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Abstract 29 

The Ras-MAPK pathway is critical to regulate cell proliferation and differentiation. Its 30 

dysregulation is implicated in the onset and progression of numerous types of cancers. To be 31 

active, Ras proteins are membrane anchored and organized into nanoclusters, which realize 32 

high-fidelity signal transmission across the plasma membrane. Nanoclusters therefore represent 33 

potential drug targets. However, targetable protein components of signalling nanoclusters are 34 

poorly established. 35 

We previously proposed that the nanocluster scaffold galectin-1 (Gal1) enhances H-Ras 36 

nanoclustering by stabilizing stacked dimers of H-Ras and Raf via a direct interaction of 37 

dimeric Gal1 with the Ras binding domain (RBD) in particular of B-Raf. Here, we provide 38 

further supportive evidence for this model. We establish that the B-Raf preference emerges 39 

from divergent regions of the Raf RBDs that were proposed to interact with Gal1. We then 40 

identify the L5UR peptide, which disrupts this interaction by binding with low micromolar 41 

affinity to the B-Raf-RBD. Its 23-mer core fragment is thus sufficient to interfere with Gal1-42 

enhanced H-Ras nanocluster, reduce MAPK-output and cell viability in HRAS-mutant cancer 43 

cell lines. 44 

Our data therefore suggest that the interface between Gal1 and the RBD of B-Raf can be 45 

targeted to disrupt Gal1-enhanced H-Ras nanoclustering. Collectively, our results support that 46 

Raf-proteins are integral components of active Ras nanoclusters.  47 

 48 

 49 

Introduction 50 

Ras is a major oncogene and recent advances in its direct targeting have validated its high 51 

therapeutic significance 1, 2. The three cancer associated Ras genes encode four different protein 52 

isoforms, K-Ras4A, K-Ras4B (hereafter K-Ras), N-Ras and H-Ras. These membrane bound 53 

small GTPases operate as switchable membrane recruitment sites for downstream interaction 54 

partners, called effectors. Downstream of mitogen and growth factor sensing receptors, inactive 55 

GDP-bound Ras is activated by guanine nucleotide exchange factors (GEFs), which facilitate 56 

GDP/ GTP-exchange 3, 4. 57 

The two switch regions of GTP-Ras undergo significant conformational changes upon 58 

activation, thus enabling binding to the Ras binding domains (RBDs) of effectors, such as Raf. 59 

Current evidence suggests that Ras proteins promiscuously interact with any of the three Raf 60 

paralogs, A-, B- and C-Raf. Raf proteins reside as autoinhibited complexes with 14-3-3 proteins 61 

in the cytosol and are activated by a series of structural rearrangements that are still not 62 

understood in full detail 5, 6. The first crucial step is the displacement of the RBD from the 63 
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cradle formed by the 14-3-3 dimer 5. Simultaneous binding of Ras and 14-3-3 to the N-terminal 64 

region of Raf is incompatible, due to steric clashes and electrostatic repulsion, which is only 65 

relieved if the RBD and adjacent cysteine rich domain of Raf are released from 14-3-3 for 66 

binding to membrane-anchored Ras. Allosteric coupling between the N-terminus of Raf and its 67 

C-terminus then causes dimerization of the C-terminal kinase domains, which is necessary for 68 

their catalytic activity 6, 7, 8.  69 

The Ras-induced dimerization of the Raf proteins requires di-/oligomeric assemblies of Ras, 70 

called nanoclusters 9. Initially it was estimated that 5-20 nm sized nanoclusters contain 6-8 Ras 71 

proteins and that nanoclustering was necessary for MAPK-signal transmission 10, 11, 12. More 72 

recent data revealed that nanoclusters are dominated by Ras dimers 9, 13. Intriguingly, Ras 73 

nanoclustering can be increased by Raf-ON-state inhibitors that induce Raf dimerization and 74 

increase Ras-Raf interaction, suggesting that Raf dimers are integral components of nanocluster 75 
14, 15. The reinforced nanoclustering may thus contribute to the paradoxical MAPK-activation 76 

that is observed with these inhibitors 16.  77 

Currently, less than a dozen proteins are known that can modulate Ras nanoclustering 17. These 78 

proteins do not share any structural or functional similarities, suggesting that their mechanisms 79 

of nanocluster modulation are diverse. The best understood nanocluster scaffold is the small 80 

lectin galectin-1 (Gal1), which specifically increases nanoclustering and MAPK-output of 81 

active or oncogenic H-Ras 18, 19, 20. Consistently, upregulation of galectins has been linked to 82 

more severe cancer progression 21. For many years, it was mechanistically unclear, how this 83 

protein that is best known for binding β-galactoside sugars in the extracellular space affects Ras 84 

membrane organization on the inner leaflet of the plasma membrane 22, 23. While it was first 85 

suggested that the farnesyl tail of Ras is engaged by Gal1 24, it was later on shown that neither 86 

Gal1 nor related galectin-3, which is a nanocluster scaffold of K-Ras, bind farnesylated Ras-87 

derived peptides 25, 26.  88 

We previously proposed a model of stacked dimers of H-Ras, Raf and Gal1 as the minimal unit 89 

of enhanced nanocluster 27. We confirmed that Gal1 does not directly interact with the farnesyl 90 

tail of Ras proteins, but instead engages indirectly with Ras via direct binding to the RBD of 91 

Raf proteins. Given that Gal1 is a dimer, we hypothesized that dimeric Gal1 stabilizes Raf-92 

dimers on active H-Ras nanocluster 27. In line with this, in particular B-Raf-dependent 93 

membrane translocation of the tumour suppressor SPRED1 by dimer inducing Raf-inhibitors 94 

was emulated by expression of Gal1 28. Our mechanistic model suggests that dimeric Gal1 95 

stabilizes the dimeric form of Raf-effectors downstream of H-Ras. This enhances H-Ras/ Raf 96 

signalling output, not only by facilitation of Raf-dimerization, but also by an allosteric feedback 97 

mechanism that enhances the nanoclustering of H-Ras. Altogether, a transient stacked dimer 98 

complex of H-Ras, Raf and Gal1 is formed, which also shifts the H-Ras activity from the PI3K 99 
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to the MAPK pathway 27. However, current galectin inhibitor developments focus on the 100 

carbohydrate-binding pocket, which is necessary for its lectin activity in the extracellular space 101 
29, 30. Inhibitors that would target its nanocluster enhancement function are missing.  102 

Here we identified a 23-residue peptide that interferes with the binding of Gal1 to the RBD of 103 

Raf, thus disrupting H-Ras nanocluster. This peptide validates the Gal1/ RBD interface for 104 

future small molecule drug development and supports our model of Gal1-enhanced H-Ras 105 

nanoclustering in a stacked-dimer complex. 106 

 107 

Results 108 

Dimeric Gal1 binds the B-Raf-RBD and stabilizes H-RasG12V nanoclustering  109 

We previously provided evidence that dimeric galectin-1 (Gal1) binds to the Ras binding 110 

domain (RBD) of Raf proteins to stabilize active H-Ras nanocluster 27 (Figure 1a). We first 111 

corroborated some features of this stacked-dimer model, using Bioluminesence Resonance 112 

Energy Transfer (BRET)-experiments. To this end, interaction partners were tagged with 113 

RLuc8 as donor and GFP2 as acceptor and constructs were transiently expressed in HEK293-114 

EBNA (hereafter HEK) cells to monitor the interaction by the increased BRET-signal. In 115 

BRET-titration experiments, the characteristic BRET-parameter BRETmax is typically 116 

determined. It is a measure for the maximal number of binding sites and the interaction strength, 117 

if other interaction parameters, such as complex geometry, are constant 31. However, actual 118 

binding saturation is typically not reached in cells, and therefore BRETmax cannot be faithfully 119 

determined. Hence, we introduced the BRETtop value, which is the maximal BRET-ratio that 120 

is reached within a defined range of acceptor/ donor ratios, which is kept constant for BRET-121 

pairs that will be compared 32. 122 

In agreement with our earlier results obtained via Förster/ Fluorescence Resonance Energy 123 

Transfer (FRET) 27, Gal1 expression increased H-RasG12V nanoclustering-BRET in a dose-124 

dependent manner (Figure 1b). Mutating four residues at the Gal1 dimer interface (N-Gal1) 125 

significantly reduced the BRETtop, confirming that Gal1 is active as a dimer 33 (Figure 1c). 126 

BRET-experiments also confirmed the previously noted interaction preference of Gal1 for B-127 

Raf 27 (Figure S1a), which was already seen with the RBDs of the corresponding Raf paralogs 128 

(Figure 1d). 129 

Using computational docking that was based on experimentally determined constraints, we 130 

previously proposed a structural model for the binding of Gal1 to the RBD of C-Raf (C-RBD) 131 
27 (Figure S1b). This model was validated by demonstrating that D113A, D117A mutations in 132 

the C-RBD significantly reduced binding to Gal1 27. To further confirm these structural data, 133 

we here introduced analogous charge neutralizing mutations D211A and D213A in the B-Raf-134 
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derived RBD (B-RBD), and mutation D75A in the A-Raf-derived RBD (A-RBD) (Figure S1c). 135 

In support of our docking data, the BRETtop of the interaction between Gal1 and either mutant 136 

was significantly reduced (Figure S1d,e). Consistent with the Raf-paralog specific interaction 137 

preference of Gal1, the mutated residues reside in a stretch that is least conserved between the 138 

RBDs (Figure S1c), which is in agreement with the significant difference in the BRET-139 

interaction data (Figure 1d). Taken together with our previously published results 27, these data 140 

further support our model that Gal1-dimers bind to the RBD in particular of B-Raf, to stabilize 141 

the active H-Ras/ Raf stacked-dimer complex and thus an active H-Ras nanocluster.  142 

 143 

 

Figure 1. Support for the stacked-dimer model of Gal1-stabilized H-Ras nanocluster. 

(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.  

(d) BRET-titration curves of the Gal1-interaction with the RBDs of A-, B- and C-Raf; n = 

3. 

 144 
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 145 

Identification of the L5UR-peptide as a disruptor of the Gal1/ RBD interface 146 

Gal1 increases H-Ras-driven MAPK output, and its elevated expression correlates with poorer 147 

survival in HRAS mutant cancers, such as head and neck squamous cell carcinoma, which 148 

frequently displays elevated Gal1 levels 20, 27 (Figure S2a). Taken together with our H-Ras 149 

nanocluster model, these data support targeting of the interface between Gal1 and the RBD as 150 

a new strategy against oncogenic H-Ras. We hypothesized that the 52-mer L5UR peptide, 151 

which was derived from a Gal1 interaction partner, would be a good starting point for an 152 

interface inhibitor. Its residues 22-45 were previously shown to bind with a low affinity (Kd = 153 

310 µM) to the opposite side of the carbohydrate binding site of Gal1 34. This back-site overlaps 154 

with the one we had predicted as RBD-binding site on Gal1 27. We thus expected that the L5UR-155 

peptide would disrupt the Gal1/ RBD interaction and, consequently, the Gal1-augmented H-156 

RasG12V-nanoclustering and MAPK-signalling. 157 

In line with this, expression of untagged L5UR decreased the FRET between mGFP-Gal1 and 158 

mRFP-C-RBD in HEK cells (Figure 2a). This effect was comparable to the loss observed in 159 

the C-RBD-D117A mutant with reduced Gal1-binding (Figure 2a) 27. For comparison, we 160 

tested the effect of Anginex and its topomimetic small molecule analogue OTX-008 35. Anginex 161 

is a 33-mer angiostatic peptide that binds to Gal1 at an unknown binding site 36, 37, 38. Neither 162 

Anginex, nor OTX-008 disrupted the Gal1/ C-RBD interaction as measured by FRET (Figure 163 

2a). By contrast, expression of the L5UR-peptide decreased the Gal1-augmented H-RasG12V 164 

nanoclustering-FRET. In agreement with previous data 27, dimerization-deficient N-Gal1 did 165 

not increase nanoclustering-FRET, and co-expression of the L5UR-peptide had no additional 166 

effect (Figure 2b). 167 

Next, we aimed at confirming that L5UR engages directly with the Gal1/ RBD-interface. We 168 

purified His-tagged Gal1 and the GST-tagged B-RBD and performed pulldown experiments 169 

with a biotin-tagged L5UR (bio-L5UR) peptide (Figure 2c). Interestingly, L5UR pulled down 170 

Gal1 and the GST-B-RBD independently from each other (Figure 2c). Indeed, fluorescence 171 

polarization binding experiments confirmed a micromolar (KD = 7.3 ± 0.7 µM) binding of 172 

FITC-tagged full-length L5UR (F-L5UR) to the GST-B-RBD (Figure 2d), but not to GST 173 

alone (Figure S2b). Using a Quenching Resonance Energy Transfer (QRET)-assay, we 174 

independently confirmed the micromolar affinity to B-RBD, even with the shortened 22-44 175 

residue core fragment of L5UR labelled with a europium-chelate (Eu-L5URcore) (Figure S2c). 176 

The L5UR has a high proportion of six positively charged arginine residues in its core region, 177 

suggesting that binding of the peptide to the RBD of Raf is predominantly mediated by 178 

electrostatic interactions (Figure S2d). We therefore introduced seven, mostly charge reversing 179 

residue changes in the core-region of the L5UR peptide to generate a non-binding mutant 180 
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(mutL5UR) (Figure 2d). Competitive fluorescence polarization experiments, using F-L5UR as 181 

a probe, established that the full-length peptide of L5UR could be displaced from the C-RBD 182 

with an IC50 = 4 ± 1 µM (Figure 2f), and likewise from the B-RBD (Figure S2e). As expected, 183 

the shorter L5URcore could displace F-L5UR with a slightly reduced potency (IC50 = 14 ± 6 184 

µM). Notably, mutL5UR did not reveal any displacement activity in the competitive 185 

fluorescence polarization assay (Figure 2f, Figure S2e).  186 

In conclusion, L5UR binds with low micromolar affinity to the Raf-RBD. This interaction is 187 

lost in the mutL5UR variant, which carries mostly charge-reversal mutations, suggesting that 188 

L5UR-binding to the Raf-RBD is driven by electrostatic forces. 189 

 190 

 

Figure 2. The L5UR-peptide binds to the Raf-RBD and disrupts the Gal1/ RBD-

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) In vitro pull-down assay with biotinylated L5UR of purified Gal1, GST-B-RBD and 

GST-only control with example blots (left) and quantification of repeat data (right); n = 3.  

(d) Binding of 10 nM F-L5UR full-length to GST-B-RBD detected in a fluorescence 

polarization assay; n = 3. 
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(e) 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. 

(f) Displacement of F-L5UR (5 nM) from C-RBD (200 nM) by L5UR-derived peptides; n = 

3. 

 191 

SNAP-tagged L5UR disrupts the Gal1/ B-RBD complex and H-RasG12V 192 

nanoclustering in cells 193 

To improve the readout of L5UR-variant expression in cells and eventually enable further 194 

functionalization, we designed genetic constructs where a SNAP-tag was added via a long 195 

linker to the C-terminus of the peptide (Figure 3a). The L5UR-SNAP dose-dependently 196 

decreased BRET between Gal1 and the B-RBD to a similar extent as the untagged L5UR, 197 

confirming that the SNAP-tag did not increase activity further (Figure 3b). In agreement with 198 

the binding data (Figure 2f), mutL5UR-SNAP did not decrease the BRET signal, nor did the 199 

SNAP-tag alone. Immunoblotting confirmed a linear increase of L5UR-SNAP variant 200 

expression with increasing amounts of transfected constructs (Figure 3c,d). 201 

Consistent with the Gal1/ B-RBD disruption, the L5UR-SNAP construct decreased Gal1-202 

enhanced H-RasG12V nanoclustering-BRET to a similar extent as the untagged L5UR, while 203 

again mutL5UR or the SNAP-tag alone had no effect (Figure 3e). Neither of these constructs 204 

significantly perturbed K-RasG12V nanoclustering-BRET, given that Gal1 is a H-Ras-specific 205 

nanocluster scaffold (Figure S3a). The disruption of H-RasG12V nanoclustering specifically 206 

by L5UR and L5UR-SNAP, but not mutL5UR-SNAP or the SNAP-tag alone, was furthermore 207 

confirmed by the classical electron microscopy-based Ras nanoclustering analysis performed 208 

on cell membrane sheets (Figure 3f). These data therefore confirmed the disruption of H-209 

RasG12V nanoclustering by L5UR- and L5UR-SNAP construct expression. 210 

 211 
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Figure 3. The L5UR and L5UR-SNAP peptides disrupt 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,d) Representative immunoblots (c) and quantification of all repeats (d) showing dose-

dependent expression of L5UR constructs (48 h); n = 3. 

(e) Effect of L5UR construct expression (48 h) on H-RasG12V nanoclustering-BRET with 

co-expression of 200 ng Gal1 (donor:acceptor plasmid ratio = 1:5); n = 2. Statistical 

comparison was done against the SNAP-only sample. 
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(f) Electron microscopy-based analysis of H-RasG12V nanoclustering showing the effects 

of L5UR-construct expression and controls; n = 15. Higher Lmax values indicate higher 

nanoclustering.  

 212 

TAT-tagged L5UR disrupts MAPK-signalling and inhibits HRAS-mutant cancer cell 213 

proliferation 214 

Peptides can be rendered cell-permeable by addition of cell penetrating sequences, which 215 

facilitate their characterization as prototypic and proof-of-concept reagents 39. The 12-residue 216 

cell penetrating TAT-peptide that is derived from a Human Immunodeficiency Virus (HIV)-217 

protein, can facilitate cellular peptide uptake 40, 41, 42. We therefore chemosynthetically added 218 

the TAT-peptide via a PEG-linker to the 23-residue long L5URcore peptide (TAT-L5URcore) 219 

and the corresponding loss of function mutant (TAT-mutL5URcore) (Figure 4a).  220 

To verify cell penetration and on-target activity, we tested the effect of the TAT-peptides in our 221 

on-target BRET-assays. Both, the BRET between Gal1 and the B-RBD (Figure 4b), as well as 222 

H-RasG12V-nanoclustering BRET (Figure 4c), were dose dependently disrupted by the TAT-223 

L5URcore peptide. Neither the TAT-peptide alone, nor the mutant TAT-mutL5URcore, or the 224 

non-TAT peptides L5URcore and mutL5URcore decreased the BRET-signal in either assay 225 

(Figure 4b,c). 226 

 227 

 

Figure 4. The TAT-tagged L5URcore peptide disrupts Ras-signalling.  
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(a) Schematics of L5URcore derived peptides and controls as applied in cellular assays. 

Loss-of-function mutations of L5UR are indicated in red. Non-TAT peptides are acetylated 

at the N-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-expression of 200 ng Gal1; n = 3). After 24 

h expression of plasmids, peptides were added to cells at specified concentrations and 

incubated for 2 h.  

(d-g) Immunoblot analysis of lysates from Hs 578T (d), T24 (e), MIA PaCa-2 (f) and HEK 

(g) cells treated with TAT-tagged L5URcore peptides and control compound, trametinib 

(Tra), for 2 h; n = 4. 

 228 

Based on our model and mechanistic data, signalling and proliferation of HRAS mutant cancer 229 

cell lines with high Gal1 levels were expected to respond to the nanocluster disrupting TAT-230 

L5URcore peptide. Cancer cell lines Hs 578T (HRAS-G12D) and T24 (HRAS-G12V), as well 231 

as the KRAS-G12C mutant MIA PaCa-2 express high levels of Gal1, while HEK cells are 232 

devoid of Gal1 (Figure S3b). Indeed, treatment of the HRAS-mutant cell lines Hs 578T (Figure 233 

4d) and T24 (Figure 4e) specifically with the TAT-L5URcore peptide reduced cellular pERK 234 

levels in a dose-dependent manner, while no such effect was observed in MIA PaCa-2 (Figure 235 

4f) or HEK cells (Figure 4g). 236 

Consistent with the reduction of MAPK-signalling, the proliferation of the HRAS-mutant 237 

cancer cell lines Hs 578T (Figure 5a,e) and T24 (Figure 5b,e) was significantly reduced by 238 

TAT-L5URcore, but not the control TAT-peptides. However, this time also proliferation of 239 

MIA PaCa-2 (Figure 5c,e) and HEK cells (Figure 5d,e) was affected as revealed by our 240 

normalized area under the curve DSS3-analysis, where a higher DSS3-score corresponds to a 241 

higher anti-proliferative activity (Figure 5e). 242 

This broader effect on cell proliferation may indicate that the TAT-L5URcore interferes also 243 

with other signalling pathways than the MAPK-pathway that are relevant for cell proliferation. 244 
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Figure 5. HRAS-mutant cancer cell proliferation is decreased by TAT-L5UR peptides. 

(a-d) 2D cell viability of Hs 578T (a), T24 (b), MIA PaCa-2 (c) and HEK (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. 

 245 

 246 
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Discussion 247 

We here demonstrate that the 23-residue L5URcore peptide binds with micromolar affinity to 248 

the Raf-RBD thus disrupting the interaction with Gal1. The peptide can therefore interfere with 249 

Gal1-enhanced nanocluster of active H-Ras, MAPK-signalling and cell proliferation of HRAS 250 

mutant cancer cell lines. The activity of this peptide validates the importance of the Gal1/ Raf 251 

interaction in Gal1-stabilized H-Ras nanocluster and indirectly supports our stacked dimer 252 

model. 253 

 254 

However, several questions remain unanswered. For instance, it is currently unknown how Gal1 255 

positively regulates H-Ras nanocluster, but negatively K-Ras nanocluster 27. Vice versa, how 256 

the related galectin-3 (Gal3) increases specifically K-Ras nanocluster is not known 43, 44, 45. In 257 

the context of our stacked-dimer model, it is conceivable, that galectins stabilize specific Raf-258 

dimers and thus nanoclustering of specific Ras isoforms. Indeed, Gal1 distinguishes between 259 

the RBDs from A-, B-, and C-Raf and most strongly engages the B-Raf-RBD. For K-Ras 260 

evidence exists that it binds preferentially with B-/ C-Raf-dimers 14, 46, while for Gal1 261 

augmented H-Ras nanocluster our previous data suggested a particular relevance for B-/ A-Raf 262 

dimers 27. One would therefore predict that these dimers are specifically stabilized by Gal3 and 263 

Gal1, respectively. However, it is not entirely plausible how symmetrical dimers of galectins, 264 

or in the case of Gal3 potentially even oligomers 23, would stabilize asymmetric dimers of Raf 265 

proteins. Heterodimerization of galectins could provide a solution to this problem. In humans, 266 

15 different galectins are found and only Gal1 and Gal3 are characterized as nanocluster 267 

scaffolds so far 23. Given the relatedness in this protein family, it is plausible to assume that 268 

other galectins have a similar activity and potentially mixed galectin-dimers could form that 269 

then stabilize the asymmetric dimers of Raf. Therefore, a complex equilibrium of mixed 270 

oligomers that partly stabilize and partly compete and sequester could be the answer to the 271 

intricate problem of Ras-isoform specific nanoclustering effect of galectins. 272 

 273 

The TAT-L5URcore provides a unique tool to investigate the functioning of Ras nanocluster 274 

further. In contrast to current galectin inhibitors, which target the carbohydrate-binding pocket 275 
29, 30, the L5UR-peptide acts via a novel mode-of-action that exploits galectin’s nanocluster 276 

stabilizing activity. The intermediate size below 3 kDa of the TAT-L5URcore peptide 277 

represents a relevant starting point for the development of smaller molecules with analogous 278 

mode-of-action. The properties of this peptide and the putative target site suggest that not a 279 

distinct pocket, but an assembly of charge interactions are currently the major driving force for 280 

its affinity. Regarding size and mechanism of action, L5URcore contrasts to the NS1-281 

monobody, which specifically binds to the allosteric lobe of K-Ras and H-Ras to disrupt 282 
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nanoclustering 47. Given the size of the monobody of ~10 kDa it is likely that the steric 283 

hindrance caused by this large ligand is mostly responsible for the interference with 284 

nanoclustering. With the identification of the targetable site on the Raf-RBD and with more 285 

insight into the structure of the Gal1/ RBD complex, it will be possible to identify improved 286 

binders with higher affinity and specificity in the future. Both competitive screening as well as 287 

structure-based design of peptidomimetics present opportunities for future improvements. 288 

 289 

Targeting of the augmenting effect of Gal1 on H-Ras nanoclustering is quite different from 290 

approaches focusing on the main nodes of the Ras-MAPK-pathway. Both mechanistic and 291 

genetic evidence suggest that Gal1 acts as a positive modifier that is associated with a worse 292 

progression of HRAS mutant cancers, notably head and neck cancers that are frequently 293 

associated with high Gal1 levels (Figure S2a). While HRAS is overall the least frequently 294 

mutated RAS gene (in 1.3 % of cancer patients), it is mutated in > 5% of head and neck 295 

squamous cell carcinomas (HNSCC) 48. Prognosis for patients with recurrent and metastatic 296 

HNSCC is still poor 49. While tipifarnib, a farnesyltransferase inhibitor shows promising 297 

efficacy in HNSCC patients, there is still a need for potent treatments 50. By interfering with 298 

the interface of Gal1 and Raf-proteins, one does not eliminate other functions of these proteins 299 

and therefore may specifically achieve a normalization of the signalling activity. This would 300 

be beneficial in regard to side effects, as normal tissue functions could continue to progress. 301 

We expect that our L5UR peptide work will provide new perspectives on how to target Ras 302 

nanocluster. 303 

 304 

 305 

  306 
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Materials and methods 307 

Expression Constructs 308 

Here we refer to the 52-mer fragment derived from residues 38-89 of the unique region of the 309 

λ5-chain (λ5-UR) of the pre-B-cell receptor as L5UR. This unique region bears no similarity 310 

to known proteins 34. The pClontech-L5UR was made by excising L5UR cDNA from pET28a-311 

L5UR (gift from Dr. Elantak), using NheI – XhoI sites and subcloned into pmCherrry-C1 312 

(Clontech, #632524). This removed the mCherry cDNA from the expression vector leaving 313 

only the full-length L5UR. Vector pcDNA-Hygro-Anginex was a gift from Prof. Thijssen 38, 51. 314 

Expression clones were mostly produced by multi-site gateway cloning as described in our 315 

previous studies 32, 52, 53. Some expression clone genes were synthesized and cloned into desired 316 

vectors by the company GeneCust, France. A list of all the clones used in the study and their 317 

sources are given in Table S1. 318 

 319 

Cell Culture 320 

Hs 578T, T24, MIA PaCa-2 and BHK-21 cells were obtained from DSMZ-German Collection 321 

of Microorganisms and Cell Cultures GmbH or ATCC. HEK293-EBNA cells were a gift from 322 

Prof. Florian M. Wurm, EPFL, Lausanne. All cell lines were cultured in a humidified incubator 323 

maintained at 37 °C and 5 % CO2, in Dulbecco’s modified Eagle Medium (DMEM) (Gibco, 324 

#41965039) supplemented with 9 % v/v Fetal Bovine Serum (FBS) (Gibco, #10270106), 2 mM 325 

L-Glutamine (Gibco, #25030081) and penicillin-streptomycin (Gibco, #15140122) 10,000 326 

units/ mL (complete growth medium), in T75 culture flasks (Greiner, #658175). Cells were 327 

regularly passaged 2-3 times a week and routinely tested for mycoplasma contamination using 328 

MycoAlert Plus mycoplasma Detection kit (Lonza, #LT07-710).  329 

 330 

Bacterial strains 331 

Competent E. coli BL21 Star (DE3)pLysS and E. coli DH10B were grown in Luria-Bertani 332 

(LB) medium (Sigma, #L3022) at 37 °C, with appropriate antibiotics unless otherwise stated. 333 

 334 

Protein purification 335 

For protein expression, a 16 h culture was set by inoculating colonies into appropriate volume 336 

of antibiotic-supplemented LB media incubated 16 h at 37 °C. The next day, 25 mL of the 337 

culture was added to 1 L of LB and incubated at 37 °C until OD at 600 nm reached 0.6-0.9, at 338 

which point protein expression was induced by adding isopropyl β-D-1-thiogalactopyranoside 339 

(IPTG) (VWR, #437145X) at the final concentration of 0.5 mM. GST-tagged B-Raf-RBD 340 

(residues 155-227 of B-Raf) and GST-tagged C-Raf-RBD (residues 50-134 of C-Raf) protein 341 
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expression was induced for 4 h at 23 °C and the His-tagged protein expression was induced for 342 

16 h at 25°C. Afterwards the cell pellet was collected by centrifugation, rinsed in PBS and 343 

stored at -20 °C until purification. 344 

For GST-tagged protein purification, cells were lysed by resuspending the pellet in a buffer 345 

consisting of 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 2 mM DTT, 0.5 % v/v Triton-X 100, 1× 346 

Protease Inhibitor Cocktail (Thermo Scientific Pierce Protease Inhibitor Mini Tablets, EDTA-347 

free, #A32955) and by sonication on ice using a Bioblock Scientific Ultrasonic Processor 348 

instrument (Elmasonic S 40 H, Elma). Lysates were cleared by centrifugation at ~18,500 ×g 349 

for 30 min at 4 °C. For GST-tagged proteins, the cleared lysate was incubated with 500 µL 350 

glutathione agarose slurry (GE Healthcare, #17-0756-01) (resuspended 1:1 in lysis buffer) for 351 

3 h at 4 °C with gentle rotation. Next, the supernatant was removed, and beads were washed 352 

five times with 1 mL of washing buffer consisting of 50 mM Tris-HCl at pH 7.5, 500 mM 353 

NaCl, 5 mM DTT, 0.5 % (v/v) Triton-X 100. Next, beads were rinsed three times with 1 mL of 354 

equilibration buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 2 mM DTT). GST-tagged protein 355 

was eluted off the beads by using 20 mM glutathione solution (Sigma-Aldrich, #G4251-5G). 356 

Fractions were analyzed by resolving on 4-20 % gradient SDS-PAGE (BioRAD #4561094 or 357 

#4651093), stained with Roti Blue (Carl Roth Roti-Blue quick, #4829-2) and dialyzed into a 358 

final dialysis buffer (50 mM Tris-HCl at pH 7.5, 150 mM NaCl, 2 mM DTT, 10 % (v/v) 359 

glycerol) by using a D-Tube Dialyzer with MWCO 6-8 kDa (Millipore, #71507-M) for 16 h at 360 

4 °C. Protein concentration was measured using NanoDrop 2000c Spectrophotometer (Thermo 361 

Fischer Scientific) and stored at -80 °C. 362 

For GST-tag removal, the cleared lysate was incubated with 500 µL of glutathione agarose 363 

slurry (resuspended 1:1 in lysis buffer) for 5 h at 4 °C with gentle rotation, then proceeded to 364 

washing steps as described above. The beads were rinsed with equilibration buffer and then 365 

with dialysis buffer before the excess was drained as much as possible. The beads were then 366 

resuspended in 650 µL of dialysis buffer and 100 U of Thrombin (GE Healthcare, #GE27-0846-367 

01), to a final volume of 1 mL. The next day, the untagged protein was collected by applying 368 

supernatant to 1 mL polypropylene column and the flow-through was collected as fraction 1. 369 

The beads were washed once more with 1 mL of dialysis buffer and the flow-through was 370 

collected as fraction 2. The two fractions were analysed by resolving on 4-20 % gradient SDS-371 

PAGE and stained with Roti Blue. Protein concentration was measured using NanoDrop and 372 

stored at -80 °C. 373 

For His-tagged protein purification, the cells were resuspended in lysis buffer (50 mM Tris-374 

HCl at pH 7.4, 150 mM NaCl, 5 mM MgSO4, 4 mM DTT, 100 mM β-lactose, 100 μM 375 

phenylmethylsulfonyl fluoride) with ~ 5 mg of DNAseI (Merck, #10104159001) and ~ 5 mg 376 

of lysozyme (Thermo Fisher Scientific, #89833). Cells were lysed using a LM10 microfluidizer 377 

(Microfluidics, USA) at 18000 PSI and cell debris were separated by centrifugation (4 °C, 30 378 
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min, 75,600 ×g, JA25.50 rotor Beckman Coulter). The supernatant was loaded on an affinity 379 

chromatography column (GE Healthcare, His-Trap FF crude, #17-5286-01) with a flow rate of 380 

1 mL/ min. A total amount of 10 CV (column volumes) 10 % elution buffer (50 mM Tris-HCl 381 

pH 7.4, 150 mM NaCl, 5 mM MgSO4, 100 mM β-lactose, 4 mM DTT, 1 M Imidazole) and 90 382 

% lysis buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 5 mM MgSO4, 4 mM DTT, 100 mM 383 

β-lactose) with a flow rate of 2 mL/ min was applied. The protein was then eluted using 5 CV 384 

of elution buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 5 mM MgSO4, 100 mM β-lactose, 385 

4 mM DTT, 1 M Imidazole). Afterwards, the protein was injected into a size exclusion 386 

chromatography system (GE Healthcare, HiLoad 16/600 Superdex 75 pg, #28-9893-33) using 387 

SEC buffer (20 mM HEPES pH 7.4, 150 mM NaCl, 5 mM MgSO4, 100 mM β-lactose, 4 mM 388 

DTT) and a flow rate of 1 mL/ min. Protein containing fractions were pooled, concentrated 389 

(MWCO = 3 kDa) to 16.1 mg/ mL, snap frozen in liquid nitrogen and stored at -80 °C. The 390 

protein concentration was measured using NanoDrop 2000c Spectrophotometer (Thermo 391 

Fisher Scientific). 392 

 393 

Fluorescence polarisation assays 394 

The fluorescence polarisation assay was adapted from our previously established protocol 52, 54. 395 

The non-labelled L5UR and their derivatives and FITC-labelled peptides were obtained from 396 

Pepmic Co., China. F-L5UR was synthesised by attaching fluorescein to the N-terminus amino 397 

group, leucine of L5UR peptide via aminohexanoic acid linker. 398 

For the direct binding assay, the GST-B-RBD or GST, was 2-fold diluted in an assay buffer 399 

composed of 50 mM Tris HCl pH 7.4, 50 mM NaCl, 5 mM DTT and 0.005 % v/v Tween 20 in 400 

a black low volume, round bottom 384-well plate (Corning, #4514). Then 10 nM F-L5UR 401 

peptide was added to each well and incubated for 20 min at ~22 °C on a horizontal shaker. The 402 

fluorescence polarisation measurement was performed on the Clariostar (BMG Labtech) plate 403 

reader, using a fluorescence polarization module (λexcitation 482 ± 8 nm and λemission 530 ± 20 nm). 404 

The fluorescence intensity signal was recorded from vertical (Iv)- and horizontal (Ih)- polarized 405 

light. The milli fluorescence polarisation, mP, was determined from the measured fluorescence 406 

intensities, calculated according to, 407 

 𝑚𝑃 = 1000 × !!"!"
!!#	!"

	 408 

where Iv and Ih are the fluorescence emission intensities detected with vertical and horizontal 409 

polarization, respectively. The mP was plotted against concentration of the GST-RBD and the 410 

KD value of the F-L5UR was calculated using a quadratic equation, 411 

𝑦 =
𝐴𝑓 + (𝐴𝑏 − 𝐴𝑓) ∗ (𝐿𝑡 + 𝐾% + 𝑥 −5(𝐿𝑡 + 𝐾% + 𝑥)& − 4 ∗ 𝐿𝑡 ∗ 𝑥

2𝐿𝑡
 412 
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 413 

Af is the anisotropy value of the free fluorescent probe, Ab is the anisotropy value of the 414 

fluorescent probe/ protein complex, Lt is the total concentration of the fluorescent probe, KD is 415 

the equilibrium dissociation constant, x is total concentration of protein and y is measured 416 

anisotropy value 32, 54. KD is measured in the same unit as x. 417 

For competitive fluorescence polarisation experiments, the non-labelled peptides were three-418 

fold diluted in the assay buffer and then a complex of 5 nM F-L5UR peptide and 200 nM B-419 

RBD was added to the dilution series to a final volume of 20 µL per well in 384-well plate. 420 

After 30 min incubation at ~22 °C, the fluorescence polarisation was read. The logarithmic 421 

concentration of peptide was plotted against the mP value and the data were fit into log 422 

(inhibitor) vs response four parameters equation in GraphPad, and the IC50 values were 423 

derived. IC50 values were converted into KD values as described earlier 55. 424 

 425 

QRET assays  426 

The QRET assays were modified from our previously described quenching luminescence 427 

assays 56, 57, 58. Ac-K-L5URcore was conjugated with nonadentate europium chelate, 428 

{2,2',2",2'"-{[4'-(4'"-isothiocyanatophenyl)-2,2',6',2"-terpyridine-6,6"-diyl]bis(methylene-429 

nitrilo)}tetrakis(acetate)}europium(III) (QRET Technologies, Finland) via the epsilon amine 430 

of the N-terminal lysine that was added to the L5UR-core peptide sequence and purified with 431 

analytical reverse-phase HPLC.   432 

The current homogeneous QRET binding assay is based on the quenching of non-bound Eu-K-433 

L5URcore with MT2 quencher (QRET Technologies), while bound labelled peptide is 434 

luminescent. In the assay, B-RBD was 2-fold diluted in an assay buffer containing 10 mM 435 

HEPES pH 7.4, 10 mM NaCl added in 5 µL to a white low volume, round bottom 384-well 436 

plate. Eu-K-L5UR core peptide (29 nM), mixed with MT2 according to the manufacturer’s 437 

instructions in the assay buffer supplemented with 0.01 % (v/v) Triton X-100, was added in 5 438 

µL volume to wells, and incubated for 30 min at ~22 °C on a shaker. The luminescence was 439 

measured with Tecan Spark multimode microplate reader (Tecan, Austria) in time-resolved 440 

mode using λexcitation 340 ± 40 nm and λemission 620 ± 10 nm with 800 µs delay and 400 µs window 441 

times.  442 

 443 

In vitro pull-down assays with recombinant proteins  444 

Biotinylated L5UR (Bio-L5UR) peptide was synthesised as described above. GST-B-Raf-RBD 445 

(155-227), His-Gal1, His-N-Gal1 and GST were prepared as described above. Each protein in 446 

the assay was used at 2 µM concentration and the peptide was at 4 µM. Volume of the reaction 447 
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was 150 µL. First, peptide and Gal1 were pre-incubated for 30 min at 37 °C, then GST-B-RBD 448 

or GST alone were added, and the reaction continued for another hour. Control reaction mixes 449 

contained DMSO instead of the peptide. At the end of the reaction time, 10 µL of each sample 450 

was withdrawn for SDS-PAGE analysis as inputs. For pull-downs, 5 µL of the beads were taken 451 

per sample. To prepare the beads, appropriate volume of the slurry was pipetted into 15 mL 452 

falcon tubes and centrifuged at 830 ×g for 1 min to remove ethanol-containing supernatant. The 453 

falcon tube was topped up to 15 mL with distilled water and centrifugated for 1 min to remove 454 

water. This washing step was repeated three times. Finally, the beads were resuspended in 455 

distilled water so that the final bead volume was 4 × diluted and, therefore, 20 µL were pipetted 456 

to each tube. Pull-down was conducted by incubating samples on a rotating wheel at room 457 

temperature (20-25 °C) for 1 h. Then, the samples were centrifuged for 1 min at 830 ×g at 4 458 

°C. The supernatant was discarded, the beads were rinsed with 250 µL of washing buffer (50 459 

mM Tris HCl pH 7.5, 150 mM NaCl, 4 mM β-mercaptoethanol, 0.05 % (v/v) NP-40, 10 % 460 

(v/v) Glycerol) for the total of 1 h at 4 °C, with four exchanges of the washing buffer. The 461 

bound material was eluted off the beads by adding 2 × SDS-PAGE sample buffer and 462 

incubating for 5 min at 95 °C. The analysis was done by resolving the samples (8 µL of the 463 

input samples and 10 µL of the eluted material) on 4-20 % gradient SDS-PAGE gels and 464 

analysed by Western blotting. A list of all the antibodies used in the study and their sources are 465 

given in Table S1. 466 

 467 

Electron microscopic analysis of Ras-nanoclustering  468 

To quantify the nanoclustering of a component integral to the plasma membrane (PM), the 469 

apical PM sheets of baby hamster kidney (BHK) cells expressing a GFP-tagged H-Ras 470 

construct were fixed with 4 % (w/v) PFA and 0.1 % (w/v) glutaraldehyde. GFP anchored to the 471 

PM sheets was probed with 4.5 nm gold particles pre-coupled to anti-GFP antibody. Following 472 

embedment with methyl cellulose, the PM sheets were imaged using transmission electron 473 

microscopy (JEOL JEM-1400). Using the coordinates of every gold particle, the Ripley’s K-474 

function calculated the extent of nanoclustering of gold particles within a selected 1 μm2 PM 475 

area:      476 

𝐾(𝑟) = A𝑛"&;𝑤'(1(=𝑥' − 𝑥(=
')(

≤ 𝑟) 477 

𝐿(𝑟) − 𝑟 = ?𝐾
(𝑟)
𝜋

− 𝑟 478 

where n gold particles populate in an intact area of A; r is the length between 1 and 240 nm; || . 479 

|| indicates Euclidean distance where 1(.) = 1 if ||xi-xj|| £ r and 1(.) = 0 if ||xi-xj|| > r; K(r) specifies 480 
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the univariate K-function. wij-1 is a parameter used for an unbiased edge correction and 481 

characterizes the proportion of the circumference of a circle that has the center at xi and radius 482 

||xi-xj||. Monte Carlo simulations estimates the 99 % confidence interval (99 % C.I.), which is 483 

then used to linearly transform K(r) into L(r) – r. On a nanoclustering curve of L(r) – r vs. r, 484 

the peak L(r) – r value is used as summary statistics for nanoclustering and is termed as Lmax. 485 

For each condition, at least 15 PM sheets were collected for analysis. To analyse statistical 486 

significance between conditions, bootstrap tests compare our point patterns against 1000 487 

bootstrap samples. 488 

 489 

Immunoblotting  490 

Routinely, 4–20 % Mini-PROTEAN TGX Precast Protein Gels, 10-well, 50 µL, or 30 µL 491 

(BioRad, #4561094 or #4651093) were used, unless stated otherwise. For protein size 492 

reference, All Blue (Precision Plus Protein All Blue Prestained Protein Standards (BioRad, 493 

#1610373) or Page Ruler Prestained (Thermo Fisher Scientific, #26616) were used.  494 

For ERK activity studies, Hs 578T, T24, MIA PaCa-2 and HEK cells were grown in a 6-well 495 

plate for 24 h. After 16h serum starvation, the cells were treated for 2 h with the L5UR derived 496 

TAT-peptides or DMSO control, before they were stimulated with 200 ng/ mL EGF for 10 min. 497 

The cell lysates were then prepared using a buffer composed of 150 mM NaCl, 50 mM Tris-498 

HCl pH 7.4, 0.1 % (w/v) SDS, 1 % (v/v) Triton X-100, 1 % (v/v) NP40, 1 % (w/v) Na-499 

deoxycholate, 5 mM EDTA pH 8 and 10 mM NaF completed with 1 × protease inhibitor 500 

cocktail (Pierce, #A32955) and 1 × phosphatase inhibitor cocktail (Roche PhosSTOP, 501 

#490684001). The total protein concentration was determined using Bradford assay (Protein 502 

Assay Reagent, BioRad, #5000006) and 25 µg cell lysate was loaded on a 10 % homemade 503 

SDS-PAGE gel.  504 

For immunoblotting, gels were transferred onto 0.2 µm pore–size nitrocellulose membrane by 505 

using Trans-Blot Turbo RTA Midi 0.2 µm Nitrocellulose Transfer Kit, for 40 blots (BioRad, 506 

#1704271). The membranes were blocked with TBS or PBS with 0.2 % (v/v) Tween20 and 2 507 

% BSA. Primary antibodies were incubated at 4 °C for 16 h or for 1-3 h at room temperature 508 

(20-25 °C). All secondary antibodies were diluted at 1:10,000 in a blocking buffer and were 509 

incubated for 1 h at room temperature (20-25 °C). A detailed list of all the antibodies used in 510 

the study and their sources are given in Table S1. 511 

 512 

Fluorescence Lifetime Imaging Microscopy (FLIM)-FRET analysis  513 

FLIM-FRET experiments were conducted as described previously 27, 59, 60. About 120,000 HEK 514 

cells were seeded per well in a 6-well plate (Greiner, #657160) with a cover slip (Carl Roth, 515 
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#LH22.1) and grown for 18 to 24 h. For H-RasG12V nanoclustering-FRET, the cells were 516 

transfected with a total of 1 µg of mGFP/ mCherry-tagged H-RasG12V at a donor (D):acceptor 517 

(A)-plasmid ratio of 1:3. In addition, 0.75 µg of other plasmids encoding L5UR, Gal1 or N-518 

Gal1 were co-transfected. For Gal1/ C-RBD FRET-interaction, the cells were transfected with 519 

2 µg mGFP-rtGal1 and mRFP-C-RBD (D:A, 1:3) or mGFP-rtGal1 and mRFP-C-RBD-D117A 520 

pair (D:A, 1:3). In addition, cells were co-transfected with 1.5 µg pClontech-C-L5UR, the 521 

pcDNA-Hygro-Anginex or compound OTX008 (Cayman Chemicals, #23130). All 522 

transfections were done using jetPRIME (Polyplus, #114-75) transfection reagent according to 523 

the manufacturer’s instructions. After 4 h of transfection the medium was changed. The next 524 

day, the cells were fixed with 4 % w/v PFA. The cells were mounted with Mowiol 4-88 (Sigma-525 

Aldrich, #81381). An inverted microscope (Zeiss AXIO Observer D1) with a fluorescence 526 

lifetime imaging attachment (Lambert Instruments) was used to measure fluorescence lifetimes 527 

of mGFP. fluorescein (0.01 mM, pH 9) was used as a fluorescence lifetime reference (𝜏 = 4.1 528 

ns). Averaged fluorescence lifetimes were used to calculate the apparent FRET efficiency as 529 

described 59, 60. 530 

 531 

BRET assays  532 

We employed the BRET2 system where RLuc8 and GFP2 luminophores were used as the donor 533 

and acceptor, respectively, with coelenterazine 400a as the substrate. A CLARIOstar plate 534 

reader from BMG Labtech was used for BRET and fluorescence intensity measurement. The 535 

BRET protocol was adapted as described by us 61.  536 

In brief, 150,000 to 200,000 HEK293-EBNA cells were seeded per well of a 12-well plate 537 

(Greiner Bio-One, #665180) and grown for 24 h in 1 ml of complete DMEM. The next day, the 538 

cells were transfected with ~ 1 µg of plasmid DNA per well using 3 µL jetPRIME transfection 539 

reagent. For the donor saturation titration, 25 ng of the donor plasmid was transfected with an 540 

acceptor plasmid concentration ranging from 25 ng to 1000 ng. pcDNA3.1(-) (Thermo Fisher 541 

Scientific, #V79520) was used to normalize the amount of DNA per well. 48 h after 542 

transfection, cells were collected in PBS and plated in a white 96-well plate (Nunc, Thermo 543 

Fisher Scientific, #236108).   544 

First the fluorescence intensity of GFP2 was measured (λexcitation 405 ± 10 nm and λemission 515 ± 545 

10 nm), which is directly proportional to the acceptor expression (RFU). Then 10 µM of 546 

coelenterazine 400a (GoldBio, #C-320) was added to the cells and BRET readings were 547 

recorded simultaneously at λemission 410 ± 40 nm (RLU) and 515 ± 15 nm (BRET signal). 548 

Emission intensity measured at 410 nm is directly proportional to the donor expression. Raw 549 

BRET ratio was calculated as the ratio of BRET signal/ RLU. Background BRET ratio was 550 

obtained from cells expressing only the donor. Background BRET ratio was subtracted from 551 
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raw BRET ratio to obtain the BRET ratio, plotted labelled as BRET. The expression was 552 

calculated as the ratio of RFU/RLU. The relative expression, acceptor/ donor, plotted in the x-553 

axis in corresponding figures, was obtained by normalizing RFU/RLU values from cells 554 

transfected with equal dose of donor and acceptor plasmids 46. 555 

The BRET ratio and acceptor / donor from various biological repeats were plotted together and 556 

the data were fit into a hyperbolic equation in Prism (GraphPad). The one phase association 557 

equation of Prism 9 (GraphPad) was used to predict the top asymptote Ymax-value, which was 558 

taken as the BRETtop. The BRETtop value represents the top asymptote of the BRET ratio 559 

reached within the defined acceptor / donor range.  560 

For the dose-response BRET assays, the donor and acceptor plasmid concentration were kept 561 

constant, as indicated in the corresponding figure legends. HEK293-EBNA cells were grown 562 

in 12-well plate for 24 h in complete DMEM and next day, donor and acceptor plasmids were 563 

transfected along with modulator plasmid ranging from 125 ng to 850 ng. After 48 h of 564 

expression the cells were collected in PBS and BRET measurements were carried out. 565 

For treatment with peptides, HEK cells were batch transfected. After 24 h of transfection, cells 566 

were re-plated in white 96-well plate in phenol red-free DMEM. After another 48 h, peptides 567 

were added to cells at concentration ranging from 0.1 µM to 100 µM. After 2 h incubation at 568 

37 °C, the plate was brought to room temperature (20-25 °C) before taking BRET 569 

measurements as indicated above. The concentration of the transfected L5UR-modulator 570 

plasmid or applied peptide was plotted against the BRET-value and the data were fit into a 571 

straight-line equation using Prism. 572 

 573 

Cell Viability Assay and Drug Sensitivity Score (DSS) Analysis  574 

The cells were seeded in low attachment, suspension cell culture 96-well plates (Greiner, 575 

#655185). About 2000 T24, MIA PaCa-2 and HEK cells and 5000 Hs 578T cells were seeded 576 

per well in 50 µL complete growth medium. 24 h later the cells were treated with 50 µL 2 × 577 

peptide diluted in growth medium, or 0.2 % (v/v) of the positive control, benzethonium chloride 578 

(Sigma-Aldrich, #B8879). 48 h after the peptide treatment 10 % (v/v) of alamarBlue reagent 579 

(Thermo Fisher Scientific, #DAL1100) was added to each well and incubated for 4 h at 37°C. 580 

Using a CLARIOstar plate reader the fluorescence signal (λexcitation 560 ± 5 nm and λemission 590 581 

± 5 nm) was recorded. The florescence signal was normalized against the negative control, here 582 

DMSO, representing 100 % viability. Additionally, the data was analysed using Breeze 2.0 to 583 

determine a drug sensitivity score (DSS), a normalized area under the curve (AUC). Here we 584 

plot only one of the output values from the Breeze pipeline 62, the DSS3 value, which was 585 

calculated as 586 
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	𝐷𝑆𝑆* 	= 𝐷𝑆𝑆& 	
𝑥& − 𝑥+

𝐶,-. −	𝐶,'/
 587 

where DSS2 is given by the equation 𝐷𝑆𝑆& =
%00#
123 -

 588 

and DSS1 is given by the equation 𝐷𝑆𝑆+ =	
456"7(.$".#)

(+::"7)(6%&'"6%())
 589 

 590 

Statistical analysis 591 

Data were analyzed using Graph Pad prism 9.0 software. The number of independent biological 592 

repeats (n) for each dataset is provided in the figure legends.  593 

If not stated otherwise means and standard errors (SEM) are plotted. All BRETtop data were 594 

compared using the extra sum-of-squares F test. All other statistical analyses were performed 595 

using One-way ANOVA. A p-value of < 0.05 was considered statistically significant and the 596 

statistical significance levels were annotated as: * = P < 0.05; ** = P < 0.01; *** = P < 0.001; 597 

**** = P < 0.0001, or ns = not significant. 598 

 599 

Data availability 600 

All relevant data supporting this study are available within the manuscript and supplementary 601 

data. Source data are provided with the manuscript. All unique/ stable reagents generated in 602 

this study are available from the corresponding author with a completed materials transfer 603 

agreement. This study did not report standardized datatypes.  604 

 605 
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Figure S1. Related to main Figure 1. 
(a) BRET-titration curves of Gal1 and full-length Raf proteins; n = 3.  
(b) Computational model of hypothetical Gal1/ C-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 Gal1/ C-RBD 
docking model described in 27 and the Haddock model of Gal1/ L5UR(22-45) as described 
in 34. 
(c) Multiple sequence alignment of RBDs of A-, B- and C-Raf. The protein sequences of 
RBDs from the three 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 27, 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. 
 

 877 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 8, 2023. ; https://doi.org/10.1101/2023.09.07.556635doi: bioRxiv preprint 

https://doi.org/10.1101/2023.09.07.556635
http://creativecommons.org/licenses/by-nc-nd/4.0/


Page 31 of 36 

 
Figure S2. 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) Control showing negligible binding of 10 nM F-L5UR to GST measured by fluorescence 
polarisation; n = 2. 
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(c) Eu-L5URcore (29 nM) binding to B-RBD measured in the QRET assay using time-
resolved luminescence detection.  
(d) Computational model showing putative interaction patch of the L5UR (22-45) on the C-
RBD. The structural model was created with PyMOL Molecular Graphics System (Version 
2.5.1) using the structure of C-Raf RBD (PDB ID 1C1Y) and L5URcore (residues 22-45 of 
L5UR) peptide (PDB ID 2LKQ) retrieved from PDB data base (https://www.rcsb.org). We 
postulate a negatively charged patch (red) on the RBD at the RBD/ Gal1 interface as potential 
binding site for L5UR.  
(e) Displacement of F-L5UR (5 nM) from B-RBD (200 nM) by L5UR-derived peptides; n = 
1. 
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Figure S3. Related to main Figures 3, 4 and 5. 
(a) Negligible effect of L5UR construct expression (48 h) on K-RasG12V nanoclustering-
BRET (donor:acceptor plasmid ratio = 1:10); n = 3. 
(b) Immunoblot data and quantification of endogenous Gal1 expression in employed cell 
lines; n = 3.  
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 880 
Table S1: Materials and equipment employed in the study. 881 

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) 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_1063114
5 

mouse monoclonal anti-B-Raf (F-7) Santa Cruz 
Biotechnology 

sc-5284 
RRID:AB_626760 
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Rabbit polyclonal anti-GAPDH  Sigma-Aldrich G9545, 
RRID:AB_796208 

mouse monoclonal anti-B-actin Sigma-Aldrich A5441 
RRID:AB_476744 

Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (E10) 
Mouse mAb  

Cell Signaling 
Technology 

9106 
RRID:AB_331768 

p44/42 MAPK (Erk1/2) Rabbit pAb Cell Signaling 
Technology 

9102 
RRID:AB_330744 

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_1095616
6 

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 
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 
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 

alamarBlue cell viability reagent Thermo Fisher 
Scientific 

DAL1100 

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 
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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 63 Addgene, #162927 
C453-E04_CMV promoter 63 Addgene, #162973 
pDest-305 63 Addgene, #161895 
pDest-312 63 Addgene, #161897 
pDest-527  Addgene, #11518 
C231-E13_RLuc8-stop 63 Addgene, FNL 

Combinatorial 
Cloning Platform, kit 
#1000000211 

C511-E03_RLuc8-no stop 63 Addgene, FNL 
Combinatorial 
Cloning Platform, kit 
#1000000211 

pDONR235-GFP2_stop 52 N/A 
pDONR257-GFP2_no stop 52 N/A 
Hs. K-Ras4B G12V  RAS mutant collection 

V2.0, RAS-Initiative 
Addgene, #83132 

Hs. H-Ras G12V  RAS mutant collection 
V2.0, RAS-Initiative 

Addgene, #83184 

Hs. ARAF  RAS mutant collection 
V2.0, RAS-Initiative 

Addgene, #70293 

Hs. BRAF  RAS mutant collection 
V2.0, RAS-Initiative 

Addgene, #70299 

Hs. RAF1  RAS mutant collection 
V2.0, RAS-Initiative 

Addgene, #70497 

pDONR221-hGal1 This paper N/A 
pDONR221-hNGal1 This paper N/A 
pDONR221-C-RBD GeneCust (Boynes, 

France) 
N/A 

pDONR221-B-RBD GeneCust (Boynes, 
France) 

N/A 

pDest305-CMV-GFP2- K-Ras4BG12V (mutated 
P01116-2) 

52 N/A 

pDest305-CMV-RLuc8- K-Ras4BG12V (mutated 
P01116-2) 

52 N/A 

pDest305-CMV-GFP2- H-RasG12V (mutated P01112-1) 52 N/A 
pDest305-CMV-RLuc8- H-RasG12V (mutated P01112-
1) 

52 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 
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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) 27 N/A  
mRFP-C-RBD (aa 56-131 of P04049) 64 N/A 
mGFP-H-RasG12V (mutated P01112-1) 65 N/A 
mCherry-H-RasG12V (mutated P01112-1) 66 N/A 
mRFP-C-RBD-D117A 
(mutated aa 56-131 of P04049) 

27 N/A  

pcDNA3-rtGal1 (P11762) 67 N/A 
pcDNA3-N-rtGal-1 (mutated P11762) 27 N/A 
pcDNA-Hygro-Anginex 38, 51 N/A  
pDest527-His-N-hGal1 
(mutated 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 
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Software and algorithms 
BREEZE pipeline 62 https://breeze.fimm.f

i/ 
PyMol The PyMOL 

Molecular Graphics 
System 

https://pymol.org/2/ 
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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.cytivali
fesciences.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/pr
oducts/light-
microscopes/widefie
ld-microscopes/axio-
observer-for-life-
science-
research.html#featur
es 

Lambert Instruments FLIM Attachment (LIFA) Lambert Instruments https://www.lambert
instruments.com/lifa
#lifa-introduction 

LM10 Microfluidizer Processor 
 

(Microfluidics, USA) 
 

https://www.microfl
uidics-
mpt.com/microfluidi
zers/lm10 
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