.®® Through-
out the years, these compartments have also been referred to as
liquid droplets or condensates.’ The presence of such a soft phase
boundary renders the cell capable of fast concentrating and coloca-
lizing cellular molecules selectively in one place, but still provides an
environment suitable for carrying out specific cellular functions.
Evidence from recent studies implicates LLPS in processes as
diverse as gene regulation, autophagy and membrane receptor
signaling,'®"* but exactly how the formation of such biomolecular
condensates regulates these processes is far from being well
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proteins such as K-Ras4B and offer an alternative strategy for high-fidelity signal output.

understood. The driving force of LLPS and the disassembly of these
membraneless compartments as well as the biophysical and bio-
chemical properties underlying their function related to cellular
signaling and human disease are currently the focus of intense
investigations."*™** Multivalent weak interactions, including mul-
tiple modular binding domain motif interactions and self-
association of intrinsically disordered proteins (IDPs) or domains
drive the formation of membraneless compartments, and the
assembly and disassembly of these compartments can be regulated
by ionic strength, pH, posttranslational modifications (e.g;, phos-
phorylation, methylation, SUMOylation) and protein expression
levels."*™

The disordered P granule protein LAF1 used here as simple
model system has been reported to undergo phase separation
forming dense liquid droplets in live cells and in vitro.'®'® The
N-terminus of LAF1 contains an arginine (R)/glycine (G)-rich
domain with low sequence complexity (Fig. 1B and C), which is
necessary and sufficient for phase separation.'® It has been
shown that the phase transition of LAF1 to form droplets is
largely driven by electrostatic interactions.'>'**$° Droplet for-
mation of LAF1 is readily reversible and responsive to environ-
mental changes, such as the ionic strength and temperature.'>'®
Disrupting the charged blocks containing positively and
negatively charged residues can dissolve the droplets completely.
This prompted us to hypothesize that droplets driven by LAF1
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Fig.1 (A) Schematic of the Ras/Raf/MEK/ERK signaling pathway.

Receptor-linked tyrosine kinases are activated by the extracellular epider-
mal growth factor (EGF). Binding of EGF to the epidermal growth factor
receptor (EGFR) activates the cytoplasmic domain of the receptor. The
SH2 domain of GRB2 binds to the phosphotyrosine residues of the
activated receptor. The guanine nucleotide exchange factor SOS then
binds to GRB2, resulting in an activated SOS form. Activated SOS prompts
the removal of GDP from K-Ras4B, which is favorable of GTP binding with
K-Ras4B. GTP-bound K-Ras4B acts as active K-Ras4B and recruits Ras
effectors, such as Raf from the cytosol. The structure of K-Ras4B (PDB:
5TAR) was generated using PyMOL. (B) Schematic of LAF1 construct with
RGG, dead box, and C-terminal domain. (C) Amino acid sequence of the
LAF1 RGG domain with anionic residues marked in red, cationic residues in
blue, glycine in grey, and all others in black.

may interact by electrostatic interactions with some cellular
signaling proteins carrying charged domains or flexible anchors,
such as K-Ras4B.

K-Ras4B is a small GTPase, which functions as a molecular
switch and regulates many cellular processes including proliferation,
apoptosis and cell growth.>»* Signaling of K-Ras4B depends
strongly on its correct localization in the lipid membrane.>
K-Ras4B is stimulated by guanine nucleotide exchange-effectors to
the GTP-bound, active form and converted back to the GDP-bound,
inactive form by GTPase-activating proteins (GAPs) leading to fast
GTP hydrolysis.”>** Mutations of K-Ras4B that greatly decrease the
intrinsic GTP hydrolysis rate of GAPs in K-Ras4B are present in
about 30% of all human cancers.>* Partitioning of K-Ras4B in the
lipid membrane is facilitated by its farnesyl anchor and a polybasic
domain (hypervariable region) containing 8 lysine residues.**"

In a recent study we could show that the positively charged
lysines in the polybasic domain of K-Ras4B can interact with
negatively charged molecular tweezers by electrostatic interac-
tions.*® To assess whether liquid condensates, such as driven by
LAF1, which are held together primarily by electrostatic interactions,
are able to interact with K-Ras4B in a similar way, thereby providing
an additional storage or transport vehicle for this signaling protein,
has been in the focus of this work. Moreover, considering
that 30% of human cancers are related to mutations of Ras proteins
with K-Ras4B being the most frequently mutated isoform,**33
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investigation of the interaction between K-Ras4B and liquid droplets
driven by LLPS systems such as LAF1 might be important for
exploring an alternative strategy for modulating signal output.

To examine the interaction between the LAF1 droplets and
K-Ras4B, we began with preparation of enhanced green fluo-
rescent protein (EGFP)-tagged LAF1 in a low salt concentration
buffer of physiological pH 7.4 on a glass and pre-washed
coverslip. After a short time of 1-2 min, LAF1 alone formed
micrometer-sized droplets (Fig. S1, ESIt). This is consistent
with previously reported results indicating that LAF1 alone is
capable of inducing phase separation and forming micro-
meter-sized highly concentrated protein droplets.">***° ATTO
550-labeled GDP-K-Ras4B proteins were then injected into
the solution containing LAF1 droplets. Fig. 2A shows that
GDP-K-Ras4B protein readily colocalizes in the liquid droplets,
indicating favorable electrostatic interactions of GDP-K-Ras4B
with LAF1 inside the droplets. Analysis of the fluorescence
intensities of LAF1 and K-Ras4B across the droplets confirmed
that both GDP- and GppNHp-Ras4B, which are known to
partition into lipid membranes, are also able to bind to
membrane-less LAF1 protein droplets (Fig. 2C and D).

Brangwynne and co-workers reported that LLPS formation
by LAF1 is strongly dependent on salt concentration, indicating
that charges play an important role in the assembly of LAF1
droplets, and that the disordered N-terminal RGG domain of
LAF1 is necessary and sufficient for phase separation.'® To
change the electrostatic interactions and reveal their effect on
the droplet formation of LAF1, we changed the buffer pH, as
shown in Fig. 3A. The isoelectric point of LAF1 is 6.6, which
would hence be positively charged at pH 5.0 and negatively
charged at pH 9.0. Compared to the density of droplets formed
at pH 7.4, droplet formation at pH 5.0 and pH 9.0 both largely
decreased (Fig. S2, ESL,T and statistical analysis of droplet sizes
and densities), revealing that positive and negative charges are
both important in mediating LAF1 phase separation. The
polybasic domain of K-Ras4B contains 8 lysine residues, which
are positively charged at physiological pH. Recent results of our
group showed that these positively charged lysine residues can
be targeted by negatively charged tweezer molecules,*” indicating
that these lysine residues in the polybasic domain of K-Ras4B are
readily accessible for interaction with negatively charged mole-
cules, such as those in the RGG domain of LAF1, leading to the
observed colocalization of K-Ras4B in the LAF1 droplets (Fig. 2E).
Fig. 2B and D confirm that GppNHp (the non-hydrolyzable
analogue of GTP)bound K-Ras4B, ie. the active form of
K-Ras4B, also spontaneously colocalizes in the LAF1 droplets
(Fig. 2E), which is expected since GDP and GppNHp bind to
K-Ras4B at its G-domain, hence are not affecting the interaction of
the lysine stretch with LAF1.

The interaction of the effector molecule Raf with K-Ras4B
partitioning in the lipid membrane is a key step of the Raf/MEK/
ERK (MAPK) signaling pathway**** (Fig. 1A). B-Raf and C-Raf are
Raf serine/threonine kinases.>® The Ras binding domain (RBD) of
Raf recognizes GTP-bound, active K-Ras4B and forms a tight and
persistent Raf-RBD/K-Ras4B complex at the lipid membrane
through the effector binding site of K-Ras4B.””** B-Raf-RBD and
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(A) Confocal microscopy images showing GDP-K-Ras4B colocalized in liquid droplets driven by LAF1. GDP-K-Ras4B was labeled with ATTO

550 and LAF1 was tagged with EGFP. Droplets were formed after diluting concentrated LAF1 to low concentration of LAF1 (5.5 uM) in Tris buffer
(20 mM Tris, 100 mM NaCl, 1 mM TCEP, pH 7.4). GDP-K-Ras4B (2 pM) was then added to the droplet solution. (B) Confocal fluorescence microscopy
images showing GppNHp-K-Ras4B colocalized in the LAF1 droplets. GppNHp-K-Ras4B was labeled with ATTO 550 and LAF1 was tagged with EGFP.
GppNHp-K-Ras4B (2 uM) was then added to the droplet solution. (C and D) Quantification of fluorescence intensity of LAF1 and K-Ras4B showing line
scans in the merged images. (E) Schematic of GDP/GppNHp-K-Ras4B partitioning in the LAF1 droplet phase. Scale bar = 30 pm.

C-Raf-RBD bind to GppNHp-bound K-Ras4B with a binding affinity
of about 17 nM.** GDP-bound H-Ras was reported to bind to C-Raf-
RBD with a binding affinity of 32 uM,* ie. is about three orders
of magnitude more weakly bound than the GTP-analogue. As the
G-domains of Ras proteins are largely conserved, the binding
affinity of GDP-bound K-Ras4B to B/C-Raf-RBD would also be more
weakly bound than GppNHp-K-Ras4B. In a next step, we examined
whether, upon interaction of K-Ras4B with the Raf-binding
domains (RBD), B-Raf-RBD and C-Raf-RBD could also localize in
the LAF1 droplets. In fact, Fig. 3B and C show that upon addition of
B-Raf-RBD and C-Raf-RBD to a solution of LAF1 droplets and GDP/
GppNHp-K-Ras4B, droplets containing K-Ras4B bound to B-Raf-
RBD readily appeared. Similar results were obtained for C-Raf-RBD
(Fig. S3, ESIt), indicating that both B-Raf-RBD and C-Raf-RBD are
not only able to bind to the membrane-associated signaling protein
K-Ras4B,>>*"* they are also able to localize in liquid condensates
through interaction with K-Ras4B. Such liquid droplets serving as
membraneless organelles may also be important for function
related to cellular signaling.’®™** For example, they might play a
role in regulating K-Ras4B storage and transport inside the cell.
K-Ras4B is known to form nanoclusters in the cell membrane,
which is crucial for efficient activation of K-Ras4B cell signaling
including cell differentiation, growth, and apoptosis.”**' Sponta-
neous nanoclustering has also been observed in heterogeneous
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model biomembrane systems consisting, for example, of DOPC/
DOPG/DPPC/DPPG/cholesterol at a molar ratio of 20:5:45:
5:25.°%”7 To examine whether K-Ras4B can be released from
LAF1 droplets through contact with the lipid membrane, time-
lapse and tapping-mode atomic force microscopy (AFM) experi-
ments were carried out (experimental details are described in ref.
26, 31 and 40). As before, K-Ras4B proteins were mixed with LAF1
droplets for 30 min, allowing complete K-Ras4B binding to LAF1
droplets. After deposition of the lipid bilayer membrane in the
AFM fluid cell and in situ-injection of the mixture containing LAF1
droplets and K-Ras4B, the same region of the lipid bilayer was
recorded (Fig. 4). Before imaging, Tris buffer (20 mM Tris, 5 mM
MgCl,, pH 7.4) was injected into the AFM fluid cell to remove
unbound K-Ras4B or LAF1 protein.

The heterogeneous lipid bilayer exhibits the well-known
coexistence of liquid-disordered (I;) and cholesterol-rich
liquid-ordered (I,) domains on the atomically flat hydrated
mica surface before injecting the mixture of LAF1 droplets with
K-Ras4B into the AFM fluid cell (Fig. 4D). In agreement with the
literature, the height difference between the lipid domains is
about 1 nm (Fig. 4A, section profile in 4C).>>*” Partitioning of
the farnesylated K-Ras4B proteins in lipid membranes results
in attractive protein-protein interactions and nanocluster
formation by lipid-mediated interactions (Fig. 4B). Height

This journal is © the Owner Societies 2021
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Fig. 3 (A) Droplet formation of LAF1 (5 uM) at (pH 5.0, 7.4, and 9.0).
(B) B-Raf-RBD localization in the LAF1 droplets by binding to GDP-K-
Ras4B. (C) B-Raf-RBD localization in the LAF1 droplets by binding to
GppNHp-K-Ras4B. Droplets were formed after diluting concentrated
LAF1 to low concentration of LAF1 (6 uM) in Tris buffer (20 mM Tris,
100 mM NaCl, 1 mM TCEP, pH 7.4). Both GDP-K-Ras4B and GppNHp-K-Ras4B
were labeled with ATTO 550. LAF1 was tagged with EGFP. B-Raf-RBD was
labeled with BDP 650/665 X NHS ester. Scale bar = 30 pm.

C LAF1

analysis of the areas marked with a red line in Fig. 4B shows
that the height of K-Ras4B nanoclusters is 1.3 + 0.2 nm
(N = 39), which is also in line with literature data.>*'

We then carried out AFM scans after addition of the LAF1-K-
Ras4B mixture to the lipid bilayer system. Fig. 4E reveals that
round K-Ras4B nanoclusters (specified by dashed circle lines)
are formed in the lipid bilayer as well, with heights similar to
those upon addition of K-Ras4B only to the lipid membrane
(Fig. 4B), i.e. K-Ras4B nanoclusters are formed in the lipid
bilayer also after injection of the LAF1-K-Ras4B droplets. More-
over, larger micrometer-sized, membrane-bound protein clus-
ters were observed (Fig. 4E). Analysis of these clusters shows
that their height is in the range of 3.9 £ 0.5 nm (N = 57)
(Fig. 4F). As a control, we added LAF1 in Tris buffer containing
1 M NaCl only to the lipid bilayer, i.e. at conditions where LAF1
is not able to form droplets (Fig. 4G, H and Fig. S4, ESIT). The
AFM data show that LAF1 proteins are able to bind to the
anionic lipid bilayer with a height of 3.5 + 0.5 nm (N = 43),
which is likely facilitated by the electrostatic interaction
between negative charged lipids and positively charged amino
acid residues of LAF1 (Fig. S5, ESIt). This suggests that the
larger protein clusters observed in Fig. 4E consist of LAF1
monomers bound to the membrane after disintegration and
dissolution of the droplets. This is to say, upon interaction of
the K-Ras4B containing LAF1 droplets with the anionic lipid
bilayer, the droplets dissolve and K-Ras4B is released, allowing
the signaling protein to partition into the lipid bilayer via
interaction of its farnesyl anchor and lysine stretch of the
hypervariable region. Generally, liquid droplet formation is a
dynamic process, which can be tuned by many factors, such as
salt, pH, RNAs, temperature, pressure, protein modification
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Fig. 4 (A) AFM images of the heterogeneous lipid membrane before
injection of GppNHp-K-Ras4B. (B) AFM image of the heterogeneous lipid
membrane shown in (A) after injection of 200 pL of GppNHp-K-Ras4B
(2 uM) in Tris buffer (20 mM Tris, 5 mM MgCl,, pH 7.4). (C) AFM height
profile of the areas marked with a red line in (B). (D) AFM image of
the heterogeneous lipid membrane before injection of LAF1 droplets
containing GppNHp-K-Ras4B (2 uM, 30 min incubation). Droplets were
formed after diluting concentrated LAF1 to low concentration of LAF1
(1 uM) in the buffer (20 mM Tris, 100 mM NaCl, 1 mM TCEP, pH 7.4). (E) AFM
image of the heterogeneous lipid membrane in (D) after injection of LAF1
droplets containing GppNHp-K-Ras4B. (F) AFM height profile of the areas
marked with the red line in the upper left part of (E). (G) AFM image of the
heterogeneous lipid membrane before injection of LAF1 protein in
the buffer (20 mM Tris, 1 M NaCl, 1 mM TCEP, pH 7.4). (H) AFM image of
the heterogeneous lipid membrane (G) after injection of LAF1 protein
(0.4 uM) in the buffer containing 1 M NaCl. () AFM height profile of the
areas marked with the red line in the lower part of (E). The anionic
heterogeneous 'raft-like’ lipid bilayer consists of DOPC/DOPG/DPPC/
DPPG/cholesterol at a molar ratio of 20:5:45:5:25. The scale bar in all
images represents 1 um.

and concentration.**™*> Here we show that also the electrostatic

interaction of liquid droplets with lipid membranes is able to
imbalance the forces leading to LLPS formation, resulting in
the breakup of the protein droplets and release of the cargo, i.e.
K-Ras4B (with its potential interaction partners like Raf).

To summarize, we show that the signaling protein K-Ras4B -
conceivably in concert with interaction partners and effector
molecules such as Raf - can partition into protein condensates
such as P-granule protein LAF1 droplets used here as simple
model system. The colocalization is facilitated by electrostatic
interactions between the positively charged polybasic domain
of K-Ras4B with the negatively charged motifs of LAF1. Upon
contact with an anionic lipid bilayer membrane, the liquid
droplets dissolve and their cargo, K-Ras4B, is released, forming
nanoclusters in the lipid membrane (Fig. 5). The activity of
K-Ras4B signaling depends on its level of enrichment in
the plasma membrane. Chaperone proteins such as PDE66 have
been shown to assist K-Ras4B delivery from the cytosol to the
plasma membrane by favoring passive diffusion of K-Ras4B.***®
Here we show that cellular liquid condensates are able to provide
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Fig. 5 Schematic of transportation of K-Ras4B in protein droplets to the
lipid membrane and release of the signaling protein via droplet dissolution
and subsequent partitioning and nanoclustering of K-Ras4B in the lipid
bilayer membrane.

an additional vehicle to regulate storage and provide transport of
signaling proteins such as K-Ras4B. Compartments associated with
liquid droplets may help control the activation of intracellular
signaling cascades such as the MAPK pathway and may also help
protecting signaling molecules from inactivation, e.g. by phospha-
tases. It was found that 98% of K-Ras4B-related cancer mutations
occur at residues G12, G13 and Q61, which belong to the G-domain
of K-Ras4B."” The colocalization of K-Ras4B within LAF1 droplets is
largely driven by electrostatic interactions between the positively
charged polybasic domain of K-Ras4B and the negatively charged
motifs of LAF1. Therefore, cancer-related mutations are not
expected to enhance or attenuate the binding preference of
K-Ras4B to the liquid droplets significantly. Considering the high
tuneability of LLPS in the cell, colocalization of signaling proteins
and their interaction partners (such as Raf) in liquid droplets might
play an important role in regulating cellular signaling in general
and offer a mechanism for control or amplification of signal
transduction both within the cytoplasm and at the lipid membrane.
Membrane clustering appears to be a common mechanism in
cellular signaling, which can serve to stabilize active conformations,
amplify signals and introduce a switch-like behavior.>**° Here we
show that liquid droplets containing signaling proteins and their
effector molecules can be directed to the lipid membrane through
membrane-binding protein components. Since multistep reaction
cascades are common in signal transduction pathways and there-
fore efficient control of the concentrations and residence times of
effector molecules is required,™'* such principles of signal regula-
tion by biomolecular condensates may generally be likely. However,
the full implications of LLPS systems for signal transduction are
only just beginning to emerge and further extensive studies using
more biologically relevant multicomponent protein/RNA LLPS
systems as well as cellular studies are required to realize their full
potential.
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