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29  Abstract

30 The Ras-MAPK pathway is critical to regulate cell proliferation and differentiation. Its
31  dysregulation is implicated in the onset and progression of numerous types of cancers. To be
32 active, Ras proteins are membrane anchored and organized into nanoclusters, which realize
33 high-fidelity signal transmission across the plasma membrane. Nanoclusters therefore represent
34  potential drug targets. However, targetable protein components of signalling nanoclusters are

35  poorly established.

36 We previously proposed that the nanocluster scaffold galectin-1 (Gall) enhances H-Ras
37  nanoclustering by stabilizing stacked dimers of H-Ras and Raf via a direct interaction of
38  dimeric Gall with the Ras binding domain (RBD) in particular of B-Raf. Here, we provide
39  further supportive evidence for this model. We establish that the B-Raf preference emerges
40  from divergent regions of the Raf RBDs that were proposed to interact with Gall. We then
41  identify the LSUR peptide, which disrupts this interaction by binding with low micromolar
42 affinity to the B-Raf-RBD. Its 23-mer core fragment is thus sufficient to interfere with Gall-
43 enhanced H-Ras nanocluster, reduce MAPK-output and cell viability in HRAS-mutant cancer
44 cell lines.

45  Our data therefore suggest that the interface between Gall and the RBD of B-Raf can be
46  targeted to disrupt Gall-enhanced H-Ras nanoclustering. Collectively, our results support that

47  Raf-proteins are integral components of active Ras nanoclusters.
48
49

50 Introduction

51  Ras is a major oncogene and recent advances in its direct targeting have validated its high
52 therapeutic significance "% The three cancer associated Ras genes encode four different protein
53  isoforms, K-Ras4A, K-Ras4B (hereafter K-Ras), N-Ras and H-Ras. These membrane bound
54 small GTPases operate as switchable membrane recruitment sites for downstream interaction
55  partners, called effectors. Downstream of mitogen and growth factor sensing receptors, inactive
56  GDP-bound Ras is activated by guanine nucleotide exchange factors (GEFs), which facilitate
57  GDP/ GTP-exchange **.

58  The two switch regions of GTP-Ras undergo significant conformational changes upon
59  activation, thus enabling binding to the Ras binding domains (RBDs) of effectors, such as Raf.
60  Current evidence suggests that Ras proteins promiscuously interact with any of the three Raf
61  paralogs, A-, B- and C-Raf. Raf proteins reside as autoinhibited complexes with 14-3-3 proteins
62  in the cytosol and are activated by a series of structural rearrangements that are still not

63  understood in full detail > ¢. The first crucial step is the displacement of the RBD from the
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64  cradle formed by the 14-3-3 dimer °. Simultaneous binding of Ras and 14-3-3 to the N-terminal
65  region of Raf is incompatible, due to steric clashes and electrostatic repulsion, which is only
66  relieved if the RBD and adjacent cysteine rich domain of Raf are released from 14-3-3 for
67  binding to membrane-anchored Ras. Allosteric coupling between the N-terminus of Raf and its
68  C-terminus then causes dimerization of the C-terminal kinase domains, which is necessary for

69  their catalytic activity &%,

70  The Ras-induced dimerization of the Raf proteins requires di-/oligomeric assemblies of Ras,
71 called nanoclusters °. Initially it was estimated that 5-20 nm sized nanoclusters contain 6-8 Ras
72 proteins and that nanoclustering was necessary for MAPK-signal transmission '* ' 2, More
73 recent data revealed that nanoclusters are dominated by Ras dimers * °. Intriguingly, Ras
74  nanoclustering can be increased by Raf-ON-state inhibitors that induce Raf dimerization and
75  increase Ras-Rafinteraction, suggesting that Raf dimers are integral components of nanocluster
76 '3 The reinforced nanoclustering may thus contribute to the paradoxical MAPK-activation

77  that is observed with these inhibitors '°.

78  Currently, less than a dozen proteins are known that can modulate Ras nanoclustering '’. These
79  proteins do not share any structural or functional similarities, suggesting that their mechanisms
80  of nanocluster modulation are diverse. The best understood nanocluster scaffold is the small
81  lectin galectin-1 (Gall), which specifically increases nanoclustering and MAPK-output of
82  active or oncogenic H-Ras '® ' %%, Consistently, upregulation of galectins has been linked to
83  more severe cancer progression 2'. For many years, it was mechanistically unclear, how this
84  protein that is best known for binding -galactoside sugars in the extracellular space affects Ras
85  membrane organization on the inner leaflet of the plasma membrane ****. While it was first

124

86  suggested that the farnesyl tail of Ras is engaged by Gall ~°, it was later on shown that neither

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

25,26

88  derived peptides

89  We previously proposed a model of stacked dimers of H-Ras, Raf and Gall as the minimal unit
90  of enhanced nanocluster . We confirmed that Gall does not directly interact with the farnesyl
91 tail of Ras proteins, but instead engages indirectly with Ras via direct binding to the RBD of
92  Raf proteins. Given that Gall is a dimer, we hypothesized that dimeric Gall stabilizes Raf-
93  dimers on active H-Ras nanocluster *’. In line with this, in particular B-Raf-dependent
94  membrane translocation of the tumour suppressor SPRED1 by dimer inducing Raf-inhibitors
95  was emulated by expression of Gall **. Our mechanistic model suggests that dimeric Gall
96  stabilizes the dimeric form of Raf-effectors downstream of H-Ras. This enhances H-Ras/ Raf
97  signalling output, not only by facilitation of Raf-dimerization, but also by an allosteric feedback
98  mechanism that enhances the nanoclustering of H-Ras. Altogether, a transient stacked dimer

99 complex of H-Ras, Raf and Gall is formed, which also shifts the H-Ras activity from the PI3K
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100  to the MAPK pathway ?’. However, current galectin inhibitor developments focus on the
101  carbohydrate-binding pocket, which is necessary for its lectin activity in the extracellular space

102 23 Inhibitors that would target its nanocluster enhancement function are missing.

103 Here we identified a 23-residue peptide that interferes with the binding of Gall to the RBD of
104  Raf, thus disrupting H-Ras nanocluster. This peptide validates the Gall/ RBD interface for
105  future small molecule drug development and supports our model of Gall-enhanced H-Ras

106  nanoclustering in a stacked-dimer complex.

107
108 Results

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

110 We previously provided evidence that dimeric galectin-1 (Gall) binds to the Ras binding
111 domain (RBD) of Raf proteins to stabilize active H-Ras nanocluster *’ (Figure 1a). We first
112 corroborated some features of this stacked-dimer model, using Bioluminesence Resonance
113 Energy Transfer (BRET)-experiments. To this end, interaction partners were tagged with
114 RLuc8 as donor and GFP2 as acceptor and constructs were transiently expressed in HEK293-
115  EBNA (hereafter HEK) cells to monitor the interaction by the increased BRET-signal. In
116 ~ BRET-titration experiments, the characteristic BRET-parameter BRETmax is typically
117  determined. It is a measure for the maximal number of binding sites and the interaction strength,
118 if other interaction parameters, such as complex geometry, are constant 31 However, actual
119  binding saturation is typically not reached in cells, and therefore BRETmax cannot be faithfully
120 determined. Hence, we introduced the BRETtop value, which is the maximal BRET-ratio that
121 is reached within a defined range of acceptor/ donor ratios, which is kept constant for BRET-

122 pairs that will be compared *.

123 In agreement with our earlier results obtained via Forster/ Fluorescence Resonance Energy
124 Transfer (FRET) ¥, Gall expression increased H-RasG12V nanoclustering-BRET in a dose-
125  dependent manner (Figure 1b). Mutating four residues at the Gall dimer interface (N-Gall)
126 significantly reduced the BRETtop, confirming that Gall is active as a dimer ** (Figure 1c).
127  BRET-experiments also confirmed the previously noted interaction preference of Gall for B-
128  Raf?’ (Figure Sla), which was already seen with the RBDs of the corresponding Raf paralogs
129  (Figure 1d).

130  Using computational docking that was based on experimentally determined constraints, we
131  previously proposed a structural model for the binding of Gall to the RBD of C-Raf (C-RBD)
132 ?7 (Figure S1b). This model was validated by demonstrating that D113A, D117A mutations in
133 the C-RBD significantly reduced binding to Gall *’. To further confirm these structural data,

134 we here introduced analogous charge neutralizing mutations D211A and D213A in the B-Raf-
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135  derived RBD (B-RBD), and mutation D75A in the A-Raf-derived RBD (A-RBD) (Figure S1c).
136  In support of our docking data, the BRETtop of the interaction between Gall and either mutant
137  was significantly reduced (Figure S1d,e). Consistent with the Raf-paralog specific interaction
138  preference of Gall, the mutated residues reside in a stretch that is least conserved between the
139  RBDs (Figure Slc), which is in agreement with the significant difference in the BRET-
140  interaction data (Figure 1d). Taken together with our previously published results %/, these data
141 further support our model that Gall-dimers bind to the RBD in particular of B-Raf, to stabilize

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

143
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Figure 1. Support for the stacked-dimer model of Gall-stabilized H-Ras nanocluster.
(a) Schematic of our model for Gall stabilized H-Ras nanocluster.
(b) Dose-dependent effect of human Gall expression (48 h) on H-RasG12V nanoclustering-
BRET (donor:acceptor plasmid ratio = 1:5); n = 4.
(¢) BRET-titration curves of the Gall/ Gall-interaction as compared to that of dimer-
interface mutated N-Gall. RLuc8-Gall was titrated with GFP2 as a control (black); n = 3.
(d) BRET-titration curves of the Gall-interaction with the RBDs of A-, B- and C-Raf; n =
3.
144
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145
146  Identification of the LSUR-peptide as a disruptor of the Gal1/ RBD interface

147  Gall increases H-Ras-driven MAPK output, and its elevated expression correlates with poorer
148 survival in HRAS mutant cancers, such as head and neck squamous cell carcinoma, which
149 frequently displays elevated Gall levels ** %’ (Figure S2a). Taken together with our H-Ras
150  nanocluster model, these data support targeting of the interface between Gall and the RBD as
151  a new strategy against oncogenic H-Ras. We hypothesized that the 52-mer L5UR peptide,
152 which was derived from a Gall interaction partner, would be a good starting point for an
153  interface inhibitor. Its residues 22-45 were previously shown to bind with a low affinity (Kq =
154 310 uM) to the opposite side of the carbohydrate binding site of Gall **. This back-site overlaps
155  with the one we had predicted as RBD-binding site on Gall ?’. We thus expected that the LSUR-
156  peptide would disrupt the Gall/ RBD interaction and, consequently, the Gall-augmented H-
157  RasGl12V-nanoclustering and MAPK-signalling.

158  In line with this, expression of untagged LSUR decreased the FRET between mGFP-Gall and
159  mRFP-C-RBD in HEK cells (Figure 2a). This effect was comparable to the loss observed in
160  the C-RBD-D117A mutant with reduced Gall-binding (Figure 2a) *’. For comparison, we
161  tested the effect of Anginex and its topomimetic small molecule analogue OTX-008 *. Anginex
162 is a 33-mer angiostatic peptide that binds to Gall at an unknown binding site ***"- 3. Neither
163  Anginex, nor OTX-008 disrupted the Gall/ C-RBD interaction as measured by FRET (Figure
164  2a). By contrast, expression of the LSUR-peptide decreased the Gall-augmented H-RasG12V
165  nanoclustering-FRET. In agreement with previous data *’, dimerization-deficient N-Gall did
166  not increase nanoclustering-FRET, and co-expression of the LSUR-peptide had no additional
167  effect (Figure 2b).

168  Next, we aimed at confirming that LSUR engages directly with the Gall/ RBD-interface. We
169  purified His-tagged Gall and the GST-tagged B-RBD and performed pulldown experiments
170  with a biotin-tagged LSUR (bio-L5UR) peptide (Figure 2¢). Interestingly, LSUR pulled down
171  Gall and the GST-B-RBD independently from each other (Figure 2c¢). Indeed, fluorescence
172 polarization binding experiments confirmed a micromolar (Kp = 7.3 + 0.7 pM) binding of
173 FITC-tagged full-length LSUR (F-L5UR) to the GST-B-RBD (Figure 2d), but not to GST
174  alone (Figure S2b). Using a Quenching Resonance Energy Transfer (QRET)-assay, we
175  independently confirmed the micromolar affinity to B-RBD, even with the shortened 22-44
176  residue core fragment of LSUR labelled with a europium-chelate (Eu-L5URcore) (Figure S2¢).

177  The L5UR has a high proportion of six positively charged arginine residues in its core region,
178  suggesting that binding of the peptide to the RBD of Raf is predominantly mediated by
179  electrostatic interactions (Figure S2d). We therefore introduced seven, mostly charge reversing

180  residue changes in the core-region of the LSUR peptide to generate a non-binding mutant

Page 6 of 36


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

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.07.556635; this version posted September 8, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

181  (mutL5UR) (Figure 2d). Competitive fluorescence polarization experiments, using F-L5UR as
182  a probe, established that the full-length peptide of LSUR could be displaced from the C-RBD
183  withan ICso =4+ 1 uM (Figure 2f), and likewise from the B-RBD (Figure S2e). As expected,
184  the shorter LSURcore could displace F-LSUR with a slightly reduced potency (ICso = 14 £ 6
185  uM). Notably, mutLSUR did not reveal any displacement activity in the competitive

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

187  In conclusion, LSUR binds with low micromolar affinity to the Raf-RBD. This interaction is
188  lost in the mutL5UR variant, which carries mostly charge-reversal mutations, suggesting that

189  L5UR-binding to the Raf-RBD is driven by electrostatic forces.
190
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Figure 2. The LSUR-peptide binds to the Raf-RBD and disrupts the Gall/ RBD-
complex.

(a) Effect of LSUR expression (24 h) on Gall/ C-RBD FRET (donor:acceptor plasmid ratio
=1:3);n=3.

(b) Effect of LSUR expression (24 h) on Gall-augmented H-RasG12V nanoclustering-FRET
(donor:acceptor plasmid ratio = 1:3); n = 3.

(¢) In vitro pull-down assay with biotinylated L5UR of purified Gall, 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 LSUR-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
192  SNAP-tagged L5UR disrupts the Gall/ B-RBD complex and H-RasGi12V

193 nanoclustering in cells

194  To improve the readout of L5SUR-variant expression in cells and eventually enable further
195  functionalization, we designed genetic constructs where a SNAP-tag was added via a long
196  linker to the C-terminus of the peptide (Figure 3a). The LSUR-SNAP dose-dependently
197  decreased BRET between Gall and the B-RBD to a similar extent as the untagged L5UR,
198  confirming that the SNAP-tag did not increase activity further (Figure 3b). In agreement with
199  the binding data (Figure 2f), mutL5SUR-SNAP did not decrease the BRET signal, nor did the
200  SNAP-tag alone. Immunoblotting confirmed a linear increase of L5SUR-SNAP variant

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

202  Consistent with the Gall/ B-RBD disruption, the LSUR-SNAP construct decreased Gall-
203  enhanced H-RasG12V nanoclustering-BRET to a similar extent as the untagged LSUR, while
204  again mutL5UR or the SNAP-tag alone had no effect (Figure 3e). Neither of these constructs
205  significantly perturbed K-RasG12V nanoclustering-BRET, given that Gall is a H-Ras-specific
206  nanocluster scaffold (Figure S3a). The disruption of H-RasG12V nanoclustering specifically
207 by L5SUR and L5UR-SNAP, but not mutLSUR-SNAP or the SNAP-tag alone, was furthermore
208  confirmed by the classical electron microscopy-based Ras nanoclustering analysis performed
209  on cell membrane sheets (Figure 3f). These data therefore confirmed the disruption of H-

210 RasG12V nanoclustering by LSUR- and LSUR-SNAP construct expression.
211
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Figure 3. The LSUR and LSUR-SNAP peptides disrupt H-RasG12V nanoclustering.
(a) Schematics of LSUR 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 LSUR constructs (48 h) on Gall/ 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 LSUR constructs (48 h); n = 3.
(e) Effect of LSUR construct expression (48 h) on H-RasG12V nanoclustering-BRET with
co-expression of 200 ng Gall (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

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

214  proliferation

215  Peptides can be rendered cell-permeable by addition of cell penetrating sequences, which
216  facilitate their characterization as prototypic and proof-of-concept reagents *°. The 12-residue
217  cell penetrating TAT-peptide that is derived from a Human Immunodeficiency Virus (HIV)-
218  protein, can facilitate cellular peptide uptake ***"*2, We therefore chemosynthetically added
219  the TAT-peptide via a PEG-linker to the 23-residue long LSURcore peptide (TAT-L5SURcore)
220  and the corresponding loss of function mutant (TAT-mutL5URcore) (Figure 4a).

221  To verify cell penetration and on-target activity, we tested the effect of the TAT-peptides in our
222 on-target BRET-assays. Both, the BRET between Gall and the B-RBD (Figure 4b), as well as
223  H-RasG12V-nanoclustering BRET (Figure 4c¢), were dose dependently disrupted by the TAT-
224 L5URcore peptide. Neither the TAT-peptide alone, nor the mutant TAT-mutL5URcore, or the
225  non-TAT peptides L5SURcore and mutL5URcore decreased the BRET-signal in either assay
226  (Figure 4b,c).
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Figure 4. The TAT-tagged LSURcore peptide disrupts Ras-signalling.
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(a) Schematics of L5SURcore derived peptides and controls as applied in cellular assays.
Loss-of-function mutations of LSUR are indicated in red. Non-TAT peptides are acetylated

at the N-terminus.

(b,e) Effect of cell-penetrating derivatives of LSURcore and control peptides on Gall/ 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 Gall; 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 LSURcore peptides and control compound, trametinib
(Tra), for 2 h; n=4.

228

229  Based on our model and mechanistic data, signalling and proliferation of HRAS mutant cancer
230  cell lines with high Gall levels were expected to respond to the nanocluster disrupting TAT-
231  L5URcore peptide. Cancer cell lines Hs 578T (HRAS-G12D) and T24 (HRAS-GI12V), as well
232 as the KRAS-G12C mutant MIA PaCa-2 express high levels of Gall, while HEK cells are
233 devoid of Gall (Figure S3b). Indeed, treatment of the HRAS-mutant cell lines Hs 578T (Figure
234  4d) and T24 (Figure 4e) specifically with the TAT-L5SURcore peptide reduced cellular pERK
235  levels in a dose-dependent manner, while no such effect was observed in MIA PaCa-2 (Figure

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

237  Consistent with the reduction of MAPK-signalling, the proliferation of the HRAS-mutant
238  cancer cell lines Hs 578T (Figure 5a,e) and T24 (Figure 5b,e) was significantly reduced by
239  TAT-L5URcore, but not the control TAT-peptides. However, this time also proliferation of
240  MIA PaCa-2 (Figure 5c,e) and HEK cells (Figure 5d,e) was affected as revealed by our
241  normalized area under the curve DSS3-analysis, where a higher DSS3-score corresponds to a

242 higher anti-proliferative activity (Figure Se).

243 This broader effect on cell proliferation may indicate that the TAT-L5URcore interferes also
244 with other signalling pathways than the MAPK-pathway that are relevant for cell proliferation.
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Figure 5. HRAS-mutant cancer cell proliferation is decreased by TAT-LSUR 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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247 Discussion

248  We here demonstrate that the 23-residue LSURcore peptide binds with micromolar affinity to
249  the Raf-RBD thus disrupting the interaction with Gall. The peptide can therefore interfere with
250  Gall-enhanced nanocluster of active H-Ras, MAPK-signalling and cell proliferation of HRAS
251  mutant cancer cell lines. The activity of this peptide validates the importance of the Gall/ Raf
252 interaction in Gall-stabilized H-Ras nanocluster and indirectly supports our stacked dimer

253 model.
254

255 However, several questions remain unanswered. For instance, it is currently unknown how Gall
256  positively regulates H-Ras nanocluster, but negatively K-Ras nanocluster *’. Vice versa, how
257  the related galectin-3 (Gal3) increases specifically K-Ras nanocluster is not known *** 4 In
258  the context of our stacked-dimer model, it is conceivable, that galectins stabilize specific Raf-
259  dimers and thus nanoclustering of specific Ras isoforms. Indeed, Gall distinguishes between
260  the RBDs from A-, B-, and C-Raf and most strongly engages the B-Raf-RBD. For K-Ras
261  evidence exists that it binds preferentially with B-/ C-Raf-dimers '* *, while for Gall
262  augmented H-Ras nanocluster our previous data suggested a particular relevance for B-/ A-Raf
263 dimers ?’. One would therefore predict that these dimers are specifically stabilized by Gal3 and
264  Gall, respectively. However, it is not entirely plausible how symmetrical dimers of galectins,
265  or in the case of Gal3 potentially even oligomers *, would stabilize asymmetric dimers of Raf
266  proteins. Heterodimerization of galectins could provide a solution to this problem. In humans,
267 15 different galectins are found and only Gall and Gal3 are characterized as nanocluster
268  scaffolds so far **. Given the relatedness in this protein family, it is plausible to assume that
269  other galectins have a similar activity and potentially mixed galectin-dimers could form that
270  then stabilize the asymmetric dimers of Raf. Therefore, a complex equilibrium of mixed
271  oligomers that partly stabilize and partly compete and sequester could be the answer to the

272 intricate problem of Ras-isoform specific nanoclustering effect of galectins.
273

274  The TAT-L5URcore provides a unique tool to investigate the functioning of Ras nanocluster
275  further. In contrast to current galectin inhibitors, which target the carbohydrate-binding pocket
276 % the LSUR-peptide acts via a novel mode-of-action that exploits galectin’s nanocluster
277  stabilizing activity. The intermediate size below 3 kDa of the TAT-L5URcore peptide
278  represents a relevant starting point for the development of smaller molecules with analogous
279  mode-of-action. The properties of this peptide and the putative target site suggest that not a
280  distinct pocket, but an assembly of charge interactions are currently the major driving force for
281  its affinity. Regarding size and mechanism of action, L5URcore contrasts to the NSI-

282  monobody, which specifically binds to the allosteric lobe of K-Ras and H-Ras to disrupt
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283 nanoclustering *’. Given the size of the monobody of ~10 kDa it is likely that the steric
284  hindrance caused by this large ligand is mostly responsible for the interference with
285  mnanoclustering. With the identification of the targetable site on the Raf-RBD and with more
286  insight into the structure of the Gall/ RBD complex, it will be possible to identify improved
287  binders with higher affinity and specificity in the future. Both competitive screening as well as

288  structure-based design of peptidomimetics present opportunities for future improvements.
289

290  Targeting of the augmenting effect of Gall on H-Ras nanoclustering is quite different from
291 approaches focusing on the main nodes of the Ras-MAPK-pathway. Both mechanistic and
292 genetic evidence suggest that Gall acts as a positive modifier that is associated with a worse
293  progression of HRAS mutant cancers, notably head and neck cancers that are frequently
294  associated with high Gall levels (Figure S2a). While HRAS is overall the least frequently
295  mutated RAS gene (in 1.3 % of cancer patients), it is mutated in > 5% of head and neck
296  squamous cell carcinomas (HNSCC) **. Prognosis for patients with recurrent and metastatic
297  HNSCC is still poor *. While tipifarnib, a farnesyltransferase inhibitor shows promising
298  efficacy in HNSCC patients, there is still a need for potent treatments *°. By interfering with
299  the interface of Gall and Raf-proteins, one does not eliminate other functions of these proteins
300  and therefore may specifically achieve a normalization of the signalling activity. This would

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

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

303 nanocluster.
304
305

306
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307 Materials and methods

308  Expression Constructs

309  Here we refer to the 52-mer fragment derived from residues 38-89 of the unique region of the
310 AS-chain (A5-UR) of the pre-B-cell receptor as LSUR. This unique region bears no similarity
311  to known proteins **. The pClontech-L5UR was made by excising LSUR ¢cDNA from pET28a-
312 L5SUR (gift from Dr. Elantak), using Nhel — Xhol sites and subcloned into pmCherrry-C1
313 (Clontech, #632524). This removed the mCherry cDNA from the expression vector leaving
314 only the full-length LSUR. Vector pcDNA-Hygro-Anginex was a gift from Prof. Thijssen **°'.
315  Expression clones were mostly produced by multi-site gateway cloning as described in our
316  previous studies **** >, Some expression clone genes were synthesized and cloned into desired
317  vectors by the company GeneCust, France. A list of all the clones used in the study and their

318  sources are given in Table S1.
319
320  Cell Culture

321 Hs 578T, T24, MIA PaCa-2 and BHK-21 cells were obtained from DSMZ-German Collection
322 of Microorganisms and Cell Cultures GmbH or ATCC. HEK293-EBNA cells were a gift from
323 Prof. Florian M. Wurm, EPFL, Lausanne. All cell lines were cultured in a humidified incubator
324  maintained at 37 °C and 5 % CO», in Dulbecco’s modified Eagle Medium (DMEM) (Gibco,
325  #41965039) supplemented with 9 % v/v Fetal Bovine Serum (FBS) (Gibco, #10270106), 2 mM
326  L-Glutamine (Gibco, #25030081) and penicillin-streptomycin (Gibco, #15140122) 10,000
327  units/ mL (complete growth medium), in T75 culture flasks (Greiner, #658175). Cells were
328  regularly passaged 2-3 times a week and routinely tested for mycoplasma contamination using
329  MycoAlert Plus mycoplasma Detection kit (Lonza, #LT07-710).

330

331  Bacterial strains

332 Competent E. coli BL21 Star (DE3)pLysS and E. coli DH10B were grown in Luria-Bertani
333  (LB) medium (Sigma, #L.3022) at 37 °C, with appropriate antibiotics unless otherwise stated.
334

335  Protein purification

336  For protein expression, a 16 h culture was set by inoculating colonies into appropriate volume
337  of antibiotic-supplemented LB media incubated 16 h at 37 °C. The next day, 25 mL of the
338  culture was added to 1 L of LB and incubated at 37 °C until OD at 600 nm reached 0.6-0.9, at
339  which point protein expression was induced by adding isopropyl 3 -D-1-thiogalactopyranoside
340 (IPTG) (VWR, #437145X) at the final concentration of 0.5 mM. GST-tagged B-Raf-RBD
341  (residues 155-227 of B-Raf) and GST-tagged C-Raf-RBD (residues 50-134 of C-Raf) protein
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342 expression was induced for 4 h at 23 °C and the His-tagged protein expression was induced for
343 16 h at 25°C. Afterwards the cell pellet was collected by centrifugation, rinsed in PBS and
344  stored at -20 °C until purification.

345  For GST-tagged protein purification, cells were lysed by resuspending the pellet in a buffer
346 consisting of 50 mM Tris-HCI pH 7.5, 150 mM NacCl, 2 mM DTT, 0.5 % v/v Triton-X 100, 1x
347  Protease Inhibitor Cocktail (Thermo Scientific Pierce Protease Inhibitor Mini Tablets, EDTA-
348  free, #A32955) and by sonication on ice using a Bioblock Scientific Ultrasonic Processor
349  instrument (Elmasonic S 40 H, Elma). Lysates were cleared by centrifugation at ~18,500 xg
350  for 30 min at 4 °C. For GST-tagged proteins, the cleared lysate was incubated with 500 pL
351  glutathione agarose slurry (GE Healthcare, #17-0756-01) (resuspended 1:1 in lysis buffer) for
352 3 h at4 °C with gentle rotation. Next, the supernatant was removed, and beads were washed
353  five times with 1 mL of washing buffer consisting of 50 mM Tris-HCI at pH 7.5, 500 mM
354 NaCl, 5 mM DTT, 0.5 % (v/v) Triton-X 100. Next, beads were rinsed three times with 1 mL of
355  equilibration buffer (50 mM Tris-HCI pH 7.5, 150 mM NaCl, 2 mM DTT). GST-tagged protein
356  was cluted off the beads by using 20 mM glutathione solution (Sigma-Aldrich, #G4251-5G).
357  Fractions were analyzed by resolving on 4-20 % gradient SDS-PAGE (BioRAD #4561094 or
358  #4651093), stained with Roti Blue (Carl Roth Roti-Blue quick, #4829-2) and dialyzed into a
359  final dialysis buffer (50 mM Tris-HCI at pH 7.5, 150 mM NaCl, 2 mM DTT, 10 % (v/v)
360  glycerol) by using a D-Tube Dialyzer with MWCO 6-8 kDa (Millipore, #71507-M) for 16 h at
361 4 °C. Protein concentration was measured using NanoDrop 2000¢ Spectrophotometer (Thermo
362  Fischer Scientific) and stored at -80 °C.

363  For GST-tag removal, the cleared lysate was incubated with 500 uL of glutathione agarose
364  slurry (resuspended 1:1 in lysis buffer) for 5 h at 4 °C with gentle rotation, then proceeded to
365  washing steps as described above. The beads were rinsed with equilibration buffer and then
366  with dialysis buffer before the excess was drained as much as possible. The beads were then
367  resuspended in 650 pL of dialysis buffer and 100 U of Thrombin (GE Healthcare, #GE27-0846-
368  01), to a final volume of 1 mL. The next day, the untagged protein was collected by applying
369  supernatant to 1 mL polypropylene column and the flow-through was collected as fraction 1.
370  The beads were washed once more with 1 mL of dialysis buffer and the flow-through was
371  collected as fraction 2. The two fractions were analysed by resolving on 4-20 % gradient SDS-
372  PAGE and stained with Roti Blue. Protein concentration was measured using NanoDrop and
373  stored at -80 °C.

374  For His-tagged protein purification, the cells were resuspended in lysis buffer (50 mM Tris-
375 HCI at pH 7.4, 150 mM NaCl, 5 mM MgSO4, 4 mM DTT, 100 mM B-lactose, 100 uM
376  phenylmethylsulfonyl fluoride) with ~ 5 mg of DNAsel (Merck, #10104159001) and ~ 5 mg
377  oflysozyme (Thermo Fisher Scientific, #89833). Cells were lysed using a LM 10 microfluidizer
378  (Microfluidics, USA) at 18000 PSI and cell debris were separated by centrifugation (4 °C, 30
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379 min, 75,600 xg, JA25.50 rotor Beckman Coulter). The supernatant was loaded on an affinity
380  chromatography column (GE Healthcare, His-Trap FF crude, #17-5286-01) with a flow rate of
381 1 mL/ min. A total amount of 10 CV (column volumes) 10 % elution buffer (50 mM Tris-HCl
382  pH 7.4, 150 mM NaCl, 5 mM MgSOs, 100 mM B-lactose, 4 mM DTT, 1 M Imidazole) and 90
383 % lysis buffer (50 mM Tris-HCI pH 7.4, 150 mM NaCl, 5 mM MgSQO4, 4 mM DTT, 100 mM
384  B-lactose) with a flow rate of 2 mL/ min was applied. The protein was then eluted using 5 CV
385  of elution buffer (50 mM Tris-HCI pH 7.4, 150 mM NaCl, 5 mM MgSOs, 100 mM B-lactose,
386 4 mM DTT, 1 M Imidazole). Afterwards, the protein was injected into a size exclusion
387  chromatography system (GE Healthcare, HiLoad 16/600 Superdex 75 pg, #28-9893-33) using
388 SEC buffer (20 mM HEPES pH 7.4, 150 mM NacCl, 5 mM MgSO4, 100 mM B-lactose, 4 mM
3890  DTT) and a flow rate of 1 mL/ min. Protein containing fractions were pooled, concentrated
390 (MWCO = 3 kDa) to 16.1 mg/ mL, snap frozen in liquid nitrogen and stored at -80 °C. The
391  protein concentration was measured using NanoDrop 2000c Spectrophotometer (Thermo
392  Fisher Scientific).

393

394  Fluorescence polarisation assays

395  The fluorescence polarisation assay was adapted from our previously established protocol %3¢,
396  The non-labelled LSUR and their derivatives and FITC-labelled peptides were obtained from
397  Pepmic Co., China. F-L5UR was synthesised by attaching fluorescein to the N-terminus amino

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

399  For the direct binding assay, the GST-B-RBD or GST, was 2-fold diluted in an assay buffer
400  composed of 50 mM Tris HCI pH 7.4, 50 mM NaCl, 5 mM DTT and 0.005 % v/v Tween 20 in
401  a black low volume, round bottom 384-well plate (Corning, #4514). Then 10 nM F-L5UR
402  peptide was added to each well and incubated for 20 min at ~22 °C on a horizontal shaker. The
403  fluorescence polarisation measurement was performed on the Clariostar (BMG Labtech) plate
404  reader, using a fluorescence polarization module (Aexcitation 482 £ 8 nm and Acmission 530 £ 20 nm).
405  The fluorescence intensity signal was recorded from vertical (I,)- and horizontal (I1)- polarized
406  light. The milli fluorescence polarisation, mP, was determined from the measured fluorescence
407  intensities, calculated according to,

408 mP = 1000 x 2=

Iy+ Ip
409  where I, and I, are the fluorescence emission intensities detected with vertical and horizontal
410  polarization, respectively. The mP was plotted against concentration of the GST-RBD and the

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

412

Af + (Ab — Af) » (Lt + Kp + x — (Lt + Kp + x)2 — 4 x Lt * x
y:
2Lt
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413

414  Af is the anisotropy value of the free fluorescent probe, Ab is the anisotropy value of the
415  fluorescent probe/ protein complex, Lt is the total concentration of the fluorescent probe, Kp is
416  the equilibrium dissociation constant, x is total concentration of protein and y is measured
417  anisotropy value ****, Kp is measured in the same unit as x.

418  For competitive fluorescence polarisation experiments, the non-labelled peptides were three-
419  fold diluted in the assay buffer and then a complex of 5 nM F-L5UR peptide and 200 nM B-
420  RBD was added to the dilution series to a final volume of 20 pL per well in 384-well plate.
421  After 30 min incubation at ~22 °C, the fluorescence polarisation was read. The logarithmic
422  concentration of peptide was plotted against the mP value and the data were fit into log
423 (inhibitor) vs response four parameters equation in GraphPad, and the IC50 values were

424 derived. ICso values were converted into Kp values as described earlier *°.
425
426  QRET assays

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

56, 57, 58

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

. Ac-K-L5URcore was conjugated with nonadentate europium chelate,

430  nitrilo)}tetrakis(acetate) }europium(IIl) (QRET Technologies, Finland) via the epsilon amine
431  of the N-terminal lysine that was added to the LSUR-core peptide sequence and purified with
432 analytical reverse-phase HPLC.

433 The current homogeneous QRET binding assay is based on the quenching of non-bound Eu-K-
434  L5URcore with MT2 quencher (QRET Technologies), while bound labelled peptide is
435  luminescent. In the assay, B-RBD was 2-fold diluted in an assay buffer containing 10 mM
436  HEPES pH 7.4, 10 mM NaCl added in 5 pL to a white low volume, round bottom 384-well
437  plate. Eu-K-L5UR core peptide (29 nM), mixed with MT2 according to the manufacturer’s
438  instructions in the assay buffer supplemented with 0.01 % (v/v) Triton X-100, was added in 5
439  pL volume to wells, and incubated for 30 min at ~22 °C on a shaker. The luminescence was
440  measured with Tecan Spark multimode microplate reader (Tecan, Austria) in time-resolved
441  mode using Aexcitation 340 £ 40 nm and Aemission 620 = 10 nm with 800 ps delay and 400 ps window
442  times.

443
444 In vitro pull-down assays with recombinant proteins

445  Biotinylated L5SUR (Bio-L5UR) peptide was synthesised as described above. GST-B-Raf-RBD
446  (155-227), His-Gall, His-N-Gall and GST were prepared as described above. Each protein in

447  the assay was used at 2 uM concentration and the peptide was at 4 uM. Volume of the reaction
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448  was 150 pL. First, peptide and Gall were pre-incubated for 30 min at 37 °C, then GST-B-RBD
449 or GST alone were added, and the reaction continued for another hour. Control reaction mixes
450  contained DMSO instead of the peptide. At the end of the reaction time, 10 uL of each sample
451  was withdrawn for SDS-PAGE analysis as inputs. For pull-downs, 5 uL of the beads were taken
452  per sample. To prepare the beads, appropriate volume of the slurry was pipetted into 15 mL
453  falcon tubes and centrifuged at 830 xg for 1 min to remove ethanol-containing supernatant. The
454  falcon tube was topped up to 15 mL with distilled water and centrifugated for 1 min to remove
455  water. This washing step was repeated three times. Finally, the beads were resuspended in
456  distilled water so that the final bead volume was 4 x diluted and, therefore, 20 uL were pipetted
457  to each tube. Pull-down was conducted by incubating samples on a rotating wheel at room
458  temperature (20-25 °C) for 1 h. Then, the samples were centrifuged for 1 min at 830 xg at 4
459  °C. The supernatant was discarded, the beads were rinsed with 250 uL of washing buffer (50
460 mM Tris HCI pH 7.5, 150 mM NaCl, 4 mM B-mercaptoethanol, 0.05 % (v/v) NP-40, 10 %
461 (v/v) Glycerol) for the total of 1 h at 4 °C, with four exchanges of the washing buffer. The
462  bound material was eluted off the beads by adding 2 x SDS-PAGE sample buffer and
463  incubating for 5 min at 95 °C. The analysis was done by resolving the samples (8 pL of the
464  input samples and 10 pL of the eluted material) on 4-20 % gradient SDS-PAGE gels and
465  analysed by Western blotting. A list of all the antibodies used in the study and their sources are
466  given in Table S1.

467
468  Electron microscopic analysis of Ras-nanoclustering

469  To quantify the nanoclustering of a component integral to the plasma membrane (PM), the
470  apical PM sheets of baby hamster kidney (BHK) cells expressing a GFP-tagged H-Ras
471 construct were fixed with 4 % (w/v) PFA and 0.1 % (w/v) glutaraldehyde. GFP anchored to the
472  PM sheets was probed with 4.5 nm gold particles pre-coupled to anti-GFP antibody. Following
473  embedment with methyl cellulose, the PM sheets were imaged using transmission electron
474 microscopy (JEOL JEM-1400). Using the coordinates of every gold particle, the Ripley’s K-
475  function calculated the extent of nanoclustering of gold particles within a selected 1 pm? PM

476 area:

477 K(r) = An~? 2 wii1([|x; = %] < 1)
i#j
K(r
478 L(r)—r= ()—r

479  where n gold particles populate in an intact area of 4, r is the length between 1 and 240 nm; ||

480 || indicates Euclidean distance where 1(") = 1 if |[x;-x|| < r and 1(") = 0 if ||xi-x/|| > 1; K(¥) specifies
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481  the univariate K-function. w;' is a parameter used for an unbiased edge correction and
482  characterizes the proportion of the circumference of a circle that has the center at x; and radius
483  |jxi~xj||. Monte Carlo simulations estimates the 99 % confidence interval (99 % C.1.), which is
484  then used to linearly transform K(r) into L(r) — r. On a nanoclustering curve of L(r) — 7 vs. r,
485  the peak L(r) — r value is used as summary statistics for nanoclustering and is termed as Lmax.
486  For each condition, at least 15 PM sheets were collected for analysis. To analyse statistical
487  significance between conditions, bootstrap tests compare our point patterns against 1000

488  Dbootstrap samples.
489
490  Immunoblotting

491 Routinely, 4-20 % Mini-PROTEAN TGX Precast Protein Gels, 10-well, 50 pL, or 30 pL
492  (BioRad, #4561094 or #4651093) were used, unless stated otherwise. For protein size
493  reference, All Blue (Precision Plus Protein All Blue Prestained Protein Standards (BioRad,
494  #1610373) or Page Ruler Prestained (Thermo Fisher Scientific, #26616) were used.

495 For ERK activity studies, Hs 578T, T24, MIA PaCa-2 and HEK cells were grown in a 6-well
496  plate for 24 h. After 16h serum starvation, the cells were treated for 2 h with the LSUR derived
497  TAT-peptides or DMSO control, before they were stimulated with 200 ng/ mL EGF for 10 min.
498  The cell lysates were then prepared using a buffer composed of 150 mM NaCl, 50 mM Tris-
499  HCI pH 7.4, 0.1 % (w/v) SDS, 1 % (v/v) Triton X-100, 1 % (v/v) NP40, 1 % (w/v) Na-
500  deoxycholate, 5 mM EDTA pH 8 and 10 mM NaF completed with 1 x protease inhibitor
501  cocktail (Pierce, #A32955) and 1 x phosphatase inhibitor cocktail (Roche PhosSTOP,
502 #490684001). The total protein concentration was determined using Bradford assay (Protein
503  Assay Reagent, BioRad, #5000006) and 25 ng cell lysate was loaded on a 10 % homemade
504  SDS-PAGE gel.

505  For immunoblotting, gels were transferred onto 0.2 pm pore—size nitrocellulose membrane by
506  using Trans-Blot Turbo RTA Midi 0.2 um Nitrocellulose Transfer Kit, for 40 blots (BioRad,
507  #1704271). The membranes were blocked with TBS or PBS with 0.2 % (v/v) Tween20 and 2
508 % BSA. Primary antibodies were incubated at 4 °C for 16 h or for 1-3 h at room temperature
509  (20-25 °C). All secondary antibodies were diluted at 1:10,000 in a blocking buffer and were
510  incubated for 1 h at room temperature (20-25 °C). A detailed list of all the antibodies used in
511  the study and their sources are given in Table S1.

512

513  Fluorescence Lifetime Imaging Microscopy (FLIM)-FRET analysis

514  FLIM-FRET experiments were conducted as described previously *** . About 120,000 HEK
515  cells were seeded per well in a 6-well plate (Greiner, #657160) with a cover slip (Carl Roth,
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516 #LH22.1) and grown for 18 to 24 h. For H-RasG12V nanoclustering-FRET, the cells were
517  transfected with a total of 1 pg of mGFP/ mCherry-tagged H-RasG12V at a donor (D):acceptor
518  (A)-plasmid ratio of 1:3. In addition, 0.75 pg of other plasmids encoding LSUR, Gall or N-
519 Gall were co-transfected. For Gall/ C-RBD FRET-interaction, the cells were transfected with
520 2 pg mGFP-rtGall and mRFP-C-RBD (D:A, 1:3) or mGFP-rtGall and mRFP-C-RBD-D117A
521  pair (D:A, 1:3). In addition, cells were co-transfected with 1.5 pg pClontech-C-L5UR, the
522 pcDNA-Hygro-Anginex or compound OTX008 (Cayman Chemicals, #23130). All
523  transfections were done using jetPRIME (Polyplus, #114-75) transfection reagent according to
524 the manufacturer’s instructions. After 4 h of transfection the medium was changed. The next
525  day, the cells were fixed with 4 % w/v PFA. The cells were mounted with Mowiol 4-88 (Sigma-
526  Aldrich, #81381). An inverted microscope (Zeiss AXIO Observer D1) with a fluorescence
527  lifetime imaging attachment (Lambert Instruments) was used to measure fluorescence lifetimes
528  of mGFP. fluorescein (0.01 mM, pH 9) was used as a fluorescence lifetime reference (z = 4.1
529  ns). Averaged fluorescence lifetimes were used to calculate the apparent FRET efficiency as

530  described ¥ .
531
532  BRET assays

533 We employed the BRET2 system where RLuc8 and GFP2 luminophores were used as the donor
534  and acceptor, respectively, with coelenterazine 400a as the substrate. A CLARIOstar plate
535  reader from BMG Labtech was used for BRET and fluorescence intensity measurement. The

536  BRET protocol was adapted as described by us °'.

537  In brief, 150,000 to 200,000 HEK293-EBNA cells were seeded per well of a 12-well plate
538  (Greiner Bio-One, #665180) and grown for 24 h in 1 ml of complete DMEM. The next day, the
539  cells were transfected with ~ 1 ug of plasmid DNA per well using 3 pL jetPRIME transfection
540  reagent. For the donor saturation titration, 25 ng of the donor plasmid was transfected with an
541  acceptor plasmid concentration ranging from 25 ng to 1000 ng. pcDNA3.1(-) (Thermo Fisher
542  Scientific, #V79520) was used to normalize the amount of DNA per well. 48 h after
543  transfection, cells were collected in PBS and plated in a white 96-well plate (Nunc, Thermo
544 Fisher Scientific, #236108).

545  First the fluorescence intensity of GFP2 was measured (Aexcitation 405 = 10 nm and Aemission 515 +
546 10 nm), which is directly proportional to the acceptor expression (RFU). Then 10 uM of
547  coelenterazine 400a (GoldBio, #C-320) was added to the cells and BRET readings were
548  recorded simultaneously at Aemission 410 = 40 nm (RLU) and 515 + 15 nm (BRET signal).
549  Emission intensity measured at 410 nm is directly proportional to the donor expression. Raw
550  BRET ratio was calculated as the ratio of BRET signal/ RLU. Background BRET ratio was

551  obtained from cells expressing only the donor. Background BRET ratio was subtracted from

Page 21 of 36


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

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.07.556635; this version posted September 8, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

552 raw BRET ratio to obtain the BRET ratio, plotted labelled as BRET. The expression was
553 calculated as the ratio of RFU/RLU. The relative expression, acceptor/ donor, plotted in the x-
554  axis in corresponding figures, was obtained by normalizing RFU/RLU values from cells

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

556  The BRET ratio and acceptor / donor from various biological repeats were plotted together and
557  the data were fit into a hyperbolic equation in Prism (GraphPad). The one phase association
558  equation of Prism 9 (GraphPad) was used to predict the top asymptote Ymax-value, which was
559  taken as the BRETtop. The BRETtop value represents the top asymptote of the BRET ratio

560  reached within the defined acceptor / donor range.

561  For the dose-response BRET assays, the donor and acceptor plasmid concentration were kept
562  constant, as indicated in the corresponding figure legends. HEK293-EBNA cells were grown
563  in 12-well plate for 24 h in complete DMEM and next day, donor and acceptor plasmids were
564  transfected along with modulator plasmid ranging from 125 ng to 850 ng. After 48 h of

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

566  For treatment with peptides, HEK cells were batch transfected. After 24 h of transfection, cells
567  were re-plated in white 96-well plate in phenol red-free DMEM. After another 48 h, peptides
568  were added to cells at concentration ranging from 0.1 pM to 100 uM. After 2 h incubation at
569 37 °C, the plate was brought to room temperature (20-25 °C) before taking BRET
570  measurements as indicated above. The concentration of the transfected L5SUR-modulator
571  plasmid or applied peptide was plotted against the BRET-value and the data were fit into a

572 straight-line equation using Prism.
573
574  Cell Viability Assay and Drug Sensitivity Score (DSS) Analysis

575  The cells were seeded in low attachment, suspension cell culture 96-well plates (Greiner,
576  #655185). About 2000 T24, MIA PaCa-2 and HEK cells and 5000 Hs 578T cells were seeded
577  per well in 50 pL complete growth medium. 24 h later the cells were treated with 50 pL 2 X
578  peptide diluted in growth medium, or 0.2 % (v/v) of the positive control, benzethonium chloride
579  (Sigma-Aldrich, #B8879). 48 h after the peptide treatment 10 % (v/v) of alamarBlue reagent
580  (Thermo Fisher Scientific, #DAL1100) was added to each well and incubated for 4 h at 37°C.
581  Using a CLARIOstar plate reader the fluorescence signal (Aexcitation 560 £ 5 nm and Aemission 590
582 £ 5nm) was recorded. The florescence signal was normalized against the negative control, here
583  DMSO, representing 100 % viability. Additionally, the data was analysed using Breeze 2.0 to
584  determine a drug sensitivity score (DSS), a normalized area under the curve (AUC). Here we
585  plot only one of the output values from the Breeze pipeline ®*, the DSS; value, which was

586 calculated as
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587 DSS, = DSS, —2_ 1
3 2 Cmax - Cmin
588  where DSS; is given by the equation DSS, = 1[:)5;611

AUC—t(x,—x4)
(100-t)(Crmax—Cmin)

589  and DSS; is given by the equation DSS; =

590

591  Statistical analysis

592  Data were analyzed using Graph Pad prism 9.0 software. The number of independent biological
593 repeats (n) for each dataset is provided in the figure legends.

594  If not stated otherwise means and standard errors (SEM) are plotted. All BRETtop data were
595  compared using the extra sum-of-squares F test. All other statistical analyses were performed
596  using One-way ANOVA. A p-value of < 0.05 was considered statistically significant and the
597  statistical significance levels were annotated as: * = P < (.05; ** =P < (0.01; *** =P <0.001;

598  *#** =P <(.0001, or ns = not significant.

599
600 Data availability

601  All relevant data supporting this study are available within the manuscript and supplementary
602  data. Source data are provided with the manuscript. All unique/ stable reagents generated in
603  this study are available from the corresponding author with a completed materials transfer

604  agreement. This study did not report standardized datatypes.
605
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607 References

608 1. Steffen CL, Kaya P, Schaffner-Reckinger E, Abankwa D. Eliminating oncogenic RAS:
609 back to the future at the drawing board. Biochem Soc Trans 51, 447-456 (2023).

610

611 2. Punekar SR, Velcheti V, Neel BG, Wong KK. The current state of the art and future
612 trends in RAS-targeted cancer therapies. Nat Rev Clin Oncol 19, 637-655 (2022).

613

614 3. Simanshu DK, Nissley DV, McCormick F. RAS Proteins and Their Regulators in
615 Human Disease. Cell 170, 17-33 (2017).

616

617 4. Spiegel J, Cromm PM, Zimmermann G, Grossmann TN, Waldmann H. Small-
618 molecule modulation of Ras signaling. Nat Chem Biol 10, 613-622 (2014).

619

620 5. Simanshu DK, Morrison DK. A Structure is Worth a Thousand Words: New Insights
621 for RAS and RAF Regulation. Cancer Discov 12, 899-912 (2022).

622

Page 23 of 36


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

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.07.556635; this version posted September 8, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

623 6. Lavoie H, Therrien M. Regulation of RAF protein kinases in ERK signalling. Nat Rev
624 Mol Cell Biol 16, 281-298 (2015).

625

626 7. Martinez Fiesco JA, Durrant DE, Morrison DK, Zhang P. Structural insights into the
627 BRAF monomer-to-dimer transition mediated by RAS binding. Nat Commun 13, 486
628 (2022).

629

630 8. Rajakulendran T, Sahmi M, Lefrancois M, Sicheri F, Therrien M. A dimerization-
631 dependent mechanism drives RAF catalytic activation. Nature 461, 542-545 (2009).
632

633 9. Abankwa D, Gorfe AA. Mechanisms of Ras Membrane Organization and Signaling:
634 Ras Rocks Again. Biomolecules 10, (2020).

635

636 10. Abankwa D, Gorfe AA, Hancock JF. Ras nanoclusters: molecular structure and
637 assembly. Semin Cell Dev Biol 18, 599-607 (2007).

638

639 11. Plowman SJ, Hancock JF. Ras signaling from plasma membrane and endomembrane
640 microdomains. Biochim Biophys Acta 1746, 274-283 (2005).

641

642 12. Tian T, Harding A, Inder K, Plowman S, Parton RG, Hancock JF. Plasma membrane
643 nanoswitches generate high-fidelity Ras signal transduction. Nat Cell Biol 9, 905-914
644 (2007).

645

646 13. Sarkar-Banerjee S, Sayyed-Ahmad A, Prakash P, Cho KJ, Waxham MN, Hancock JF,
647 Gorfe AA. Spatiotemporal Analysis of K-Ras Plasma Membrane Interactions Reveals
648 Multiple High Order Homo-oligomeric Complexes. J Am Chem Soc 139, 13466-13475
649 (2017).

650

651 14. Cho KJ, et al. Raf inhibitors target ras spatiotemporal dynamics. Curr Biol 22, 945-
652 955 (2012).

653

654 15. Jin T, Lavoie H, Sahmi M, David M, Hilt C, Hammell A, Therrien M. RAF inhibitors
655 promote RAS-RAF interaction by allosterically disrupting RAF autoinhibition. Nat
656 Commun 8, 1211 (2017).

657

658  16. Holderfield M, Deuker MM, McCormick F, McMahon M. Targeting RAF kinases for
659 cancer therapy: BRAF-mutated melanoma and beyond. Nat Rev Cancer 14, 455-467
660 (2014).

661

662  17. Pavic K, Chippalkatti R, Abankwa D. Drug targeting opportunities en route to Ras
663 nanoclusters. Adv Cancer Res 153, 63-99 (2022).

664

665  18. Rotblat B, er al. H-Ras nanocluster stability regulates the magnitude of MAPK signal
666 output. PLoS One S, 11991 (2010).

667

668 19. Prior IA, Muncke C, Parton RG, Hancock JF. Direct visualization of Ras proteins in
669 spatially distinct cell surface microdomains. J Cell Biol 160, 165-170 (2003).

670

671 20. Elad-Sfadia G, Haklai R, Ballan E, Gabius HJ, Kloog Y. Galectin-1 augments Ras
672 activation and diverts Ras signals to Raf-1 at the expense of phosphoinositide 3-kinase.
673 J Biol Chem 277, 37169-37175 (2002).

Page 24 of 36


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

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.07.556635; this version posted September 8, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

674

675  21. Timoshenko AV. Towards molecular mechanisms regulating the expression of
676 galectins in cancer cells under microenvironmental stress conditions. Cell Mol Life Sci
677 72, 4327-4340 (2015).

678

679  22. Rabinovich GA. Galectin-1 as a potential cancer target. Br J Cancer 92, 1188-1192
680 (2005).

681

682  23. Johannes L, Jacob R, Leffler H. Galectins at a glance. J Cell Sci 131, (2018).

683
684 24, Belanis L, Plowman SJ, Rotblat B, Hancock JF, Kloog Y. Galectin-1 is a novel

685 structural component and a major regulator of h-ras nanoclusters. Mol Biol Cell 19,
686 1404-1414 (2008).

687

688 25. Mejuch T, van Hattum H, Triola G, Jaiswal M, Waldmann H. Specificity of
689 Lipoprotein Chaperones for the Characteristic Lipidated Structural Motifs of their
690 Cognate Lipoproteins. Chembiochem 16, 2460-2465 (2015).

691

692  26. Lakshman B, et al. Quantitative biophysical analysis defines key components
693 modulating recruitment of the GTPase KRAS to the plasma membrane. J Biol Chem
694 294, 2193-2207 (2019).

695

696 27. Blazevits O, et al. Galectin-1 dimers can scaffold Raf-effectors to increase H-ras
697 nanoclustering. Sci Rep 6, 24165 (2016).

698

699  28. Siljamaki E, Abankwa D. SPREDI Interferes with K-ras but Not H-ras Membrane
700 Anchorage and Signaling. Mol Cell Biol 36, 2612-2625 (2016).

701

702 20. Stegmayr J, et al. Extracellular and intracellular small-molecule galectin-3 inhibitors.
703 Sci Rep 9, 2186 (2019).

704

705  30. Chan YC, Lin HY, Tu Z, Kuo YH, Hsu SD, Lin CH. Dissecting the Structure-Activity
706 Relationship of Galectin-Ligand Interactions. Int J Mol Sci 19, (2018).

707

708  31. Marullo S, Bouvier M. Resonance energy transfer approaches in molecular
709 pharmacology and beyond. Trends Pharmacol Sci 28, 362-365 (2007).

710

711 32. Manoharan GB, Laurini C, Bottone S, Ben Fredj N, Abankwa DK. K-Ras Binds
712 Calmodulin-Related Centrinl with Potential Implications for K-Ras Driven Cancer
713 Cell Stemness. Cancers (Basel) 15, (2023).

714

715 33. Cho M, Cummings RD. Galectin-1, a beta-galactoside-binding lectin in Chinese
716 hamster ovary cells. I. Physical and chemical characterization. J Biol Chem 270, 5198-
717 5206 (1995).

718

719  34. Elantak L, et al. Structural basis for galectin-1-dependent pre-B cell receptor (pre-
720 BCR) activation. J Biol Chem 287, 44703-44713 (2012).

721

722 35. Dings RP, et al. Antitumor agent calixarene 0118 targets human galectin-1 as an
723 allosteric inhibitor of carbohydrate binding. J Med Chem 55, 5121-5129 (2012).

724

Page 25 of 36


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

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.07.556635; this version posted September 8, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

725 36. Astorgues-Xerri L, et al. OTX008, a selective small-molecule inhibitor of galectin-1,

726 downregulates cancer cell proliferation, invasion and tumour angiogenesis. Eur J
727 Cancer 50, 2463-2477 (2014).

728

729  37. Brandwijk RJ, Nesmelova I, Dings RP, Mayo KH, Thijssen VL, Griffioen AW.
730 Cloning an artificial gene encoding angiostatic anginex: From designed peptide to
731 functional recombinant protein. Biochem Biophys Res Commun 333, 1261-1268
732 (2005).

733

734 38. Thijssen VL, et al. Galectin-1 is essential in tumor angiogenesis and is a target for
735 antiangiogenesis therapy. Proc Natl Acad Sci U S A 103, 15975-15980 (2006).

736

737 39. Jauset T, Beaulieu ME. Bioactive cell penetrating peptides and proteins in cancer: a
738 bright future ahead. Curr Opin Pharmacol 47, 133-140 (2019).

739

740  40. Dietrich L, et al. Cell Permeable Stapled Peptide Inhibitor of Wnt Signaling that
741 Targets beta-Catenin Protein-Protein Interactions. Cell Chem Biol 24, 958-968 €955
742 (2017).

743

744  41. Vives E, Brodin P, Lebleu B. A truncated HIV-1 Tat protein basic domain rapidly
745 translocates through the plasma membrane and accumulates in the cell nucleus. J Bio/
746 Chem 272, 16010-16017 (1997).

747

748  42. Adihou H, ef al. A protein tertiary structure mimetic modulator of the Hippo signalling
749 pathway. Nat Commun 11, 5425 (2020).

750

751 43, Siddiqui FA, Vukic V, Salminen TA, Abankwa D. Elaiophylin Is a Potent Hsp90/
752 Cdc37 Protein Interface Inhibitor with K-Ras Nanocluster Selectivity. Biomolecules
753 11, (2021).

754

755 44, Siddiqui FA, et al. Novel Small Molecule Hsp90/Cdc37 Interface Inhibitors Indirectly
756 Target K-Ras-Signaling. Cancers (Basel) 13, (2021).

757

758 45. Shalom-Feuerstein R, Plowman SJ, Rotblat B, Ariotti N, Tian T, Hancock JF, Kloog
759 Y. K-ras nanoclustering is subverted by overexpression of the scaffold protein galectin-
760 3. Cancer Res 68, 6608-6616 (2008).

761

762  46. Terrell EM, et al. Distinct Binding Preferences between Ras and Raf Family Members
763 and the Impact on Oncogenic Ras Signaling. Mo/ Cell 76, 872-884 €875 (2019).

764

765  47. Spencer-Smith R, et al. Inhibition of RAS function through targeting an allosteric
766 regulatory site. Nat Chem Biol 13, 62-68 (2017).

767

768  48. Prior 1A, Hood FE, Hartley JL. The Frequency of Ras Mutations in Cancer. Cancer
769 Res 80, 2969-2974 (2020).

770

771 49. Burtness B, et al. Pembrolizumab alone or with chemotherapy versus cetuximab with
772 chemotherapy for recurrent or metastatic squamous cell carcinoma of the head and
773 neck (KEYNOTE-048): a randomised, open-label, phase 3 study. Lancet 394, 1915-
774 1928 (2019).

775

Page 26 of 36


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

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.07.556635; this version posted September 8, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

776 50. Ho AL, et al. Tipifarnib in Head and Neck Squamous Cell Carcinoma With HRAS

777 Mutations. J Clin Oncol 39, 1856-1864 (2021).

778

779 51. Brandwijk RJ, Dings RP, van der Linden E, Mayo KH, Thijssen VL, Griffioen AW.
780 Anti-angiogenesis and anti-tumor activity of recombinant anginex. Biochem Biophys
781 Res Commun 349, 1073-1078 (2006).

782

783 52. Okutachi S, et al. A Covalent Calmodulin Inhibitor as a Tool to Study Cellular
784 Mechanisms of K-Ras-Driven Stemness. Front Cell Dev Biol 9, 665673 (2021).

785

786  53. Manoharan GB, Okutachi S, Abankwa D. Potential of phenothiazines to synergistically
787 block calmodulin and reactivate PP2A in cancer cells. PLoS One 17, €0268635 (2022).
788

789  54. Manoharan GB, Kopra K, Eskonen V, Harma H, Abankwa D. High-throughput
790 amenable fluorescence-assays to screen for calmodulin-inhibitors. Anal Biochem 572,
791 25-32 (2019).

792

793 55, Sinijarv H, Wu S, Ivan T, Laasfeld T, Viht K, Uri A. Binding assay for characterization
794 of protein kinase inhibitors possessing sub-picomolar to sub-millimolar affinity. Anal
795 Biochem 531, 67-77 (2017).

796

797  56. Harma H, et al. A new simple cell-based homogeneous time-resolved fluorescence
798 QRET technique for receptor-ligand interaction screening. J Biomol Screen 14, 936-
799 943 (2009).

800

801  57. Kopra K, Harma H. Quenching resonance energy transfer (QRET): a single-label
802 technique for inhibitor screening and interaction studies. N Biotechnol 32, 575-580
803 (2015).

804

805  58. Kopra K, et al. A homogeneous quenching resonance energy transfer assay for the
806 kinetic analysis of the GTPase nucleotide exchange reaction. Anal Bioanal Chem 406,
807 4147-4156 (2014).

808

809  59. Guzman C, Oectken-Lindholm C, Abankwa D. Automated High-Throughput
810 Fluorescence Lifetime Imaging Microscopy to Detect Protein-Protein Interactions. J
811 Lab Autom 21, 238-245 (2016).

812

813  60. Guzman C, et al. The efficacy of Raf kinase recruitment to the GTPase H-ras depends
814 on H-ras membrane conformer-specific nanoclustering. J Biol Chem 289, 9519-9533
815 (2014).

816

817 61. Babu Manoharan G, Guzman C, Najumudeen AK, Abankwa D. Detection of Ras
818 nanoclustering-dependent homo-FRET using fluorescence anisotropy measurements.
819 Eur J Cell Biol 102, 151314 (2023).

820

821  62. Potdar S, et al. Breeze 2.0: an interactive web-tool for visual analysis and comparison
822 of drug response data. Nucleic Acids Res, (2023).

823

824  63. Wall VE, Garvey LA, Mehalko JL, Procter LV, Esposito D. Combinatorial assembly
825 of clone libraries using site-specific recombination. Methods Mol Biol 1116, 193-208
826 (2014).

Page 27 of 36


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

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.07.556635; this version posted September 8, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

827
828
829
830

831
832
833

834
835
836

837
838
839
840

841
842

843

844
845
846
847
848
849
850
851
852

853
854

855

856
857
858
859
860
861
862
863
864

perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

64. Abankwa D, Gorfe AA, Inder K, Hancock JF. Ras membrane orientation and
nanodomain localization generate isoform diversity. Proc Natl Acad Sci U S A 107,
1130-1135 (2010).

65. Abankwa D, ef al. A novel switch region regulates H-ras membrane orientation and
signal output. EMBO J 27, 727-735 (2008).

66. Solman M, et al. Specific cancer-associated mutations in the switch III region of Ras
increase tumorigenicity by nanocluster augmentation. Elife 4, e08905 (2015).

67. Paz A, Haklai R, Elad-Sfadia G, Ballan E, Kloog Y. Galectin-1 binds oncogenic H-Ras
to mediate Ras membrane anchorage and cell transformation. Oncogene 20, 7486-7493
(2001).

Acknowledgements

The study was supported by the grant INTER/NWO/19/14061736-HRAS-PPi of the
Luxembourg National Research Fund (FNR) and the Dutch Research Council (NWO) to DA
and TG, as well as FNR-grant INTER/Mobility/2021/BM/15591725/panR AFi-PB to GM. Prof.
Marc Therrien (IRIC, Université de Montréal, Canada) is gratefully acknowledged for hosting
GM in his laboratory. Dr. Hugo Lavoie and Dr. Ting Jin (IRIC, Université de Montréal,
Canada) are thanked for their support and advice to GM during his sabbatical. Genevi¢ve
Arseneault (IRIC, Université de Montréal, Canada) is thanked for the technical support.
pET28a-L5UR was a gift from Dr. Latifa Elantak (CNRS Marseille, France). pcDNA-Hygro-
Anginex was a gift from Prof. Victor L. Thijssen (VU Amsterdam, Netherlands).

Author Contributions

DA and TG conceived the study.

GM collected and evaluated BRET and FP data.

CS collected and evaluated BRET, FP, signaling and cell viability data and purified proteins.
AYYV synthesized all of the peptides.

KP purified proteins and performed and evaluated pull-down experiments.

MK collected and evaluated FLIM-FRET data.

YZ and NA collected and evaluated EM-nanoclustering data.

HH collected and evaluated QRET data.

AG performed bioinformatics analysis of survival and cancer type frequency.

Page 28 of 36


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

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.07.556635; this version posted September 8, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

865 TG and DA jointly supervised the study.

866 GM, CS, AYV, TG and DA wrote the manuscript.
867

868

869 Competing Interests

870  The authors declare no potential conflicts of interest.

871
872

873

Page 29 of 36


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

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.07.556635; this version posted September 8, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

874  Supporting Information

875  The article contains supporting Information.

876
a b
Acceptor BRETtop
Gal1/| A-Raf | - 0.019+0.002 },
Gall| B-Raf | = 0.0159:0.000‘}4*
Gal1| C-Raf | - 0.023 +0.007
c
0.000 T T T !
0 10 20 30 40 A-Raf 19 GTVKVYLPNKQRTVVTVRDGMSVYDSLDKALKVRGLNQDCCVVYRLIKGRKT---VTAWDTAIAPLDGEELIVEVL 91
cecoportdoner 2122 5 FEE R e e e o et 2
d e
Acceptor BRETtop Acceptor BRETtop
Gal1 | /A-RBDwt -e- 0.034 + 0.003 }MM Gal1||B-RBDwt = 0.061 £0.004 }“"
Gal1||A-RBD-D75A | -« 0.023 + 0.004 Gal1| B-RBD-D211A,D213A 0.003 + 0.006
3
.'. [
L] : s
' ° 14«..1“”77
10 20 30 o 10 20 30
acceptor/ donor acceptor/ donor
Figure S1. Related to main Figure 1.
(a) BRET-titration curves of Gall and full-length Raf proteins; n = 3.
(b) Computational model of hypothetical Gall/ C-RBD/ L5SUR (22-45) complex indicating
the carbohydrate binding site of Gall (PDB ID 3W58) in green. The structural model was
created with PyMOL Molecular Graphics System (Version 2.5.1) using the Gall/ C-RBD
docking model described in *” and the Haddock model of Gall/ LSUR(22-45) as described
in*,
(¢) 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 Gall before 2/, and mutations tested in the
BRET experiments in (d, ¢) are in red.
(d, e) BRET-titration curves of Gall 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
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Figure S2. Related to main Figures 2 and 3.

(a) PanCanAtlas data analysis reveals that high Gall (gene LGALS1) levels significantly
decrease survival in HRAS mutant cancer cases (left). Higher Gall 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 Gall/ Raf-interface inhibitor, which would abrogate the stimulating effect of Gall 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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(¢) 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 LSUR (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/ Gall interface as potential
binding site for LSUR.
(e) Displacement of F-L5SUR (5 nM) from B-RBD (200 nM) by L5SUR-derived peptides; n =
1.
878
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Figure S3. Related to main Figures 3, 4 and 5.
(a) Negligible effect of LSUR construct expression (48 h) on K-RasG12V nanoclustering-
BRET (donor:acceptor plasmid ratio = 1:10); n = 3.
(b) Immunoblot data and quantification of endogenous Gall expression in employed cell
lines; n = 3.
879
880
881  Table S1: Materials and equipment employed in the study.
REAGENT or RESOURCE | SOURCE | IDENTIFIER
Antibodies
mouse monoclonal anti-Galectin 1 (E2) Santa Cruz | sc-166619
Biotechnology RRID:AB 2136629
mouse monoclonal Lambda 5 (A-1) Santa Cruz | sc-398932
Biotechnology RRID: N/A
rabbit polyclonal GST Cell Signaling 26228
RRID: N/A
rabbit polyclonal anti-SNAP New England Biolabs | P9310S
RRID:AB 1063114
5
mouse monoclonal anti-B-Raf (F-7) Santa Cruz | sc-5284
Biotechnology RRID:AB_626760
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Rabbit polyclonal anti-GAPDH Sigma-Aldrich (9545,

RRID:AB 796208
mouse monoclonal anti-B-actin Sigma-Aldrich A5441

RRID:AB 476744
Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (E10) | Cell Signaling | 9106
Mouse mAb Technology RRID:AB 331768
p44/42 MAPK (Erk1/2) Rabbit pAb Cell Signaling | 9102

Technology RRID:AB 330744

IRDye 680LT Goat anti-Mouse IgG1-Specific Secondary | Li-Cor Biosciences 926-68052
Antibody RRID:AB 2783644
IRDye 800CW Goat anti-Mouse IgG Secondary | Li-Cor Biosciences 926-32210
Antibody RRID:AB 621842
IRDye 680RD Goat anti-Rabbit IgG Secondary Antibody | Li-Cor Biosciences 926-68071,

RRID:AB 1095616
6

IRDye 800CW Goat
Antibody

anti-Rabbit IgG Secondary

LI-Cor Biosciences

926-32212,
RRID:AB 621847

Bacterial and virus strains

E. coli DH10B New England Biolabs | C30191
E. coli BL21 Star (DE3)pLysS Thermo Fisher | C602003
Scientific
Biological samples
N/A | N/A | N/A
Chemicals, peptides, and recombinant proteins
Fluorescein- isothiocyanate labelled LSUR Pepmic Co., China N/A
L5UR Pepmic Co., China N/A
mutL5UR Pepmic Co., China N/A
L5URcore Pepmic Co., China N/A
Biotinylated LSUR 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 | 11791020
Scientific
jetPRIME transfection reagent Polyplus 101000046
Coelenterazine 400a; 2,8-Dibenzyl-6-phenyl- | Gold Biotechnology C-320-1
imidazo[ 1,2a]pyrazin-3-(7H)-one; DeepBlueC
alamarBlue cell viability reagent Thermo Fisher | DAL1100
Scientific
Experimental models: Cell lines
Human cell line, HEK293-EBNA (HEK) Prof.  Florian M. | RRID:CVCL 6974
Wurm, EPFL
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_ CMYV 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 2 N/A
pDONR257-GFP2 no stop 2 N/A
Hs. K-Ras4B G12V RAS mutant collection | Addgene, #83132
V2.0, RAS-Initiative
Hs. H-Ras G12V RAS mutant collection | Addgene, #83184
V2.0, RAS-Initiative
Hs. ARAF RAS mutant collection | Addgene, #70293
V2.0, RAS-Initiative
Hs. BRAF RAS mutant collection | Addgene, #70299
V2.0, RAS-Initiative
Hs. RAF1 RAS mutant collection | Addgene, #70497
V2.0, RAS-Initiative
pDONR221-hGall This paper N/A
pDONR221-hNGall This paper N/A
pDONR221-C-RBD GeneCust  (Boynes, | N/A
France)
pDONR221-B-RBD GeneCust  (Boynes, | N/A
France)
pDest305-CMV-GFP2- K-Ras4BG12V (mutated | > N/A
PO1116-2)
pDest305-CMV-RLuc8-  K-Ras4dBG12V  (mutated | > N/A
PO1116-2)
pDest305-CMV-GFP2- H-RasG12V (mutated PO1112-1) | > N/A
pDest305-CMV-RLuc8- H-RasG12V (mutated PO1112- | > N/A
1)
pDest305-CMV-hGall (P09382) This paper N/A
pDest305-CMV-RLuc8-Gall (P09382) This paper N/A
pDest305-CMV-GFP2-Gall This paper N/A
(P09382)
pDest305-CMV-RLuc8-N-hGall (mutated P09382) This paper N/A
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pDest305-CMV-GFP2-N-hGall This paper N/A
(mutated P09382)
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 This paper N/A
(P15814-1)
pEF-L5UR-SNAP (aa 38-89 of P15814-1) GeneCust (Boynes, N/A
France)
pEF-mutL5SUR-SNAP GeneCust (Boynes, N/A
(mutated aa 38-89 of P15814-1) France)
pEF-SNAP GeneCust (Boynes, N/A
France)
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 | This paper N/A
P15056)
mGFP-rtGall (P11762) 77 N/A
mRFP-C-RBD (aa 56-131 of P04049) 64 N/A
mGFP-H-RasG12V (mutated PO1112-1) 6 N/A
mCherry-H-RasG12V (mutated PO1112-1) 66 N/A
mRFP-C-RBD-D117A 277 N/A
(mutated aa 56-131 of P04049)
pcDNA3-rtGall (P11762) o7 N/A
pcDNA3-N-rtGal-1 (mutated P11762) 27 N/A
pcDNA-Hygro-Anginex 3831 N/A
pDest527-His-N-hGall This paper N/A
(mutated P09382)
pGEX4T2-B-RBD This paper N/A
(aa 155-227 of P15056)
pGEX2T-C-RBD (aa 50-134 of P04049) This paper N/A
pGEXA4T2 Addgene 27458101
pcDNA3.1(-) ThermoFisher V79520
Scientific
882
Software and algorithms
BREEZE pipeline 62 https://breeze.fimm.f
i/
PyMol The PyMOL | https://pymol.org/2/
Molecular  Graphics
System
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883
884
885

GraphPad Prism v9.5.1 GraphPad by | https://www.graphpa
Dotmatics, 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/

AKTA 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
mstruments.com/lifa
#lifa-introduction

LM10 Microfluidizer Processor

(Microfluidics, USA)

https://www.microfl
uidics-
mpt.com/microfluidi
zers/Im10
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