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Abstract 
The three oncogenes KRAS, NRAS and HRAS are mutated in 19 % of all cancer cases. Ras proteins 

were considered undruggable for a long +me due to their shallow surface lacking druggable pockets. 

However, a}er decades of long and hard efforts, two allele-specific inhibitors against K-RasG12C 

were recently approved by the U.S. Food and Drug Administra+on (FDA) and European Medicines 

Agency (EMA) for non-small cell lung carcinoma (NSCLC). While KRAS is o}en mutated in lung, 

pancreas and colon cancer, HRAS is frequently mutated in bladder and head and neck cancer adding 

up to 250 000 new cancer cases per year worldwide. Next to therapies focusing on signalling 

downstream of mutant H-Ras, the farnesyl transferase inhibitor +pifarnib is the only approved 

inhibitor for H-Ras mutant cancer types. Despite these recent advances in therapies, pa+ents rapidly 

develop resistances against these targeted therapies highligh+ng the need for novel broad spectrum 

targe+ng approaches.  

Ras is organized into plasma membrane signalling hubs, called nanoclusters, which are the exclusive 

recruitment sites for effectors, such as Raf proteins. Ras nanoclusters are highly dynamic epicentres 

of mitogen-ac+vated protein kinase (MAPK) signalling cascade. The canonical MAPK signalling 

downstream of Ras proteins regulates cellular processes such as prolifera+on, apoptosis, 

differen+a+on, etc. and is frequently dysregulated in human cancers (Guo et al., 2020). 

Previously, our research group proposed that ac+ve H-Ras nanoclusters are stabilized by Raf dimers, 

and this complex can be further enhanced by Galec+n-1 (Gal1) dimers (Blazevits et al., 2016). We 

demonstrated that Gal1 does not harbour a farnesyl binding pocket, thus does not bind to H-Ras 

directly, but instead engages with the Ras binding domain (RBD) of Raf. Given that nanoclustering 

determines MAPK output, the stabiliza+on of Raf dimers by dimeric Gal1 was proposed as 

explana+on for the observed increased MAPK signalling. In line with MAPK signalling driving cancer 

progression, pa+ents with H-Ras mutant cancers that have a high Gal1 level display a poorer 

survival. Therefore, targe+ng the Raf/ Gal1 protein interface may represent a novel opportunity to 

inhibit enhanced H-Ras signalling.  

We here iden+fied the 52-amino acid L5UR-pep+de and its 23-mer core fragment as an H-Ras 

nanocluster disrup+ng agent. L5UR binds with low micromolar affinity to the B-Raf RBD at a site 

that disrupts the B-Raf-RBD/ Gal1 interface. We have inves+gated the ac+vity of L5UR and L5URcore 

in Bioluminescence Resonance Energy Transfer (BRET). This technique is typically used to study 

protein-protein interac+ons in intact cells and it is a suitable method to study Ras nanocluster 

organiza+on. L5UR and L5URcore disrupt H-Ras nanoclustering-BRET, as well as Gal1/ RBD 

interac+on BRET. Cell-permeable variants of the pep+de decrease MAPK-signalling output and cell 

viability in H-Ras mutant cancer cell lines. The L5UR pep+de may therefore represent a star+ng point 

for the development of chemical-biological tools that disrupt H-Ras nanoclustering and signalling.  



2 

Aims and objec3ves of the thesis 
The Ras small GTPases are mutated in 19 % of all cancer cases worldwide (Prior et al., 2020). Since 

the discovery of Ras in the 1980s (Cox & Der, 2010), major research efforts have focused on directly 

or indirectly targe+ng Ras proteins. Despite recent breakthroughs, pa+ents rapidly develop 

resistances against available specific inhibitors (Kwan et al., 2022). Hence, there is s+ll a major need 

for alterna+ve approaches to treat Ras mutant cancer.  

Amongst the first targe+ng strategies, numerous research a2empts focused on inhibi+ng the 

membrane anchorage necessary for Ras ac+vity and developing methods to target downstream 

effector proteins. At the plasma membrane, Ras organises into proteo-lipid signalling complexes, 

called nanoclusters, which func+on as recruitment sites for at least Rad effector proteins. The best 

studied Ras nanocluster modulator is the small lec+n, Gal1 (Pavic et al., 2022). Gal1 is involved in 

various extracellular processes. However, in the intracellular context Gal1 executes a different role. 

At micromolar concentra+ons, Gal1 can dimerize and thus stabilize H-Ras nanoclusters in a stacked 

dimer with Raf, as it binds its RBD domain (Blazevits et al., 2016). Thus, high Gal1 levels would 

stabilize Ras signalling complexes. High Gal1 levels are found in H-Ras mutant cancers, e.g., 

thymoma, bladder and head and neck cancers, and are associated with poorer survival rates of 

pa+ents (Steffen et al., 2024). As H-Ras nanocluster-dependent signalling is enhanced by Gal1 

binding to the RBD, their protein-protein interac+on interface represents a promising target site. 

The research conducted for my thesis focuses on the development of a pep+de binding at this 

protein-protein interac+on interface in order to selec+vely target H-Ras nanoclustering and H-Ras 

driven cancers. We used BRET to study Ras nanoclusters and other relevant protein-protein 

interac+ons in intact cells. We therefore prepared a detailed published protocol to share with the 

research community. This inhibitory pep+de, L5UR, affects Gal1-enhanced H-Ras signalling in H-Ras 

mutant cancer cell lines and more broadly inhibits 2D cell prolifera+on.  

 

Therefore, the specific aims of this thesis are: 

• To iden+fy Ras targe+ng opportuni+es by a thorough and extensive literature review 

studying direct Ras binders of macromolecular nature either to inhibit Ras or explore the 

surface for new binding sites. 

• To develop and characterize a pep+de, which binds at the Gal1/ RBD interface to reduce 

Gal1-enhanced H-Ras nanoclusters and signalling in H-Ras mutant cancer cells. 

• To prepare a comprehensive protocol describing the BRET method applied in this thesis to 

study protein-protein interac+on. 
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Sec3on A: Material and methods 
1. Material 

Table 1: Cell lines 

Cell line Tissue / Tumour Type Muta9on Manuscript 
Human cell line, HEK293-EBNA (HEK) Human embryonic 

kidney 
/ II, III 

Human cell line, MIA PaCa-2 Pancreas/ Carcinoma  KRAS-G12C  II 
Human cell line, Hs 578T Breast/ Carcinoma  HRAS-G12D  II 
Human cell line, T24 Urinary tract/ 

Carcinoma  
HRAS-G12V  II 

Hamster, BHK-21 Baby Hamster Kidney / II 
 

 

Table 2: Recombinant DNA 

Recombinant DNA Manuscript 
C413-E36_CMV promoter (Entry clone for Mul+site Gateway Cloning) II 
C453-E04_CMV promoter (Entry clone for Mul+site Gateway Cloning) II 
pDest-305 (Des+na+on vector for Mul+site Gateway Cloning) II 
pDest-312 (Des+na+on vector for Mul+site Gateway Cloning) II 
pDest-527 (Des+na+on vector for Mul+site Gateway Cloning) II 
C231-E13_RLuc8-stop (Entry clone for Mul+site Gateway Cloning) II 
C511-E03_RLuc8-no stop (Entry clone for Mul+site Gateway Cloning) II 
pDONR235-GFP2_stop (Entry clone for Mul+site Gateway Cloning) II 
pDONR257-GFP2_no stop (Entry clone for Mul+site Gateway Cloning) II 
Hs. K-Ras4BG12V (mutated P01116-2) (Entry clone for Mul+site Gateway Cloning) II 
Hs. H-RasG12V (mutated P01112-1) (Entry clone for Mul+site Gateway Cloning) II 
Hs. ARAF (P10398) (Entry clone for Mul+site Gateway Cloning) II 
Hs. BRAF (P15056) (Entry clone for Mul+site Gateway Cloning) II 
Hs. RAF1(P04049) (Entry clone for Mul+site Gateway Cloning) II 
pDONR221-hGal1 (P09382) (Entry clone for Mul+site Gateway Cloning) II 
pDONR221-hNGal1 (mutated P09382) (Entry clone for Mul+site Gateway Cloning) II 
pDONR221-C-RBD (aa 56-131 of P04049) (Entry clone for Mul+site Gateway 
Cloning) 

II 

pDONR221-B-RBD (aa 155-227 of P15056) (Entry clone for Mul+site Gateway 
Cloning) 

II 

pDest305-CMV-GFP2- K-Ras4BG12V (mutated P01116-2) II, III 
pDest305-CMV-RLuc8- K-Ras4BG12V (mutated P01116-2) II, III 
pDest305-CMV-GFP2- H-RasG12V (mutated P01112-1) II 
pDest305-CMV-RLuc8- H-RasG12V (mutated P01112-1) II 
pDest305-CMV-hGal1 (P09382) II 
pDest305-CMV-RLuc8-Gal1 (P09382) II 
pDest305-CMV-GFP2-Gal1 (P09382) II 
pDest305-CMV-RLuc8-N-hGal1 (mutated P09382)  II 
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pDest305-CMV-GFP2-N-hGal1 (mutated P09382) II 
pEF-A-RBD-GFP2 (aa 19-91 of P10398) II 
pEF-B-RBD-GFP2 (aa 155-227 of P15056) II 
pEF-C-RBD-GFP2 (aa 56-131 of P04049) II 
pClontech-C-L5UR (P15814-1) II 
pEF-L5UR-SNAP (aa 38-89 of P15814-1) II 
pEF-mutL5UR-SNAP (mutated aa 38-89 of P15814-1) II 
pEF-SNAP II 
pDest305-CMV-GFP2-B-Raf (P15056) II 
pDest305-CMV-GFP2-C-Raf (P04049) II 
pDest305-CMV-GFP2-A-Raf (P10398) II 
pEF-A-RBD-D75A-GFP2 (mutated aa 19-91 of P10398) II 
pEF-B-RBD-D211,213A-GFP2 (mutated aa 155-227 of P15056) II 
mGFP-rtGal1 (P11762) II 
mRFP-C-RBD (aa 56-131 of P04049) II 
mGFP-H-RasG12V (mutated P01112-1) II 
mCherry-H-RasG12V (mutated P01112-1) II 
mRFP-C-RBD-D117A (mutated aa 56-131 of P04049) II 
pcDNA3-rtGal1 (P11762) II 
pcDNA3-N-rtGal-1 (mutated P11762) II 
pcDNA-Hygro-Anginex II 
pDest527-His-hGal1 (P09382) II 
pGEX4T2-B-RBD (aa 155-227 of P15056) II 
pGEX2T-C-RBD (aa 50-134 of P04049) II 
pGEX4T2 II 
pcDNA3.1(-)  II, III 
pDest305-CMV-mNeonGreen- H-RasG12V (mutated P01112-1) II 
pDest305-CMV-NanoLuc- H-RasG12V (mutated P01112-1) II 
pcDNA3-RLucF1-BRAF-RLucF2 (P15056) II 
pDest305-CMV- RLuc8 III 
pDest312-CMV- GFP2 III 

 

 

Table 3: AnQbodies 

An9body Source Manuscript 
mouse monoclonal an+-Galec+n 1 (E2) Santa Cruz Biotechnology II 
mouse monoclonal Lambda 5 (A-1) Santa Cruz Biotechnology II 
rabbit polyclonal GST Cell Signaling  II 
rabbit polyclonal an+-SNAP New England Biolabs II 
mouse monoclonal an+-B-Raf (F-7) Santa Cruz Biotechnology II 
rabbit polyclonal an+-C-Raf (C-12) Santa Cruz Biotechnology II 
rabbit polyclonal an+-PI3K p110α Cell Signaling II 
mouse monoclonal an+-RASSF7 (C-6)  Santa Cruz Biotechnology II 
rabbit polyclonal an+-RASSF9 Invitrogen II 
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rabbit polyclonal an+-ASPP2  Bethyl II 
rabbit polyclonal an+-GAPDH  Sigma-Aldrich II 
mouse monoclonal an+-B-ac+n Sigma-Aldrich II 
mouse monoclonal an+-phospho-p44/42 MAPK 
(Erk1/2) (Thr202/Tyr204) (E10)  

Cell Signaling Technology II 

p44/42 MAPK (Erk1/2) Rabbit pAb Cell Signaling Technology II 
rabbit monoclonal an+-phospho-AKT(S473) (D9E) Bioke II 
mouse monoclonal an+-AKT(pan) (40D4) Bioke II 
IRDye 680LT Goat an+-Mouse IgG1-Specific 
Secondary An+body 

Li-Cor Biosciences II 

IRDye 800CW Goat an+-Mouse IgG Secondary 
An+body 

Li-Cor Biosciences II 

IRDye 680RD Goat an+-Rabbit IgG Secondary 
An+body 

Li-Cor Biosciences II 

IRDye 800CW Goat an+-Rabbit IgG Secondary 
An+body 

LI-Cor Biosciences II 

 

 

Table 4: Compounds, proteins, and pepQdes 

Compounds, proteins and pep9des Source Manuscript 
Benzethonium chloride  Sigma-Aldrich II 
Trame+nib MedChem Express II 
Fluorescein- isothiocyanate labelled L5UR Pepmic Co., China II 
L5UR Pepmic Co., China II 
mutL5UR Pepmic Co., China II 
L5URcore Pepmic Co., China II 
Bio+nylated L5UR (Steffen et al., 2024) II 
TAT-L5URcore (Steffen et al., 2024) II 
TAT-mutL5URcore (Steffen et al., 2024) II 
TAT (Steffen et al., 2024) II 
Eu-L5URcore (Steffen et al., 2024) II 
GST-B-RBD (Steffen et al., 2024) II 
B-RBD (Steffen et al., 2024) II 
C-RBD (Steffen et al., 2024) II 
GST (Steffen et al., 2024) II 
His-Gal1 (Steffen et al., 2024) II 

 

  

https://www.licor.com/bio/reagents/irdye-680lt-goat-anti-mouse-igg1-specific-secondary-antibody
https://www.licor.com/bio/reagents/irdye-680lt-goat-anti-mouse-igg1-specific-secondary-antibody
https://www.licor.com/bio/reagents/irdye-800cw-goat-anti-rabbit-igg-secondary-antibody
https://www.licor.com/bio/reagents/irdye-800cw-goat-anti-rabbit-igg-secondary-antibody
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2. Methods 

Table 5: Methods 

Methods Manuscript 
Expression constructs II, III 
Protein purifica+on II 
Fluorescence Polariza+on II 
Immunoblozng II 
Cell Viability Assay and Drug Sensi+vity Score (DSS) analysis II 
Bioluminescence Resonance Energy transfer assay II, III 
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Sec3on B: Synopsis 

1. Synopsis – Introduc8on 

1.1. Human Ras superfamily and related G-proteins 

The Ras superfamily comprises more than 170 genes encoding small guanosine triphosphatases 

(GTPases), categorized into five subfamilies, RAS, RHO, ARF, RAB, and RAN. In addition, the 

heterotrimeric Gα subunit, closely related in sequence and function, is considered part of the Ras 

superfamily. However, unlike G-proteins, these subunits function as monomeric units (Claing, 2013; 

Colicelli, 2004). The members of this superfamily regulate various cellular processes including 

cytoskeletal structure and migration, vesicular transport, and nuclear transport (Bernal Astrain et 

al., 2022). 

The oncoproteins K-Ras, H-Ras and N-Ras belong to the subfamily of Ras proteins and have been 

subject to intense research scru+ny. The three Ras oncogenes encode four different Ras proteins 

due to the two splice variants of the K-Ras transcript, K-Ras4A and K-Ras4B. Phylogene+cally, the 

Ras proto-oncogenes originate from KRAS. Evolu+onarily its duplica+on has led to the rise of HRAS, 

whereas the duplica+on of HRAS created NRAS. The isoform KRAS4A is the product of the 

duplica+on and inser+on of the 4th exon of NRAS into the 3rd intron of KRAS4B (Garcia-Espana & 

Philips, 2023). 

 

1.1.1. Ras proteins func+on as molecular switches at the plasma membrane 

The four ubiquitously expressed Ras proteins, K-Ras4A, K-Ras4B, N-Ras and H-Ras, are highly 

homologous, sharing 82-90 % of their sequence iden+ty. Notably, their first 82 amino acids are 

completely iden+cal (Ahearn et al., 2018). These globular, single-domain proteins are composed of 

188 amino acids for K-Ras4B and 189 amino acids for H-, N- and K-Ras4A. They mainly differ in the 

C-terminal hypervariable region (HVR), which plays a crucial role in the membrane anchorage of 

Ras. The CAAX mo+f included in the HVR undergoes different post-transla+onal modifica+ons, 

among others prenyla+on, to predominantly anchor Ras at the plasma membrane (Hobbs et al., 

2016). The C in the CAAX mo+f represents a cysteine residue, A typically represents alipha+c 

residues and X can be any type of amino acid (Wright & Philips, 2006). The sequence varia+ons in 

the HVR dictate the different post-transla+onal modifica+ons and lipid anchor a2achments for each 

isoform (Figure 1) (Zhou & Hancock, 2015). 

 

Prior to Ras ac+va+on, the four Ras proteins are irreversibly farnesylated by the farnesyltransferase 

(FTase) on the conserved cysteine in the HVR. Alterna+vely, K- and N-Ras, but not H-Ras, can be 

prenylated by geranylgeranyl transferase I (GGT-1). The farnesyla+on is followed by the cleavage of 

the amino acids AAX of the CAAX mo+f effectuated by the Ras conver+ng enzyme 1 (RCE1) and lastly 
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the carboxymethyla+on of the cysteine residue by the isoprenylcysteine carboxylmethyltransferase 

(ICMT) (Figure 2). K-Ras4B, with its lysine-rich polybasic region, does not require further 

modifica+ons and is translocated from the endoplasmic re+culum to the plasma membrane with 

the help of trafficking chaperones like Calmodulin (CaM) or Re+nal rod rhodopsin-sensi+ve cGMP 

3',5'-cyclic phosphodiesterase subunit δ (PDE6D) (Ahearn et al., 2011). In contrast, K-Ras4A, N-Ras 

and H-Ras, are palmitoylated at the Golgi prior to shu2ling to the plasma membrane (Campbell & 

Philips, 2021). N- and K-Ras4A are monopalmitoylated on Cys180 and Cys181 respec+vely, and 

H-Ras is dually palmitoylated (Figure 1, Figure 2) (Campbell & Philips, 2021). The diverse lipid 

anchors determine the trafficking i+neraries of each isoform (Mo et al., 2018). 

 

 
 
Figure 1. Comparison of structural diversity of the HVR of Ras proteins. G-domain of GTP-loaded 

H-Ras (PBD code 4EFL) on the leY and sequences of Ras isoform HVR and lipid modificaQons on the 

right (adapted from Van et al., 2021). 

 

The G-domain, ranging from amino acid 1 to 166, is commonly subdivided into lobe 1 (residues 1 – 

85) and lobe 2 (86 – 166) (Gorfe et al., 2008). The conserved N-terminal lobe 1, also termed effector 

lobe, contains the P loop and the two switch regions, I and II, and engages in binding to effectors 

(Vatansever et al., 2016). The allosteric lobe (lobe 2) is more variable and interacts with the 

membrane (Grant et al., 2011). A third switch region, involving the β2-β3 loop and helix α5, 

influences the reorienta+on of GTP-loaded Ras at the membrane through helix α4 and the HVR 

(Abankwa, Hanzal-Bayer, et al., 2008).  

Ras GTPases func+on as molecular switches, cycling between an inac+ve GDP-bound state and an 

ac+ve GTP-bound state (Hennig et al., 2015; Ve2er & Wiznghofer, 2001). Once anchored at the 

plasma membrane, Ras is ac+vated by exchanging GDP for GTP. This reac+on is mediated by guanine 
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nucleo+de exchange factors (GEF), e.g. Son of Sevenless (SOS) (Buday & Downward, 1993). SOS 

binding induces a conforma+onal change in the flexible switch I and II regions, displacing the 

cataly+c magnesium ion (Mg2+) and decreasing nucleo+de affinity (Bos et al., 2007). GDP is released 

from the nucleo+de binding site of Ras. Given the higher intracellular abundance of GTP (10- to 50- 

fold excess) in most cell types, GTP rapidly replaces GDP in the nucleo+de binding site (Hennig et 

al., 2015). This binding induces another conforma+onal change, stabilizing the ac+ve state of Ras.  

 

 
 

Figure 2. Overview of Ras post-transla@onal modifica@ons. All four Ras isoforms are farnesylated 

at the CAAX moQf, followed by the removal of “-AAX” by the RCE1 and carboxymethylaQon by the 

ICMT. K-Ras4A, N-Ras and H-Ras are palmitoylated at the Golgi before they are shu:led to the 

plasma membrane. C represents cysteine residue (adapted from Pavic et al., 2022). 

 

The ac+va+on process is +ghtly regulated by upstream factors to ensure the appropriate cellular 

response. The ac+ve, membrane-bound Ras proteins then engage with downstream effectors and 

ac+vate downstream signalling pathways (Simanshu et al., 2017). Dysregula+on of Ras and 

subsequent perturbance of its downstream signalling pathways are hallmarks of many human 

cancers. These disturbances can occur via various mechanism, including muta+ons in Ras and/ or 

its regulators or overexpression of Ras pathway components leading to amplifica+on of the 

signalling. A}er effector recruitment, Ras is inac+vated through the hydrolysis of GTP via their 

intrinsic GTPase ac+vity, which can be enhanced by GTPase ac+va+ng proteins (GAPs), for instance 
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neurofibromin 1 (NF1). Thus, Ras cycles between an “on-state”, GTP-bound, and “off-state”, GDP-

bound (Hennig et al., 2015) 

 

1.2. Ras effector proteins 

 

 
 
Figure 3. Overview of known Ras effector proteins and their downstream targets. Upon exchange 

of GDP to GTP, effector proteins compete for Ras binding. Ras nanoclusters at the plasma membrane 

act as recruitment sites for Raf effector proteins (adapted from Kiel et al., 2021). 

 

Proteins are categorized as canonical Ras effector proteins, if they contain at least one domain that 

directly binds to Ras, either a Ras binding domain (RBD-) or a Ras associa+on (RA-) domain. These 

Ras binding domains (RBD) typically have a ubiqui+n-like fold (Kiel et al., 2021). Ras effector proteins 

are binding Ras in a GTP-loading dependent manner and compete for Ras binding (Smith, 2023). 

Recently more than 50 puta+ve RBD-containing proteins have been iden+fied in the human 

proteome through sequence homology with most assumed to interact with the four Ras isoforms 

(Smith, 2023). Recently, also proteins missing the RBD or RA domains have been iden+fied as Ras 

effector proteins, such as SHOC2 and hexokinase 1 (HK1) (Amendola et al., 2019; Bonsor & 

Simanshu, 2024). The most studied Ras effector proteins are shown in Figure 3 (Kiel et al., 2021). 

Ras effector proteins link specific downstream signal outputs to Ras, which can result in completely 

opposite outcomes, such as normal development or Ras-driven tumorigenesis (Smith, 2023). 

Effector proteins bind to the switch I and II regions of Ras. Upon hydrolysis of GTP to GDP, they are 

released from binding to Ras due to the conforma+onal change of the switch I and II regions. The 
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interac+on between Ras and its effectors is o}en of low affinity; however the binding +me might be 

increased by trapping the effectors in the ac+n mesh surrounding Ras nanoclusters at the plasma 

membrane (Abankwa & Gorfe, 2020; Kiel et al., 2021). However, for many of these iden+fied Ras 

interactors, the exact binding mechanism is still not fully understood. 

 

1.2.1. Structure of Ras effector protein Raf 

The three Raf paralogs play a central role in the MAPK pathway, ini+a+ng the three-+ered signalling 

cascade that next ac+vates the mitogen-ac+vated protein kinase kinase (MEK) and the extracellular 

signal regulated kinase (ERK). This pathway, downstream of Ras, regulates a wide array of cellular 

and physiological processes, such as organismal development, cell cycle regula+on, prolifera+on, 

differen+a+on, survival, and apoptosis. The Raf kinases, A-, B- and C-Raf, are highly homologous, 

but encoded by three different genes (Cook & Cook, 2021). 

 

 
 

Figure 4. Schema@cs of structural features of the three Raf proteins. Raf proteins are characterized 

by the three conserved regions (CR1, CR2 and CR3). The schemaQcs display relaQve posiQons of 

conserved structural elements, such as Ras Binding Domain (RBD), Cysteine-rich domain (CRD), 

B-Raf specific region (BSR), glycine-rich phosphorylaQon loop (P-loop), acQvaQon loop (A-loop), 

N-terminal acidic region (NtA) and phosphorylaQon sites (Cook & Cook, 2021; Lavoie & Therrien, 

2015; MarQnez Fiesco et al., 2022; Park et al., 2019; Roskoski, 2010). 

 
Raf protein structure is divided into N-terminal regulatory domain and C-terminal kinase domain 

(KD), which contains three conserved regions (CR), CR1, CR2 and CR3 (Figure 4). CR1 comprises of 
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the RBD, which interacts with GTP-loaded Ras and a zinc-binding cysteine-rich domain (CRD), 

involved in Ras/ Raf interac+on at the plasma membrane. CR2 is located within the N-terminal 

regulatory domain of Raf and is composed of a threonine- and serine-rich stretch (Lavoie & Therrien, 

2015). CR2 contains a conserved serine (Figure 4), which upon phosphoryla+on binds 14-3-3 dimers 

together with a C-terminal conserved serine residue (Cook & Cook, 2021). CR3 comprises the 

C-terminal KD and facilitates the binding and phosphoryla+on of MEK1/ 2 (Shaw et al., 2014). The 

KD includes the cataly+c domain DFG, which marks the start of the ac+va+on loop, and the 

regulatory αC-helix, which undergo conforma+onal changes upon ac+va+on of Raf (Cook & Cook, 

2021; Shaw et al., 2014). Addi+onally, αC-helix contains the RKTR mo+f (R506, K507, T508 and R509 

in B-Raf), which is important for modula+ng Raf dimeriza+on (Karoulia et al., 2017). Within the CR3, 

the phosphoryla+on loop (P-loop) is crucial for adenosine triphosphate (ATP) binding, while the 

ac+va+on loop (A-loop) is involved in the kinase func+on (Cook & Cook, 2021). The conserved 

N-terminal acidic region (NtA), located at the start of the ac+va+on loop, is essen+al for Raf 

dimeriza+on and varies between B-Raf and A-/ C-Raf (Cook & Cook, 2021). 

 

1.2.2. Raf ac+va+on and dimeriza+on 

The Raf kinases reside as autoinhibited monomers in the cytoplasm and are ac+vated through 

mul+-step process upon recruitment to the plasma membrane by ac+ve Ras. Specifically, 

autoinhibited B-Raf exists in a complex with 14-3-3 dimers and MEK. Unlike 14-3-3, MEK is not 

required for maintaining B-Raf in its autoinhibited state (Mar+nez Fiesco et al., 2022). In the 

autoinhibited state, the N-terminal region represses the C-terminal kinase. This inhibi+on is 

stabilized by the binding of a 14-3-3 dimer to the conserved serine in the CR2 region and to a second 

serine C-terminally located (Lavoie & Therrien, 2015; Park et al., 2019). Furthermore, the RBD of 

B-Raf remains accessible and binds GTP-loaded Ras even in the autoinhibited state. A current model 

of Raf ac+va+on suggests that a steric clash and electrosta+c repulsion between 14-3-3 and Ras 

occurs at the RBD/ 14-3-3 binding interface. This repulsion dislodges the RBD and CRD, buried in the 

centre of the autoinhibited complex, thus resul+ng in the release of 14-3-3 from the conserved 

serine in CR2 (S365 for B-Raf) (Mar+nez Fiesco et al., 2022). Thus, the freed up CRD could contact 

Ras, as well as the plasma membrane, and stabilize the Ras-Raf complex (Figure 5). The membrane 

localisa+on and contact are required for dislodging the CRD and opening the autoinhibited Raf 

complex (Park et al., 2023). During phosphorylation of the activation loop, the conformation of the 

DFG motif switches from "out" to "in" followed by a conformational change in the αC-helix from 

"in" to "out." These changes induce the formation of an active Raf state (Cook & Cook, 2021). 

The Raf opening alone is insufficient for Raf ac+va+on; instead, Raf ac+va+on is mediated by 

forma+on of Raf homo- and heterodimers at a conserved side-to-side interface (Lavoie et al., 2013; 

Park et al., 2023). During dimerization, the positively charged RKTR motif in the αC-helix interacts 
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with the NtA region of the phosphorylated partner Raf protein (Cook & Cook, 2021). It is 

hypothesized that the dephosphoryla+on of B-Raf at S365 by the SHOC2 phosphatase complex 

inhibits closing of Raf monomers, enhancing the life+me of open inac+ve Raf monomers. This 

preven+on leads to the accumula+on and rearrangement into ac+ve dimers (Park et al., 2023). 

 

 
Figure 5. B-Raf monomer to dimer transi@on model. The autoinhibited B-Raf monomer is recruited 

to the plasma membrane via ionic interacQons between RBD and the switch I region of Ras upon 

Ras acQvaQon. The steric clashes and electrostaQc repulsion between the RBD and the 14-3-3 

facilitate the conformaQonal changes dislodging the RBD/CRD. This promotes the rearrangement of 

14-3-3 binding, revealing the pS365 site and the B-Raf dimer interface. The rotaQon of the CRD 

further stabilizes the interacQon with the membrane and K-Ras and thus exposes the KD. The KD 

then dimerizes and adopts the acQve catalyQc conformaQon stabilized by 14-3-3 dimer binding to 

the pS729 sites on B-Raf (from MarQnez Fiesco et al., 2022). 

 

1.2.3. Raf inhibitors and paradoxical ac+va+on 

Given its frequent implication in tumorigenesis, many research efforts have focused on developing 

inhibitors against Raf kinases, particularly targeting the B-RafV600E mutation commonly found in 

melanoma, thyroid, glioblastoma, colon, and lung cancer (Holderfield et al., 2014). A broad set of 
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inhibitors against dysregulated Raf have been developed. The Raf inhibitors (Rafi) can be categorized 

into three types: type I, type I ½ and type II (Figure 6) (Cook & Cook, 2021). The type I Rafi are 

first-genera+on inhibitors and mostly ATP-binding compe+tors (Figure 6A) (Holderfield et al., 2014). 

Type I ½ inhibitors, such as vemurafenib (PLX4032) and dabrafenib (GSK2118436) have been 

developed and demonstrated impressive potency against metasta+c melanomas with B-RafV600E 

allele (Figure 6A) (Bollag et al., 2010; Chapman et al., 2011). Addi+onally, vemurafenib has been 

shown to be highly effec+ve in B-RafV600E-dependent melanoma harbouring low Ras ac+vity 

levels. However, both vemurafenib and dabrafenib, have surprisingly exhibited weak inhibi+on 

ac+vity in cancer with receptor tyrosine kinases (RTK) or Ras muta+ons (Durrant & Morrison, 2018).  

Pa+ents rapidly develop dis+nct resistance mechanisms against these kinds of inhibitors (Lavoie et 

al., 2013). A subset of cells promptly develops resistance mechanism via expressing different splice 

variants of B-RafV600E, lacking the exons 4-8, including the RBD (Poulikakos et al., 2011). These 

mutant isoforms dimerize independently of Ras and are insensi+ve to Raf inhibitors (Poulikakos & 

Rosen, 2011). In non-satura+ng condi+ons, the inhibitor binds one Raf protomer of either a homo- 

or heterodimer, inhibi+ng one member, but transac+vates the drug-free Raf protomer (Figure 6A) 

(Poulikakos et al., 2010). Furthermore, it has been shown that drug-binding limits the kinase lobes 

in movement. Thus, the generated sta+c dimer interface facilitates the forma+on of dimers at the 

plasma membrane (Lavoie et al., 2013). More understanding of this mechanism was given by 

extensive structure/ func+on studies. The type I ½ inhibitors stabilize the KD in the DFG-in/ 

αC-helix-out conforma+on required for dimeriza+on and induce paradoxical ac+va+on of Raf 

(Karoulia et al., 2016). All dimer promo+ng inhibitors, inducing paradoxical ac+va+on, bind B-Raf 

with altering the orienta+on of R506 side chain, located in the RKTR mo+f of αC-helix (Durrant & 

Morrison, 2018). This conforma+onal change of R506 leads to a disrup+on of a cri+cal salt-bridge, 

which stabilises dimeric Raf complexes (Karoulia et al., 2016). 

 

Since then, overcoming the paradoxical ac+va+on of Raf became the major focus. Most drug 

development efforts have focused on developing inhibitors of both monomers and dimers of Raf, 

binding the DFG-out/ αC-helix-in conforma+on, named pan-Raf or type II inhibitors (Figure 6B) 

(Durrant & Morrison, 2018). For example, pan-Raf inhibitor LY3009120 blocks MEK ac+va+on driven 

by Ras mutants, B-RafV600E monomers, and non-B-RafV600E dimers in melanoma and colorectal 

cancer (Peng et al., 2015; Vakana et al., 2017). Another strategy is the development of inhibitors, 

which do not promote dimeriza+on, called paradox breakers. The company Plexxikon focused on 

op+mizing the type I ½ inhibitor vemurafenib to generate the paradox breakers PLX7904 and 

PLX8394, which inhibit ERK ac+va+on in melanoma cell lines with N-Ras muta+on (Figure 6C) (Zhang 

et al., 2015). It is thought that the paradox breakers prevent dimeriza+on by causing steric hindrance 

at the dimer interface. 
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Figure 6. Overview of Raf inhibitor models. (A) Type I and I ½ inhibitors can induce paradoxical 

acQvaQon. (B) Type II pan-Raf inhibitors alter the αC-helix orientaQon, thus prevenQng/ disrupQng 

dimerizaQon. (C) Paradox breakers are non-dimer promoQng inhibitors, because they may cause 

steric hindrance at the dimer interface (adapted from Durrant & Morrison, 2018). 

 

Considering the extensive efforts on overcoming the paradoxical Raf ac+va+on with the design of 

next-genera+on inhibitors, other targe+ng approaches have emerged. Targe+ng Ras/ Raf interface 

demonstrates a plausible alterna+ve, given the prerequisite of Ras binding for Raf dimeriza+on. 

Designing pep+des, mimicking the Raf dimer interface, may prevent Ras-driven heterodimeriza+on 

and subsequent downstream signalling (Durrant & Morrison, 2018). Currently the inhibitor 

dabrafenib, specifically targe+ng B-RafV600E, in combina+on with the MEK inhibitor trame+nib is 

approved by both the FDA and EMA for treatment of pa+ents with melanoma, anaplas+c thyroid 

carcinoma, non-small-cell lung cancer (NSCLC) and low-grade glioma (Gouda & Subbiah, 2023). 

 

1.3. Ras nanoclusters and nanocluster modulators 

1.3.1. Ras organises into nanoclusters at the plasma membrane 

Once RAS is translocated to the inner leaflet of the membrane, the proteins laterally segregate and 

assemble into nanoclusters. The ac+ve nanoclusters, formed by GTP-loaded Ras proteins, are the 

exclusive sites of effector recruitment, forming highly dynamic epicentres of the Ras signalling 

cascade (Zhou et al., 2018). Nanoclusters consist of two to three Ras proteins and have an 

approximate size of 9 nm. Their life+me varies according to their ac+va+on state (Abankwa & Gorfe, 

2020). A nanocluster of inac+ve Ras has an approximate life+me of only 0.1 seconds, which is 10 

+me less than the average life+me of an ac+ve nanocluster (1 second) (Zhou & Hancock, 2015) 

Inac+ve Ras moves more freely at the plasma membrane than ac+vated Ras. The Ras dynamics on 

the membrane are governed by ac+va+on state dependent orienta+ons of Ras (Figure 6) (Abankwa 
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& Gorfe, 2020). The membrane orienta+on of the G-domain may contribute to determining Ras 

isoform diversity, as it cons+tutes a first selec+vity filter for effector engagement (Abankwa, Gorfe, 

et al., 2008; Zhou & Hancock, 2018). To express this conforma+onal switch of membrane-bound 

Ras, the balance model was proposed. GDP-loaded H-Ras at the plasma membrane is stabilized by 

R169 and K170 in the HVR. Upon ac+va+on, the HVR shi}s the orienta+on of the G-domain, and 

membrane anchorage is stabilized by contacts between R128 and R135 located in the helix α4 

(Abankwa, Hanzal-Bayer, et al., 2008). 

The non-random organisa+on into nanoclusters correlates with the organisa+on of lipid 

microdomains. Ras nanocluster forma+on is highly regulated by different phospholipid species in 

the plasma membrane. The isoforms have dis+nct preferences for lipid environment. Both K-Ras 

nanoclusters and membrane anchorage require specific phospha+dylserine (PtdSer) -rich 

environment at the plasma membrane (Zhou & Hancock, 2015). 

 

 

 

Figure 7. Model of Ras orienta@on at the plasma membrane. The disQnct orientaQon states of Ras 

at the membrane are supported by computaQonal and experimental data. GDP-bound (inacQve) Ras 

contacts the membrane predominantly through the lipid-modified HVR (blue). In the GTP-bound 

(acQve state), the helix α4 (pink) transiently maintains contacts with the membrane. The switch III 

region contains the β2- β3 loop (black), also known as interswitch region, and helix α5 (green) (from 

Abankwa & Gorfe, 2020). 

 

1.3.2. Ras nanocluster modula+ng proteins 

Ras nanocluster are versa+le lipid-based signalling pla�orms modulated by a variety of scaffolds or 

modulators, which are unrelated and structurally diverse. The ensemble of known modulators 

counts only around half a dozen members (Pavic et al., 2022). As advancements continue in 
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identifying Ras interaction partners, more modulators are being discovered. Not all modulators 

influence all four Ras isoforms due to their diverse nature (Pavic et al., 2022). For example, H-Ras 

nanoclusters are positively regulated by Gal1 dimers, shifting the signalling output from the PI3K 

pathway toward enhanced MAPK signalling, thus driving tumorigenicity in H-Ras mutant tumours 

(Blazevits et al., 2016; Posada et al., 2017). 

 

Apoptosis-stimulating p53 protein family member 2 (ASPP2) is a multifunctional protein involved in 

apoptosis and cell cycle regulation and has been identified as a novel Ras nanocluster modulator 

(Iosub-Amir & Friedler, 2014; Wang et al., 2013). ASPP2 binds H-Ras, K-Ras, and N-Ras, positively 

mediating nanoclustering by increasing both pERK1/2 and pAKT levels. Full-length ASPP2 contains 

an N-terminal ubiquitin-like domain similar to the RBD or RA domains of Ras effector proteins 

(Posada et al., 2016). ASPP2 co-immunoprecipitates with H-RasG12V, enhancing downstream Raf-

mediated signalling. The α-helical middle domain is necessary for Ras nanocluster modulation 

(Posada et al., 2016). Specifically in combina+on with Gal1 enhancing-effect on H-RasG12V, ASPP2 

shi}s the cellular response away from Gal1-induced growth promo+on (Posada et al., 2016). 

However, ASPP2 is not only +ed to Ras, but interacts also with effector proteins of the RAS 

superfamily containing the RA-domain, for instance RASSF7, RASSF8, RASSF9, and RASSF10 

(Dhanaraman et al., 2020). The Ras effector proteins RASSFs are known to directly interact with the 

small GTPase of the RAS superfamily. The precise selectivity of the RASSFs for the more than 160 

members of the RAS superfamily still needs to be unfolded. The RASSFs are known to interact 

directly with the small GTPase of the RAS superfamily, linking Ras signalling to the pro-apopto+c 

Hippo pathway. This interac+on occurs either by forming complexes with the Hippo kinase ortholog 

MST1 (RASSF1-6) or oligomers with the p53-regula+ng proteins ASPP1 or ASPP2. Specifically, 

RASSF5 is known to bind both H-Ras and K-Ras. Due to recent evidence, it cannot be excluded that 

RASSF1, via heterodimers with RASSF5, mediates H-, K-, and N-Ras signalling.(Dhanaraman et al., 

2020; Rezaei Adariani et al., 2021). 

The lateral segregation and organization of Ras into nanoclusters are tightly regulated by 

interactions with membrane lipids. Oxysterol-related proteins ORP5 and ORP8, which maintain the 

PtdSer content on the plasma membrane, indirectly regulate K-Ras nanoclusters, as K-Ras harbours 

a selectivity for PtdSer. Inhibiting ORP5 and ORP8 results in the mis-localization of K-Ras and 

reduced nanoclustering (Ka2an et al., 2019). 

The lysosomal Ca2+-releasing mucolipin-1 (TRPML1) channel belongs to the transient receptor 

poten+al channels (Yang et al., 2020). The non-selec+ve ca+on channel TRPML1 is involved in 

various membrane-trafficking processes, such as autophagic vesicle-lysosome fusion, lysosome 

reforma+on and lysosomal exocytosis. Besides its trafficking ac+vity, the TRPML1 gene, MCOLN1, 

has been found as a signature gene in H-Ras mutant cancers (Jung et al., 2019). TRPML1 is required 
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for cancer cells expressing mutant H-Ras. TRPML1 plays a role in the maintenance of the plasma 

membrane cholesterol levels. Inhibi+on of TRPML1 with the inhibitor ML-SI1 decreases H-Ras 

nanoclustering and reduces pERK1/ 2 signalling (Jung et al., 2019). 

The pentameric protein Nucleophosmin-1 (NPM1) is a mul+domain protein of the nuclear 

chaperone family (Lopez et al., 2020). In acute myeloid leukaemia (AML) NPM1 is frequently 

mutated, leading to its abnormal cytoplasmic distribu+on (Liso et al., 2008). NPM1 and its 

interac+on partner nucleolin have been iden+fied as K-Ras4B interactors and can increase plasma 

membrane localiza+on of K-Ras4B (Inder et al., 2009). Addi+onally, NPM1 increases oncogenic and 

wild-type K-Ras4B nanoclustering (Inder et al., 2010). The exact mechanism of ac+on, however, 

remains unknown. 

The RAS superfamily member DIRAS3 shares high homology with Ras and plays an important role 

in cancer development, including cell migra+on, growth and apoptosis (Li et al., 2019). DIRAS3 

directly binds to Ras, and the formation of Ras-DIRAS3 heteromers disrupts nanocluster formation 

and subsequent Raf activation, inhibiting the transformation and growth of cancer cells (Sutton et 

al., 2019). 

 

1.3.3. Galec+ns as nanocluster modulators 

Lec+ns are small glycan-binding proteins iden+fied by at least one evolu+onarily conserved 

carbohydrate binding site (Yu et al., 2023). The galectin family, a subset of lectins, is characterized 

by a high affinity for β-galactosides (Shimada et al., 2020). There are 15 different galec+ns in 

mammals, but only 11 can be found in humans (Lau et al., 2022). Most galectins are present across 

various tissue and cell types and are synthesized on free polysomes (Shimada et al., 2020). They 

can shuttle between the cytoplasm and nucleus and are often found in the extracellular matrix. 

Depending on their localization, galectins play roles in apoptosis, cell differentiation, proliferation, 

adhesion, and migration (Shi et al., 2022). By binding to glycocarbohydrates, galec+ns mediate 

cell-to-cell interac+ons, as well as cell-to-matrix interac+ons. 

The 15 galec+ns can be classified in three groups (Ebrahim et al., 2014). The prototype group 

contains a single carbohydrate recogni+on domain (CRD). The second group is the tandem-repeat-

type. These galec+ns contain two dis+nct carbohydrate binding sites. The last group of galec+ns 

consists of only one member, namely the chimeric Galec+n-3 (Gal3) (Troncoso et al., 2023). 

The best-studied nanocluster modulator is Gal1, which increases H-RasG12V nanoclustering and 

will be discussed in a later chapter. Another galectin family member, Gal3, has been studied in the 

context of K-Ras4B nanoclusters (Shalom-Feuerstein et al., 2008). Through its 120 amino acid 

N-terminal extension, Gal3 can form dimers or even mul+mers (Lau et al., 2022; Troncoso et al., 

2023). Gal3 can be secreted to the extracellular milieu, where it is involved in cell-matrix interac+ons 

and plays a role in modula+ng the immune response, inflamma+on, and tumour progression 



19 

(Shimada et al., 2020). Inside cells, Gal3 stabilizes active K-Ras nanoclustering (Elad-Sfadia et al., 

2004). This interac+on promotes downstream signalling pathways, such as the MAPK pathway, 

impac+ng cell adhesion and migra+on. By modula+ng the Ras pathway, Gal3 enhances also the 

ac+va+on of cell survival signals, therefore inhibi+ng apopto+c processes (Shi et al., 2022). 

As there are 15 human galec+ns, other family members may play unknown roles in Ras nanocluster 

modula+on. For instance, Galectin-7 (Gal7) and Galectin-8 (Gal8) were recently discovered in the 

K-Ras4B interactome (Elad-Sfadia et al., 2004; Kovalski et al., 2019). However, the exact mechanism 

in which they modulate Ras nanoclusters remains to be determined. 

 

1.4. Galec+n-1 in cancer 

Gal1 is about 14.5 kD in size and is found as a non-covalent homodimer (Cho & Cummings, 1996). 

The 135 amino acid long protein is encoded by the gene LGALS1 (Pfeffer et al., 2023). The Gal1 dimer 

interface comprises a 22-strand an+-parallel β-sandwich (Yu et al., 2023). The functional differences 

of Gal1, depending on its location, may be due to the oxidation state of its six cysteine residues (Yu 

et al., 2023). For example, oxidized monomeric Gal1 reduces T-cell apoptosis activity but loses its 

ability to bind lactose (Guardia et al., 2014). There is a positive correlation between Gal1 levels and 

tumour invasiveness or metastasis in various cancers (Shimada et al., 2020). In human breast 

cancer, Gal1 expression correlates positively with tumour grade, with Grade III tumours having 3.5 

times more Gal1-positive cells than Grade I tumours (Dalo2o-Moreno et al., 2013; Ebrahim et al., 

2014). Gal1 expression in various tumour types, e.g. prostate, melanoma, and brain gliomas, 

correlates with presence of high angiogenesis, especially in advanced stages of the diseases 

(Compagno et al., 2014; Ebrahim et al., 2014; Lefranc et al., 2011; Mathieu et al., 2012; Verschuere 

et al., 2014). 

In addition to its roles in tumour progression, Gal1 is the best-characterized H-Ras nanocluster 

modulator. A prenyl-binding pocket was previously proposed on the surface of Gal1, suggesting 

that it could directly bind farnesylated Ras proteins and act as a nanocluster modulator (Rotblat et 

al., 2004). However, Gal1 binds with 106 nM affinity to the RBD of the effector protein C-Raf 

(Blazevits et al., 2016). To stabilize H-Ras nanoclusters through RBD interaction, Gal1 requires an 

intact dimer interface. A stacked dimer model was proposed, where H-Ras dimers in complex with 

Raf dimers are stabilized through Gal1 dimers. This stabilisa+on of the signalling complex of mutant 

H-Ras with Raf leads to an increased oncogenic MAPK signalling output (Blazevits et al., 2016). 

 

Gal1, along with other galectins, have been the target of extensive efforts to develop inhibitors to 

alleviate Gal1 extra- and intracellular activities (Johannes et al., 2018). Currently three different 

categories of inhibitors target carbohydrate binding of Gal1: modified mono-and di-saccharides 

containing galactose or its mimics, synthetic glycodendrimers and non-saccharide-based inhibitors 
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(Blanchard et al., 2016). Since galectins recognize galactose and di- and oligosaccharides containing 

galactose, most drug development has focused on synthetically modifying galactosides, lactosides, 

and their mimics. However, the highly conserved carbohydrate-binding site of galectins makes it 

challenging to specifically target one galectin (Blanchard et al., 2016). These modified glycans often 

exhibit lower affinity for galectins, resulting in less potent inhibitors. Given the implication of Gal1 

in tumour angiogenesis and the difficulties in generating specific Gal1 inhibitors, the peptide 

anginex and its peptidomimetic OTX008 were designed. Both the peptide and the peptidomimetic 

exhibit anti-tumour activity by inhibiting angiogenesis and inducing apoptosis or inhibiting cell cycle 

progression, cell invasion and proliferation respectively (Astorgues-Xerri et al., 2014; Griffioen et 

al., 2001; Thijssen et al., 2010). All the above-mentioned inhibitors, however, target only the 

extracellular activity of Gal1 and inhibitors for intracellular Gal1-mediated processes are still 

needed. 

 

1.5. H-Ras in cancer 

K-Ras is the most frequently mutated with occurrence in 19 out of 29 cancer types transla+ng to 

75 % of Ras mutant cancer types. N-Ras muta+on primarily occur in melanoma and account for 17 

% of Ras mutant cancers. In contrast, H-Ras mutations are responsible for only 7 % of Ras mutant 

cancers, affecting a relatively small subset, including head and neck and bladder carcinomas. 

Generally, the abundance of Ras mutants correlates with Ras protein expression (Hood et al., 2023). 

Despite K-Ras being the most frequently mutated Ras isoform in cancer, H-Ras mutations affect 

approximately 230 000 cancer patients globally (Prior et al., 2020). 

Oncogenesis promoted by mutated Ras is typically due to gain-of-function missense mutations at 

hotspot codons 12, 13, or 61 (Prior et al., 2012). Single base changes at these codons result in 

constitutively active Ras variants, including G12D, G12V, G12C, G13D, and Q61R. Approximately 

70% of all Ras-mutant cancer patients have one of these five mutations at these hotspot codons 

(Prior et al., 2020).The most frequent muta+on is K-RasG12D (34.1 %), followed by K-RasG12V, 

which accounts for 23.1 %, K-RasG13D (12.8 %), K-RasG12C (11.5 %) and H-RasG12V (10.2 %) 

(Hunter et al., 2015). These cons+tu+vely ac+ve Ras mutants have enhanced GTP-binding due to 

impairment of GAP-ac+vity and/ or faster GTP-exchange rate (Smith et al., 2013). For instance, 

G12V mutants are predicted to be hyperac+ve due to insensi+vity to GAP-mediated GTP hydrolysis, 

whereas K-RasG13D displays a faster nucleo+de exchange rate (Hunter et al., 2015). Ras expression 

varies by isoform, tissue type, and mutations, and not all mutants share the same stability in their 

active state. Thus, Ras oncogenesis occurs only under a subset of op+mal condi+ons. Excessive Ras 

signalling may lead to senescence or cell death rather than tumour progression, while insufficient 

Ras signalling may not trigger tumorigenesis (Pershing et al., 2015; Sarkisian et al., 2007; Serrano et 

al., 1997). K-Ras, but not H-Ras expression, is crucial to mouse embryonic development (Koera et 
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al., 1997; Yan et al., 1998). K-Ras knockout mice die between embryonic day 12.5 and birth, whereas 

H-Ras knockout mice are born and growing normally. These data suggest that H-Ras might operate 

through different signal transduc+on proteins compared to the other isoforms (Koera et al., 1997). 

Every year more than 650 000 new cases of head and neck squamous cell carcinoma (HNSCC) are 

reported (Shu et al., 2020). Moreover, H-Ras mutants are frequently expressed in thyroid, bladder 

and prostate cancers. These cancer types carry muta+ons exclusively at codons 12 and 61 (Prior et 

al., 2012). Ras isoforms differ not only in expression and prevalence but also in their interactions 

with various effector proteins and subsequent downstream signalling pathways. Beyond its role in 

the MAPK pathway, H-Ras has been +ed to the PI3K-AKT pathway promo+ng oncogenic 

transforma+on (Suire et al., 2002). For instance, H-RasQ61R muta+on has been shown to drive a 

cancerous phenotype followed by the ac+va+on of the PI3K-AKT-mTOR pathway (Geyer et al., 

2018). 

 

Despite the approximately 90 % sequence homology among the four Ras isoforms, expression and 

ac+va+on of each isoforms vary, leading to different cellular responses and treatment sensi+vi+es. 

Notably, initial inhibitors targeting prenylation and subsequent membrane anchorage have been 

ineffective for both K- and N-Ras, as they can bypass FTase inhibitors through geranylgeranylation 

(Zhang et al., 1997). In contrast, H-Ras is not a suitable substrate for GGT-I and is exclusively 

dependent on farnesylation. Thus H-Ras remains sensi+ve to FTase inhibitors (FTI) and currently the 

only approved inhibitor against H-Ras mutant cancers is the farnesyl transferase inhibitor +pifarnib 

(Gilardi et al., 2020). 

 

1.6. Targe+ng oncogenic Ras 

The therapeu+c strategies for targe+ng oncogenic Ras are thoroughly discussed in the review, 

manuscript I, sec+on C appendix of original publica+ons (Steffen et al., 2023). 
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2. Synopsis – Results and discussion 

2.1. Elimina+ng oncogenic RAS: back to the future at the drawing board (I) 

In this review, manuscript I (Sec+on C, appendix I), we conducted an in-depth analysis of different 

inhibitors and binders of Ras focusing on directly targe+ng oncogenic Ras. Our evalua+on highlights 

significant advancements in the development of covalent and non-covalent small molecules binding 

Ras with promising ac+vi+es. The development of non-covalent inhibitors based on exis+ng 

covalent small molecules builds a robust approach to generate non-allele-specific inhibitors with 

the poten+al to overcome resistances.  

The descrip+on of four dis+nct allosteric binding pockets on the Ras surface significantly facilitated 

the evolu+on of these molecules. Furthermore, we described the importance of Ras binders of 

macromolecular nature, such as an+bodies, monobodies, affimers, and DARPins, which have led to 

the discovery of novel binding sites and Ras inhibi+on principles. Addi+onally, we analysed the 

u+lity of reversible small molecules in novel targe+ng strategies, such as degraders against Ras. The 

emerging PROTAC (Proteolysis Targe+ng Chimeras) technology employs recruitment of E3-ligases 

to a protein of interest and tagging it via ubiqui+na+on for degrada+on by the proteasome. The 

specific degrada+on of mutated Ras may reduce toxicity given the more controlled drug ac+on due 

to spa+o-temporal expression of some E3-ligases in different cell types. 

 

2.1.1. Development of clinical inhibitors targe+ng Ras not men+oned in Manuscript I  

In the above-men+oned review, we described the significant discoveries made in the advancement 

of targeted therapies against Ras. Since then, more inhibitors have been designed and tested, with 

several entering clinical trials in phases I or II. The company Revolu+on Medicine has made notable 

progress in designing covalent inhibitors against different K-Ras mutants, which func+ons as 

molecular glues. Specifically, the compounds RMC-6291 forms a tricomplex with GTP-loaded 

K-RasG12C and cyclophilin A, sterically blocking Ras interac+ons and downstream signalling. 

RMC-9805 applies the same mechanism, but targets K-RasG12D instead of K-RasG12C (Jiang et al., 

2024; Long et al., 2024; Schulze et al., 2023). Addi+onally, Revolu+on Medicine has developed a 

panRAS(ON) mul+-selec+ve non-covalent inhibitor (RMC-6236), which is also under clinical 

inves+ga+on (Jiang et al., 2024). A related panRAS(ON) molecular glue compound is currently under 

development (Holderfield et al., 2024). These RAS(ON) mul+-selec+ve inhibitors enable the 

targe+ng of a broader range of Ras-addicted cancers. 

Furthermore, the covalent K-RasG12C inhibitors Divarasib (GDC-6036, Genentech), Garsorasib 

(D-1553, Inven+sBio), JDQ443 (Novar+s) and MK1084 (Merck) have entered clinical trials and show 

promising results in blocking oncogenic Ras signalling and an+-tumour ac+vity (Desai et al., 2024; Li 

et al., 2023; Ma et al., 2024; Sacher et al., 2023; Shi et al., 2023; Weiss et al., 2022). 
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The protein-protein interac+on inhibitor targe+ng the SOS1/ K-RasG12C interface, MRTX0902 

(Mira+ Therapeu+cs) has recently entered clinical trial phase I. MRTX0902 increases the GDP-loaded 

frac+on of K-RasG12C and in combina+on with adagrasib (MRTX849) significantly enhances 

an+tumor ac+vity (Ketcham et al., 2022). The K-RasG12D PROTAC ASP3082 (Astellas Pharma) 

prevents K-RasG12D-mediated signaling through targeted degrada+on of K-RasG12D (Nagashima et 

al., 2022). Their compound binds K-RasG12D on one end and recruits an E3 ligase on the other, 

forming a ternary complex. The protein is subsequently ubiqui+nated and degraded by the 

proteasome, leading to inhibi+on of the tumor growth in mice (Nagashima et al., 2022). 

The 11-mer cyclic pep+de LUNA18 is panRas inhibitor resul+ng from the op+miza+on of a hit 

discovered with mRNA display library (Tanada et al., 2023). The cyclic pep+de is orally bioavailable 

and inhibits the interac+on between inac+ve Ras and GEFs, explaining its an+tumor ac+vity. 

However, the pep+de alone, was not sufficient to inhibit cell prolifera+on in cells, which have 

ac+va+ng muta+ons downstream of Ras (Sase et al., 2024). Combina+on treatment with K-RasG12C 

inhibitors and LUNA18 decreases cell prolifera+on more effec+vely than either agent alone 

(Michisaka et al., 2024). The cyclic pep+de has entered clinical trial phase I and shows great 

poten+al. 
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2.2. Iden+fica+on of an H-Ras nanocluster disrup+ng pep+de (II) 
Contrary to previous publica+ons, Gal1 does not interact directly with H-Ras via its farnesyl tail. A 

previous study using fluorescence polariza+on showed that H-Ras binds farnesyl-binding protein 

PDE6D, but not Gal1. Furthermore, through FRET it was established that the Gal1/ Raf-RBD 

interac+on is the mechanism behind the stabilizing effect of Gal1 on H-RasG12V nanoclusters 

(Blazevits et al., 2016). Here I describe the iden+fica+on of a pep+de targe+ng the intracellular, 

H-Ras nanocluster stabilising func+on of Gal1. We have established the direct binding of this pep+de 

to the RBD domain of not only B- and C-Raf, but also interes+ngly to other RBD- or RA-domain 

containing Ras effector proteins. Furthermore, we showed that our pep+de interferes with and 

downregulates H-Ras nanoclustering and cell viability of different cancer cell lines. 

 

2.2.1. Valida+on of the proposed structural model of Gal1/ RBD interac+on 

Here, we validated the proposed stacked dimer model as a target (Manuscript II, Fig. 1a) using our 

BRET assay. We demonstrated the increase in H-RasG12V nanoclustering upon addi+on of 

increasing concentra+ons of Gal1 (Manuscript II, Fig.1 b). We confirmed that Gal1 is a dimer under 

our expressing condi+ons (Manuscript II, Fig. 1c) and observed a preference of Gal1 for the RBD of 

B-Raf over C- and A-Raf (Manuscript II, Fig. 1d, Fig. S1a). The D113A and D117A muta+ons in the 

C-RBD have led to a significant loss of binding to Gal1, in line with the proposed computa+onal 

model (Manuscript II, Fig. S1b). We therefore introduced analogous muta+ons in the RBD domains 

of A- and B-Raf to further confirm this computa+onal model (Manuscript II, Fig S1c, d, e). The results 

of the split-luciferase assay suggest that Gal1 facilitates the B-Raf opening to a similar extent as 

SNAP-HRasG12V (Manuscript II, Fig. 1e). In summary, when func+oning as a dimer, Gal1 might 

further stabilize H-RasG12V nanoclusters, similar to the effect observed with ON-state Raf 

inhibitors. In the context for the stacked dimer model, our data suggest the involvement of Gal1 in 

Raf ac+va+on and/ or stabilisa+on of dimers.  

 

2.2.2. Iden+fica+on of a pep+de targe+ng the RBD/ Gal1 binding interface 

A}er having validated the binding between Gal1 and RBD, we con+nued to characterize a previously 

described pep+de. The 52-mer pep+de, L5UR, has been reported by Elantak et al to bind with low 

(310 µM) affinity to Gal1 at the back side of the carbohydrate binding site (Elantak et al., 2012). This 

binding site overlaps with the binding interface of RBD and Gal1 (Manuscript II, Fig. S1b). Therefore, 

we hypothesised that L5UR could act as a Gal1/ RBD interface inhibitor. The analysis of data from 

the PanCanAtlas database has shown a poorer survival rate with higher Gal1 levels (Manuscript II, 

Fig. S2a).  Using FRET, we studied the effect of L5UR expression on Gal1/ RBD binding, as well as 

H-RasG12V nanoclustering (Manuscript II, Fig. 2a, b). The control pep+de anginex and its analogue 

compound OXT-008 did not affect the Gal1/ RBD FRET (Manuscript II, Fig. 2a). Using a bio+nylated 
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L5UR pep+de, we performed pulldown assays. Interes+ngly, L5UR pulled down not only Gal1 but 

also GST-B-Raf-RBD independently (Manuscript II, Fig. 2c). Moreover, we demonstrated the direct 

binding of L5UR and GST-B-Raf-RBD, but not GST alone via FP establishing a KD of 7 µM and 

confirmed these findings in a quenching resonance energy transfer (QRET) assay using L5URcore 

conjugated with a nonadentate europium chelate (Eu-L5URcore), whilst Eu-L5URcore could not be 

saturated by His-Gal1 (Manuscript II, Fig. 2d and Fig. S2c, d, e). The L5UR pep+de has six posi+vely 

charged arginine residues, sugges+ng an electrosta+c nature of its binding to the RBD. Seven charge 

reversal muta+ons in the core region were introduced to generate the loss-of-func+on mutant 

mutL5UR (Manuscript II, Fig. 2f). Indeed, the mutL5UR lost its potency to displace F-L5UR from 

GST-B-Raf-RBD, as well as C-Raf-RBD, in compe++ve FP (Manuscript II, Fig. 2e and Fig. S2f). In 

summary, we determined that L5UR and L5URcore bind the RDB of B- and C-Raf with low 

micromolar affinity. This interac+on seems to be largely influenced by several posi+vely charged 

residues in the core region, as the binding is significantly reduced in the mutL5UR variant. 

 

2.2.3. SNAP-tagged L5UR interferes with H-Ras nanoclustering at the Gal1/ RBD interface 

To inves+gate the potency of L5UR, we func+onalised the pep+de by adding a SNAP-tag at the 

C-terminus (Manuscript II, Fig. 3a, b). Using immunoblozng, we confirmed a linear increase in the 

expression of L5UR-SNAP variants with increasing amounts of transfected DNA (Manuscript II, Fig. 

S3a). Gene+cally expressed L5UR and L5UR-SNAP decreased both Gal1/ RBD- and H-RasG12V 

nanoclustering-BRET to a similar extent. As expected, mutL5UR-SNAP, as well as the SNAP-tag alone, 

did not affect this interac+on (Manuscript II, Fig. 3b, c). A}er analysing endogenous Gal1 levels in 

different cell lines, we observed that HEK293-EBNA cells are devoid of Gal1 (Manuscript II, Fig. S3d). 

However, L5UR and L5UR-SNAP reduced H-RasG12V nanoclustering-BRET to similar levels 

(Manuscript II, Fig. S3c). The SNAP-H-RasG12V control reduced the H-RasG12V nanoclustering-

BRET by 85 % (Manuscript II, Fig. S3e). To study poten+al Ras isoform selec+vity, we tested the L5UR 

constructs in K-Ras nanoclustering-BRET, finding that neither of the L5UR constructs affected this 

BRET pair significantly (Manuscript II, Fig. S3f). With classical electron microscopy-based Ras 

nanoclustering analysis performed on membrane sheets of Gal1-expressing BHK cells, we confirmed 

H-Ras nanocluster disrup+ng ac+vity of L5UR and L5UR-SNAP (Manuscript II, Fig. 3d). Considering 

the poten+ally electrosta+c interac+on between L5UR and the RBD, we inves+gated its engagement 

with other RBD or RA-containing proteins in a pulldown assay. Using L5UR-SNAP as bait, we did not 

only pulldown B- and C-Raf, but also the cataly+c subunit of PI3K⍺. The pan-Ras nanocluster scaffold 

RBD-containing ASPP2, as well as its two interac+on partners RASSF7 and RASSF9, were also 

captured by L5UR-SNAP (Manuscript II, Fig. 3e). L5UR-SNAP engagement with mul+ple RBD- or 

RA-containing proteins may suggest that it is s+ll an immature tool and may appear as a liability, but 

nevertheless it represents a star+ng point to develop novel binders disrup+ng Ras nanoclustering. 
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2.2.4. TAT-L5URcore interferes with Ras-mediate signalling and cell prolifera+on 

We rendered the L5URcore pep+de cell-permeable by adding a cell-penetra+ng group. Here, we 

used the cell-penetra+ng group TAT, which is 12 amino acids long and derived from a Human 

immunodeficiency virus 1 (HIV1) protein. The cell-penetra+ng TAT group facilitates cellular pep+de 

uptake (Manuscript II, Fig. 4a). To validate the cell penetra+on and on-target ac+vity, we tested the 

TAT-tagged variants compared to the non-tagged pep+des in our BRET system. Both the H-RasG12V 

nanoclustering and Gal1/ RBD BRET were dose-dependently decreased by increasing concentra+ons 

of TAT-L5URcore. None of the control pep+des (TAT-mutL5URcore, TAT alone, non-labelled pep+des) 

affected these interac+ons as measured by BRET (Manuscript II, Fig. 4b, c). 

To study the effect of TAT-L5URcore on cell signalling and prolifera+on, we chose two cell lines with 

high Gal1 levels and H-Ras muta+ons, T24 and Hs 578T, as they were expected to respond best. 

Addi+onally, we tested the effect of our pep+de on control cell lines, K-Ras mutant MIA PaCa-2 and 

HEK293-EBNA cells. Indeed, we observed reduced EGF-induced cellular pERK- and pAKT-levels with 

TAT-L5URcore in T24 and Hs 578T (Manuscript II, Fig. 5a, b, e, f). In the K-Ras mutant cell line MIA 

PaCa-2, TAT-L5URcore did not affect pERK levels but decreased pAKT-levels (Manuscript II, Fig. 5 c, 

g). Non-transformed HEK293-EBNA cells showed slightly increased levels of pERK and pAKT levels 

a}er addi+on of TAT-L5URcore (Manuscript II, Fig. 5 d, h). Furthermore, we evaluated the effect of 

these pep+des on the cell viability and quan+ta+vely compared the s+ll weak ac+vity of the 

pep+des calcula+ng the area under the curve (AUC) and subsequent drug sensi+vity score (DSS3) 

(Manuscript II; Fig. 6 a e) (Potdar et al., 2023). The viability of all four cell lines was affected by 

TAT-L5URcore, but less by TAT-mutL5URcore and TAT alone. This broad effect on cell prolifera+on is 

consistent with the fact that L5UR engages various other proteins containing RBD or RA domains 

(Manuscript II, Fig. 3e). In conclusion, these results suggest that our L5UR-based pep+des interfere 

with several signalling pathways relevant for cell prolifera+on and survival. 
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2.3. Protocol to measure and analyze protein interac+ons in mammalian cells using 

Bioluminescence Resonance Energy Transfer (III) 

In Manuscript III, we comprehensively describe a general protocol for the Bioluminescence 

Resonance Energy Transfer (BRET) assay to study protein-protein interac+ons in living cells. 

 

Bioluminescence is an intrinsic phenomenon that occurs in marine organisms, for example the sea 

pansy Renilla reniformis and jellyfish Aequorea victoria (Pfleger & Eidne, 2006). Its principle is based 

on the occurring resonance energy transfer (RET) phenomenon between two photoac+ve 

molecules. To study interac+ons between two proteins of interest (POI) with BRET, one POI needs 

to be tagged with a bioluminescent energy donor and the other one with a fluorescent energy 

acceptor. A}er addi+on of a substrate, the donor catalyses the oxida+on of the substrate, 

producing energy (Dacres et al., 2012). This excited-state energy can be transferred to the 

interac+on partner tagged with the fluorescent energy acceptor through a non-radia+ve resonance 

process occurring only at a proper orienta+on and a permissive distance (typically less than 10 nm) 

(Kobayashi et al., 2019). Addi+onally, the emission spectrum of the donor needs to sufficiently 

overlap with the excita+on spectrum of the acceptor. 

 

Here, we describe the use of enhanced BRET2 (eBRET2), employing the luciferase Rluc8 and 

fluorescent acceptor GFP2 together with coelenterazine 400a as a substrate. BRET is an important 

tool to study transient interac+ons as well as interac+ons involving membrane proteins. Since the 

BRET signal originates from an enzyma+c reac+on, the risk of autofluorescence or photobleaching, 

which frequently occurs in FRET, are avoided. This technique allows us to study the interac+ons 

between two proteins in cells in their physiological environment. Dense packing of Ras in 

nanoclusters at the plasma membrane can be studied using eBRET2, by tagging Ras proteins with 

Rluc8 and GFP2. Our protocol provides detailed instruc+ons for conduc+ng donor satura+on-

+tra+on BRET experiments using K-Ras nanoclustering-BRET sensors and a conven+onal microplate 

reader. In these experiments, a constant amount of RLuc8-tagged donor construct is co-expressed 

with increasing amounts of GFP2-tagged acceptor construct and the BRET ratio is plotted against 

the acceptor/ donor ratio. As true saturation is typically not reached in cells, we introduced the 

BRETtop value, representing the highest BRET ration within a defined range of acceptor/ donor 

expression signal ratios to characterize the strength or probability of the interaction. A modula+on 

of the interac+on can be observed as a change in the BRET signal. We typically use the compound 

mevasta+n as a control, which is an inhibitor of the mevalonate pathway that affects cholesterol 

levels and subsequently inhibits the membrane localiza+on of Ras (Endo, 2017). A drop in the BRET 

signal following mevasta+n treatment can result from any process upstream of Ras nanoclustering. 

Therefore, any manipula+on that affects Ras lipid modifica+on, proper trafficking, or lateral 
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organiza+on in nanoclusters can be detected with this assay. However, it is not possible to conclude 

that Ras or related proteins are present as dimers or other oligomers based on BRET results. To 

further improve the method, the expression signal ratio can be calibrated to reflect actual protein 

stoichiometries and total expression levels. This can be achieved by employing a fusion protein of 

the BRET pair with a long linker that prevents BRET, thereby ensuring the signal ratio represents a 

fixed 1:1 protein stoichiometry. Furthermore, using a purified acceptor protein preparation of 

known concentration can help correlate the signals to precise concentration equivalents. 
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3. Conclusions and perspec8ves 

3.1. Conclusion 

The oncogene Ras has been studied for decades and has been a major focus of recent drug 

development efforts. Ras was considered undruggable due to its lack of druggable pockets on its 

shallow surface. However, in 2011, the Gorfe group iden+fied four poten+al low-affinity allosteric 

binding pockets on the Ras surface by computa+onal simula+ons (Grant et al., 2011). We conducted 

an in-depth study of covalent and non-covalent Ras inhibitors. With the development of the first 

covalent small molecule against K-RasG12C, the switch II pocket was iden+fied (Ostrem et al., 2013). 

Since then, the chemical scaffold introduced with ARS-1620 led to the development of more 

compounds that bind Ras either covalently or non-covalently (Janes et al., 2018). Sotorasib and 

adagrasib have been approved by the corresponding authori+es, while others have entered clinical 

trials. Moreover, we have established the importance of macromolecular binders in drug 

development and their limited poten+al as drug candidates. Macromolecular binders can be used 

to iden+fy novel binding sites, even if these sites are not dis+nct binding cavi+es. These 

macromolecular binders engage larger regions, such as the Ras dimer interface or effector binding 

site, a}er sterically hindering engagement with other interac+on partners. The drawback of 

macromolecular binders is that they are currently not suitable for pharmacological targe+ng of 

intracellular targets like Ras due to low cell permeability. However, they remain essen+al proof-of-

concept tools for target site iden+fica+on with applica+on in both cellular and in vivo models.  

Pep+des serve as natural intermediates between macromolecules and small molecule inhibitors. 

Considering the role of naturally occurring pep+des in controlling major physiological events and 

their greater chemical diversity, it is not surprising that designing therapeu+c pep+des is a growing 

drug development field (Lau & Dunn, 2018; Wang et al., 2022). Several Ras-binding pep+des have 

been developed, averaging about 14 amino acids in length. Compared to monobodies or affimers, 

pep+des can be linear or cyclic when chemically synthesized. Cycliza+on of pep+des enhances their 

stability. Depending on their size and composi+on, pep+des can overcome complica+ons of 

intracellular delivery. Recent studies have shown that it is possible to use pep+des as drugs. For 

instance, the cyclic pep+de LUNA18 is currently under clinical inves+ga+on as a pan-Ras inhibitor 

(Sase et al., 2024). 

 

Our L5UR pep+des validate the Gal1/ RBD binding interface as a drug target to interfere with 

Gal1-enhanced H-RasG12V nanoclustering. L5UR engages mul+ple RBD- and RA-containing proteins 

associated with Ras signalling. To validate the ac+vity of L5UR on signalling and cancer cell 

prolifera+on, we designed a cell-penetra+ng version of L5UR that can be added to cells similarly to 

small molecule compounds. With TAT-L5URcore, we have developed a tool compound that can be 

used to further study Gal1-enhanced H-Ras nanoclusters. It remains unclear how Gal1 stabilizes and 
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how L5UR disrupts H-Ras nanoclusters, but L5UR targe+ng the Gal1/ RBD binding interface provides 

insights into how Gal1 posi+vely modifies H-Ras nanoclusters. 

 

3.2. Perspec+ves 

To be2er understand and validate the mechanism of ac+on of L5UR, one could work on obtaining 

structural informa+on using the pep+de and either of its binding partners (RBD or Gal1), or even 

structural data of the RBD/ Gal1 complex. An actual structure of RBD/ Gal1 could be compared to 

the model previously proposed by our group (Blazevits et al., 2016), and by extension the predicted 

L5UR binding site rela+ve to the RBD. Alterna+vely, one could introduce point muta+ons either in 

L5UR or on the RBD at the predicted binding interface. Once having iden+fied a reliable 

pep+de/ protein interface, it will be possible to shorten and modify the pep+de further to obtain 

the shortest possible variant, which s+ll retains ac+vity.  

With liquid chromatography-mass spectroscopy (LC-MS), one could envision to perform proteomic 

studies and analyse the proteins binding to L5UR-SNAP, and mutL5UR and SNAP alone as controls 

and establish a mass-spectroscopy (MS) hit list of the pulled-down interac+on partners. With this 

hit list, it would be possible to compare the sequences of the hits, to eventually determine a 

common denominator of where the pep+de could bind.  

Based on the obtained targets, one could design pep+domime+cs. Pep+domime+cs are synthe+c 

molecules that mimic the structure and func+onality of na+ve pep+des (Del Ga2o et al., 2021). 

Compared to na+ve pep+des, pep+domime+cs can have a more versa+le design due to the 

possibility of incorpora+ng non-natural amino acids and chemical modifica+ons. They o}en 

overcome complica+ons such as low bioavailability and proteolysis (Paul et al., 2021). 

Moreover, one could use the obtained pep+des and pep+domime+cs with the emerging PROTAC 

technology. PROTACs are heterobifunc+onal small molecules consis+ng of two ligands connected by 

a linker: one ligand is a warhead recrui+ng a POI, while the second ligand recruits an E3 ligase (E3), 

thus forming a tricomplex (Zeng et al., 2021). The simultaneous binding of the PROTAC to the POI 

and the E3 ligase induces ubiqui+na+on of the POI and subsequent degrada+on of the POI by the 

ubiqui+n-proteasome (Bekes et al., 2022). Currently, the K-RasG12D PROTAC ASP3082 is in clinical 

trials (Nagashima et al., 2022). Degrading the POI may be a promising opportunity to increase drug 

ac+vity. One could use L5UR, or an L5UR-based pep+domime+c, as a PROTAC warhead to degrade 

Raf in cells and inhibit Raf-mediated signalling. PROTACs employ an event-driven mechanism, in 

contrast to classical small molecule inhibitors, which use an occupancy-driven mechanism (Bouvier 

et al., 2024). The main difference between these mechanisms is that PROTACs induce the 

degrada+on of the target protein and can thus be recycled and reused. PROTACs do not necessarily 

need to block ac+vity through binding to the ac+ve site or by ini+a+ng an allosteric conforma+onal 

change leading to loss of ac+vity. Degrading the POI and thus removing the protein en+rely, 
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eliminates also possible scaffolding func+ons the protein might have. Under satura+ng condi+ons, 

the phenomenon called the hook effect might occur, where PROTAC-POI and PROTAC-E3 complexes 

form instead of the tricomplex preven+ng efficient degrada+on (Bouvier et al., 2024). To avoid the 

hook effect, one should always test a wide range of concentra+ons to determine the op+mal 

amount with highest ac+vity. 

Given the latest advancement, growing investment and recent interest in PROTACs, it is evident that 

that targeted protein degrada+on could play a key role in future drug development, poten+ally 

offering new treatment op+ons to pa+ents across various indica+ons. 
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4. Glossary 
 

Terms Definition 

Affirmers 
Engineered small non-antibody proteins designed to bind 
proteins with nanomolar affinity. 

Allele-specific inhibitor 
Therapeutic agent selectively targeting and inhibiting a 
specific allele of a gene. 

Antibodies 
Y-shaped large proteins of the immunoglobulin superfamily 
neutralizing antigens. 

BRET 
In cellulo bioluminescence-based technique to study protein-
protein interaction. 

Cell Viability Assay  
Technique to assess cell growth and proliferation after 
treatment. 

Cell-penetrating group 
Short sequence facilitating entrance of a cargo through the 
plasma membrane. 

Circular Dichroism Spectra 

Spectroscopy-based method measuring differences in 
absorbance used to examine structures of peptides and 
proteins. 

DARPin 
Engineered antibody mimetics derived from natural ankyrin 
repeat proteins exhibiting specific affinities. 

Drug Sensitivity Score (DSS) 
analysis 

Measurement of an area under the curve to determine 
reduced viability of cancer cells after response to various 
treatments. 

Electron microscopic analysis 
of Ras-nanoclustering  

Electron microscopy-based technique to study gold-plated 
membrane grits to evaluate Ras nanoclusters. 

Farnesylation 
Post-translational modification adding a farnesyl group via the 
enzyme farnesyltransferase. 

Fluorescence Lifetime Imaging 
Microscopy (FLIM)-FRET 

Approach for measuring FRET using lifetime microscopy on 
living cells. 

Fluorescence Polarization 
Fluorescence-based method to study protein interactions in 
vitro via measuring variations in polarized light. 

Gateway Cloning 
Cloning method developed by Invitrogen using a multi-vector 
system to generate novel recombinant DNA vectors. 

Immunoblotting 
Biochemical method to analyse and identify a mixture of 
proteins using antibodies after separation by electrophoresis.  

In vitro pulldown 

Method to study protein-protein interaction using an 
immobilized protein bait capturing potential interaction 
partners from a protein mixture. 

Inner leaflet of the plasma 
membrane 

Inner layer of the lipid bilayer of the plasma membrane 
contacting the cytoplasm. 

Monobody 
Synthetic protein derived from the human fibronectin scaffold 
type III domain. 

OFF-state inhibitor 
Inhibitor specifically targeting the inactive state (OFF-state) of 
the target protein. 

ON-state inhibitor 
Inhibitor specifically targeting the active state (ON-state) of 
the target protein. 
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Peptidomimetic Synthetic compound designed to mimic a peptide. 

PROTAC 

Heterobifunctional molecule containing a warhead binding to 
a protein of interest, a linker, and an E3-ligase recruiting 
moiety. 

Proteomics Large-scale experimental analysis of proteins and proteomes. 

Quenching Resonance Energy 
Transfer (QRET) assay 

Method to study protein-protein interaction using a single-
label, typically used for inhibitor screening and interaction 
studies 
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RAS drug development has made enormous strides in the past ten years, with the first
direct KRAS inhibitor being approved in 2021. However, despite the clinical success of
covalent KRAS-G12C inhibitors, we are immediately confronted with resistances as com-
monly found with targeted drugs. Previously believed to be undruggable due to its lack
of obvious druggable pockets, a couple of new approaches to hit this much feared onco-
gene have now been carved out. We here concisely review these approaches to directly
target four druggable sites of RAS from various angles. Our analysis focuses on the
lessons learnt during the development of allele-specific covalent and non-covalent RAS
inhibitors, the potential of macromolecular binders to facilitate the discovery and valid-
ation of targetable sites on RAS and finally an outlook on a future that may engage more
small molecule binders to become drugs. We foresee that the latter could happen mainly
in two ways: First, non-covalent small molecule inhibitors may be derived from the devel-
opment of covalent binders. Second, reversible small molecule binders could be utilized
for novel targeting modalities, such as degraders of RAS. Provided that degraders elimin-
ate RAS by recruiting differentially expressed E3-ligases, this approach could enable
unprecedented tissue- or developmental stage-specific destruction of RAS with potential
advantages for on-target toxicity. We conclude that novel creative ideas continue to be
important to exterminate RAS in cancer and other RAS pathway-driven diseases, such as
RASopathies.

Introduction
The small GTPase RAS operates as a switchable recruitment site of downstream effectors to the mem-
brane. Thus GTP-binding triggers multiple intracellular signalling pathways, notably the MAPK
pathway, which drives proliferation and differentiation [1]. This central position to orchestrate hall-
marks of life may explain why RAS is so frequently exploited in cancer, where the three RAS genes,
KRAS, NRAS and HRAS combined are mutated in 19% of cancer patients [2]. Mutations typically
occur in hotspot codons 12, 13 or 61, which essentially keep RAS GTP-bound and thus constitutively
active.
In 2021 the first direct RAS inhibitor, sotorasib (AMG 510), was approved after a 40 year long

quest to inhibit this major oncogene. Impressive initial clinical data with a median overall survival of
12.5 months in smoking-associated KRAS-G12C mutant NSCLC patients supported this effort [3]. A
number of other G12C-specific inhibitors are currently being evaluated in patients, including adagra-
sib (MRTX849), which is the second G12C-inhibitor to enter clinical assessment [4,5]. However, the
application of these inhibitors is limited to KRAS-G12C mutant tumours, such as found in 14% of
NSCLC patients, and <5% in colorectal and pancreatic cancers. Moreover, emerging resistances have
stunted overall patient response and the initially high expectations. Resistance mechanisms include
additional oncogenic KRAS mutations in codons 12, 13 or 61 that are not susceptible to
G12C-inhibitors [6,7].
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Nonetheless, the first direct RAS inhibitors are a tremendous first milestone that demarcate the extraordinary
achievements in RAS drug development during the past decade. They impressively demonstrate what happens,
if specifically the oncogenic version of a major cancer driver is drug-targeted. Yet they also clarify that even
with exquisite (covalent) on-target specificity, side effects cannot be ruled out [8]. Most importantly, these inhi-
bitors provide unequivocal proof of KRAS as a cancer drug target in humans.
The KRAS-G12C inhibitor development story is testimony to not take no for an answer, and pursue the tar-

geting of cancer drivers, even if they were considered undruggable. This justifies and encourages novel drug
development efforts against RAS. We will here review, which approaches are on the drawing boards of research-
ers and give an outlook on potential future developments.

The development of allele-specific and pan-RAS inhibitors
for clinical applications
Crystal structures of RAS show that GTP-binding induces conformational changes in two regions of RAS,
called switch I and switch II, without revealing targetable pockets on RAS [1]. However, seminal work from the
Shokat group published in 2013 identified the cryptic allosteric switch II-pocket (SII-P), which manifests only
upon binding of KRAS-G12C inhibitors [9]. Their first proof-of-concept inhibitor introduced the acrylamide
warhead for covalent engagement of the nucleophilic cysteine on position 12, thus creating a paradigm that has
until today been widely utilized (Figure 1). Since then, essentially every major pharma company has developed
KRAS-G12C inhibitors and we refer to recent reviews for details on their pre-/clinical progress [5,10].
The common chemical theme of these compounds in addition to their identical warhead is the 4-

piperazin-1-yl-pyrimidine scaffold core that was essentially introduced with ARS-1620 [11]. Intriguingly, with
the development of the scaffold of adagrasib a significant non-covalent binding to wild-type KRAS and to a
number of KRAS mutants that carry hotspot mutations on codons 12, 13 and 61 was achieved [12]. In line

Figure 1. Overview of small molecule inhibitors targeting RAS.
(A) Selected SII-P small molecule inhibitors based on the 4-piperazin-1-yl-pyrimidine scaffold (green highlights). The common
acrylamide warhead of KRAS-G12C inhibitors (top row) is highlighted in blue. Adagrasib served as a starting point for
additional inhibitors (arrows), including covalent G12R- and G12S-inhibitors, with an α,β-diketoamide warhead or a strained
β-lactone electrophile, respectively (purple). Note that the exact stereochemistry of displayed inhibitors has been largely
omitted. (B) Crystal structure of GDP-KRAS-G12C in complex with ARS-1620 (PDB ID 5V9U). The RAS structure can be
divided into the N-terminal effector lobe (grey), with the switch I and switch II regions labelled in green, and the allosteric lobe
(pink). The allosteric binding sites P1–4 are indicated with circles. (C) Current experimental small molecule inhibitors (here
those with an affinity <500 mM) target predominantly P1. The RAS affinity and selectivity is indicated for each compound (cpd).
References are in brackets after the names [48,53,63–68]. The full list of small molecule inhibitors is contained in
Supplementary File S1.
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with this, the adagrasib scaffold served as a starting point for the development of the first covalent inhibitors of
KRAS-G12S and KRAS-G12R in the GDP-bound OFF-state [13,14]. These carry instead of the acrylamide
warhead, a strained β-lactone electrophile in the case of the G12S-inhibitor, while an α,β-diketoamide warhead
was used in the G12R-inhibitor (Figure 1A). All of these SII-P targeting compounds lock KRAS in an inactive
conformation by distorting switch I and switch II, thus typically blocking access of RAS activating GEFs, such
as SOS, and of RAS effectors, notably RAF [9,11–14]. In agreement with the reuse of the pharmacologically
validated adagrasib scaffold, inhibitors are furthermore active in cells, to suppress MAPK signalling and select-
ively the growth of cancer cells carrying the targeted mutation.
One initially puzzling finding was that all of these covalent inhibitors rely on the GDP-bound, inactive

KRAS. However, oncogenic KRAS mutants are generally approximated to be constitutively GTP-bound and
ON. While it is commonly assumed that the GTPase activating protein (GAP) neurofibromin (NF1) turns RAS
OFF, the heterotrimeric G protein-associated GAP RGS3 was identified as the enzyme that sufficiently inacti-
vates all major oncogenic KRAS alleles [15]. Consequently, ablation of RGS3 severely decreased the anti-
tumorigenic effect of adagrasib in a mouse xenograft model. This can be explained by the distinct catalytic
mechanisms of NF1 and RGS3. NF1 provides a catalytic arginine (the Arg-finger) to speed-up GTP hydrolysis
of RAS, a mechanism that is crucially inhibited by oncogenic hotspot mutants of RAS [16]. In contrast, RGS3
is from a different family of GAPs, which likely bind RAS also involving its switch regions, but employ aspara-
gine as catalytic residue [17,18].
It is astonishing, but not the first time in RAS/ MAPK biology that such a fundamental biological mechan-

ism was only discovered after the first RAS inhibitors entered the clinic. Both failure of farnesyl transferase
inhibitors and paradoxical RAF activation were only fully recognized at the clinical stage [10]. The
RGS3-catalyzed hydrolysis of RAS furthermore begs the question, in which biological context then is the
NF1-associated GAP-activity required, given that all hotspot mutants of RAS evade it.
The OFF-state dependency of SII-P inhibitors is also liable to major resistance mechanisms, which increase

the ON-state, such as mutational activation of EGFR or up-regulation of other receptor tyrosine kinases [5].
Additional resistance mechanisms after sotorasib treatment include mutations that disrupt binding of the inhi-
bitors to the SII-P, most notably Y96D, which also blocks access of adagrasib [6,19]. In vitro studies further-
more forecast evasive mutations, which increase GTP-levels of KRAS, such as Y40A, N116H and A146V [20].
Xenograft data furthermore suggest that MAPK pathway reactivation occurs sooner or later in particular by the
emergence of clones with other oncogenic KRAS alleles or overactivation of other RAS isoforms, including
MRAS [7].
Some of these resistance issues can be overcome by inhibiting the ON-state of KRAS. The adagrasib-derived

non-covalent inhibitor MRTX-EX185 demonstrates this potential even for a SII-P binder [12]. The non-
covalent inhibitor MRTX1133 exploited this further and introduced sub-picomolar targeting of the most
common KRAS mutation, KRAS-G12D, with potent inhibition of signalling and xenograft growth [21].
Another embodiment is seen in a completely different RAS inhibition approach that is being evaluated in

clinical trials. A whole panel of allele-specific and pan-RAS inhibitors has been commercially developed, which
tie together KRAS in the ON-state and the ubiquitous and abundant chaperone protein cyclophilin A [22].
These ‘molecular glue’ compounds lead to an inhibitory tri-complex formation that sterically blocks RAS inter-
actions and thus downstream signalling. Molecular glues are small molecules, which link two proteins in a non-
native complex to inhibit or modify at least one of the binding partners [23]. The interesting potential of this
approach is demonstrated by the covalent KRAS-G12C inhibitor RM-018, which can overcome the
Y96D-dependent resistance encountered with sotorasib and adagrasib [19]. In addition to KRAS-G12C, the tri-
complex approach has been utilized to covalently target KRAS-G12D, KRAS-G13C and multiple RAS alleles
non-covalently, as recently reviewed elsewhere [5].

The exploration of novel binding sites and inhibition
principles of RAS using macromolecular binders
In the commercial tri-complex approach, binding to the part of RAS that engages effectors is obstructed. This
first half of the RAS protein (residues 1–85) is therefore also referred to as effector lobe, while the second half
of the G-domain (residues 86–166) is called the allosteric lobe. The effector lobe makes major contacts not
only with effectors, but all other major regulators of RAS, such as GEFs and GAPs.
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Therefore, high affinity macromolecular binders raised against the effector lobe can potently inhibit RAS sig-
nalling. In addition to classical antibodies (∼150 kDa) and Fab-fragments (∼50 kDa), much smaller specific
binders can be raised by directed evolution in vitro, such as designed ankyrin repeat proteins (DARPins;
∼20 kDa), Affimers (∼12 kDa), which are based on the artificial phytocystatin-derived scaffold called Adhiron,
and monobodies (∼10 kDa), which originate from an artificial fibronectin type III domain [24–26]. Such
binders exhibit typically affinities in the nanomolar range and encode high binding specificities to a small
contact area. The small contact site can be exploited for pharmacophore based computational or in vitro com-
petitive screening for small molecule functional analogues.
Obvious targets on the effector lobe are the switch regions, for which both GTP-specific binders (antibodies

iDab#6, RT11, inRas37, monobody 12VC1, DARPin K55) [27–30], as well as GDP-specific binders (monobody
JAM20, DARPin K27) have been identified [27,31] (Figure 2). Accordingly, these reagents typically repress
RAS/ effector-binding and RAS-activation, respectively, and several were shown to block RAS-mutant cancer
cell growth in vitro and in murine tumour models.
The truly exciting potential of these artificial binders lies in their ability to discover novel binding sites on

RAS, which is notoriously binding cavity free. In support of this potential, affimer K3 was found to bind at the
same site of KRAS, where current covalent G12C-inhibitors are lodging. Similarly, another affimer K6 binds to
a pocket in between the switch I and switch II regions, a site that is also targeted by inhibitors DCAI and
BI-2852 (Figure 1 and Supplementary File S1) [32–34].
Several other macromolecular binders engage with RAS on the allosteric lobe, hence in a

nucleotide-independent manner. Complexation creates significant sterical bulk around RAS, which plausibly
impacts on higher complex formation, such as transient dimers and nanoclustering. Nanoclusters are proteo-
lipid complexes containing transient di-/trimeric RAS assemblies, which act as membrane recruitment sites of
RAF-effectors and are therefore necessary for MAPK signalling [35]. In addition, the conformational mobility
of RAS at the membrane impacts on MAPK signalling [35–38]. Given that a bulky binder would most probably
restrain such conformational motions it is plausible to assume that they also affect associated RAS activities.
The monobody NS1 binds to HRAS and KRAS, but not NRAS, at an epitope comprising helices α4 and α5

[39]. These make up the most common interface that is assumed to partake in RAS self-organization into
nanoclusters on the plasma membrane [40]. This interface was also recognized by the affimer K69 [32]. In con-
trast, the DARPins K13 and K19 bind to helices α3 and α4, which have also been suggested as interface for
transient RAS dimers at the membrane [40]. While such macromolecular binders are per se not pharmacologic-
ally tractable for an intracellular target such as RAS, they nevertheless provide crucial proof-of-concept data for
the target site in cellular and in vivo models.

Figure 2. Overview of macromolecular RAS binders.
Crystal structure of GDP-KRAS (PDB ID 4OBE). Effector and allosteric lobes, as well as allosteric binding sites are indicated as
in Figure 1. The names of macromolecular RAS binders are highlighted in the same colour as their binding sites, with more
detailed binding site information given in brackets.
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Moreover, they can be further functionalized to enable new modes of action. By genetically fusing E3-ligase
subunits such as von Hippel-Lindau (VHL) tumour suppressor to the monobodies NS1 and 12VC1 or the
DARPin K19, RAS degrader constructs were generated [30,41,42]. In general degraders realized potent RAS sig-
nalling suppression and anti-proliferative activities, and in the case of the 12VC1 were also more potent than
the competitively binding monobody alone [30]. Given that these degraders emulate the proteolysis targeting
chimera (PROTAC) mode of action, which will be discussed in the next chapter, they may be useful to forecast
the potential of analogous PROTACs [43].
On the pathway to develop smaller RAS binders, peptides are a natural intermediate. A number of peptides

or peptidomimetics that target the GTP-KRAS effector lobe typically with nanomolar affinity and compete
with effector binding and downstream signalling of RAS have been developed. These peptides have a median
size of ∼14 residues, can be either linear or cyclic, and contain non-natural amino acids or other chemical
modifications (i.e. peptidomimetics) (Table 1). Cyclic peptides are entropically advantageous and are more
resistant against exopeptidases [44]. So far, none of these peptides have been harnessed for degrader
development.

What is the future of RAS inhibition? From small molecule
binders to PROTAC-degraders
RAS is a small mono-domain protein with a shallow surface that has been considered undruggable due to the
lack of obvious binding pockets. The nucleotide binding site remains problematic as a target, due to the high
cellular GTP concentration in combination with the picomolar affinity of the guanine nucleotides to RAS [5].
However, computational approaches led by the Gorfe group, have identified already in 2011, hence well before
the discovery of first covalent inhibitors, altogether four low affinity (sub-/millimolar) allosteric sites on RAS
named P1 to P4 that have all been experimentally validated [45–47]. P1 and P4 are situated in the effector
lobe, P3 in the allosteric lobe and P2 in between both lobes (Figure 1B).
The hydrophobic pocket P1 is located between switch II and β-strands 1–3 and is partially closed in crystal

structures of GDP-RAS [48]. It essentially corresponds to the switch I/switch II region that is targeted by
several experimental ON- and OFF-state binders (Figure 1C and Supplementary File S1). P2 is at the interface

Table 1 Overview of RAS binding peptides

Name (PDB ID) RAS specificity KD (nM)
Site on
RAS Properties Ref.

Linear

RBDv1,
RBDv12

GTP-RAS 3.35
2.52

P4 14 aa, inhibits RAS signalling, reduces cancer cell
growth

[69]

SAH-SOS1 GDP-/GTP-RAS 106–175 near P4 16 aa, blocks nucleotide exchange, reduces cancer
cell growth

[70]

225-11 (5WPL) GTP-RAS 3.3 P4 32 aa, blocks effector interaction [71]

R11.1.6 (5UFQ) RAS-G12D 4 switch II 61 aa, blocks effector interaction, inhibits RAS
signalling

[72]

Cyclic

Cyclorasin 9A5 GTP-RAS 440 near P4 11 aa, blocks effector interaction, inhibits RAS
signalling

[73]

Cyclorasin
B4-27

GTP-RAS 21 near P4 16 aa, blocks effector interaction (cellular
BRET-assay)

[74]

KRpep-2d
(5XCO)

KRAS-G12D 51 P2 19 aa, inhibits RAS signalling, reduces cancer cell
growth

[75–77]

KS-58 KRAS-G12D 22 P2 11 aa, inhibits RAS signalling, reduces cancer cell
growth in vivo

[78,79]

KD2 (6WGN) GTP-KRAS-G12D none near P2 15 aa, blocks effector interaction [80]

Peptide and peptidomimetic RAS binders and their properties. The PDB ID is given if the complex with RAS was determined.
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of helix α2 with helix α3. This cryptic hydrophobic pocket is currently the most successfully targeted site, as it
harbours the covalent OFF-state inhibitors targeting G12C, G12S, G12R and non-covalent inhibitors targeting
G12D (Figure 1A). The polar P3 site is located between helix α5 and loop 7 and is accessible in both GTP-
and GDP-states of KRAS, but less in the other RAS isoforms [46]. However, currently few binders target this
site, such as metal cyclens and KAL-21404358 [49,50]. P4 is also polar and situated behind switch I and pos-
sesses andrographolide derivatives as the most interesting ligands currently [51]. It thus appears that the
number of targetable sites on RAS is limited.
By combining computational and experimental approaches several small molecules have been identified that

bind primarily to P1 and P2 (Figure 1C and Supplementary File S1). These ligands cover a broad range of
affinities from milli- to nanomolar, typically lack RAS isoform selectivity and can disrupt binding of RAS inter-
action partners, such as RAF, and suppress MAPK signalling or cell viability. Only for compound 11 was
KRAS-selective on-target binding demonstrated in vitro [48]. Therefore, cellular effects of low affinity com-
pounds have to be taken with caution, as at the early stages of compound discovery off-target effects will con-
tribute to these readouts.
With the exception of the covalent and non-covalent SII-P binding inhibitors, none of the small molecule

binders has advanced toward clinical development. This may suggest that before a non-covalent inhibitor (such
as MRTX1133) can flourish, a covalent counterpart that is anchored at the desired site may be advantageous
during compound development [9].
Given their size, small molecules are less likely to block protein–protein interfaces such as needed to inhibit

RAS nanoclustering. However, membrane-bound RAS also undergoes potentially RAS isoform specific con-
formational changes that impact on its nanoclustering [36,37]. Interestingly, some very rare cancer-associated
and RASopathy mutations seem to affect nanoclustering by perturbing conformational dynamics of RAS
[38,52]. A similar conformational shift may therefore also be achievable by small molecules, which was indeed
demonstrated by the Ikura group. They showed that Cmpd2 stabilizes a non-productive conformation of KRAS
at the membrane, by binding in between the membrane and the P1 site [53]. Another intriguing concept origi-
nated from the serendipitous discovery of a RAS-dimer stabilizer BI-2852, which was developed as RAS switch
I/switch II pocket binder [33,54]. This nanomolar ligand illustrates the potential to modulate RAS oligomeriza-
tion, specifically by locking it in a non-productive dimer.
As compared with competitive inhibitors, PROTACs instruct protein degradation by recruiting the ubiquitin-

proteasome system to the target protein [55]. They can therefore bind outside of an active or allosteric site of a
protein and after degradation abrogate any scaffolding functions of the target. This is enabled by their hybrid
structure, which contains one binder (the warhead) for the target protein that is tethered via a linker to a
moiety that recruits an E3-ligase, most commonly VHL and cereblon. The latter was enabled by the finding
that immunomodulatory thalidomide derivatives alone work as ‘molecular glues’ that stick cereblon to
IKAROS-family transcription factors and thus instruct their degradation [55].
Both concepts, molecular glues and PROTACs are thus not only historically related but bear similar capabil-

ities, as both types of inhibitors can be potentially reused after reversible binding to and degradation of the
target protein. Of note, molecular glues may also act by incapacitating a protein in a non-functional complex,
such as illustrated by the tri-complex approach described earlier. Given that PROTACs follow an apparent
‘plug-and-play’ design, where the E3-ligase recruiting moiety can be utilized in several molecules, this approach
currently predominates [55]. However, significant optimization for linker length and pharmacological proper-
ties of the relatively large molecules still requires substantial developmental efforts [56].
Current RAS-targeting PROTACs (XY-4-88, LC-2, KP-14) all build on the covalent G12C-inhibitors and as

such cannot benefit from PROTAC degrader recycling, as these inhibitors are consumed due to the covalent
cysteine engagement (Supplementary File S1) [57–59]. An interesting advancement in this regard is the devel-
opment of reversible covalent inhibitor YF135, which employs a cyanoacrylamide for cysteine linkage [60].
Side-by-side comparison with the RAS-binding warhead alone furthermore demonstrates a 30-fold higher
activity of the PROTAC. It remains to be seen, how and whether any of the exploratory RAS-ligands
(Figure 1C and Supplementary File S1) can be converted into PROTACs. Given the distinct spatio-temporal
expression of some E3-ligases in tissues and inside of cells, PROTACs may provide a more controlled drug
action, which could reduce toxicity and new treatment mechanisms [61,62].
RAS drug development is in full motion since 2007 (Figure 3) and it can be hoped that novel creative ideas

will continue to provide new RAS drugs for cancer therapy or other RAS-associated diseases, such as
RASopathies.
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Perspectives
• KRAS is the most frequently mutated oncogene and a major driver of cancer (stemness),

which has finally become a clinically validated drug-target, thanks to KRAS-G12C targeting
sotorasib and adagrasib. However, the performance of these compounds in the clinic warrants
continuing efforts in RAS pathway drug development and further research to understand the
essence of RAS in cancer.

• At least four targetable allosteric pockets and four surface areas on RAS have been identified
and validated by the discovery of macromolecular-, peptidic- and small molecule-binders.
These block upstream processes of RAS signalling, such as effector binding and
nanoclustering.

• PROTAC degraders of RAS may offer new ways to inhibit RAS in a spatio-temporally (tissue
type, differentiation stage, cell-cycle stage) more defined manner, with potential benefits for
on-target toxicity. However, the viability of this approach awaits evaluation in the clinic.
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Figure 3. Timeline of notable RAS drug development events since 2007.
Arrowheads mark publications of binders and sites with colours corresponding to those used for binding sites in Figures 1 and
2.
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Identification of an H-Ras nanocluster
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Hyperactive Ras signalling is found in most cancers. Ras proteins are only active in membrane
nanoclusters, which are therefore potential drug targets. We previously showed that the nanocluster
scaffold galectin-1 (Gal1) enhances H-Ras nanoclustering via direct interaction with the Ras binding
domain (RBD) of Raf. Here, we establish that the B-Raf preference of Gal1 emerges from the
divergence of the Raf RBDs at their proposed Gal1-binding interface. We then identify the L5UR
peptide, which disrupts this interaction by binding with low micromolar affinity to the B- and C-Raf-
RBDs. Its 23-mer core fragment is sufficient to interfere with H-Ras nanoclustering, modulate Ras-
signalling and moderately reduce cell viability. These latter two phenotypic effects may also emerge
from the ability of L5UR to broadly engage with several RBD- and RA-domain containing Ras
interactors. The L5UR-peptide core fragment is a starting point for the development of more specific
reagents against Ras-nanoclustering and -interactors.

Ras is a major oncogene and recent advances in its direct targeting have
validated its high therapeutic significance1,2. The three cancer-associatedRas
genes encode four different protein isoforms: K-Ras4A, K-Ras4B (hereafter
K-Ras),N-Ras, andH-Ras. Thesemembrane-bound small GTPases operate
as switchable membrane recruitment sites for downstream interaction
partners, called effectors. Downstream of mitogen and growth factor sen-
sing receptors, inactive GDP-bound Ras is activated by guanine nucleotide
exchange factors (GEFs), which facilitate GDP/ GTP-exchange3,4. The two
switch regions of GTP-Ras undergo significant conformational changes
upon activation, thus enabling binding to the Ras binding domain (RBD) or
Ras association (RA) domain of effectors, such as Raf, PI3Kα, and RASSF
proteins. These effectors are implicated in cell proliferation, growth, and
apoptosis, respectively5,6.

Current evidence suggests that Ras proteins promiscuously interact
with any of the three Raf paralogs, A-, B- and C-Raf. Raf proteins reside as
autoinhibited complexes with 14-3-3 proteins in the cytosol and are acti-
vated by a series of structural rearrangements that are still not understood in
full detail7,8. The first crucial step is the displacement of the RBD from the
cradle formedby the14-3-3dimer7. SimultaneousbindingofRas and14-3-3

to the N-terminal region of Raf is incompatible due to steric clashes and
electrostatic repulsion, which is only relieved if the RBD and adjacent
cysteine-rich domain of Raf are released from 14-3-3 for binding to
membrane-anchored Ras. Allosteric coupling between the N-terminus of
Raf and its C-terminus then causes dimerization of the C-terminal kinase
domains, which is necessary for their catalytic activity8–10.

The Ras-induced dimerization of the Raf proteins requires di-/oligo-
meric assemblies of Ras, called nanoclusters11. Initially it was estimated that
5–20 nm sized nanoclusters contain 6–8 Ras proteins and that nanoclus-
tering was necessary for MAPK-signal transmission12–14. More recent data
revealed that nanoclusters are dominated by Ras dimers11,15. Intriguingly,
Ras nanoclustering can be increased by Raf-ON-state inhibitors that induce
Raf dimerization and increase Ras–Raf interaction, suggesting that Raf
dimers are integral components of nanocluster16,17. The reinforced nano-
clustering may thus contribute to the paradoxical MAPK-activation that is
observed with these inhibitors18.

Currently, less than a dozen proteins are known that canmodulate Ras
nanoclustering19. These proteins do not share any structural or functional
similarities, suggesting that their mechanisms of nanocluster modulation
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are diverse. The best understood nanocluster scaffold is the small lectin
galectin-1 (Gal1), which specifically increases nanoclustering and MAPK-
output of active or oncogenic H-Ras20–22. Consistently, upregulation of
galectins has been linked to more severe cancer progression23. For many
years, it wasmechanistically unclear, how this protein that is best known for
bindingβ-galactoside sugars in the extracellular space affectsRasmembrane
organization on the inner leaflet of the plasma membrane24,25. While it was
first suggested that the farnesyl tail of Ras is engagedbyGal126, it was later on
shown that neither Gal1 nor related galectin-3, which is a nanocluster
scaffold of K-Ras, bind farnesylated Ras-derived peptides27,28.

We previously proposed amodel of stacked dimers of GTP-H-Ras and
Raf as the minimal unit of active nanocluster that can be further enhanced
by Gal129. We confirmed that Gal1 does not directly interact with the far-
nesyl tail of Ras proteins, but instead engages indirectly with Ras via direct
binding to theRBDof Raf proteins (KD = 106 ± 40 nM)29. Given thatGal1 is
a dimer at low micromolar concentrations in cells (KD = 7 µM)30,31, we
hypothesized that dimeric Gal1 stabilizes Raf-dimers on active H-Ras
nanocluster. In line with this, in particular B-Raf-dependent membrane
translocation of the tumor suppressor SPRED1 by dimer inducing Raf-
inhibitors was emulated by expression of Gal132. Our mechanistic model
suggests that dimeric Gal1 stabilizes the dimeric form of Raf-effectors
downstream ofH-Ras. This enhancesH-Ras/ Raf signaling output, not only

by facilitation of Raf-dimerization, but also by an allosteric feedback
mechanism that enhances the nanoclustering of H-Ras. Altogether, a
transient stacked dimer complex of H-Ras, Raf and Gal1 is formed, which
also shifts the H-Ras activity from the PI3K to the MAPK pathway29.
Current galectin inhibitor developments focus on its carbohydrate-binding
pocket, which is necessary for its lectin activity in the extracellular space33,34.
Inhibitors that would target the nanocluster enhancing function of Gal1 are
missing.

Here we describe the identification of a 23-residue peptide that inter-
feres with the binding of Gal1 to the RBD of Raf and disrupts H-Ras
nanoclustering. Interestingly, this peptide broadly engageswith a number of
other RBD- and RA-domain containing Ras effectors, modulates Ras sig-
naling and decreases cell viability.

Results
Galectin-1bindsvia theRBDpreferentially toB-Rafandstabilizes
H-RasG12V nanoclustering
We previously provided evidence that Gal1, which can dimerize at higher
concentrations, binds to the Ras binding domain (RBD) of Raf proteins to
stabilize active H-Ras nanocluster29 (Fig. 1a). We first corroborated some
features of this stacked-dimer model using Bioluminesence Resonance
Energy Transfer (BRET)-experiments. To this end, interaction partners

Fig. 1 | The B-Raf preference of the H-Ras
nanocluster scaffold Gal1 emerges within
the RBD. a Schematic of our model for
Gal1 stabilized H-Ras nanocluster. b Dose-
dependent effect of human Gal1 expression (48 h)
on H-RasG12V nanoclustering-BRET (donor:-
acceptor plasmid ratio = 1:5); n = 4. c BRET-
titration curves of the Gal1/ Gal1-interaction as
compared to that of dimer-interface mutated
N-Gal1. RLuc8-Gal1 was titrated with GFP2 as a
control (black); n = 3. dBRET-titration curves of the
Gal1-interactionwith theRBDs ofA-, B-, andC-Raf;
n = 3. e Split-luciferase KinCon B-Raf biosensor
response after expression of SNAP-H-RasG12V or
Gal1; n = 3.
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were taggedwithRLuc8 orNanoLuc as donor andGFP2ormNeonGreenas
acceptor, and constructs were transiently expressed in HEK293-EBNA
(hereafter HEK) cells to monitor the interaction by the increased BRET-
signal. In BRET-titration experiments, the characteristic BRET-parameter
BRETmax is typically determined. It is a measure for the maximal number
of binding sites and the interaction strength, if other interaction parameters,
such as complex geometry, are constant35. However, actual binding
saturation is typically not reached in cells, and therefore BRETmax cannot
be faithfully determined.Hence, we introduced theBRETtop value, which is
themaximal BRET-ratio that is reachedwithin a defined range of acceptor/
donor signal-ratios, which is kept constant for BRET-pairs that are being
compared36.

In agreement with our earlier results obtained via Förster/fluorescence
resonance energy transfer (FRET)29, Gal1 expression increasedH-RasG12V
nanoclustering-BRET in a dose-dependentmanner (Fig. 1b).Mutating four
residues at the Gal1 dimer interface (N-Gal1) significantly reduced the
BRETtop, suggesting that Gal1 is active as a dimer under our expression
conditions31 (Fig. 1c). BRET-experiments also confirmed the previously
noted interaction preference of Gal1 for B-Raf 29 (Supplementary Fig. 1a),
which was already seen with the RBDs of the corresponding Raf paralogs
(Fig. 1d). Using computational docking that was based on experimentally
determined constraints, we previously proposed a structural model for the
binding of Gal1 to the RBD of C-Raf (C-RBD)29 (Supplementary Fig. 1b).
This model was validated by demonstrating that D113A, D117Amutations
in the C-RBD significantly reduced binding to Gal129. To further confirm
these structural data, we here introduced analogous charge-neutralizing
mutations D211A and D213A in the B-Raf-derived RBD (B-RBD), and
mutation D75A in the A-Raf-derived RBD (A-RBD) (Supplementary
Fig. 1c). In support of our docking data, the BRETtop of the interaction
between Gal1 and either mutant was significantly reduced (Supplementary
Fig. 1d, e). Consistent with the Raf-paralog specific interaction preference of
Gal1, themutated residues reside in a stretch that is least conserved between
the RBDs (Supplementary Fig. 1c), which is in agreement with the sig-
nificant difference in their Gal-1 BRET-interaction data (Fig. 1d).

Split-luciferase KinCon Raf-biosensors can report on the effect of
mutations and modulators on the conformational state of Raf proteins37

(Fig. 1e). The expression of SNAP-tagged oncogenic H-RasG12V
(SNAP-H-RasG12V) reduces the luminescence signal, consistent with a
relief of the closed autoinhibited state (Fig. 1e). Expression of increasing
amounts of Gal1 likewise reduced the luminescence signal, suggesting
that Gal1 facilitates the open state of B-Raf, although less than
H-RasG12V (Fig. 1e).

Taken together with our previously published results29, these data
suggest a model wherein Gal1 binds to the RBD of Raf proteins, notably B-
Raf, thus potentially destabilizing their autoinhibition. This could facilitate
dimeric Ras–Raf engagement, which however requires a number of other
modifications and conformational rearrangements17. When present as a
dimer, Gal1 may further stabilize the active H-Ras/Raf stacked-dimer
complex and thus anactiveH-Rasnanocluster, similar towhatwas observed
with ON-state inhibitors of Raf 16.

Identification of the L5UR-peptide as a disruptor of theRaf-RBD/
galectin-1 interface
Gal1 increases H-Ras-driven MAPK output, and its elevated expression
correlates with poorer survival in HRASmutant cancers, such as head and
neck squamous cell carcinoma, which frequently displays elevated Gal1
levels22,29 (Supplementary Fig. 2a). Taken together with our H-Ras
nanocluster model, these data support targeting of the interface between
Gal1 and the Raf-RBD as a new strategy against oncogenic H-Ras. We
hypothesized that the 52-mer L5URpeptide, whichwas derived fromaGal1
interaction partner, could act as a Raf-RBD/Gal1-interface inhibitor. Its
residues 22–45 were previously shown to bind with a low affinity
(KD = 310 µM) to the opposite side of the carbohydrate binding site of
Gal138. This back-site overlaps with the one we had predicted as RBD-
binding site on Gal129. We thus expected that the L5UR-peptide would

disrupt the Raf-RBD/Gal1-interaction and consequently the Gal1-
augmented H-RasG12V-nanoclustering and MAPK-signaling.

In line with this, expression of untagged L5UR decreased the FRET
between mGFP-Gal1 and mRFP-C-RBD in HEK cells (Fig. 2a). This effect
was comparable to the loss observed in the C-RBD-D117A mutant with
reduced Gal1-binding (Fig. 2a)29. For comparison, we tested the effect of
Anginex and its topomimetic small molecule analogOTX-00839. Anginex is
a 33-mer angiostatic peptide that binds to Gal1 at an unknown site40–42.
Competitive fluorescence polarization experiments with FITC-tagged full-
length L5UR (F-L5UR) as a probe, established that it can be displaced from
purified His-tagged Gal1 by the Anginex peptide (Supplementary Fig. 2b).
However, neither Anginex nor OTX-008 disrupted the Gal1/C-RBD
interaction as measured by FRET in cells (Fig. 2a), suggesting that the
Anginex binding site only partially overlapswith the L5UR-binding site, but
not sufficiently with the C-RBD binding site on Gal1. By contrast, expres-
sion of the L5UR-peptide decreased the Gal1-augmented H-RasG12V
nanoclustering-FRET (Fig. 2b). In agreement with previous data29,
dimerization-deficient N-Gal1 did not increase nanoclustering-FRET, and
co-expression of the L5UR-peptide had no additional effect (Fig. 2b).

Next, we aimed to confirm that L5UR engages directly with the Raf-
RBD/Gal1 interface. We purified His-tagged Gal1 and the GST-tagged B-
RBD and performed pulldown experiments with a biotin-tagged L5UR
(bio-L5UR) peptide (Fig. 2c). Interestingly, L5URpulled downGal1 and the
GST-B-RBD independently from each other (Fig. 2c). Indeed, fluorescence
polarization binding experiments determined a micromolar
(KD = 7.3 ± 0.7 µM) binding of F-L5UR to theGST-B-RBD (Fig. 2d), but no
binding to GST alone (Supplementary Fig. 2c). Using a Quenching Reso-
nance Energy Transfer (QRET)-assay, we independently confirmed the
micromolar binding to B-RBD, even with the shortened 22–44 residue core
fragment of L5UR labeled with a europium-chelate (Eu-L5URcore)
(Table 1, Supplementary Fig. 2d). By contrast, no saturation of Eu-
L5URcore binding to Gal1 could be observed at the technically highest
possible concentration of 135 μM (Supplementary Fig. 2e).

Competitive fluorescence polarization experiments, using F-L5UR as a
probe, established that the full-length peptide of L5UR could be displaced
from the GST-B-RBD with an IC50 = 2 ± 1 µM (Fig. 2e), and likewise from
the C-RBD (Table 1, Supplementary Fig. 2f). As expected, the shorter
L5URcore could displace F-L5UR from the C-RBD with a slightly reduced
potency (IC50 = 14 ± 6 µM) (Supplementary Fig. 2f). The L5UR has a high
proportion of six positively charged arginine residues in its core region,
which may indicate that binding of the peptide to the RBD of Raf is influ-
enced by electrostatic interactions. We therefore introduced several nega-
tively charged, acidic residues to mostly replace basic and hydrophobic
residues in the core-region of the L5UR peptide to generate a non-binding
mutant (mutL5UR) (Fig. 2f). Indeed, mutL5UR did not have any dis-
placement activity in the competitive fluorescence polarization assay
(Fig. 2e, Supplementary Fig. 2f). Circular dichroism spectra of the L5UR,
L5URcore andmutL5URcore peptides suggested they weremostly random
coil with ~25% antiparallel β-sheet (Supplementary Fig. 2g).

In conclusion, L5URbindswith lowmicromolar affinity to theRBDsof
B-Raf and C-Raf (Table 1). This interaction is significantly determined by
residues in its core region, as binding is attenuated in themutL5UR variant.

SNAP-tagged L5UR disrupts the B-RBD/ galectin-1 complex,
andH-RasG12V nanoclustering in cells and binds tomultipleRas
interactors
To improve the readout of L5UR-variant expression in cells and eventually
enable further functionalization, we designed genetic constructs where a
SNAP-tag was added via a long linker to the C-terminus of the pep-
tide (Fig. 3a).

The L5UR-SNAP dose-dependently decreased BRET between Gal1
and the B-RBD to a similar extent as the untagged L5UR, confirming that
the SNAP-tag did not increase activity further (Fig. 3b). In agreement with
the binding data (Fig. 2e), mutL5UR-SNAP did not decrease the BRET
signal, nor did the SNAP-tag alone (Fig. 3b). Immunoblotting confirmed an
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initially linear increase of L5UR-SNAP variant expression with increasing
amounts of transfected constructs (Supplementary Fig. 3a, b). Consistent
with the Gal1/ B-RBD disruption, the L5UR-SNAP construct decreased
Gal1-enhancedH-RasG12Vnanoclustering-BRET to a similar extent as the
untagged L5UR, while againmutL5URor the SNAP-tag alone had no effect
(Fig. 3c). In line with the higher affinity of L5UR for the Raf-RBD, we
observed very similar effects even without co-expression of Gal1 in HEK
cells that are otherwise comparatively devoid of Gal1 (Supplementary
Fig. 3c, d). L5UR or L5UR-SNAP reduced the nanoclustering-BRET by
~33% (Fig. 3c), while co-expression of SNAP-H-RasG12V led to a ~85%
reduction (Supplementary Fig. 3e). Neither of the L5UR-constructs sig-
nificantly perturbed K-RasG12V nanoclustering-BRET, suggesting a
potential Ras isoform selectivity (Supplementary Fig. 3f).

The disruption of H-RasG12V nanoclustering specifically by L5UR-
SNAP, but not the SNAP-tag alone, was furthermore confirmed by the
classical electron microscopy-based Ras nanoclustering analysis performed

Fig. 2 | The L5UR-peptide binds to the Raf-RBD
and disrupts the Raf-RBD/ Gal1-complex. a Effect
of L5UR expression (24 h) on Gal1/C-RBD FRET
(donor:acceptor plasmid ratio = 1:3); n = 3. b Effect
of L5UR expression (24 h) on Gal1-augmented
H-RasG12V nanoclustering-FRET (donor:acceptor
plasmid ratio = 1:3); n = 3. c Immunoblot data from
pull-down assay with biotinylated L5UR and pur-
ified Gal1, GST-B-RBD or GST-only control with
example blots (left) and quantification of repeat data
(right); n = 3. d Binding of 10 nM F-L5UR to GST-
B-RBDdetected in a fluorescence polarization assay;
n = 3. e Displacement of F-L5UR (10 nM) from
GST-B-RBD (15 µM) by L5UR-derived peptides;
n = 3. f Sequences of L5UR-derived peptides as used
for in vitro and in cellulo assays. The stretch of the
core peptide is highlighted in blue, mutations
are in red.
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Table 1 | Overview of L5UR/ Raf-RBD in vitro binding data

Protein Probe KD
b or IC50/µM

GST-B-RBD L5UR 7.3 ± 0.7b

GST-B-RBD L5URa 2 ± 1

GST-B-RBD L5URcorea 41 ± 1

B-RBD L5URcore (QRET) 18 ± 1

C-RBD L5URa 4 ± 1

C-RBD L5URcorea 14 ± 6
aIn competitive fluorescence polarization assay with F-L5UR.
bMarks actual KD, while otherwise IC50 are reported.
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on membrane sheets of Gal1-expressing BHK cells (Fig. 3d)21. These data
therefore confirmed the disruption of H-RasG12V nanoclustering by
L5UR- and L5UR-SNAP construct expression.

While Gal1 appears to have a preference for B-Raf, it readily engages
with the RBD of other Raf proteins (Fig. 1d, Supplementary Fig. 1a). We
therefore tested if L5UR can also bind to other RBD- and RA-containing
proteins by performing pull-down experiments. The SNAP-tag enabled
covalent coupling of L5UR or mutL5UR to beads that were incubated with
lysates of Gal1-transfected HEK cells. While the SNAP-tag alone did not
interact with any of the examined proteins (Fig. 3e), L5UR-SNAP pulled
down not only full-length B-Raf and C-Raf, but also the catalytic subunit of
PI3Kα. ASPP2 contains an RBD, interacts with oncogenic H-Ras and is a
pan-Ras nanocluster scaffold that can neutralize Gal1 nanoclustering and
can switch from a Gal1 promoted growth to a senescence phenotype43–45.
Like the other RBD-containing proteins it was pulled down by L5UR-
SNAP, as were its twoRA-domain containing interaction partners, RASSF7
andRASSF9,whichdonot directly bind toRas5,46.Quantification confirmed
that the mutL5UR-SNAP was ≤50% more efficient than L5UR-SNAP in
pulling down any of these proteins (Fig. 3e). It is therefore likely that
downstream of Ras and other small GTPases several pathways are affected
by L5UR.

TAT-tagged L5URmodulates Ras-signaling and weakly inhibits
cell proliferation
Peptides can be rendered cell-permeable by the addition of cell penetrating
sequences,which facilitate their characterization as prototypic andproof-of-
concept reagents47. The 12-residue cell penetrating TAT-peptide that is
derived from a Human Immunodeficiency Virus (HIV)-protein, can
facilitate cellular peptide uptake48–50. We therefore chemosynthetically
added the TAT-peptide via a PEG2-linker to the 23-residue long L5URcore
peptide (TAT-L5URcore) and the corresponding loss-of-function mutant
(TAT-mutL5URcore) (Fig. 4a).

To verify cell penetration and on-target activity, we tested the effect of
the TAT-peptides in our on-target BRET-assays. Both the BRET between
Gal1 and the B-RBD (Fig. 4b), as well asH-RasG12V-nanoclustering BRET
(Fig. 4c), were dose-dependently decreased by the TAT-L5URcore peptide
with EC50 = 16 ± 1 µM and EC50 = 19 ± 1 µM, respectively. Neither the
TAT-peptide alone, nor the mutant TAT-mutL5URcore, or the non-TAT
peptides L5URcore andmutL5URcore decreased the BRET-signal in either
assay (Fig. 4b, c).

Based on ourmodel andmechanistic data, signaling, and proliferation
of HRAS mutant cancer cell lines with high Gal1 levels were expected to
respond best to the nanocluster disrupting TAT-L5URcore peptide. Cancer

Fig. 3 | The L5UR and L5UR-SNAP peptides dis-
rupt H-RasG12V nanoclustering. a Schematics of
L5UR derived constructs expressed in cellular
assays. The stretch of the core peptide is highlighted
in blue, loss-of-function mutations are indicated
red. b Effect of expression of L5UR constructs (48 h)
on Gal1/B-RBD BRET (donor:acceptor plasmid
ratio = 1:10); n = 3. c Effect of L5UR construct
expression (48 h) on H-RasG12V nanoclustering-
BRET with co-transfection of 200 ng Gal1 plasmid
(donor:acceptor plasmid ratio = 1:5); n = 3. Statis-
tical comparison was done against the SNAP-only
sample. d Electron microscopy-based analysis of
H-RasG12V nanoclustering in BHK cells showing
the effects of L5UR-construct expression and con-
trols; n = 15. Higher Lmax values indicate higher
nanoclustering. e Immunoblot data from pull-down
assays with L5UR-SNAP and control constructs
from HEK cells co-expressing Gal1 with example
blots (left) and quantification of repeat data (right);
n = 4 (left).
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cell lines Hs 578 T (HRAS-G12D) and T24 (HRAS-G12V), as well as the
KRAS-G12C mutant MIA PaCa-2, express high levels of Gal1, while HEK
cells have, in comparison undetectably low levels of Gal1 (Supplemen-
tary Fig. 3d).

Indeed, treatment of the HRAS-mutant cell lines Hs 578 T (Fig. 5a, e)
andT24 (Fig. 5b, f) specificallywith theTAT-L5URcore peptide at 1–20 µM
reduced EGF-induced cellular pERK-and pAkt-levels in a dose-dependent
manner. InMIAPaCa-2pERKremainedunaffected,while pAkt-levelswere
reduced at 20 µM (Fig. 5c, g). Interestingly, in non-transformed HEK cells
pERK-levels were slightly induced by TAT-L5URcore, as were pAkt-levels,
which were however also upregulated by trametinib (Fig. 5d, h). Further-
more, an apparently non-specific increase in pERK- and/or pAkt-levels was
observed at intermediate concentrations of TAT-mutL5URcore and TAT
notably in Hs 578 T andMIA PaCa-2. TAT-L5URcore effects on signaling
were still relatively weak, which can be attributed to the immaturity of this
reagent with only micromolar activity.

We then examined the effect of the TAT-enabled peptides on the
viability of these cell lines. The proliferation of HRAS-mutant cancer cell
lines Hs 578 T (Fig. 6a, e) and T24 (Fig. 6b, e) was specifically reduced by
TAT-L5URcore, but not the control TAT-peptides. However, this was also
observed for KRAS-mutant MIA PaCa-2 (Fig. 6c, e) and non-transformed
HEKcells (Fig. 6d, e). To quantitate the relatively weak effect of the peptides
on cell proliferationmore accurately, we applied the normalized area under
the curve DSS3-analysis, where a higher DSS3-score corresponds to higher
anti-proliferative activity (Fig. 6e). While we observed a higher anti-
proliferative effect of TAT-L5URcore as compared to TAT-mutL5URcore,
the broad effect on cell proliferation may indicate that the TAT-L5URcore
interferes with several signaling pathways that are relevant for cell pro-
liferation and survival.

Discussion
We here demonstrate that the 23-residue L5URcore peptide binds with
micromolar affinity to the Raf-RBD at a site that enables it to disrupt the

interaction with Gal1. The peptide interferes with nanocluster of active
H-Ras and inhibits Ras-signaling and cell proliferation. The fact that L5UR
reduces nanoclustering of H-Ras even in HEK cells that have very low Gal1
levels, is consistentwith its higher affinity toRaf-RBDs than toGal1.Yet, it is
plausible that by interfering at the Raf-RBD/ Gal1 interface, L5UR can
unfold a higher andmore selective activity inHRAS-mutant cells with high
Gal1 levels, such as observed for Hs 578 T and T24 (Fig. 5). However, the
broad impact on cell proliferation (Fig. 6), its engagement of several Ras
interactors (Fig. 3e), and its mixed effect on signaling (Fig. 5), suggest that
L5URcore is still an immature tool reagent. It nevertheless represents a
starting point for the development of novel Ras-nanocluster disrupting
reagents that engage with one or more Ras-interactors to affect Ras-
signaling and cancer cell proliferation.

HowselectivelyL5URdisrupts theH-Rasnanocluster remainsunclear.
It is currently unknown how Gal1 positively regulates H-Ras nanocluster
but negatively K-Ras nanocluster29. Vice versa, how the related galectin-3
(Gal3) increases, specifically K-Ras nanocluster is not known51–53. In the
context of our stacked-dimermodel (Fig. 1a) and ourKinCon-data (Fig. 1e),
it is conceivable that galectins facilitate the activation of Raf and/or stabilize
specific Raf-dimers to facilitate nanoclustering of specific Ras isoforms.
Indeed, Gal1 distinguishes between the RBDs from A-, B-, and C-Raf and
most strongly engages the B-Raf-RBD. For K-Ras, evidence exists that it
binds preferentially with B-/C-Raf-dimers16,54, while for Gal1 augmented
H-Rasnanocluster our previous data suggesteda particular relevance forB-/
A-Raf dimers29. One would, therefore, predict that these dimers are speci-
fically stabilized by Gal3 and Gal1, respectively. However, it is not entirely
plausible how symmetrical dimers of galectins, or in the case of Gal3
potentially even oligomers25, would stabilize asymmetric dimers of Raf
proteins. Heterodimerization of galectins could provide a solution to this
problem. In humans, 15 different galectins are found and only Gal1 and
Gal3 are characterized asnanocluster scaffolds so far25.Given the relatedness
in this protein family, it is plausible to assume that other galectins have a
similar activity and potentially mixed galectin-dimers could form that then

Fig. 4 | The TAT-tagged L5URcore peptide dis-
rupts H-RasG12V nanoclustering. a Schematics of
TAT-functionalized L5URcore-derived peptides
and controls as applied in cellular assays. Loss-of-
function mutations of L5UR are indicated in red.
Non-TATpeptides are acetylated at theN-terminus.
b, c Effect of cell-penetrating derivatives of
L5URcore and control peptides on Gal1/B-RBD
BRET (b donor:acceptor plasmid ratio = 1:10; n ≥ 2)
or H-RasG12V nanoclustering-BRET
(c donor:acceptor plasmid ratio = 1:5, co-
transfection of 200 ng Gal1 plasmid; n = 3). After
24 h expression of plasmids, peptides were added to
cells at specified concentrations and incu-
bated for 2 h.
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stabilize the asymmetric dimers of Raf. Therefore, a complex equilibrium of
mixed oligomers that partly stabilize and partly compete and sequester
could be the answer to the intricate problem of Ras-isoform specific
nanoclustering effect of galectins.

The TAT-L5URcore peptide provides a unique tool to investigate the
functioning of Ras nanocluster further. In contrast to current galectin
inhibitors, which target the carbohydrate-binding pocket33,34, the L5UR-
peptide acts via a novel mode-of-action that at least in part exploits the role
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Fig. 5 | The TAT-tagged L5URcore peptide impacts on Ras-signaling. a–h Immunoblot analysis of lysates from Hs 578 T (a, e), T24 (b, f), MIA PaCa-2 (c, g), and HEK
(d, h) cells after EGF-stimulation and treatment with L5URcore-derived peptides with and without TAT-tag or control compound, trametinib (Tra), for 2 h; n = 3–8.
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of the Raf-RBD/ Gal1 interface in nanocluster stabilization. The inter-
mediate size below 3 kDa of the TAT-L5URcore peptide represents a rele-
vant starting point for the development of smallermoleculeswith analogous
mode-of-action55,56. The properties of this peptide and the putative target
site suggest that not a distinct pocket, but an assembly of charged and
hydrophobic interactions are the major driving force for its affinity.
Regarding size, mechanism-of-action, and specificity, L5URcore contrasts
with the NS1-monobody, which specifically binds to the allosteric lobe of
K-Ras and H-Ras to disrupt nanoclustering57. Given the size of the mono-
body of ~10 kDa it is likely that the steric hindrance caused by this large
ligand is mostly responsible for the interference with nanoclustering. With
the identification of the targetable site on the Raf-RBD and with more
insight into the structure of the Gal1/RBD complex, it will be possible to
identify improved binders with higher affinity and specificity in the future.
Both competitive screening as well as the structure-based design of pepti-
domimetics present opportunities for future improvements. The fact that
multiple RBD- and RA-domain proteins are bound by L5UR may in this
context at first appear as a liability but may hold the opportunity to develop
novel RBD- and RA-binders that could affect a broad range of effectors.

Targeting of the H-Ras nanocluster scaffold Gal1 is quite different
from approaches focusing on the main nodes of the Ras-MAPK pathway.
Bothmechanistic and genetic evidence suggest that Gal1 acts as a positive
modifier that is associated with a worse progression of HRAS mutant
cancers, notably head and neck cancers that are frequently associatedwith
high Gal1 levels (Supplementary Fig. 2a). WhileHRAS is overall the least
frequently mutated RAS gene (in 1.3% of cancer patients), it is mutated in
>5% of head and neck squamous cell carcinomas (HNSC)58. The prog-
nosis for patients with recurrent and metastatic HNSC is still poor59.
While tipifarnib, a farnesyltransferase inhibitor shows promising efficacy
in HNSC patients, there is still a need for potent treatments60. By inter-
fering at the interface of Raf-proteins with Gal1, one may not eliminate
other functions of Gal1 and modulate Raf in an unconventional manner
thatmay allow for a normalization of the signaling activity. This would be
beneficial regarding side effects, as normal tissue functions could continue
to progress.

We expect that our L5UR peptide work will provide new perspectives
on how to target Ras nanocluster and potentially also several Ras interactors
in a different way.

Fig. 6 | HRAS-mutant cancer cell proliferation is
decreased by TAT-L5UR peptides. a–d 2D cell
viability of Hs 578 T (a), T24 (b), MIA PaCa-2 (c),
andHEK (d) cells in response to 48 h treatment with
TAT-L5URcore peptides and TAT-control; n = 3.
e Drug sensitivity score (DSS3), an area under the
curve metric, calculated for the viability data in
(a–d). A higher value indicates a stronger anti-
proliferative effect. TAT-control was used as a
reference for statistical comparisons.
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Methods
Expression constructs
Here we refer to the 52-mer fragment derived from residues 38–89 of the
unique region of the λ5-chain (λ5-UR) of the pre-B-cell receptor as L5UR.
This unique region bears no similarity to known proteins38. The pClontech-
L5UR was made by excising L5UR cDNA from pET28a-L5UR (gift from
Dr. Elantak), using NheI–XhoI sites and subcloned into pmCherrry-C1
(Clontech, #632524). This removed the mCherry cDNA from the expres-
sion vector leaving only the full-length L5UR. Vector pcDNA-Hygro-
Anginex was a gift from Prof. Thijssen42,61. Expression clones were mostly
produced by multi-site gateway cloning as described in our previous
studies36,62,63. Some expression clone genes were synthesized and cloned into
desired vectors by the company GeneCust, France. The B-Raf KinCon
sensor encoded by the pcDNA3-RLucF1-BRAF-RLucF2 plasmid was
described previously by others37. A listing of all plasmid constructs and their
sources is provided in Supplementary Table 1.

Cell culture
Hs 578 T, T24,MIA PaCa-2, and BHK-21 cells were obtained fromDSMZ-
German Collection ofMicroorganisms and Cell Cultures GmbH or ATCC.
HEK293-EBNA cells were a gift from Prof. Florian M. Wurm, EPFL,
Lausanne. All cell lines were cultured in a humidified incubator maintained
at 37 °C and 5% CO2, in Dulbecco’s modified Eagle Medium (DMEM)
(Gibco, #41965039) supplementedwith 9% (v/v) Fetal Bovine Serum (FBS)
(Gibco, #10270106), 2mML-Glutamine (Gibco, #25030081) andpenicillin-
streptomycin (Gibco, #15140122) 10,000 units/mL (complete growth
medium), in T75 culture flasks (Greiner, #658175). Cells were regularly
passaged 2–3 times a week and routinely tested for mycoplasma con-
tamination using MycoAlert Plus mycoplasma Detection kit (Lonza,
#LT07-710).

Bacterial strains
Competent E. coli BL21 Star (DE3)pLysS and E. coliDH10B were grown in
Luria–Bertani (LB) medium (Sigma, #L3022) at 37 °C, with appropriate
antibiotics unless otherwise stated.

Peptide synthesis
Reagents were purchased from Iris BiotechGmbH, SigmaAldrich, andCarl
Roth and used without additional purification. Synthetic protocols were
adapted from previously reported protocols64–66. All reaction steps were
performed in a syringe reactor at room temperature on an orbital shaker.
Unless stated otherwise, all procedureswere performedwith 1mLof solvent
or reagent solution per 50mg resin. For all scales (10–100 μmol), H-Rink
amideChemMatrix® resin (Sigma-Aldrich, Art. No. 727768)was swollen in
dimethylformamide (DMF) for 30min. For amino acid (aa) coupling a
solution of 4 eq. N-α-fluorenylmethyloxycarbonyl (Fmoc) protected amino
acid, 4 eq. (1-cyano-2-ethoxy-2-oxoethyliden-aminooxy)dimethylamino-
morpholino-carbenium hexafluorophosphate (COMU) and 4 eq. ethyl
cyano (hydroxyimino) acetate (Oxyma) in DMF was prepared (0.3 mL per
50mg resin). Then 8 eq. N,N-diisopropylethylamine (DIPEA) were added
to the coupling solution. Subsequently, resin and coupling solution were
mixed in a syringe reactor on an orbital shaker. After 30min, the reaction
solution was discarded, and the amino acid coupling was repeated once.
Afterwashing the resin withDMF (3×), dichloromethane (DCM) (3×), and
DMF (3×), Fmoc removal was performed by adding a solution of piperidine
in DMF (2:8, v/v). After 5min, the solution was discarded and the Fmoc
removal was repeated. The resin was washed with DMF (3×), DCM (3×),
and DMF (3×). Afterwards, subsequent amino acids were added by
repeating cycles of amino acid coupling and Fmoc removal. Peptide
synthesis was supported by automated solid-phase synthesis (SPPS), using
the peptide synthesis robot Syro I (MultiSynTech), with a double coupling
protocol of 4 eq. benzotriazol-1-yl-oxytripyrrolidinophosphonium hexa-
fluorophosphate (PyBOP, 1st 40min coupling,) and 4 eq. hexafluoropho-
sphate azabenzotriazole tetramethyl uronium (HATU, 2nd 40min
coupling) as coupling reagents and DMF as solvent. Additionally, the

coupling reaction with 4 eq. The Fmoc-protected amino acid was supple-
mented with 4 eq. Oxyma and 8 eq. DIPEA. Before Fmoc removal was
conducted with 25% (v/v) piperidine in DMF, a capping step using Ac2O
(acetic anhydride) and DIPEA in NMP (1:1:8, v/v/v) was performed. In
between reaction steps, the resin was washed with DMF.

N-terminal acetylated peptides were synthesized by adding a solution
of acetic anhydride, DIPEA, and DMF (1:1:8, v/v/v) to the immobilized
peptide on resin. The reaction solution was discarded after 10min, and the
acetylation was repeated. Subsequently, the resin was washed with DMF
(3×), DCM (3×), and DMF (3×).

N-terminal biotin labeled peptides were prepared by coupling the
linker 18-(9-Fluorenylmethyloxycarbonylamino)-4,7,10, 13-tetraoxa-
octadecanoic acid (Fmoc-PEG5-OH) as described above onto the
N-terminus. After Fmoc removal (see above), biotin was coupled as
described above but increasing to 6 eq. of biotin. Subsequently, the resinwas
washed DMF (3×), DCM (3×) and DMF (3×).

Peptide cleavage and removal of side chain protecting groups were
performed simultaneously by adding a solution of trifluoroacetic acid
(TFA), triisopropylsilane (TIPS), 1,8-octanedithiol (ODT), and water
(94:2.5:2.5:1, v/v/v/v) to the resin. After 2 h, the cleavage solution was col-
lected and evaporated. The crude peptides were obtained by precipitation in
diethyl ether with subsequent centrifugation (10min, 4000 rcf). After the
removal of the supernatant, the crude peptide was dissolved in acetonitrile
(ACN) and water (1:4, v/v).

Peptide purification was carried out via reverse-phase HPLC (high-
performance liquid chromatography) on an Agilent semi-preparative sys-
tem 1100 (Column:Macherey-Nagel Nucleodur C18, 10 × 125mm, 110 Å,
5 μm)usingvarious gradients of solventA (H2O+ 0.1%TFA)and solventB
(ACN+ 0.1% TFA) over 20–40min with a flow rate of 6mLmin−1.

Peptides were analyzed by analytical reverse-phase HPLC coupled to
ESI-MS (Agilent 1260+ quadrupole 6120, Column: Eclipse XDB-C18,
4.6 × 150mm, 5 μm) with solvent A (H2O+ 0.1% FA+ 0.01% TFA) and
solvent B (ACN+ 0.1%FA+ 0.01%TFA) via a 10min gradient from5% to
95% solvent B. An overview of peptides synthesized by us in this study is
given in Supplementary Table 2.

Protein purification
For protein expression, a 16 h culture was set by inoculating colonies
into an appropriate volume of antibiotic-supplemented LB media
incubated 16 h at 37 °C. The next day, 25 mL of the culture was added
to 1 L of LB and incubated at 37 °C until OD at 600 nm reached
0.6–0.9, at which point protein expression was induced by adding
isopropyl β-D-1-thiogalactopyranoside (IPTG) (VWR, #437145X) at
the final concentration of 0.5 mM. GST-tagged B-Raf-RBD (residues
155–227 of human B-Raf) and GST-tagged C-Raf-RBD (residues
50–134 of human C-Raf) protein expression was induced for 4 h at
23 °C, and the His-tagged protein expression was induced for 16 h at
25 °C. Afterward, the cell pellet was collected by centrifugation,
rinsed in PBS, and stored at −20 °C until purification.

For GST-tagged protein purification, cells were lysed by resuspending
the pellet in a buffer consisting of 50mM Tris-HCl pH 7.5, 150mMNaCl,
2mM DTT, 0.5% (v/v) Triton-X 100, 1× Protease Inhibitor Cocktail
(Thermo Scientific Pierce Protease Inhibitor Mini Tablets, EDTA-free,
#A32955) and by sonication on ice using a Bioblock Scientific Ultrasonic
Processor instrument (Elmasonic S 40 H, Elma). Lysates were cleared by
centrifugation at~18,500×g for 30min at 4 °C.ForGST-taggedproteins, the
cleared lysate was incubated with 500 µL glutathione agarose slurry (GE
Healthcare, #17-0756-01) (resuspended 1:1 in lysis buffer) for 3 h at 4 °C
with gentle rotation. Next, the supernatant was removed, and beads were
washed five times with 1mL of washing buffer consisting of 50mM Tris-
HCl at pH 7.5, 500mMNaCl, 5mM DTT, 0.5% (v/v) Triton-X 100. Next,
beads were rinsed three times with 1mL of equilibration buffer (50mM
Tris-HCl pH 7.5, 150mM NaCl, 2mM DTT). GST-tagged protein was
eluted off the beads by using a 20mMglutathione solution (Sigma-Aldrich,
#G4251-5G). Fractionswere analyzed by resolving on 4–20%gradient SDS-
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PAGE (BioRAD #4561094 or #4651093), stained with Roti Blue (Carl Roth
Roti-Blue quick, #4829-2), and dialyzed into a final dialysis buffer (50mM
Tris-HCl at pH7.5, 150mMNaCl, 2 mMDTT, 10% (v/v) glycerol) byusing
aD-TubeDialyzer withMWCO6–8 kDa (Millipore, #71507-M) for 16 h at
4 °C. Protein concentration was measured using NanoDrop 2000c Spec-
trophotometer (Thermo Fischer Scientific) and stored at −80 °C.

For GST-tag removal, the cleared lysate was incubated with 500 µL of
glutathione agarose slurry (resuspended 1:1 in lysis buffer) for 5 h at 4 °C
with gentle rotation, then proceeded to washing steps as described above.
Thebeadswere rinsedwith equilibrationbuffer and thenwith dialysis buffer
before the excess was drained as much as possible. The beads were then
resuspended in 650 µL of dialysis buffer and 100 U of Thrombin (GE
Healthcare, #GE27-0846-01), to a final volume of 1mL. The next day, the
untagged protein was collected by applying supernatant to 1mL poly-
propylene column, and the flow-through was collected as fraction 1. The
beads were washed once more with 1mL of dialysis buffer, and the flow-
through was collected as fraction 2. The two fractions were analyzed by
resolvingon4–20%gradient SDS-PAGEand stainedwithRoti Blue. Protein
concentration was measured using NanoDrop and stored at −80 °C.

For His-tagged protein purification, the cells were resuspended in lysis
buffer (50mM Tris-HCl at pH 7.4, 150mM NaCl, 5 mM MgSO4, 4mM
DTT, 100mM β-lactose, 100 μM phenylmethylsulfonyl fluoride) with
~5mgofDNAseI (Merck, #10104159001) and~5mgof lysozyme (Thermo
Fisher Scientific, #89833). Cells were lysed using an LM10 microfluidizer
(Microfluidics, USA) at 18000 PSI, and cell debris was separated by cen-
trifugation (4 °C, 30min, 75,600×g, JA25.50 rotor Beckman Coulter). The
supernatant was loaded on an affinity chromatography column (GE
Healthcare, His-Trap FF crude, #17-5286-01) with a flow rate of 1mL/min.
A total amount of 10 column volumes 10% elution buffer (50mMTris-HCl
pH 7.4, 150mMNaCl, 5mMMgSO4, 100mM β-lactose, 4mMDTT, 1M
Imidazole) and 90% lysis buffer (50mM Tris-HCl pH 7.4, 150mM NaCl,
5mMMgSO4, 4mMDTT, 100mM β-lactose)with aflow rate of 2mL/min
was applied. The proteinwas then eluted using 5 column volumes of elution
buffer (50mMTris-HCl pH 7.4, 150mMNaCl, 5 mMMgSO4, 100mM β-
lactose, 4 mM DTT, 1M Imidazole). Afterwards, the protein was injected
into a size exclusion chromatography system (GE Healthcare, HiLoad 16/
600Superdex75 pg, #28-9893-33)using SECbuffer (20mMHEPESpH7.4,
150mM NaCl, 5mM MgSO4, 100mM β-lactose, 4mM DTT) and a flow
rate of 1mL/min. Protein-containing fractions were pooled, concentrated
(MWCO= 3 kDa) to 16.1mg/mL, snap-frozen in liquid nitrogen, and
stored at −80 °C. The protein concentration was measured using Nano-
Drop 2000c Spectrophotometer (Thermo Fisher Scientific).

Fluorescence polarization assays
The fluorescence polarization assay was adapted from our previously
established protocol62,67. The non-labeled L5UR and their derivatives and
FITC-labeled peptideswere obtained fromPepmic Co., China. F-L5URwas
synthesized by attaching fluorescein to the N-terminus amino group, leu-
cine of L5UR peptide via aminohexanoic acid linker.

For the direct binding assay, the GST-B-RBD, or GST, was 2-fold
diluted in an assay buffer composed of 50mM Tris HCl pH 7.4, 50mM
NaCl, 5 mMDTT, and 0.005% (v/v) Tween 20 in a black lowvolume, round
bottom 384-well plate (Corning, #4514). Then 10 nM F-L5UR peptide was
added to each well and incubated for 20min at ~22 °C on a horizontal
shaker. The fluorescence polarization measurement was performed on the
Clariostar (BMG Labtech) plate reader, using a fluorescence polarization
module (λexcitation 482 ± 8 nm and λemission 530 ± 20 nm). The milli fluor-
escence polarization, mP, was determined from the measured fluorescence
intensities, calculated according to,

mP ¼ 1000×
Ih " Iv
Ih þ Iv

where Iv and Ih are the fluorescence emission intensities detected with
vertical and horizontal polarization, respectively. The mP was plotted

against the concentration of the GST-RBD and theKD value of the F-L5UR
was calculated using a quadratic equation,

y ¼
Af þ Ab" Af

! "
$ ðLt þ KD þ x "

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðLt þ KD þ xÞ2 " 4 $ Lt $ x

q

2Lt

Af is the polarization value of the free fluoresce nt probe, Ab is the
polarization value of the fluorescent probe/protein complex, Lt is the total
concentration of the fluorescent probe, KD is the equilibrium dissociation
constant, x is total concentration of protein and y is measured polarization
value36,67.KD is measured in the same unit as x. For competitive fluorescence
polarization experiments, the non-labeled peptides were threefold diluted in
the assay buffer and then a complex of 5 nM F-L5UR peptide and 200 nM
RBD was added to the dilution series to a final volume of 20 µL per well in
384-well plate. After 30min incubation at ~22 °C, the fluorescence polar-
ization was read. The logarithmic concentration of peptide was plotted
against themP-value and the datawerefit with the log (inhibitor) vs response
four parameters equation in GraphPad, and the IC50 values were derived.
Some IC50 values were converted into KD values as described earlier68.

QRET assays
The QRET assays were modified from our previously described
quenching luminescence assays69–71. Ac-K-L5URcore was conjugated
with nonadentate europium chelate, {2,2′,2′′,2’“-{[4′-(4’“-iso-
thiocyanatophenyl)-2,2′,6′,2′′-terpyridine-6,6′′-diyl]bis(methylene-
nitrilo)}tetrakis(acetate)}europium(III) (QRET Technologies, Fin-
land) via the epsilon amine of the N-terminal lysine that was added
to the L5UR-core peptide sequence and purified with analytical
reverse-phase HPLC. The current homogeneous QRET binding assay
is based on the quenching of non-bound Eu-K-L5URcore with MT2
quencher (QRET Technologies), while bound labeled peptide is
luminescent. In the assay, purified B-RBD or Gal1 were twofold
diluted in an assay buffer containing 10 mM HEPES pH 7.4 and
10 mM NaCl added in 5 μL to a white low-volume, round bottom
384-well plate. Eu-K-L5UR core peptide (29 nM), mixed with MT2
according to the manufacturer’s instructions in the assay buffer
supplemented with 0.01% (v/v) Triton X-100, was added in 5 μL
volume to wells, and incubated for 30 min at ~22 °C on a shaker. The
luminescence was measured with Tecan Spark multimode microplate
reader (Tecan, Austria) in time-resolved mode using λexcitation
340 ± 40 nm and λemission 620 ± 10 nm with 800 μs delay and 400 μs
window times.

Circular dichroism spectra
Acetylated peptides were dissolved in buffer (1× PBS pH 7.5) to a final
concentration of 25 μM. Measurements were performed using a Jasco
Circular Dichroism spectrometer (J-1500) in a quartz cuvette (1 mm
pathlength,Hellma) at 20 °C. Spectrawere recorded in 5 continuous scans at
a scanning speed of 100 nmmin−1 (1 mdeg sensitivity, 0.5 nm resolution,
1.0 nm bandwidth, 2 s integration time). From each measurement, values
from a blank control containing only the buffer were subtracted to obtain
the final ellipticity (mdeg), which was transformed into the mean residue
ellipticity (MRE/deg cm2 dmol–1).

In vitro pull-down assays with recombinant proteins
Biotinylated L5UR (bio-L5UR) peptide was synthesized as described above
with aPEG5-linker to link the biotin to the L5URpeptide.GST,GST-B-Raf-
RBD (155–227), and His-Gal1 were prepared as described above. Each
protein in the assay was used at 2 µM concentration, and the peptide was at
4 µM in a reaction of 150 µL. First, peptide andGal1 were pre-incubated for
30minat 37 °C, thenGST-B-RBDorGSTalonewas added, and the reaction
continued for another hour. Control reaction mixes contained DMSO-
vehicle instead of the peptide. At the end of the reaction time, 10 µL of each
sample was withdrawn for SDS-PAGE analysis as inputs. For pull-downs,
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5 µL of the beads were taken per sample. To prepare the beads, an appro-
priate volume of the slurry was pipetted into 15mL falcon tubes and cen-
trifuged at 830×g for 1min to remove the ethanol-containing supernatant.
The falcon tubewas topped up to 15mLwith distilledwater and centrifuged
for 1min to remove water. This washing step was repeated three times.
Finally, the beads were resuspended in distilled water so that the final bead
volumewas 4× diluted i.e., 20 µL were pipetted to each tube. Pull-downwas
conducted by incubating samples on a rotating wheel at room temperature
(20–25 °C) for 1 h. Then, the samples were centrifuged for 1min at 830×g at
4 °C. The supernatantwas discarded, and the beads were rinsedwith 250 µL
of washing buffer (50mM Tris HCl pH 7.5, 150mM NaCl, 4mM β-mer-
captoethanol, 0.05% (v/v) NP-40, 10% (v/v) Glycerol) for the total of 1 h at
4 °C, with four exchanges of the washing buffer. The bound material was
eluted off the beads by adding 2× SDS-PAGE sample buffer and incubating
for 5min at 95 °C. The analysis was done by resolving the samples (8 µL of
the input samples and 10 µLof the elutedmaterial) on 4–20%gradient SDS-
PAGEgels and analyzed byWestern blotting.A list of all the antibodies used
in the study and their sources are given in Supplementary Table 1.

SNAP-tag mediated pull-downs
For the pull-down of interactors of L5UR-SNAP and control constructs,
HEK293 EBNA cells were plated on 10 cm dishes. For each dish, 5 µg of
pDest305-CMV-hGal1 and pEF-L5UR-SNAP, pEF-mutL5UR-SNAP, or
pEF-SNAP were transfected. Transfection was done at ≥70% confluency
using 2 µL jetPRIME per 1 µg DNA transfected, according to the manu-
facturer’s instructions. After about 24 h, the growthmedium was removed,
cells were rinsed twice in cold PBS, and each dish was lysed in 1mL lysis
buffer, consisting of 20mM HEPES pH 7.5, 4 mM β-mercaptoethanol,
0.05% Igepal, 1× Protease Inhibitor (Thermo Scientific, #A32955) and 1×
PhosSTOP(Roche, #04 906837001). The cellswere scraped and transferred
to Eppendorf tubes, then incubated on ice for 30min, with occasional
mixing by inverting the tube. The lysate was cleared by centrifugation for
15min at 4 °C and 16,363 rcf. Cleared lysate was transferred to a clean tube,
15 µL samplewaswithdrawnas “Input” forWesternblot analysis, and25 µL
of SNAP-capture magnetic beads (New England Biolabs, #S9145S) sus-
pension (diluted 1:1 in lysis buffer) was added. The samples were further
incubated for 2 h at room temperature (20–25 °C) on a rotatingwheel.Next,
the supernatant was discarded, and the beads were rinsed 3× 10min with
1mL of washing buffer consisting of 50mM Tris pH 7.5, 150mM NaCl,
2mM EDTA, 2mM DTT, 0.5% NP-40, 1× Protease Inhibitor, and 1×
PhoSTOP.The boundmaterialwas releasedoff the beads by adding25 µLof
2× SDS-PAGE sample buffer and incubating for 5min at 95 °C. The sam-
ples were resolved on 4–20% SDS-PAGE gels in Tris-Gly buffer and ana-
lyzed by Western blotting. A list of all the antibodies used in the study and
their sources are given in Supplementary Table 1.

Electron microscopic analysis of Ras-nanoclustering
To quantify the nanoclustering of a component integral to the plasma
membrane (PM), the apical PM sheets of baby hamster kidney (BHK) cells
expressing a GFP-tagged H-Ras construct were fixed with 4% (w/v) PFA
and 0.1% (w/v) glutaraldehyde. GFP anchored to the PM sheets was probed
with 4.5 nm gold particles pre-coupled to anti-GFP antibody. Following
embedment with methyl cellulose, the PM sheets were imaged using
transmission electronmicroscopy (JEOL JEM-1400). Using the coordinates
of every gold particle, Ripley’s K-function calculated the extent of nano-
clustering of gold particles within a selected 1 μm2 PM area:

KðrÞ ¼ An$2
X

i≠j
wij1ðkxi $ xjk≤ rÞ

L rð Þ $ r ¼

ffiffiffiffiffiffiffiffiffi
K rð Þ
π

r
$ r

where n gold particles populate in an intact area ofA; r is the length between
1 and 240 nm; || . || indicates Euclideandistancewhere 1(.) = 1 if ||xi− xj||≤ r

and 1(.) = 0 if ||xi− xj|| > r;K(r) specifies the univariate K-function.wij
−1 is a

parameter used for an unbiased edge correction and characterizes the
proportionof the circumferenceof a circle thathas the center at xi and radius
||xi-xj||.MonteCarlo simulations estimate the 99%confidence interval (99%
C.I.), which is then used to linearly transform K(r) into L(r)− r. On a
nanoclustering curve of L(r)− r vs. r, the peak L(r)− r value is used as
summary statistics for nanoclustering and is termed as Lmax. For each
condition, at least 15 PM sheets were collected for analysis. To analyze
statistical significance between conditions, bootstrap tests compare our
point patterns against 1000 bootstrap samples.

Immunoblotting
Routinely, 4–20% Mini-PROTEAN TGX Precast Protein Gels, 10-well,
50 µL, or 30 µL (BioRad, #4561094 or #4651093) were used, unless stated
otherwise. For protein size reference, Precision Plus Protein All Blue
Prestained Protein Standards (BioRad, #1610373) or Page Ruler Pre-
stained (Thermo Fisher Scientific, #26616) were used. For ERK activity
studies, Hs 578 T, T24,MIAPaCa-2 andHEK cells were grown in a 6-well
plate for 24 h. After 16 h serum starvation, the cells were treated for 2 h
with the L5UR derived TAT-peptides or DMSO control, before they were
stimulated with 200 ng/ mL EGF for 10min. The cell lysates were then
prepared using a buffer composed of 150mMNaCl, 50 mMTris-HCl pH
7.4, 0.1% (w/v) SDS, 1% (v/v) TritonX-100, 1% (v/v) NP40, 1% (w/v) Na-
deoxycholate, 5 mM EDTA pH 8 and 10mM NaF completed with 1×
protease inhibitor cocktail (Pierce, #A32955) and 1× phosphatase inhi-
bitor cocktail (Roche PhosSTOP, #490684001). The total protein con-
centration was determined using Bradford assay (Protein Assay Reagent,
BioRad, #5000006) and 25 µg cell lysate was loaded on a 10% homemade
SDS-PAGE gel.

For immunoblotting, gels were transferred onto 0.2 µm pore-size
nitrocellulose membrane by using Trans-Blot Turbo RTA Midi 0.2 µm
Nitrocellulose Transfer Kit, for 40 blots (BioRad, #1704271). The mem-
braneswereblockedwithTBSorPBSwith0.2%(v/v)Tween20and2%BSA.
Primary antibodies were incubated at 4 °C for 16 h or for 1–3 h at room
temperature (20–25 °C). All secondary antibodies were diluted at 1:10,000
in a blocking buffer and were incubated for 1 h at room temperature
(20–25 °C). A detailed list of all the antibodies used in the study and their
sources are given in Supplementary Table 1.

Fluorescence lifetime imagingmicroscopy (FLIM)-FRET analysis
FLIM-FRET experiments were conducted as described previously29,30,72.
About 120,000 HEK cells were seeded per well in a 6-well plate (Greiner,
#657160)with a cover slip (Carl Roth, #LH22.1) and grown for 18–24 h. For
H-RasG12V nanoclustering-FRET, the cells were transfected with a total of
1 µg of mGFP/mCherry-tagged H-RasG12V at a donor (D):acceptor (A)-
plasmid ratio of 1:3. In addition, 0.75 µg of other plasmids encoding L5UR,
rat (rt) Gal1 or N-rtGal1 (dimerization-deficient mutant) were co-
transfected. For Gal1/C-RBD FRET-interaction, the cells were transfected
with 2 µgmGFP-rtGal1 andmRFP-C-RBD (D:A, 1:3) ormGFP-rtGal1 and
mRFP-C-RBD-D117Apair (D:A, 1:3). In addition, cells were co-transfected
with 1.5 µg pClontech-C-L5UR, the pcDNA-Hygro-Anginex or compound
OTX008 (Cayman Chemicals, #23130). All transfections were done using
jetPRIME (Polyplus, #114-75) transfection reagent according to the man-
ufacturer’s instructions. After 4 h of transfection the medium was changed.
The next day, the cells were fixedwith 4%w/v PFA. The cells weremounted
withMowiol 4–88 (Sigma-Aldrich, #81381). An invertedmicroscope (Zeiss
AXIO Observer D1) with a fluorescence lifetime imaging attachment
(Lambert Instruments) was used to measure fluorescence lifetimes of
mGFP. Fluorescein (0.01mM, pH 9) was used as a fluorescence lifetime
reference (τ = 4.1 ns). Averagedfluorescence lifetimeswere used to calculate
the apparent FRET efficiency as described30,72.

Split-luciferase KinCon B-Raf biosensor measurements
HEK 293-EBNA cells were seeded in a 12-well plate (Greiner Bio-One,
#665180) in 1ml complete DMEMand grown for 24 h. The next day 0.5 µg
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of KinCon sensor plasmid pcDNA-RlucF1-BRAF-RlucF2 was transfected
along with 0.1–0.5 µg of modulator plasmid encoding either SNAP-H-
RasG12V or Gal1) using jetPRIME as per manufacturer protocol;
pcDNA3.1(−) Thermo Fisher Scientific, #V79520) was used to buffer the
total amount of plasmid load per well to 1 µg. After 48 h of expression cells
were collected and washed in PBS. Cells from one well of the 12-well plate
were resuspended in 200 µL of PBS and 2× 90 µL were pipetted into a white
96-well plate (Nunc, Thermo Fisher Scientific, #236108). Then coelenter-
azine h was added to a final concentration of 5 µM and the luminescence
signal at 480 ± 10 nm was collected for 10 s. The basically background-free
signal was normalized against the signal without modulator plasmid.

BRET assays
We employed the BRET2 system where RLuc8 and GFP2 luminophores
were predominantly used as the donor and acceptor, respectively, with
coelenterazine 400a as the substrate.ACLARIOstar plate reader fromBMG
Labtech was used for BRET and fluorescence intensity measurement. The
BRET protocol was adapted as described by us73.

In brief, 150,000–200,000HEK293-EBNA cells were seeded perwell of
a 12-well plate and grown for 24 h in 1mL of complete DMEM. The next
day, the cells were transfected with ~1 µg of plasmid DNA per well using a
3 µL jetPRIME transfection reagent. For the donor saturation titration,
25 ng of the donor plasmid was transfected with an acceptor plasmid
concentration ranging from25 to 1000 ng. ThepcDNA3.1(−) plasmid (was
used to top up the amount of DNA per well. 48 h after transfection, cells
were collected in PBS and plated in a white 96-well plate.

First, the fluorescence intensity of GFP2 was measured (λexcitation
405 ± 10 nm and λemission 515 ± 10 nm), which is directly proportional to
the acceptor expression (RFU). Then 10 µM of coelenterazine 400a
(GoldBio, #C-320)was added to the cells, andBRET readingswere recorded
simultaneously at λemission 410 ± 40 nm (RLU) and 515 ± 15 nm (BRET
signal). Emission intensity measured at 410 nm is directly proportional to
the donor expression. The raw BRET ratio was calculated as the ratio of
BRET signal/RLU. The background BRET ratio was obtained from cells
expressingonly thedonor.ThebackgroundBRETratiowas subtracted from
the raw BRET ratio to obtain the BRET ratio, plotted here as ‘BRET’. The
relative expression was calculated as the ratio of RFU/RLU. The relative
expression, acceptor/ donor, plotted in the x-axis in corresponding figures,
was obtained by normalizing RFU/RLU values to those from cells trans-
fected with 1:1 donor and acceptor plasmid ratio54.

Alternatively, the fluorescence intensity of mNeonGreen was mea-
sured at λexcitation 485 ± 10 nm and λemission 535 ± 10 nm. Then 2.9 µM of
coelenterazine 400a was added to the cells and the BRET readings for
mNeonGreen and NanoLuc were recorded simultaneously at λemission

460 ± 25 nm (RLU) and 535 ± 25 nm (BRET signal).
The BRET ratio and acceptor/donor values from various biological

repeats were plotted together and the data were fitted with a hyperbolic
equation inPrism(GraphPad).Theonephase association equationofPrism
9 (GraphPad)wasused topredict the top asymptoteYmax-value,whichwas
taken as the BRETtop. The BRETtop value represents the top asymptote of
the BRET ratio reached within the defined acceptor/donor range.

For the dose-response BRET assays, the donor and acceptor plasmid
concentration were kept constant, as indicated in the corresponding figure
legends. HEK293-EBNA cells were grown in 12-well plate for 24 h in
complete DMEM. The next day, donor and acceptor plasmids were trans-
fected alongwithmodulator plasmid ranging from125 to 850 ng.After 48 h
of expression the cells were collected in PBS and BRETmeasurements were
carried out.

For treatment with peptides, HEK cells were batch-transfected. After
24 h of transfection, cells were re-plated in a white 96-well plate in phenol
red-free DMEM. After another 48 h, peptides were added to cells at
concentrations ranging from0.1 µM to 100 µM.After 2 h incubation at 37
°C, the plate was brought to room temperature (20–25 °C) before taking
BRET measurements as indicated above. The concentration of the

transfected L5UR-modulator plasmid or applied peptide was plotted
against the BRET value and the data were fitted with a straight-line
equation using Prism.

Cell viability assay and drug sensitivity score (DSS) analysis
The cells were seeded in low attachment, suspension cell culture 96-well
plates (Greiner, #655185). About 2000 T24, MIA PaCa-2, and HEK cells
and 5000 Hs 578 T cells were seeded per well in a 50 µL complete growth
medium. 24 h later, the cells were treated with 50 µL 2× peptide diluted in
the growth medium or 0.2% (v/v) of the positive control, benzethonium
chloride stock at 100mM in H2O (Sigma-Aldrich, #B8879). Forty-eight
hours after the peptide treatment 10% (v/v) of alamarBlue reagent
(Thermo Fisher Scientific, #DAL1100) was added to each well and
incubated for 4 h at 37 °C. Using a CLARIOstar plate reader the fluores-
cence signal (λexcitation 560 ± 5 nmand λemission 590 ± 5 nm)was recorded.
The florescence signal was normalized against the negative control, here
DMSO in buffer, representing 100% viability. Additionally, the data was
analyzed using Breeze 2.0 to determine a drug sensitivity score (DSS), a
normalized area under the curve (AUC). Here we plot only one of the
output values from the Breeze pipeline74, the DSS3 value, which was cal-
culated as

DSS3 ¼ DSS2
x2 " x1

Cmax " Cmin

where DSS2 is given by the equation DSS2 ¼
DSS1
log a

And DSS1 is given by the equation DSS1 ¼
AUC"tðx2"x1Þ

ð100"tÞðCmax"CminÞ
After dose–response inhibition data fitting with a logistic function, the

area under the curve (AUC) was determined. The activity threshold (t) was
set to ≥10%. The maximum (Cmax) and minimum (Cmin) concentrations
used for screening of the inhibitors, with Cmax = x2 and x1 concentration
with minimal activity t. The parameter a is the value of the top asymptote,
which can be different from 100% inhibition as obtained from the ben-
zethonium chloride positive control value.

Statistics and reproducibility
Data were analyzed using Graph Pad prism 9.0 software. The number of
independent biological repeats (n) for each dataset is provided in the
figure legends. If not stated otherwise means and standard errors (SEM)
are plotted. The statistical significance of differences between Lmax-
values determined in the nanoclustering analysis by electronmicroscopy
was determined using bootstrap tests. All BRETtop data were compared
using the extra sum-of-squares F test. All other statistical analyses were
performed using one-way ANOVA. A p-value of <0.05 was considered
statistically significant, and the statistical significance levels were
annotated.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
All data supporting the findings of this study are available within the
manuscript and its Supplementary Information. Uncropped and unedited
blot images with references to respective figures are provided in Supple-
mentary Figs. 4–19. All source data for graphs in this manuscript are pro-
vided in Supplementary Data 1. All unique/stable reagents generated in this
study are available from the corresponding author with a completed
materials transfer agreement. This study did not report standardized
datatypes.
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Supplementary Figure 1. Related to main Figure 1. 
(a) BRET-titration curves of Gal1 and full-length Raf proteins; n = 3.  
(b) Computational model of hypothetical Gal1/ B-RBD/ L5UR (22-45) complex indicating 
the carbohydrate binding site of Gal1 (PDB ID 3W58) in green. The structural model was 
created with PyMOL Molecular Graphics System (Version 2.5.1) using the published 
Gal1/ C-RBD docking model 1, the Haddock model of Gal1/ L5UR(22-45) 2 and the RBD 
structure of B-Raf (PDB ID 3NY5). 
(c) Multiple sequence alignment of RBDs of A-, B- and C-Raf. The protein sequences of 
RBDs from the three human Raf proteins, A-Raf (P10398), B-Raf (P15056) and C-Raf 
(P04049) were essentially as employed in the cellular assays; in brackets Uniprot 
database (http://uniprot.org/ ) accession numbers. Multiple sequence alignment was 
performed using Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/). Yellow 
highlighted residues were identified as possible interaction sites with Gal1 before 1, and 
mutations tested in the BRET experiments in (d, e) are in red.  
(d, e) BRET-titration curves of Gal1 with wild-type (wt) A-RBD and A-RBD-D75A mutant 
(d); n = 3, or with wt B-RBD and B-RBD-D211A, D213A mutant (e); n = 3. 

 
 

http://uniprot.org/
https://www.ebi.ac.uk/Tools/msa/clustalo/
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Supplementary Figure 2. Related to main Figures 2 and 3. 
(a) PanCanAtlas data analysis reveals that high Gal1 (gene LGALS1) levels significantly 
decrease survival in HRAS mutant cancer cases (left). Higher Gal1 levels are more often 
found in head and neck (HNSC) cancers and to some extent in skin (SKCM) and thymus 
(THYM) cancers. These cancer types could therefore be particularly interesting for 
treatment with a Gal1/ Raf-interface inhibitor, which would abrogate the stimulating effect 
of Gal1 on oncogenic H-Ras nanoclustering and thus MAPK-signalling.  
(b) Displacement of F-L5UR (5 nM) from Gal1 (5 µM) by Anginex; n = 2. 
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(c) Control showing negligible binding of 10 nM F-L5UR to GST measured by 
fluorescence polarisation; n = 3. 
(d) Eu-L5URcore (29 nM) binding to B-RBD measured in the QRET assay using time-
resolved luminescence detection; n = 2.  
(e) Eu-L5URcore (29 nM) binding to Gal1 measured in the QRET assay using time-
resolved luminescence detection; n = 2. 
(f) Displacement of F-L5UR (5 nM) from C-RBD (200 nM) by L5UR-derived peptides; n = 
3. 
(g) Circular dichroism spectra of 25 µM of indicated L5UR-derived peptides in 1x PBS 
(pH 7.5). 
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Supplementary Figure 3. Related to main Figures 3, 4 and 5. 
(a, b) Representative immunoblots (c) and quantification of all repeats (d) showing 
dose-dependent expression of L5UR constructs (48 h); n = 3. 
(c) Effect of L5UR construct expression (48 h) on H-RasG12V nanoclustering-BRET 
(donor:acceptor plasmid ratio = 1:5); n = 3.  
(d) Immunoblot data and quantification of endogenous Gal1 expression in employed 
cell lines; n = 3. 
(e) Effect of SNAP-H-RasG12V on NanoLuc/ mNeonGreen-H-RasG12V 
nanoclustering-BRET (donor:acceptor plasmid ratio = 1:5); n = 3.  
(f) Negligible effect of L5UR construct expression (48 h) on K-RasG12V nanoclustering-
BRET (donor:acceptor plasmid ratio = 1:10); n = 3. 
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Supplementary Figure 4. Original Western blotting data of Figure 2c, repeat 1. 
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Supplementary Figure 5. Original Western blotting data of Figure 2c, repeat 2. 
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Supplementary Figure 6. Original Western blotting data of Figure 2c repeat 3. 
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Supplementary Figure 7. Original Western blotting data of Figure 3e. 
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Supplementary Figure 8. Original Western blotting data of Figure 3e. 
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Supplementary Figure 9. Original Western blotting data of Figure 3e. 
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Supplementary Figure 10. Original Western blotting data of Figure 5a. 
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Supplementary Figure 11. Original Western blotting data of Figure 5b. 
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Supplementary Figure 12. Original Western blotting data of Figure 5c. 
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Supplementary Figure 13. Original Western blotting data of Figure 5d. 
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Supplementary Figure 14. Original Western blotting data of Figure 5e. 
 

 
 



86 

 
Supplementary Figure 15. Original Western blotting data of Figure 5f. 
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Supplementary Figure 16. Original Western blotting data of Figure 5g. 
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Supplementary Figure 17. Original Western blotting data of Figure 5h. 
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Supplementary Figure 18. Original Western blotting data of Figure S3a. 
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Supplementary Figure 19. Original Western blotting data of Figure S3d. 
 

 
 
  



91 

Supplementary Table 1: Materials and equipment employed in the study. 
REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 
mouse monoclonal anti-Galectin 1 (E2) Santa Cruz 

Biotechnology 
sc-166619 
RRID:AB_2136629 

mouse monoclonal Lambda 5 (A-1), λ5 Santa Cruz 
Biotechnology 

sc-398932 
RRID: N/A 

rabbit polyclonal GST Cell Signaling  2622S 
RRID: N/A 

rabbit polyclonal anti-SNAP New England Biolabs P9310S 
RRID:AB_10631145 

mouse monoclonal anti-B-Raf (F-7) Santa Cruz 
Biotechnology 

sc-5284 
RRID:AB_626760 

rabbit polyclonal anti-C-Raf (C-12) Santa Cruz 
Biotechnology 

sc-133 
RRID:AB_632305 

rabbit polyclonal anti-PI3K p110α Cell Signaling 4255 
RRID:AB_659888 

mouse monoclonal anti-RASSF7 (C-6)  Santa Cruz 
Biotechnology 

sc-374431 
RRID:AB_10989731 

rabbit polyclonal anti-RASSF9 Invitrogen PA5-58878 
RRID: N/A 

rabbit polyclonal anti-ASPP2  Bethyl A300-819A 
RRID:AB_597858 

rabbit polyclonal anti-GAPDH  Sigma-Aldrich G9545, 
RRID:AB_796208 

mouse monoclonal anti-β-actin Sigma-Aldrich A5441 
RRID:AB_476744 

mouse monoclonal anti-phospho-p44/42 MAPK (Erk1/2) 
(Thr202/Tyr204) (E10)  

Cell Signaling 
Technology 

9106 
RRID:AB_331768 

rabbit polyclonal anti 44/42 MAPK (Erk1/2)  Cell Signaling 
Technology 

9102 
RRID:AB_330744 

rabbit monoclonal anti-phospho-AKT(S473) (D9E) 
 

Bioke 4060S 
RRID: N/A 

mouse monoclonal anti-AKT(pan) (40D4) 
 

Bioke 2920S 
RRID: N/A 

IRDye 680LT Goat anti-Mouse IgG1-Specific Secondary 
Antibody 

Li-Cor Biosciences 926-68052 
RRID:AB_2783644 

IRDye 800CW Goat anti-Mouse IgG Secondary 
Antibody 

Li-Cor Biosciences 926-32210 
RRID:AB_621842 

IRDye 680RD Goat anti-Rabbit IgG Secondary Antibody Li-Cor Biosciences 926-68071, 
RRID:AB_10956166 

IRDye 800CW Goat anti-Rabbit IgG Secondary Antibody LI-Cor Biosciences 926-32212, 
RRID:AB_621847 

Bacterial and virus strains  
E. coli DH10B New England Biolabs C3019I 
E. coli BL21 Star (DE3)pLysS Thermo Fisher 

Scientific 
C602003 

Biological samples 
N/A N/A N/A 
Chemicals, peptides, and recombinant proteins 
Fluorescein-isothiocyanate labelled L5UR Pepmic Co., China N/A 
L5UR Pepmic Co., China N/A 
mutL5UR Pepmic Co., China N/A 
L5URcore Pepmic Co., China N/A 
Biotinylated L5UR This paper N/A 
TAT-L5URcore This paper N/A 

https://www.licor.com/bio/reagents/irdye-680lt-goat-anti-mouse-igg1-specific-secondary-antibody
https://www.licor.com/bio/reagents/irdye-680lt-goat-anti-mouse-igg1-specific-secondary-antibody
https://www.licor.com/bio/reagents/irdye-800cw-goat-anti-rabbit-igg-secondary-antibody
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TAT-mutL5URcore This paper N/A 
TAT This paper N/A 
Eu-L5URcore This paper N/A 
Benzethonium chloride  Sigma-Aldrich 53751-50G; 

CAS121-54-0 
Trametinib MedChem Express SC-364639; 

CAS871700-17-3 
Pierce Protease Inhibitor Mini Tablets, EDTA-free Thermo Scientific #A32955 
PhosSTOP Roche 04 906 837 001 
Critical commercial assays 
Gateway LR Clonase II enzyme mix Thermo Fisher 

Scientific 
11791020 

jetPRIME transfection reagent  Polyplus  101000046 
Coelenterazine 400a; 2,8-Dibenzyl-6-phenyl-
imidazo[1,2a]pyrazin-3-(7H)-one; DeepBlueC 

Gold Biotechnology C-320-1 

Coelenterazine h 
 

Sanbio bv 16894-1 

alamarBlue cell viability reagent Thermo Fisher 
Scientific 

DAL1100 

SNAP-capture magnetic beads  New England Biolabs S9145S 
Experimental models: Cell lines 
Human cell line, HEK293-EBNA (HEK)  Prof. Florian M. Wurm, 

EPFL 
RRID:CVCL_6974 

Human cell line, MIA PaCa-2  ATCC CRM-CRL-1420, 
RRID:CVCL_0428 

Human cell line, Hs 578T  DSMZ ACC 781, 
RRID:CVCL_0332 

Human cell line, T24  DSMZ ACC 376, 
RRID:CVCL_0554 

BHK-21 DSMZ CCL-10, 
RRID:CVCL_1914 

Experimental models: Organisms/strains 
N/A   
Oligonucleotides 
N/A   
Recombinant DNA 
C413-E36_CMV promoter 3 Addgene, #162927 
C453-E04_CMV promoter 3 Addgene, #162973 
pDest-305 3 Addgene, #161895 
pDest-312 3 Addgene, #161897 
pDest-527  Addgene, #11518 
C231-E13_RLuc8-stop 3 Addgene, FNL 

Combinatorial 
Cloning Platform, kit 
#1000000211 

C511-E03_RLuc8-no stop 3 Addgene, FNL 
Combinatorial 
Cloning Platform, kit 
#1000000211 

pDONR235-GFP2_stop 4 N/A 
pDONR257-GFP2_no stop 4 N/A 
Hs. K-Ras4B G12V (mutated P01116-2) RAS mutant collection 

V2.0, RAS-Initiative 
Addgene, #83132 

Hs. H-Ras G12V (mutated P01112-1) RAS mutant collection 
V2.0, RAS-Initiative 

Addgene, #83184 

Hs. ARAF (P10398) RAS mutant collection 
V2.0, RAS-Initiative 

Addgene, #70293 

https://dlsm-lims.uni.lu/seller_popup.php?chem_seller=64&abook_cat=25
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Hs. BRAF (P15056) RAS mutant collection 
V2.0, RAS-Initiative 

Addgene, #70299 

Hs. RAF1 (P04049) RAS mutant collection 
V2.0, RAS-Initiative 

Addgene, #70497 

pDONR221-hGal1 (P09382) This paper N/A 
pDONR221-hNGal1 (mutated P09382) This paper N/A 
pDONR221-C-RBD (P04049) GeneCust (Boynes, 

France) 
N/A 

pDONR221-B-RBD (aa 155-227 of P15056) GeneCust (Boynes, 
France) 

N/A 

pDest305-CMV-GFP2- K-Ras4BG12V (mutated 
P01116-2) 

4 N/A 

pDest305-CMV-RLuc8- K-Ras4BG12V (mutated 
P01116-2) 

4 N/A 

pDest305-CMV-GFP2- H-RasG12V (mutated P01112-1) 4 N/A 
pDest305-CMV-RLuc8- H-RasG12V (mutated P01112-
1) 

4 N/A 

pDest305-CMV-hGal1 (P09382) This paper N/A  
pDest305-CMV-RLuc8-Gal1 (P09382) This paper N/A 
pDest305-CMV-GFP2-Gal1 
(P09382) 

This paper N/A 

pDest305-CMV-RLuc8-N-hGal1 (mutated P09382)  This paper N/A 
pDest305-CMV-GFP2-N-hGal1 
(mutated P09382) 

This paper N/A  

pEF-A-RBD-GFP2 (aa 19-91 of P10398) This paper N/A 
pEF-B-RBD-GFP2 (aa 155-227 of P15056) This paper N/A 
pEF-C-RBD-GFP2 (aa 56-131 of P04049) This paper N/A  
pClontech-C-L5UR 
(P15814-1) 

This paper N/A 

pEF-L5UR-SNAP (aa 38-89 of P15814-1) GeneCust (Boynes, 
France) 

N/A 

pEF-mutL5UR-SNAP 
(mutated aa 38-89 of P15814-1) 

GeneCust (Boynes, 
France) 

N/A  

pEF-SNAP GeneCust (Boynes, 
France) 

N/A 

pDest305-CMV-GFP2-B-Raf (P15056) This paper N/A 
pDest305-CMV-GFP2-C-Raf (P04049) This paper N/A 
pDest305-CMV-GFP2-A-Raf (P10398) This paper N/A  
pEF-A-RBD-D75A-GFP2 (mutated aa 19-91 of P10398) This paper N/A 
pEF-B-RBD-D211,213A-GFP2 (mutated aa 155-227 of 
P15056) 

This paper N/A 

mGFP-rtGal1 (P11762) 1 N/A  
mRFP-C-RBD (aa 56-131 of P04049) 5 N/A 
mGFP-H-RasG12V (mutated P01112-1) 6 N/A 
mCherry-H-RasG12V (mutated P01112-1) 7 N/A 
mRFP-C-RBD-D117A 
(mutated, aa 56-131 of P04049) 

1 N/A  

pcDNA3-rtGal1 (P11762) 8 N/A 
pcDNA3-N-rtGal-1 (mutated P11762) 1 N/A 
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pcDNA-Hygro-Anginex 9, 10 N/A  
pDest527-His-hGal1 
( P09382) 

This paper N/A 

pGEX4T2-B-RBD 
(aa 155-227 of P15056) 

This paper  N/A  

pGEX2T-C-RBD (aa 50-134 of P04049) This paper N/A 
pGEX4T2 Addgene 27458101 
pcDNA3.1(-)  ThermoFisher 

Scientific 
V79520 

pDest305-CMV-mNeonGreen- H-RasG12V (mutated 
P01112-1) 

This paper N/A 

pDest305-CMV-NanoLuc- H-RasG12V (mutated 
P01112-1) 

This paper N/A 

pcDNA3-RLucF1-BRAF-RLucF2  11 N/A 

Software and algorithms 
BREEZE pipeline 12 https://breeze.fimm.fi

/ 
PyMol The PyMOL Molecular 

Graphics System 
https://pymol.org/2/ 

GraphPad Prism v9.5.1 GraphPad by 
Dotmatics, 

https://www.graphpa
d.com/ 

Other 
CLARIOstar Plus Microplate Reader BMG LABTECH https://www.bmglabt

ech.com/en/clariosta
r-plus/ 

Odyssey CLx Infrared Imaging System LI-COR Biosciences https://www.licor.co
m/bio/odyssey-clx/ 

ÄKTA pure chromatography system  Cytiva https://www.cytivalife
sciences.com/en/us/
shop/chromatograph
y/chromatography-
systems/akta-pure-
p-05844 

Elmasonic S 40 H Elma https://www.elma-
ultrasonic.com/ 

Tecan Spark multimode microplate reader Tecan Austria GmbH 
 

https://lifesciences.te
can.com/multimode-
plate-reader 

Electron microscope  JEOL JEOL JEM-1400 
Inverted microscope AXIO Observer D1 
 
 

Zeiss https://www.zeiss.co
m/microscopy/en/pro
ducts/light-
microscopes/widefiel
d-microscopes/axio-
observer-for-life-
science-
research.html#featur
es 

Lambert Instruments FLIM Attachment (LIFA) Lambert Instruments https://www.lamberti
nstruments.com/lifa#
lifa-introduction 

LM10 Microfluidizer Processor 
 

(Microfluidics, USA) 
 

https://www.microflui
dics-
mpt.com/microfluidiz
ers/lm10 
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Supplementary Table 2: Sequences, N-terminal modifications, calculated and found m/z 

values of synthesized peptides. All the peptides bear a C-terminal amide. (Ac: Acetylated) 
Peptide Sequence N-term. Purity / % m/z calc. m/z found 
L5UR LLRPTAASQSRALGPGAP

GGSSRSSLRSRWGRFLL
QRGSWTGPRCWPRGFQ
S 

Ac 
Biotin-PEG5 

90 
>95 

949.8 
1234.6 

950.2 [M+6H]+6 

1235.4 [M+5H]+5  

L5URcore SRSSLRSRWGRFLLQRG
SWTGPR 

Ac 
 

>95 
 

929.8 
 

930.2 [M+3H]+3 

 
L5URcore-
nK 

KSRSSLRSRWGRFLLQR
GSWTGPR 

Ac >95 1458.1 1458.2 [M+2H]+2 

mutL5UR 
core 

SRSSDEEEGGRESLQRG
SWTGPR 

Ac 
 

>95 
 

868.7 
 

869.0 [M+3H]+3 

 
TAT GRKKRRQRRRPQ Ac 

 
>95 
 

555.0 
 

555.1 [M+3H]+3 

 

TAT-PEG2-
L5URcore 

GRKKRRQRRRPQ-PEG2-
SRSSLRSRWGRFLLQRG
SWTGPR 

Ac 
 

>95 
 

648.8 
 

649.1 [M+7H]+7 

 

TAT-PEG2-
mutL5UR 
core 

GRKKRRQRRRPQ-PEG2-
SRSSDEEEGGRESLQRG
SWTGPR 

Ac 
 

>95 
 

1088.8 
 

1089.3 [M+4H]+4 
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Protocol to measure and analyze 
protein interactions in mammalian cells 

using Bioluminescence Resonance 
Energy Transfer 

Carla Jane Duval1,2,3,*, Candy Laura Steffen1,2, Karolina Pavic 1 and Daniel Kwaku Abankwa1,4,** 
1Cancer Cell Biology and Drug Discovery Group, Department of Life Sciences and Medicine, 
 University of Luxembourg, 4362 Esch-sur-Alzette, Luxembourg 
2These authors contributed equally
3Technical contact  
4Lead contact  
* Correspondence: carla.duval@uni.lu
**Correspondence: daniel.abankwa@uni.lu

Summary 
Bioluminescence resonance energy transfer (BRET) allows to quantitate protein interactions in intact 

cells. Here, we present a protocol for measuring BRET due to transient interactions of oncogenic 

K-RasG12V in plasma membrane nanoclusters of HEK293-EBNA cells. We describe steps for seeding,

transfecting and replating cells. We then detail procedures for their preparation for

BRET-measurements on a CLARIOstar microplate reader and detailed data analysis. For complete

details on the use and execution of this protocol, please refer to Steffen et al., 2024 1.
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Before you begin 
Background 
Bioluminescence resonance energy transfer (BRET) enables quantitative molecular interaction 

experiments in the native cellular environment. BRET has thus been used to investigate diverse protein 

interactions in the cytosol, nucleus and cellular membranes 2.  

BRET refers to the radiation-free transfer of the donor energy, provided in our case by the Renilla 

luciferase mutant RLuc8-catalyzed conversion of the luciferase substrate coelenterazine 400a, to the 

acceptor, green fluorescent protein 2 (GFP2). The donor and acceptor together form the BRET-pair, for 

which various combinations have been established, including more recently NanoLuc and 

mNeonGreen 3. For BRET to occur, several conditions must be fulfilled, such as an overlap of the 

emission spectrum of the donor and excitation spectrum of the acceptor 2. Furthermore, donor and 

acceptor must be in molecular proximity (here 4 - 12 nm) for a change in the BRET-signal, which is the 

emission by the acceptor after the donor excitation is generated from the conversion of the substrate 

by Rluc8 4.  

By genetically fusing proteins or their domains to donor and acceptor, BRET-biosensors can be 

constructed, where the interaction is mediated by the fused proteins. As an example, we use the Rluc8-

K-RasG12V/ GFP2-K-RasG12V BRET-biosensor, where BRET emerges due to the transient approximation 

of K-RasG12V in proteo-lipid complexes at the plasma membrane, called nanocluster 5. Design and 

optimization of such biosensors can be challenging and was discussed elsewhere 6.	
Our protocol provides detailed instructions on conducting donor saturation-titration BRET experiments 

on a conventional microplate reader that can detect both fluorescence and luminescence. In these 

experiments the BRET-ratio is plotted as a function of the acceptor/ donor-ratio, where a constant 

amount of RLuc8-tagged donor-construct is co-expressed with increasing amounts of GFP2-tagged 

acceptor-construct. While it is common to plot the BRET-ratio against the plasmid ratio of transfected 

BRET-constructs, the plasmid ratio does not correspond to the actual molecular acceptor/ donor-ratio. 

It is therefore preferrable to plot against the expression signal ratio, as we explain in more detail in the 

expected outcomes section. To obtain the expression signal ratio, the acceptor fluorescence signal is 

measured and compiled with the donor-luminescence signal. To calculate the BRET-ratio, the donor- 

and BRET-signal of the BRET-biosensor sample and a donor-only control are compiled. Detection 

channels for all raw signals are set up on the plate reader, which is in our case a CLARIOstar microplate 

reader. Classically, the BRETmax- and BRET50-values are determined from fitting a saturation function 

to the BRET-ratio vs. expression signal ratio plot. Both values essentially characterize the strength or 

probability of the interaction 7. However, true saturation is typically not reached in cells and we 

therefore introduced the BRETtop value, which is the highest BRET-ratio within a defined range of 

acceptor/ donor-expression signal ratios 8. 
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Preparation 
 

1. Prepare mammalian expression vectors encoding donor- and acceptor- constructs.  

Note: New constructs require significant optimization and testing for uncompromised 

biological activity. Our example BRET-biosensor, RLuc8-K-RasG12V/ GFP2-K-RasG12V, was 

constructed by multi-site gateway cloning 9.  

2. Prepare cell culture medium and coelenterazine 400a substrate needed for the assay. 

3. Verify that your fluorescence and luminescence microplate reader allows for the definition of 

three BRET-pair specific detection channels for the acceptor- (excitation at 405 ± 10 nm, 

emission at 515 ± 10 nm), donor- (emission at 410 ± 40 nm), and the BRET-signal (emission at 

515 ± 40 nm) (Figure 1), and has ideally an injector for dispensing microliter amounts of the 

luciferase substrate to 96-well plates.  

Note: We here describe the setup and operation using a CLARIOstar microplate reader for the 

RLuc8/ GFP2 BRET-pair.  

Critical: Any other plate reader employed for this protocol needs to allow for the setup of three 

BRET-pair specific detection channels as described in detail in Part 4.  

	
Key resources table 
 

REAGENT or RESOURCE SOURCE IDENTIFIER 
Chemicals, peptides, and recombinant proteins 
Dulbecco’s phosphate-buffered saline (PBS) (1 ´) Thermo Fisher Scientific  Cat# 14040091 
Dulbecco’s modified Eagle’s medium (DMEM) Thermo Fisher Scientific Cat# 41965039 
Trypsin EDTA (0.05%) Thermo Fisher Scientific Cat# 25300054 
Fetal bovine serum (FBS) Thermo Fisher Scientific Cat# 10270106 
Penicillin-Streptomycin (10,000 U/mL) Thermo Fisher Scientific Cat# 15140122 
L-glutamine (200 mM) Thermo Fisher Scientific Cat# 25030024 
Dimethyl sulfoxide (DMSO) ≥ 99.5% VWR Cat# A3672 
ISOTON II diluent Beckman Coulter Cat# 8448011 
Coelenterazine 400a/ DeepBlue C TM, (2,8-Dibenzyl-
6-phenylimidazo[1,2a]pyrazin-3-(7H)-one) 

Cayman Chemical 
 

Cat# 16894 
 

Mevastatin Alfa Aesar J61357 
Critical commercial assays 
jetPRIME Polyplus-transfection Cat# 101000001 
Lipofectamine RNAiMAX Invitrogen Cat# 13778-150 
Experimental models: Cell lines 
Human cell line, HEK293-EBNA (HEK) ATCC CRL-10852 
Oligonucleotides 
human FNTA siRNA (Hs_FNTA_6 FlexiTube siRNA) 
5’-3’-sequence  
CCGGGATGCTATTGAGTTAAA 

QIAGEN Cat# 
SI02661995|S1/ 
1027417 
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Negative control siRNA  QIAGEN Cat# 1027310 
GeneGlobe ID: 
SI03650325 

Recombinant DNA 
pDest305-CMV- RLuc8-K-RasG12V Okutachi et al., 20215 N/A 
pDest305-CMV- GFP2-K-RasG12V Okutachi et al., 20215 N/A 
pDest305-CMV- RLuc8 Okutachi et al., 20215 N/A 
pDest312-CMV- GFP2 Okutachi et al., 20215 N/A 
pcDNA3.1(-)  ThermoFisher Scientific V79520 
Software and algorithms 
CLARIOstar software BMG LABTECH N/A 
Microsoft Excel Microsoft Corporation N/A 
GraphPad Prism  GraphPad Software N/A 
Other 
CO2 incubator Panasonic Cat#MCO-

170AICUVL-PA 
Microcentrifuge Micro Star 17R VWR Cat# 521-1647 
Microcentrifuge MiniStar blueline  VWR Cat# 521-2321P 
CLARIOstar microplate reader BMG LABTECH N/A 
Z1 particle counter Beckman Coulter Cat# 9914591 
Cuvette for Coulter counter VWR Cat# 720-0812 
T75 flask Greiner Bio-One Cat# 658175 
Reaction tube 1.5 mL Greiner Bio-One Cat# 616201 
Reaction tube 1.5 mL, brown Greiner Bio-One Cat# 616283 
Falcon 15 mL Greiner Bio-One Cat# 188271 
Falcon 50 mL Greiner Bio-One Cat# 227261 
12-well plates Greiner Bio-One Cat# 655180 
White flat bottom 96-well plate Thermo Fisher Scientific Cat# 236108 

 

Materials and equipment setup  

• Growth medium 

Reagent Final concentration  Amount 
DMEM  1 500 mL 
Fetal Bovine Serum ∼9% 50 mL 
L-glutamine 2 mM 5 mL 
Penicillin/ streptomycin 
(10,000 U/ mL) 

100 U/ mL 5 mL 

Total N/A 560 mL 
[Store at 4°C for up to 1 month.] 

Note: The addition of penicillin/ streptomycin is recommended to avoid cell culture contamination.	
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• Prepare a stock solution of the luciferase substrate coelenterazine 400a in 100% ethanol to a final 

concentration of 1 mM. The stock can be stored in brown reaction tubes at -30°C for several 

months. 
Note: Coelenterazine 400a is sensitive to oxidation, therefore, dissolve it fresh before use and keep 

protected from light. 

 
 

Step-by-step method details 
 

Part 1: Cell seeding 
 
Timing: 60 min 
 
This part describes the preparation of a HEK293-EBNA cell culture for the transfection. 

 

1. Prewarm DMEM, PBS and trypsin EDTA in a 37°C water bath. 

2. Prepare the cell counter, here Beckman Coulter Z1 Counter, by flushing it twice with Milli-Q 

water, followed by two flushes with ISOTON II Diluent before use. 

3. Grow HEK293-EBNA cells in a T75 flask under humidified 5% CO2 at 37°C in complete growth 

medium until they reach 80 - 90% confluency. 

Note: Instead of HEK293-EBNA, also HEK293T, HEK293A or other well expressing cell lines can 

be used. 

4. Aspirate the growth medium and gently rinse the cells once with 5 mL sterile PBS. 

5. Aspirate the PBS and detach the cells by adding 4 mL of trypsin EDTA. Incubate at 37°C until the 

cells have detached (approximately 3 - 5 min).  

6. To neutralize the trypsin EDTA, add 8 mL of growth medium and resuspend by pipetting until 

all the cells have been washed off from the T75 flask bottom. 

7. Transfer the cell suspension to a 15 mL Falcon tube and pellet the cells by centrifugation for 3 

min at 200 ´ g and 22°C - 25°C. 

8. Aspirate the supernatant and resuspend the cell pellet in 1 mL of fresh growth medium. 

9. To measure the cell concentration, dilute 50 µL of the cell suspension in 10 mL ISOTON II 

Diluent.  

Note: This will make a 1:200 cell dilution.  

Critical: Before measuring the cell concentration on the cell counter, make sure that the value 

specifying the cell dilution on the counter is set to 1:200.  

Note: The number displayed at the end of the measurement will show the number of cells/ mL. 

10. Seed 200,000 cells in 1 mL per well of a 12-well plate. 

11. Culture the cells until the desired cell confluency for transfection is reached. 
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Optional: To study the impact of a specific gene knock-down on the BRET-biosensor, HEK293-EBNA can 

be transfected with siRNA after seeding. As an example, consider the knock-down of the alpha-subunit 

of farnesyl- and geranylgeranyl-transferase I (FNTA), as described in Table S1. Growth medium 

containing siRNA and RNA-transfection reagent needs to be removed before transfecting plasmids 

encoding the BRET-biosensor constructs. 

 

Part 2: Cell transfection 
 
Timing: 60 - 120 min 
 
BRET-biosensor constructs are transfected into the HEK293-EBNA plated in a 12-well plate, so that each 

well contains one distinct biological sample (e.g. construct-ratio, drug treatment or constructs with 

mutation of interest). The amounts of example BRET-biosensor constructs that need to be transfected 

for a donor saturation-titration BRET experiment example are given in Table 1.  

 
12. Make sure that the cells are approximately 50 - 60% confluent before the transfection with 

jetPRIME. 

Note: Other transfection reagents can be used for which specific optimal transfection 

conditions may apply. 

13. Dilute your plasmid stocks to 100 ng/ µL. 

14. The total amount of DNA to be transfected in each well is 1025 ng. 

15. For each well, prepare one 1.5 mL reaction tube with the DNA mix. As a BRET-control, transfect 

cells with only the donor construct (Table 1). 

16. Dilute the appropriate volume of DNA, indicated in the “volume/ µL from 100 ng/ µL stock” 

column, in 100 µL jetPRIME buffer and mix by vortexing for 10 s. 

17. Before using the jetPRIME reagent, mix it by vortexing 1 - 2 s and spin down in a tabletop 

microcentrifuge for ∼5 s at 2000 ´ g to collect the droplets possibly retained inside the tube lid. 

18. Add jetPRIME reagent at a 1:3 ratio per µg of DNA. For 1025 ng DNA, use 3 µL jetPRIME reagent. 

Note: If using another transfection reagent, consult its instruction manual for specific 

requirements. 

19. Incubate at 22°C - 25°C without shaking for 10-15 min before adding the DNA mix dropwise to 

the corresponding well. 

20. Incubate the well-plate with transfected cells in the incubator (37°C, 5% CO2) for up to 48 h of 

BRET-biosensor expression. 

 

Optional: A drug treatment that modulates the BRET-biosensor interaction can be applied to the cells 

24 h after transfection for a maximum of another 24 h within this protocol. Here, we treat some BRET-

biosensor samples with 5 µM mevastatin in vehicle (0.1% DMSO/ growth medium). Mevastatin is a 

competitive inhibitor of 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase, which 

catalyzes the rate-limiting step in the synthesis not only of cholesterol but also of prenyl-
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pyrophosphates. Thus, Ras prenylation is blocked and consequently its plasma membrane anchorage, 

which also results in the inhibition of the transient interactions associated with nanoclustering 9,10. For 

our example BRET-biosensor, RLuc8-K-RasG12V/ GFP2-K-RasG12V, the mevastatin treatment would 

therefore reduce the BRET-ratio.   

 

Table 1. Example amounts of transfected BRET-biosensor and donor-only (BRET-control) plasmids for 
donor saturation-titration BRET experiments. “A/D ratio” refers to ratio between the GFP2-tagged 

acceptor construct (GFP2-K-RasG12V) and the RLuc8-tagged donor construct (RLuc8-K-RasG12V). The 

pcDNA3.1-plasmid is used as empty vector to top up the transfected DNA amount to the same total per 

well.  

 

 
Part 3: Cell replating to prepare for the measurement 
 
Timing: 30 - 60 min (depending on the number of 12-well plates) 
 
Next, each 12-well sample is replated in quadruplicate into a white flat bottom 96-well plate for the 
measurements on the plate reader. 

 

21. Carefully aspirate the medium from the cells.  

Critical: Handle the plate gently to avoid cell detachment.  

Note: If extensive cell detachment is observed under a cell culture microscope, we recommend 

to detach all cells from the bottom of the 12-well-plate by pipetting the growth medium up- 

and down, and then centrifuge the suspension for 10 min at 900 ´ g and 4°C in 1.5 mL reaction 

tubes before directly proceeding to step 24 followed by a PBS washing step as described in 

steps 22,23. 

well 
number 

A/D ratio plasmid amounts/ ng 
volume/ µL from 100 ng/ µL 
plasmid stock 

GFP2-K-
RasG12V 

RLuc8-K-
RasG12V 

GFP2-K-
RasG12V 

RLuc8-K-
RasG12V 

pcDNA
3.1 

GFP2-K-
RasG12V 

RLuc8-K-
RasG12V  

pcDNA
3.1 

1 1 1 25 25 975 0.25 0.25 9.75 
2 4 1 100 25 900 1 0.25 9 
3 8 1 200 25 800 2 0.25 8 
4 12 1 300 25 700 3 0.25 7 
5 16 1 400 25 600 4 0.25 6 
6 24 1 600 25 400 6 0.25 4 
7 32 1 800 25 200 8 0.25 2 
8 40 1 1000 25 0 10 0.25 0 
9 BRET-
control 0 4 0 100 900 0 1 9 
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22. Rinse the cells by adding 1 mL PBS per well, detach the cells by pipetting and collect in 1.5 mL 

reaction tubes. 

23. Pellet the cells by centrifugation for 10 min at 900 ´ g and 4°C. 

24. Aspirate the supernatant. 

25. Resuspend the cells in a slight excess of 380 µL of PBS. 

26. For each sample, dispense 4 ´ 90 µL of cell suspension into four adjacent wells of a white flat 

bottom 96-well plate as quadruplicate technical repeats. 

Note: It may also be possible to employ black plates. However, in that case we observed a four-

fold loss of luminescence signal, while the fluorescence signal in white plates was just more 

variable. 

 

Part 4: Fluorescence and luminescence measurements on a plate 
reader 
 
Timing: 15 - 30 min (depending on the number of white flat bottom 96-well plates) 
 

In this part, we first describe the setup of the three RLuc8/ GFP2 BRET-pair specific detection channels 

for the acceptor- (excitation at 405 ± 10 nm, emission at 515 ± 10 nm), donor- (emission at 410 ± 40 

nm), and the BRET-signal (emission at 515 ± 40 nm) on the CLARIOstar microplate reader (Figure 1). We 

then explain how to conduct the measurements starting with the acceptor channel, followed by 

injection of the luciferase substrate and simultaneous acquisition of the donor- and BRET-channel 

signals.  

 

 
Figure 1: Definition of the three detection channels for BRET-experiments.  
(A-C) The acceptor- (A), donor- (B) and BRET-channels (C) are indicated relative to the emission (Em) 

and excitation (Ex) spectra of the donor RLuc8/ coelenterazine 400a (grey/ black) and the acceptor 

GFP2 (green). The excitation bandwidth is marked with a light green dashed box (A), while the 

detection bandwidths are marked with a light grey box (A-C).  
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27. First, set up the three detection channels as “Test Protocols” within the CLARIOstar software. 

a. Open the CLARIOstar software on the computer that controls the plate reader.  

b. Click on “Microplate” and “Manage Protocols”, which opens the “Test Protocols” 
window.  

c. Click on “New”, which opens the “Measurement Method and Mode” window.  

d. Make sure that “Fluorescence Intensity” is selected in the “Measurement Method” 

selection and “Endpoint” in the “Reading Mode” selection (feature 1 in 

Fixed_Image_1) and then click “OK”.  

Note: This will open the “Fluorescence Intensity – Endpoint” window. 

e. In the “Fluorescence Intensity – Endpoint” window, open on its “Basic Parameters” 

tab, type in the name of the new protocol and select for “Microplate” “NUNC 96” in 

the drop-down menu, which is the appropriate setting for the 96-well microplates. 

Note: Adjust this if another plate type is used (feature 2 in Fixed_Image_1). 

f. In the “Presets” tab, enter the following monochromator-filter settings for the 

acceptor-channel (feature 3 in Fixed_Image_1): 

• Excitation: 405-20 

• Dichroic: 462.5 

• Emission: 515-20 

and confirm by clicking “OK”. 

Note: The CLARIOstar microplate reader allows to freely chose excitation and emission 

detection windows, due to its monochromator technology. In the specifications e.g. 
“405-20,” 20 refers to the bandwidth of the monochromator-filter centered at 405 nm, 

i.e. for detection between 395-415 nm or 405 ± 10 nm.  

Note: Keep all other features, in the protocol set-up steps not highlighted here at 

default settings. Specifically, keep “Optic” at “Top optic”. In the “General Settings” 

field, “Settling time” is the time after the microplate moves to the next well and before 

the measurement begins. It is set to 0.2 s. “No. of flashes per well” is set at 50 but can 

be increased up to 200. All the measurements per flash will be averaged and one 

intensity value will be obtained per well.  

 

[*Insert Fixed_Image_1 here] 
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g. Next, create a two-channel protocol for donor- and BRET-channel acquisition. 

i Open another “Test Protocols” window and click on “New”.  

ii Select in the “Measurement Method and Mode” window “Luminescence” and 

“Well mode” (feature 4 in Fixed_Image_2) and then click “OK”.  

Note: By selecting “Well mode”, the luminescence signals will be measured 

immediately after the injection of the luciferase substrate coelenterazine 400a, 

with both injection and measurement done well-by-well.  

h. In the “Luminescence – Well mode” window open on its “Basic Parameters” tab, go to 

the “Optic Settings” and change the “No. of multichromatics” to “2” (feature 5 in 

Fixed_Image_2).  

[*Insert Fixed_Image_2 here] 
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i. In the “Multichromatic” tab of the “Luminescence – Well mode” window (feature 6 in 

Fixed_Image_2), define the donor- and BRET-channel, by entering the two 

monochromator-filter values “410-80” for the donor- and “515-30” for the BRET-

channel (feature 7 in Fixed_Image_2).  

Note: Keep again all other settings, not highlighted here in the protocol set-up steps, 

at displayed default settings. Notably, the “Settling time” is set to 0 s. There is no 

settling time implemented due to the fast substrate conversion.  

 
CRITICAL: Before beginning with the actual BRET measurements of the target BRET-biosensor 

samples, set up optimal gain settings for the photomultiplier tube detector of the microplate 

reader. See Troubleshooting 1 for details on how to set up correct gain settings.  

 

28. To start with the measurement of BRET-samples, turn on the CLARIOstar microplate reader 

and press the button to eject the tray.  

29. Place the white flat bottom 96-well plate on it and press the button again to retract the tray. 

30. Start the CLARIOstar software from the computer desktop, click on “Manage Protocols” and 

select to display protocols for fluorescence intensity in the “Test protocols”.  
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31. Click on the created protocol to measure the acceptor-channel and click on “Edit”. Verify all

parameters correspond to those specified in step 27.

Note: This opens the “Fluorescence Intensity – Endpoint” window.

[*Insert Fixed_Image_3 here] 

32. In the “Layout” tab (feature 8 in Fixed_Image_3), click on “Sample” (feature 9 in

Fixed_Image_3) and select all wells on the 96-well plate grid that contain samples to be

measured.
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Note: The 96-well plate setup screenshot shows the samples annotated. The vehicle control 

samples are in green and the mevastatin-treated samples are in red. Plasmid ratios of 

quadruplicates are also indicated. The donor-only samples are added to the right.	
33. Click on “Start measurement” (feature 10 in Fixed_Image_3).	

Note: The “Concentrations/ Volumes/ Shaking” tab is not used in this protocol as nothing is 

injected and no shaking is needed, therefore keep at default.	
34. In the “Start measurement” window, which opens automatically, enter the optimal gain 

settings as determined in Troubleshooting 1 (feature 11 in Fixed_Image_3) 

35. Fill out the plate identification ID1, ID2 and ID3 (feature 12 in Fixed_Image_3), then click on 

“Start measurement” (feature 13 in Fixed_Image_3).  

Note: Plate identification ID1, ID2 and ID3 are user defined and should be annotated so that 

the results can be traced back to the corresponding plate and experiment date, e.g. enter ID1: 

date, ID2: BRET-biosensor, ID3: plate number and gain.  

36. For Luminescence measurements, start by preparing a volume of 100 µM coelenterazine 400a 

appropriate for your sample number by diluting the stock in PBS in a 15 mL Falcon.  

Critical: For a full 96-well plate, prepare 2 mL of coelenterazine 400a. 

Note: To each well of a white flat bottom 96-well plate, 10 µL of coelenterazine 400a will be 

added, thus resulting in a final concentration of 10 µM luciferase substrate. Consider that 

approximately 500 µL of the substrate will be spent when preparing the injection system, 

described in step 37. Additional amounts further account for volume loss when dispensing the 

substrate from the Falcon into the wells.  

37. Prepare the pump and the injection system. 

a. Open the lid of the CLARIOstar plate reader, position the input tube end into a Falcon 

tube with rinsing liquids (b.-d.) and place a small beaker underneath the displaced 

reagent injector for liquid waste collection. 

b. Rinse with 100% ethanol by double-clicking the button corresponding to the pump 1, 3 

to 4 times (feature 14 in Fixed_Image_4). 

c. Rinse 3 - 4 times with Milli-Q water 

d. Rinse 3 - 4 times with PBS 

e. Place the Falcon containing the substrate in the designated place in the instrument and 

rinse the injection system once with the substrate.  

f. Place the reagent injector back in its operating position (feature 15 in Fixed_image_4). 

Note: If you have to measure multiple 96-well plates, perform the pump and injection system 

preparation just before the first injection of coelenterazine 400a. As the substrate precipitates 

quickly, rinse the injection system with ethanol if the next luminescence reading is more than 

20 min later. Consider preparing fresh substrate when precipitates are visible. 

[*Insert Fixed_Image_4 here] 
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38. To measure donor- and BRET-channel, click on “Manage Protocols” to open the “Test 
Protocols” tab.  

a. Click on “Luminescence”, select the protocol “eBRET2” and click on “Edit”.  

Note: This opens “Luminescence - Well Mode” window.  

b. Verify all parameters correspond to those specified in step 27. 

39. In the “Layout”, select all the wells containing BRET-samples of the 96-well plate (refer to 

step 32). 

40. Click on the “Concentrations/ Volumes/ Shaking” tab (feature 16 in Fixed_Image_5) and type 

in “10” in the “Start volume” (feature 17 in Fixed_Image_5) for a luciferase substrate injection 

volume of 10 µL per well. 

Critical: Select the pump 1 (feature 18 in Fixed_Image_5), which was primed for use in step 37. 

Note: In the “Injection Timing” and “Multichromatic” tabs, keep all other parameters at default 

settings as specified in step 27. Default parameters specify a 1 s substrate injection window, 2 

s wait for optic movement, followed by a 2.6 s measurement. 

Note: It is possible to add the substrate manually e.g. with a multi-pipette and mix by agitation. 

However, the luminescence signal needs to be stable during the measurement, which is 

typically the case for at least 60 min after substrate addition. 

41. Click “Start measurement” (feature 19 in Fixed_Image_5). 

42. In the “Start measurement” window, input the optimal gain settings (feature 20 in 

Fixed_Image_5) 

43. Fill out the plate identification ID1, ID2 and ID3, then click on “Start measurement” (feature 21 

in Fixed_Image_5). 

Note: Specify the plate identification ID1, ID2 and ID3 analogous to step 35.  

 

[*Insert Fixed_Image_5 here] 
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44. After the measurements, open the CLARIOstar MARS Data Analysis Software (feature 22 in 

Fixed_Image_6), where under “Measurement Method” either “Luminescence” or 

“Fluorescence” is identified.  

a. Select and open your pair of measurement files (feature 23 in Fixed_Image_6) 

b. Click on the small Excel icon (feature 24 in Fixed_Image_6) to export the displayed 

results as Excel workbook files. 
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[*Insert Fixed_Image_6 here] 

	
 

 
Part 5: Data analysis in Excel and GraphPad Prism 
 
Timing: 60 min 
 
In this part, the BRET ratio, the expression signal ratio 11 and the normalized expression signal ratio 12 

are calculated. Curve fitting of the data can yield the classical BRETmax and BRET50-parameters, 

alternatively, we here also determine the BRETtop value, which represents the top asymptote of the 

BRET ratio reached within a defined acceptor/ donor range 8. 

 
[*Insert Fixed_Image_7 here] 
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45. Merge the exported raw signals for all three channels into one Excel workbook file as shown 

above. 

Note: The example here contains two sets of saturation-titration data as specified in Tables 1 
and S2 with vehicle control (in dark green) and mevastatin treatment (in red). Each sample is 

present in quadruplicates in the tables. Samples to the right are donor-only BRET-control 

samples. See Troubleshooting 2 for verification of raw signals in acceptor, donor-, and BRET-

channels after correct gain setting. 

 

46. The BRET ratio is calculated as the raw BRET ratio of each BRET-biosensor sample (donor + 

acceptor) from which the raw BRET ratio of donor-only samples is subtracted.  

Note: The formula to obtain the BRET ratio is: 

"#$%	'()*+ = "#$%	-ℎ(//01("#$#%&'(()*+#%)
2+/+'	-ℎ(//01("#$#%&'(()*+#%)

	− "#$%	-ℎ(//01("#$#%-#$./)
2+/+'	-ℎ(//01("#$#%-#$./)

 

The colors in the formula refer to the colors of the boxes in the Excel sheet screenshot. 

47. Calculate the raw BRET-ratio of the BRET-samples per well and subtract the average of the raw 

BRET ratio of donor-only samples.  

Note: Calculate then from the quadruplicate technical repeats the averages of the BRET-ratios. 

48. Next, calculate the expression signal ratio, indicated as [acceptor]/[donor], per well by dividing 

the acceptor-channel values (boxed in light green) by the donor-channel values (boxed in blue) 

for all BRET-biosensor samples. 
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49. For the normalized expression signal ratio, further divide each expression signal ratio by the 

value corresponding to 1:1 A/D-plasmid ratio, here 1:1 plasmid amounts of GFP2-K-RasG12V 

and RLuc8-K-RasG12V. 

50. To plot the data, open GraphPad Prism and create an “XY” table. 

a. Plot the averages across all technical and biological repeats from BRET ratio data as Y-

values against the acceptor/ donor plasmid ratios from 1:1 to 40:1 (Figure 2A). 

b. To fit the data with a hyperbolic equation, click on the “Analyze” tab, then under “XY 
analyses” select “nonlinear regression” and select “Hyperbola (x is a concentration)”.  

Note: The formula for the saturation binding curve or rectangular hyperbola is:  

4 = 	"#$%5(6 × 	6"#$%50 + 6  

where x is a measure of the relative expression of the acceptor to the donor, and y is 

the BRET ratio. BRETmax represents the maximum saturation BRET signal and depends 

on the structural parameters (distance and orientation) of the BRET-biosensor 

complex. BRET50 corresponds to the acceptor/ donor ratio required to attain 50% of 

the maximum BRET signal and is a measure of the effective interaction probability 

between the interacting BRET-constructs. 

c. Alternatively, use the BRET-ratio averages from technical quadruplicate repeats as y-

values and plot against the averages of the corresponding expression signal ratios 

(Figure 2B) or the normalized expression signal ratios as x-values (Figure 2C). Fit the 

same hyperbolic equation (step 50). 

Note: Given that the concentration of expressed constructs is proportional to their 

signal, we denote their signals in squared brackets, i.e. [acceptor] and [donor] for the 

signals acquired in the acceptor and donor channels, respectively. The expected results 

of raw signals from each channel are discussed in Troubleshooting 2. 
d. In order to obtain the characteristic BRETtop value for data plotted as shown in 

Figure 2B and C, we employ fitting with another function.  

Note: This is merely to obtain this parameter, which is not achievable with the 

saturation binding curve as it extrapolates the BRETmax value.  

i. First, duplicate the above data table in GraphPad Prism. In the “Analysis” tab, 

select the symbol for “Fit a curve with a nonlinear regression" and click on the 

“one phase association” equation. 

ii. In the “Table of result”, click on “Nonlin fit” in the upper left corner to open the 

“Parameters: Nonlinear Regression” tab. 

iii. Select “Constrain” and set the Y0 constant equal to 0. 

iv. In the “Confidence” section of the parameters, select “Symmetrical (asymptotic) 
approximate CI” and “Show SE of parameters”. 

v. Go back to the “Table of results”. The BRETtop value is the “Plateau” value given 

with its standard error.	
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Figure 2: Three formats to visualize the donor saturation-titration curves of the example BRET-
biosensor with and without drug treatment as compared to a background-BRET control. 
(A-C) Different representations of the same dataset from the BRET-biosensor RLuc8-K-RasG12V/ 

GFP2-K-RasG12V with vehicle (green), and the same with 5 µM mevastatin treatment for 24h (red). 

As a non-interacting control, the donor and acceptor without fused K-RasG12V were analyzed (black). 

Data were fit with a saturation binding curve (green, red) or linear function (black). Means ± SEM 

across all technical and independent biological repeats (n=3) are plotted, resulting in larger errors of 

BRET-ratio values (A). By contrast, in (B,C) means ± SEM of the quadruplicates from n=3 independent 

biological repeats are plotted individually in one plot. Note that errors are too small to be recognized 

(B,C). From the plot in (A) one can determine the optimal A/D-plasmid ratio for dose-response testing 

of e.g. a drug (not shown). The best dynamic range is found in the pseudo-linear regime of the curve, 

as indicated in blue (A). The preferred plot employs the ‘[acceptor]/[donor]’ expression signal ratio 

on the x-axis. Given that the concentration of expressed constructs is proportional to their signal, we 

denote their signals in squared brackets (B). From this the normalized expression signal ratio, 

‘acceptor/ donor’, is derived (C). The BRETtop values were determined with a different fit function 

and are indicated next to the legend.  

	
Expected outcomes 
To illustrate this protocol, we performed donor saturation-titration BRET experiments with the BRET-

biosensor RLuc8-K-RasG12V/ GFP2-K-RasG12V (Figure 2). We show three plots, to illustrate the 

differences in appearance of the data depending on the selected x-axis values. When assessing the 

BRET-ratio as a function of the A/D-plasmid ratio, curves appear smoothest (Figure 2A). These x-axis 

values are not calculated based on actual protein expression levels but suppose that the ratio of 

transfected plasmid DNA is translated into corresponding protein ratios. When combining biological 

repeats, the uncertainty of this assumption manifests itself in a higher error of the BRET-ratio values.  

From this representation one can also identify the optimal A/D-plasmid ratio (here at A/D = ∼10:1) for 

dose-response experiments (Figure 2A). Under these conditions, the BRET-ratio response of the BRET-
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biosensor depends pseudo-linearly on manipulations that affect the interaction, such as drug-

treatments 10.  

The preferred format employs the expression signal ratio on the x-axis, as it is derived from measured 

signal values (Figure 2B). When all instrument settings are kept constant, both parameters, the BRET-

ratio and the [acceptor]/[donor] expression signal ratio are values that should maintain a fixed relation 

between biological repeats, as they relate to actual biophysical parameters. Thus, averages of technical 

repeats can be visualized in one plot, without averaging biological repeat data. As an alternative in cases 

where the ranges of the expression signal ratio values differ much between conditions that are to be 

compared (e.g. different mutants of a protein that express differently), it can be advantageous to 

employ the normalized expression signal ratio (Figure 2C). However, the decision to use this 

representation needs to be taken in context with the specific biology. 

We furthermore demonstrate that the saturation-titration curve can detect the impact of a drug 

treatment, here mevastatin, which prevents the lipid modification of the expressed Ras constructs and 

thus reduces their membrane anchorage, nanoclustering and nanoclustering-dependent BRET 

(Figure 2, red curves). With complete inhibition, all of the BRET-biosensor constructs would be 

cytoplasmic and should therefore behave as the tags only (Figure 2, black curves). Their BRET is only 

driven by random collisions in the cellular cytoplasm and therefore linearly depends on the acceptor/ 

donor ratio in the attainable expression regime. The comparison with a control, where only the tags 

RLuc8 and GFP2 are expressed (Figure 2, black curves), suggests that the mevastatin treatment does 

not completely inhibit membrane anchorage of all BRET-biosensors (Figure 2, red curves).  

 

Limitations 
In this K-Ras-based BRET-biosensors assay, a drop in BRET such as observed by the mevastatin 

treatment can be due to any process upstream of Ras nanoclustering. Thus, any manipulation that 

impacts on Ras lipid modification, its proper trafficking or its lateral organization in nanoclusters can be 

detected in this assay 13. It is not possible to conclude that Ras or related proteins are present as dimers 

or other oligomers based on BRET-assay results alone. To conclude on stable di-/oligomers, proteins 

would have to be purified and their interaction and affinity be determined with appropriate methods, 

such as surface plasmon resonance spectroscopy 14. In addition, crystal structures of the complex 

provide atomic resolution details of interface residues. 

The method can be further improved by calibrating the expression signal ratio for actual protein-

stoichiometries and total expression levels. This could be achieved by using a fusion-protein of the 

BRET-pair with a long linker that prevents BRET as its signal ratio can be associated with a fixed 1:1 

protein stoichiometry. Furthermore, using a purified acceptor protein preparation of known 

concentration could help to relate the signals with actual concentration equivalents. 
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Troubleshooting 
Problem 1:  
A possible error message “Overflow of the signal” could result if the gain was set too high after steps 35 
or 43, resulting in signals higher than 260,000 relative units. Therefore, in step 27, the gain settings 

have to be adjusted accurately. 

 
Potential solution:  
An optimal detector gain linearly amplifies the signal relative to the input concentration. Here we 

employ the transfected acceptor- (i.e. GFP2-K-RasG12V) and donor- (i.e. RLuc8-K-RasG12V) plasmid 

amounts as proxies for the input concentrations. Both constructs should ideally be biologically identical 

and correspond to the target condition to be studied i.e., here being K-RasG12V-based constructs to 

ensure equal expression. We individually express increasing amounts of these target BRET-biosensor 

constructs for the same time and using the same total DNA-amounts as later in the BRET-experiments. 

It is important to use actual target constructs, which will display the expression properties later found 

in BRET-experiments. Do not use the tags only i.e., RLuc8 and GFP2.  

By following the steps described in Part 4, we acquire a series of measurements from cells expressing 

the acceptor-construct using different gain settings for the acceptor channel (Figure 3A). The optimal 

acceptor-channel gain is identified as the highest gain that still linearly correlates with the amount of 

transfected acceptor-construct. The same will then be done for the donor channel, where the optimal 

donor-channel gain is identified in an analogous fashion (Figure 3B). For the BRET-channel, we 

approximate the same settings as determined for the donor-channel.  

Detector gain settings usually need to be established only once for a given BRET-pair and microplate 

reader. Importantly, the determined gain settings have to be maintained across biological repeats that 

will be combined or compared. This is necessary to ascertain that the expression signal ratio scales with 

the stoichiometry change of expressed donor- and acceptor-constructs.  

 

	
Figure 3: Detection channel signal gain exploration. 
(A) Acceptor-channel signals are plotted as a function of the transfected GFP2-K-RasG12V plasmid 

amounts at different gain values. (B) Donor-channel signals are plotted as a function of the 
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transfected RLuc8-K-RasG12V plasmid amounts at different gain values. The best gain values are in 

bold. Curves were fit with a linear or saturation function. Plotted are means ± SEM from n = 3 
independent biological repeats (A,B). 

	
Problem 2 
The raw signals in acceptor, donor-, and BRET-channels have not been verified after correct gain 

setting (Part 4). 

 

Potential solution:  
The signals in acceptor, donor-, and BRET-channel should be above background and follow 

approximately the trends shown in Figure 4.  

Verify that the instrument is properly set up, notably the gain settings are correct (see 

Troubleshooting 1). Start BRET-experimentation with trusted and validated BRET-biosensor constructs. 

The design of novel BRET-biosensors requires more experience and knowledge. 

If low signals are detected, the transfection of your construct could have been insufficient, consider 

optimization by monitoring the expression of your BRET-constructs also by alternative means, such as 

flow cytometry, fluorescence microscopy or Western blotting. A low transfection efficiency can also 

result from sub-optimal culture conditions, such as a too dense culture or too high cell passage number.  

Furthermore, the cell line for heterologous expression could be relevant. It is necessary to employ a cell 

line with a high transfectability, as each cell should ideally be transfected with the specified A/D-plasmid 

ratio. We routinely use HEK293-EBNA cells for their ease of handling, transfection efficiency and high 

expression yields. 

To increase the acceptor/ donor expression signal ratio range, consider expressing donor or acceptor 

construct at different ratios from those given in the example i.e., lower or higher ranges, so that the 

raw signals in the acceptor- and donor-channels are of similar magnitude. Alternatively, express 

constructs for different amounts of time e.g., express the donor-construct for a shorter time (by 

transfecting it later) than the acceptor-construct.  

The biological impact of the BRET-construct on protein expression and cell viability or proliferation can 

ultimately be limiting for a successful experiment. Protein products that are toxic or cell cycle inhibitory 

cannot be expressed at high levels and may not be suitable for cellular BRET-measurements.  
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Figure 4: Plots to verify the good expression of the transfected BRET-biosensor constructs. 
(A-C) The raw signals from the acceptor- (A), donor- (B) and BRET-channels (C) are plotted against 

the A/D-plasmid ratio of transfected RLuc8-K-RasG12V/ GFP2-K-RasG12V BRET-biosensor plasmid 

amounts at optimal gain settings. Verify that the acceptor signal approximately linearly increases 

along the x-axis (A). Ideally, the signal of the donor remains constant and should be of a similar 

relative unit magnitude as the acceptor signals. However, here we observe that at higher A/D-

plasmid ratios, the signal is reduced but somewhat constant. This is due to BRET occurring, but 

probably also due to the limited amount of overexpression the cell can realize. As the acceptor 

construct is highly overexpressed, the expression of the donor construct may somewhat be 

suppressed (B). The raw BRET-signal should increase with increasing A/D-plasmid ratios (C). Red 

dashed lines indicate the very low background signal levels of non-transfected cells. Here the 

acceptor-channel has merely 234 RFU and the donor-channel 34 RLU background signal. Given these 

values are well below those of the biosensor samples, a subtraction of this background signal from 

our raw signals has been omitted in our protocol. 

 

 

Resource availability 
• Lead contact: Further information and requests for resources and reagents should be directed to 

and will be fulfilled by the lead contact, Prof. Dr. Daniel Kwaku Abankwa (daniel.abankwa@uni.lu). 

• Technical contact: Questions about the technical specifics of performing the protocol should be 

directed to and will be answered by the technical contact, Carla Jane Duval (carla.duval@uni.lu). 

• Materials availability: This study did not generate new unique reagents.  

• Data and code availability: The protocol includes all datasets generated or analyzed during this 

study.  
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Supporting Information 

Supplementary Tables 

Table S1. Example amounts of transfected siRNA a day before transfec<on of BRET-biosensor and 
donor-only (BRET-control) plasmids for donor satura<on-<tra<on BRET experiments, related to 
Part 1. “A” refers to the GFP2-tagged acceptor construct (GFP2-K-RasG12V) and “D” to the RLuc8-
tagged donor construct (RLuc8-K-RasG12V). The pcDNA3.1-plasmid is used as empty vector to top up 
the transfected DNA amount to the same total per well. 

* The siRNA e.g. targeting the gene FNTA is transfected using Lipofectamine RNAiMAX a day before
the transfection of BRET-biosensor constructs and the donor-only control which is not transfected
with any siRNA but only receives RNAiMAX. Growth medium containing siRNA and RNA-transfecRon
reagent needs to be removed before transfecRng plasmids. Subsequently, cells are DNA transfected as
described in part 2. Two saturation-titration curves can then be obtained and compared, one
transfected with FNTA siRNA and the other with negative control siRNA.

siRNA 
well 
number 

A/D 
ratio plasmid amounts/ ng 

volume/ µL from 100 ng/ 
µL plasmid stock 

siRNA/ nM* A D A D 
empty 
vector A D 

empty 
vector 

FNTA 
siRNA 

1 1 1 25 25 975 0.25 0.25 9.75 100 
2 4 1 100 25 900 1 0.25 9 100 
3 8 1 200 25 800 2 0.25 8 100 
4 12 1 300 25 700 3 0.25 7 100 
5 16 1 400 25 600 4 0.25 6 100 
6 24 1 600 25 400 6 0.25 4 100 
7 32 1 800 25 200 8 0.25 2 100 
8 40 1 1000 25 0 10 0.25 0 100 
9 BRET-
control 0 4 0 1 9 0 1 9 0 

negaRve 
control 
siRNA 

10 1 1 25 25 975 0.25 0.25 9.75 100 
11 4 1 100 25 900 1 0.25 9 100 
12 8 1 200 25 800 2 0.25 8 100 
13 12 1 300 25 700 3 0.25 7 100 
14 16 1 400 25 600 4 0.25 6 100 
15 24 1 600 25 400 6 0.25 4 100 
16 32 1 800 25 200 8 0.25 2 100 
17 40 1 1000 25 0 10 0.25 0 100 
18 BRET-
control 0 4 0 1 9 0 1 9 0 
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Table S2. Example amounts of transfected BRET-biosensor and donor-only (BRET-control) plasmids 
for donor satura<on-<tra<on BRET experiments with drug treatment, related to Part 2. “A” refers to 
the GFP2-tagged acceptor construct (GFP2-K-RasG12V) and “D” to the RLuc8-tagged donor construct 
(RLuc8-K-RasG12V). The pcDNA3.1-plasmid is used as empty vector to top up the transfected DNA 
amount to the same total per well. Two 12-well plates are needed for the saturation-titration curves, 
one for the vehicle-control and one for the treatment with 5 µM mevastaRn in 0.1% DMSO/ growth 
medium. For the MevastaRn treatment, prepare a 5 mM stock soluRon diluted in DMSO. Take two 
Falcon tubes containing each 9 mL of growth medium in which you add 9 µL of mevastaRn in the first 
and 9 µL of DMSO in the second one, and vortex thoroughly to mix the medium with the compounds. 
Then, replace the 1 mL medium in each well with 1 mL from the corresponding DMSO or MevastaRn 
treatment. 

 
** Drug treatment is done the day after the DNA transfection for a total of 24 hours. 

treatment  
well 
number 

A/D 
ratio volume/ µL from 100 ng/ µL plasmid stock 

drug stock / µL** A D A D 
empty  
vector 

vehicle 
control 

1 1 1 0.25 0.25 9.75 1 
2 4 1 1 0.25 9 1 
3 8 1 2 0.25 8 1 
4 12 1 3 0.25 7 1 
5 16 1 4 0.25 6 1 
6 24 1 6 0.25 4 1 
7 32 1 8 0.25 2 1 
8 40 1 10 0.25 0 1 
9 BRET-
control 0 4 0 1 9 0 

5 µM 
MevastaRn 

10 1 1 0.25 0.25 9.75 1 
11 4 1 1 0.25 9 1 
12 8 1 2 0.25 8 1 
13 12 1 3 0.25 7 1 
14 16 1 4 0.25 6 1 
15 24 1 6 0.25 4 1 
16 32 1 8 0.25 2 1 
17 40 1 10 0.25 0 1 
18 
BRET-
control 0 4 0 1 9 0 


