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Abstract

To dissect variant-function relationships in the KRAS oncoprotein, we performed deep mutational

S€12D mutant alleles. We defined the

scanning (DMS) screens for both wild-type and KRA
spectrum of oncogenic potential for nearly all possible KRAS variants, identifying several novel
transforming alleles and elucidating a model to describe the frequency of KRAS mutations in
human cancer as a function of transforming potential, mutational probability, and tissue-specific
mutational signatures. Biochemical and structural analyses of variants identified in a KRAS®'??
second-site suppressor DMS screen revealed that attenuation of oncogenic KRAS can be
mediated by protein instability and conformational rigidity, resulting in reduced binding affinity to
effector proteins, such as RAF and PI3-kinases, or reduced SOS-mediated nucleotide exchange
activity. These studies define the landscape of single amino acid alterations that modulate the
function of KRAS, providing a resource for the clinical interpretation of KRAS variants and

elucidating mechanisms of oncogenic KRAS inactivation for therapeutic exploitation.
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Introduction

KRAS is a monomeric GTPase that functions as a molecular switch to control cell
proliferation, survival, and differentiation. KRAS is the most commonly mutated oncogene in
cancer, especially in adenocarcinomas of the pancreas, colon, and lung'. The majority of KRAS
mutations occur at hotspot codons 12, 13, and 61'. Missense mutations at these positions
interfere with GTP hydrolysis and/or nucleotide exchange, and thus increase the steady state
level of KRAS-GTP. The resulting constitutive activation of oncogenic KRAS, combined with
concurrent inactivation of tumor suppressor genes, promotes tumor formation in mouse models
of pancreatic, lung, and colon cancers, and other in vitro and in vivo transformation models®™.
The proliferation of cancer cell lines and genetically engineered mouse tumors that harbor
oncogenic KRAS is dependent on continued KRAS expression®®.

Human tumors are now routinely sequenced, resulting in the identification of several rare
KRAS variants with unknown functions. The Catalogue Of Somatic Mutations In Cancers
(COSMIC) lists more than 240 variants of KRAS identified in human cancer, with about half of
these variants reported to be private mutations in individual patients’. Functional investigation of
these variants is critical to better understand their oncogenic potential. Moreover, specific KRAS
mutations have been associated with distinct clinical prognoses and varying responses to
chemotherapy and may also serve as a predictive marker for the effectiveness of certain targeted
therapies®. For example, metastatic colorectal cancers that harbor oncogenic KRAS mutations do
not benefit from treatment with monoclonal antibodies targeting EGFR®”.

KRAS®'?° became the first KRAS mutant that can be directly targeted through the covalent
binding of small molecule inhibitors to the mutated cysteine'. Multiple G12C-specific inhibitors

11-13

are being developed, with some of them showing clinical efficacy’''~'°, and have reinvigorated

efforts to find novel ways to inactivate oncogenic KRAS. Mutant-selective inhibitors of KRAS®'P,
KRAS®'?R and other mutants have been recently reported''®. Additionally, pan-RAS inhibitors
that target classical RAS isoforms, H-, N-, and KRAS, have also been developed and have
entered clinical trials'"'®". Thus, small molecule targeting of RAS is now possible through
multiple different chemical approaches. A detailed understanding of possible mechanisms by
which oncogenic KRAS can be inactivated may facilitate additional therapeutic efforts to
effectively disrupt oncogenic activity.

Deep mutational scanning (DMS) is an approach that utilizes massively parallel
sequencing to measure the functional impact of many variants of a protein simultaneously in a
single experiment. We have previously utilized this approach to identify resistance mutations to

KRAS®'?¢ inhibitors as well as to define structure-function relationships in the SHOC2 protein'®
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79 . In addition, recent DMS studies of HRAS have demonstrated the critical context dependence
80  of mutational impact on the functional activity of the RAS protein. Specifically, DMS studies of
81 HRAS in a bacterial two-hybrid selection strategy showed distinct patterns of mutational tolerance
82  for RAS in the presence or absence of a GTPase activating protein (GAP) or guanine nucleotide
83  exchange factor (GEF)?'. A recent DMS study in yeast also examined the effects of over 26,000
84  mutations on KRAS folding and effector interactions, defining four major allosteric surface pockets
85 of KRAS?. Moreover, DMS experiments for HRAS in the Ba/F3 murine pro-B-cell line identified
86  potential activating mutations (in non-dominant residues) outside of cancer hotspots of RAS by
87  decreasing protein stability and increasing spontaneous nucleotide exchange?'?. The impact of
88  mutations in wild-type or oncogenic mutants KRAS expressed in immortalized epithelial or
89 transformed cancer cell contexts has not yet been evaluated.
90 Here, we utilize DMS to systematically evaluate the impact of nearly all possible missense
91 mutants of oncogenic KRAS in human cell models. We perform DMS on a wild-type (WT) allele
92  of KRAS in a gain-of-function screen and execute a loss-of-function, second-site suppressor DMS
93  screen using a backbone of the oncogenic KRAS®'? allele. We define a model describing the
94  clinical mutation frequency of KRAS as a function of phenotypic selection and cancer cell
95 mutational processes. Moreover, through biochemical and structural analysis of variants that
96 functionally impair oncogenic KRAS, we identified key genetic routes to inactivate the KRAS®'?°
97  protein. These studies improve our understanding of clinically relevant KRAS variants and provide
98 insights into oncogenic mechanisms that could be targeted in KRAS-mutant cancers.
99

100 Results

101

102 Landscape of clinically observed oncogenic KRAS variants is shaped by transformation

103  potential and mutational processes

104 We generated a DMS library of WT KRAS-4B (hereafter referred to as KRAS WT library),

105 the predominant isoform of KRAS, including a total of 3,536 variants with an average of 18.9

106  substitutions per position, excluding the first methionine residue. To perform positive selection

107  screening for gain-of-function variants, we employed a transformation model system using the

108 HA1E immortalized human kidney epithelial cell line expressing the SV40 large T- and small T-

109 antigens and the catalytic subunit of telomerase®*. HA1E cells expressing oncogenic KRAS

110  demonstrate survival on ultra-low attachment tissue culture plates, whereas parental HA1E cells

111 fail to proliferate in the absence of oncogenic KRAS signaling®®’ (Methods). We demonstrated

112  that the low attachment growth assay could robustly differentiate HA1E cells transduced with
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113 KRAS"T and confirmed expression as well as MAPK activation (Extended Data Fig. 1A&B).
114  Moreover, we transduced 18 distinct KRAS alleles (G12V, A18D, L19F, T20R, Q22K, N26K,
115  D33E, A59G, E62K, E63K, R68S, P110S, C118S, K147N, T158A, R164Q, K176Q, and WT) as
116  well as negative control plasmids into HA1E cells and simultaneously performed low attachment
117  growth assays and xenograft experiments in immunodeficient mice, demonstrating that the growth
118  potential in low attachment culture conditions correlates with tumorigenicity in nude mice
119  (Extended Data Fig. 1C&D).

120 The KRAS WT DMS library was transduced into HA1E cells and grown in low-attachment
121 conditions for 7 days. Genomic DNA was isolated, and enrichment and depletion scores were
122  calculated as a log2 fold change (LFC) based on the average allele representations in the ultra-
123  low attachment condition at day 7 over that of day 0 (Extended Data Fig. 2A, Methods). We set a
124  threshold for gain-of-function (GOF) alleles (LFC > 0.68) as >2 standard deviations (sd) above
125  the mean LFC of all variants. We then mapped the GOF alleles to the key structural domains of
126 KRAS, including: G1 motif/P-loop (residues 10-16, G2 motif/switch-1/f2 (residues 28-38), G3
127  motif/switch-1l (residues 59-75), B4 (residues 77-83), B5-G4 motif (residues 116-119), G5 motif
128  (residues 144-147), a5 (residues 155-159), and CAAX motif (residues 185-188) (Fig. 1A). These
129  conserved G1-G5 sequence motifs within RAS proteins are pivotal for nucleotide binding,
130 nucleotide-induced structural alterations, and GTP hydrolysis. The majority of the 86 GOF
131  transforming alleles were found in previously characterized codons involved in nucleotide binding
132  and hydrolysis: G12, G13, Q61, N116, K117, S145, and A146 (Fig. 1A, Extended Data Table 1).
133  Within the P-loop, all G12 substitutions, excluding proline, and all G13 substitutions, except
134  alanine and serine, were transforming (Fig. 1A&B, Extended Data Fig. 2B), consistent with
135  substitutions at these positions known to impair GAP-assisted hydrolysis of GTP by sterically
136  blocking the "arginine finger" of the GAP in the active site’®=°. In the switch-II region, twelve Q61
137  variants were identified as transforming (Fig. 1A, Extended Data Fig. 2C). Q61 is thought to orient
138 the catalytic water molecule to initiate a nucleophilic attack on the GTP y-phosphate, and
139  mutations at this residue are known to hinder GTP hydrolysis®'*2. The G4 and G5 motifs reside
140  within the allosteric lobe of KRAS and are important for binding guanine bases and ribose of the
141 nucleotide. Mutations in these regions result in constitutively activated KRAS due to increased
142 nucleotide exchange rate®***. Four variants at N116, eleven variants at K117, as well as five
143  variants each at S145 and A146 were transforming (Fig. 1A, Extended Data Table 1).

144 Other than the previously well-characterized six codons (G12, G13, Q61, N116, K117,
145  and A146), four positions had 2 transforming variants (K16, L23, D119, and K147) and another
146  six codons had 1 transforming variant per position (Fig. 1A, Extended Data Table 1). We identified
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147  novel transforming variants, K16S, K16C, L19F, and L23F within the a1-helix (Extended Data Fig.
148  2D). K16 interacts with the B- and y-phosphates of GTP, and mutations at this position likely result
149 inincreased nucleotide off-rate. L19 is not directly involved with GTP binding. However, the L19
150 sidechain faces toward the core of the protein, and mutations likely distort the neighboring
151 nucleotide-binding pocket. Finally, L23 has been previously reported to mediate KRAS-RAF1
152  interactions at the RAF1 cystine-rich domain (CRD)%*, and mutations here are likely to impact
153  RAF1 binding. The C-terminal hypervariable region (HVR) (residues 165-189) in KRAS contains
154  the polybasic region (residues 175-180), which is important for KRAS membrane association and
155  localization. Furthermore, KRAS requires farnesylation at C185 within the HVR for proper
156  membrane association and anchoring, and this process is followed by the cleavage of the last
157  three residues from the C-terminal CAAX motif (CVIM). Although mutations within the HVR
158  generally exhibited negative LFC scores, only four variants (S181G, T183A, C185T, 1187H)
159  scored two standard deviations below the mean (LFC < -0.98) (Extended Data Table 1).

160 Previously reported weakly transforming variants A59G, G60E, and Q22K3¢*"

, as well as
161  several germline variants of KRAS known to cause congenital diseases such as Noonan
162  Syndrome (e.g., V14l, Q22R, T58F/I, N116S, and D153V)*®**°, did not meet our stringent
163  statistical threshold for GOF alleles in this screening assay (Extended Data Fig. 2E). Yet, we were
164  able to identify other alleles linked to germline pathogenic variants as transforming (N116H/L/V)*,
165  as well as moderately transforming alleles (Q22D and G60S)*'“? at greater than one standard
166  deviation above the mean (LFC > 0.27) (Extended Data Fig. 2E). Our assay effectively detected
167  strongly transforming alleles but not weak ones, consistent with most germline variants associated
168  with Noonan Syndrome being weakly activating alleles. Conversely, 92 variants scored two
169  standard deviations below the mean (LFC < -0.98) (Extended Data Fig. 2E), and the largest
170  numbers of variants scoring as depleted were observed at positions A83 on (4-strand and H94
171 within a3-helix.

172 Our screen also identified several highly transforming alleles (LFC > 2) that were seldom
173  seen in human cancers, such as Q61A, G13K, G12Q, etc. We hypothesized that this may be due
174  to the lower probability of occurrence as these mutants require more than one nucleotide
175  substitution within the same codon. Thus, we stratified KRAS mutants based on whether they
176  could occur by single nucleotide substitution (SNS), dinucleotide substitution (DNS), and
177  trinucleotide substitution (TNS) and evaluated the correlation of the transforming potential from
178  our DMS screen with the incidence rates in human cancers (COSMIC dataset) (Fig. 1C). In the
179  example of the G12 position, substitution to serine, arginine, cysteine, aspartate, alanine, or valine

180 requires only one nucleotide substitution. These six variants are commonly observed in human
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181  tumors, with arginine being the least common of these and is found in 1,571 patients in COSMIC.
182  Mutations to glutamate, tryptophan, phenylalanine, tyrosine, leucine, proline, histidine, isoleucine,
183  threonine, and asparagine require the substitution of at least two nucleotides, and these mutants
184  were observed much less frequently in human cancers (<15 samples each). Mutations to
185  glutamine, lysine, and methionine require at least three nucleotide substitutions, and not a single
186  case was reported in COSMIC.

187 We observed that certain DNS mutants, such as G12F, appeared more frequently than
188  other transforming DNS mutants in the COSMIC database. We tested the hypothesis that these
189  patients may possess a germline single nucleotide polymorphism at this position that
190 consequently results in the requirement for only a single nucleotide alteration to achieve the DNS
191 change from the canonical sequence, but after thoroughly examining matched germline and
192  somatic mutation datasets from 932 TCGA samples with both germline variant calls and a somatic
193  KRAS mutation, we failed to find germline variations at DNS positions with relatively increased
194  incidence counts (Extended Data Table 2). We further expanded this analysis to 394,656
195 individuals profiled as part of the UK Biobank and identified 36 unique synonymous nucleotide
196  variants in KRAS, none of which were in the codons encoding G12, G13, or Q61 (data not shown).
197  Overall, we found that SNS displayed a greater correlation between transformation potential and
198 incidence rates (R = 0.59) compared to DNS (R = 0.44) and TNS (R = 0.24) (Fig. 1C).

199 Context-dependent mutational processes have been shown to impact observed
200 frequencies of mutations in human cancer***. Indeed, recent studies have demonstrated that
201 mutational processes contribute to KRAS mutations in a tissue-specific manner, likely causing
202 their uneven distribution across cancers*. We hypothesized that the functional impact of KRAS
203  mutations, along with mutational signatures, would reflect the clinical distribution of observed
204  mutations. To test this, we modeled the clinically observed mutational spectrum of KRAS as a
205 function of mutational signatures observed in lung adenocarcinoma, colorectal adenocarcinoma,
206  and pancreatic ductal adenocarcinoma along with the transforming potential from our DMS
207  screen. Poisson distribution models were trained on somatic KRAS mutations in the COSMIC v97
208 database and validated using the GENIE database**’~*°. We found that mutational counts
209 predicted by our DMS screen alone revealed a strong correlation with mutations observed at each
210  codon position in human cancer (R = 0.73), and the addition of mutational signatures to the model
211 improved the prediction of mutation counts (R = 0.97) (Fig. 1D). Our analyses identified an
212  association between the smoking mutational signature (SBS4) and the mutational process
213 underlying the KRAS®'?® and KRAS®'*¢ mutations in lung adenocarcinomas (Extended Data Fig.

214  3)*. We noted that, while the function-based model predicted a higher occurrence rate of


https://doi.org/10.1101/2024.10.22.618529
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.22.618529; this version posted October 25, 2024. 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-ND 4.0 International license.

215  mutations at Q61, the infrequency of mutational mechanisms linked to Q61 GOF variants drives
216  down the incidence rates (Fig. 1D, Extended Data Fig. 3). Taken together, our findings
217  systematically explain the prevalence of KRAS hotspot mutations in human tumors, as a
218  consequence of both functional impact and underlying mutational processes in cancer cells.

219

220 Comprehensive mapping of second-site suppressor mutations that inactivate oncogenic
221  KRAS®'?P

222 G12D is the most frequently observed oncogenic KRAS variant in human cancers and has
223  been linked to poorer survival outcomes®. To systematically investigate potential mechanisms of

SG12D

224  inactivation for oncogenic KRA , we conducted a positive selection DMS screen for loss-of-

225  function (LOF) single amino acid mutations in the KRAS®'?P

oncoprotein. The screen was
226  performed in the HCC827 cell line, an EGFR exon 19 deleted lung adenocarcinoma cell line that
227  has been shown to undergo apoptosis upon hyperactivating MAPK signaling beyond baseline
228 levels®. To calibrate the screen results, we used KRAS®'?P'C18D g5 5 known inactivating control.
229  Mutations at residue C185 disrupt KRAS farnesylation, preventing its anchoring to the plasma
230 membrane and resulting in inactive KRAS®'. As expected, expression of KRAS®'2P/€185D jn HA1E
231 cells was unable to either activate the MAPK pathway or support anchorage-independent growth
232 in the low attachment (Extended Data Fig. 1A & 1B). When LacZ, KRAS"T, KRAS®'?"  or
233  KRAS®'?PC18D \was introduced into HCC827, only KRAS®'?P induced apoptosis and reduced the
234  population doubling rate (Extended Data Fig. 4A-D). In contrast, suppressor mutant

235  KRAS®™PC18D did not affect the viability or proliferation (Extended Data Fig. 4D).

236 To identify second-site suppressor mutations that inactivate oncogenic KRAS®'?,

237  generated a DMS library with a backbone G12D-mutant allele of KRAS-4B (hereafter referred to

we

238  as KRAS®'?P DMS screen, including a total of 3,535 variants with an average of 18.9 substitutions
239  per position, excluding the first methionine residue. We then stably transduced this KRAS®'?P
240  DMS library into HCCB827 cells, followed by genomic DNA harvesting and sequencing to assess
241 allelic enrichment and depletion over time (Extended Data Fig. 4E). A LOF score was calculated
242  from the relative abundance of sequencing reads of each allele as an LFC of the average of allele
243  representations on day 12 over that of day 0 (Fig. 2A, Extended Data Table 3). In this KRAS®'?°
244  LOF HCC827 DMS screen, higher LFC scores corresponded to greater positive selection
245  resulting from more potent inactivation of the oncogenic activity of KRAS®'??. We observed
246  multiple putative suppressor mutations that impair KRAS®'?® oncogenic activity. As expected,
247  inactivating substitutions at C185 were enriched in the screen (Fig. 2A, Extended Data Table

248  1&3). While the C185 position proved to be the most mutationally intolerant position, the polybasic
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249  region (residues 175-184) was functionally resilient to multiple point mutations (Fig. 2A, Extended
250 Data Table 3). Using C185 as a benchmark threshold for inactivating alleles, we defined the
251 putative suppressor mutations as variants with higher LFC scores in the KRAS®'?® HCC827
252  screen than the weakest inactivating mutation at C185 (LFC > 0.84) (Methods). To achieve an
253 integrative and comprehensive understanding of KRAS LOF variants, we further compared the
254  results from HCC827 suppressor screen to an additional negative-selection KRAS®'?® DMS
255  screen performed in HA1E cells (Methods, Extended Data Fig. 5A). Through this analysis, we
256 identified 331 variants that scored in both screens (i.e. intersection of screens) based on C185
257  benchmark (HA1E LFC < -0.72), with 59 variants exclusively found in the HCC827 screen and
258 178 mutations that were unique to the HA1E screen (Extended Data Fig. 5B&C). We note that
259  our hit criteria is stringent, as second-site LOF mutations such as G75A and K104Q in the
260 background of KRAS®'?? have been previously shown®?, but score moderately in our screens
261  (Extended Data Table 3). The putative suppressor variants of the HCC827 screen were
262  concentrated around major functional regions within the G-domain (Fig. 2A&B, Extended Fig. 5D).
263 Inthe HVR, single mutations within the polybasic region were insufficient to inactivate KRAS®'??,
264  likely owing to the functional redundancy of the poly-lysine track for membrane association.
265  However, several suppressor mutations were observed within the C-terminal CAAX box. C185 is
266  essential for lipid posttranslational modification and displayed broad intolerance to any
267  substitutions. Additionally, several mutations introducing charged residues at 1187 and M188 also

268  caused inactivation (Fig. 2A).

269 Out of the inactivating alleles identified in both screens as well as uniquely identified in
270  each screen, we chose 41 alleles covering all secondary structures, motifs, and functional regions
271 for individual validation. We also included Y64A and C118A as two additional LOF controls. Of
272  these variants in the validation set, all but C118A were observed to be functionally inactivating in
273  the HA1E GILA assays and HCC827 growth assays (Extended Data Fig. 5E&F). Furthermore,
274  we selected six alleles and performed HA1E cell line xenograft tumor formation assays, with these
275  experiments showing the expected functional impact on KRAS oncogenicity based on the
276  screening results (Extended Data Fig. 5G). Additionally, we stably transduced these double
277  mutants of KRAS in HA1E and HCC827, and all 41 variants demonstrated reduced levels of
278  phosphorylated(p) MEK and pERK and increased p-STAT3 levels®®, while the C118A control did
279  not impact downstream signaling (Extended Data Fig. 6&7).

280
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281 Identification of destabilizing mutations of KRAS®'?® that result in degradation and
282  inactivation

283 We hypothesized some LOF variants likely induce general protein instability and lower
284  levels of the oncoprotein in cells. To complement our experimental KRAS®'?® DMS results, we
285  performed an in silico FoldX mutational analysis®*®° to determine the predicted mean free-energy
286 change (AAG) upon mutation for each position of KRAS®'?? based on a previously reported
287  structure (Methods) (Fig. 2C, y-axis). As anticipated, several solvent inaccessible positions of
288  KRAS®'? are functionally intolerant to mutational change due to predicted destabilization of the
289  protein, with position G10 buried within the P-loop anticipated to exhibit the highest average free
290 energy change upon mutation. Comparing the in silico analysis (Fig. 2C, y-axis) with the
291  experimental KRAS®'?® DMS screen (Fig. 2C, x-axis), we found that the KRAS positions with high
292  average LFC scores and minimal computationally predicted structural impact were either involved
293  in magnesium/nucleotide cofactor binding or in effector interactions, functions essential for the
294  maintenance of KRAS®'?® oncogenic activity. To experimentally test the stability and expression
295  of the selected validation set of 41 LOF mutants, we evaluated baseline expression levels of these
296 KRAS®'?P double mutants transfected in 293T cells and observed significant differences in KRAS
297  protein levels (Fig. 2D). About half of the tested mutations led to a reduction in protein levels,
298  especially variants in B4 (77-83), 85 (111-116)-G4 (117-119) and a5 (152-167) regions (Fig. 2D),
299 likely due to destabilization and degradation mediated by the protein quality control system.
300 Lentiviral transduction of these KRAS double mutants in both HA1E and HCC827 also exhibited

301  similar protein expression levels for these mutants (Extended Data Fig. 6&7).

302 We next examined whether the reduced expression observed on immunoblot for 24 alleles
303 was due to accelerated protein degradation by performing a cycloheximide (CHX) chase assay.
304  Protein levels of KRAS®'?P were assessed after 3, 6, and 9 hours of CHX treatment in HA1E cells
305 expressing individual KRAS®'?® with second-site mutations (Fig 2E, Extended Data Fig. 8A). For
306 alleles with unclear results, we extended the treatment up to 48 hours and observed faster
307 degradation than KRAS®'?® (Extended Data Fig. 8B). For secondary variants such as G10L that
308 may interfere with G12D targeted antibody binding, we devised bicistronic vector that expressed
309  GFP simultaneously with the mutated, HA-tagged KRAS (Extended Data Fig. 8C&D). Overall, we
310 found that half of the selected secondary mutations suppress KRAS®'?® oncogenicity by
311 promoting its degradation. When alleles with decreased protein levels were mapped onto the
312  crystal structure of the G-domain of KRAS®'?® bound to non-hydrolyzable GTP analog GppNHp
313 (PDB: 6GOF), residues in a3 and a5 helices were orientated toward the core of KRAS. This

314  suggests that substitution at these positions may compromise protein stability, either directly or

10


https://doi.org/10.1101/2024.10.22.618529
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.22.618529; this version posted October 25, 2024. 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-ND 4.0 International license.

315 by hindering helix formation, as mutations of some of these residues to those with lower helical

316  propensity might prevent helix formation and decrease protein stability (Extended Data Fig. 8E).
317

318 Disruption of switch-l/ll conformation and effector binding inactivate the oncogenic
319  function of KRAS®'?P

320 To further examine mechanisms of inactivation for mutants with preserved protein
321  expression, we selected 14 KRAS®'?® second-site mutants (E3K, Q25E, F28K, P34R, R41Q,
322  K42l, Q43D, V45E, D54R, I155E, G60R, E62Q, M67R, and V103Y) from our validation set that
323 represent a broad range of features within the G-domain of KRAS to pursue extensive
324  biochemical and structural studies. We crystallized and solved structures of 11 of the 14 KRAS®'?P
325 second-site mutants in complex with GDP/Mg*" (Extended Data Table 4-5). Despite extensive
326 efforts, three KRAS®'?P second-site mutants, Q25E, K42, and Q43D did not crystallize (Extended
327 Data Table 4-5). We proceeded with the structural analysis of these 11 KRAS®'?° second-site

SG12D

328 mutants and performed biochemical analysis on all 14 KRA second-site mutants to

329 understand the mechanism of inactivation of oncogenic activity (Extended Data Fig. 9A).

330 We initially performed molecular dynamic (MD) simulation studies on the crystal structures
331  that we resolved and found that average Ca conformational dynamics (RMSD) correlated with the
332  degree of functional loss in the DMS screen (Extended Data Fig. 9B, Extended Data Table 6). In
333  particular, I55E, F28K, and D54R mutants exhibited LFC >2 in the DMS screen and high dynamic
334 motion (overall Ca RMSF > 2.5A) within the switch regions across the 100ns time course
335 (Extended Data Fig. 9C), consistent with lower melting temperatures compared to KRAS®'?°
336  (Extended Data Fig. 9D). I55E and F28K, located on either side of the switch-I region, exhibited
337  afully open switch-I region. 155 typically resides within a hydrophobic region adjacent to the core
338  b-sheet of KRAS®'?®, interacting with nonpolar residues within b1-strand and a1/a5-helix. The
339 I55E substitution, introducing a charged/acidic residue, results in a repulsion from the native
340 hydrophobic region and an energetically favorable electrostatic coordination with the Mg ion within
341  the active site. This results in the detachment of the b2-strand from the central b-sheet and the
342  formation of a new antiparallel b-sheet between a newly formed b-strand, consisting of residues
343  preceding the switch-I region, and b2-strand (Fig. 3A). In the case of F28K, substitution with lysine
344  causes a charge repulsion effect with the neighboring K147 residue and a loss of edge-to-face pi-
345  stacking interaction with the guanine moiety of GDP, resulting in an open conformation of switch-

346 | (Fig. 3B). In contrast, D54 resides on b3-strand between the two switch regions and participates
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347  in stabilizing hydrogen bond interactions between b2- and b4-strand (Fig. 3C). The D54R mutation
348  causes a charge swap and repulsion of K5 and R41, resulting in new hydrogen bonds with switch-
349  1(S39) and switch-1l (D69) and consequent disruption of switch-1l a2 helix. Considering the crucial
350 role of the ordered switch conformations of KRAS for effector binding, we hypothesized that
351 mutations that destabilize switch regions, such as I55E, F28K, and D54R, would hinder their
352  ability to bind to effectors. We measured the binding affinity of these double mutants to RAF1-
353 RBD (Ras-Binding Domain), and the mutations resulted in profoundly impaired binding compared
354 to KRAS®'? (Fig. 3D, Extended Data Table 6).

355 Next, we assessed the impact of mutations at the effector binding site and proximal
356 residues. We analyzed sidechain substitutions from the DMS screen in terms of their biophysical
357  characteristics and combined this information with binding energies derived from structural data.
358 As anticipated, effector contacting residues within switch-l were generally intolerant to mutational
359 change, in contrast to contacting regions of switch-II, which had minimal functional consequences
360 for most substitutions. Mutations within and proximal to the switch | region (D33, 136, E37, D38,
361 and Y40) resulted in the greatest loss-of-function on average (Fig. 3E), consistent with these
362 residues anticipated to contribute the greatest stabilizing energy for effector binding calculated
363  from previously reported effector bound-RAS structural data by forming interprotein hydrogen
364 bonds and salt-bridges®****’. We also identified several residues within the interswitch region,
365  with one or more variants scoring as significantly inactivating at positions R41, K42, V44, V45,
366 L53, D54, I55, L56, D57, T58, and A59. For example, K42 demonstrated significant intolerance
367 to any sidechain substitutions except positively charged arginine, which is in line with the KRAS-
368 RAF1 RBD-CRD structure, where K42 forms two hydrogen bonds with CRD residues.

369 Given that RAS interacts with both RBD and CRD of RAF1, and RAS-CRD interaction is
370  important for full activation of RAF1*°, we sought to understand a potential mechanism for loss-
371  of-function of these mutants by aligning crystal structures of suppressor mutants to the previously
372  reported RAS-RAF1 RBD-CRD complex structure (PDB: 6XI17) (Fig. 3F). The substitution of V45
373  with glutamine in KRAS led to decreased affinity for RAF1 RBD-CRD and diminished MAPK
374  signaling, likely due to clashes with residues within the CRD of RAF1%*. We structurally modeled
375 the impact of mutation at the V45 position by aligning our original V45E crystal structure into a
376  previously reported structure of RAF1 RBD-CRD complexed with KRAS. Following a 100ns MD
377  simulation, we observe a hydrophobic repulsion of KRAS V45E from RAF1 CRD residues F163
378 and F141 (Fig 3G), consistent with a 2-fold reduction in the binding affinity of KRAS V45E with
379 RAF1 RBD-CRD'"*-%8 Beyond direct interacting residues, we also sought to structurally

12


https://doi.org/10.1101/2024.10.22.618529
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.22.618529; this version posted October 25, 2024. 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-ND 4.0 International license.

380 understand the impact of proximal mutations on RAF1 binding. D54R resides within the 3 strand
381 and is not directly involved in RAF1 binding. As we previously highlighted, both D54R and E3K
382  mutations result in localized steric hindrance among adjacent side chains within the central B-
383  sheet. In our KRAS-RAF1 RBD-CRD model, we find that D54R causes a direct charge repulsion
384 with R67 of RAF1 (Fig. 3H). Similarly, E3K within the B1 strand also results in a local
385 conformational change due to the E3K shifting the 2 strand, disrupting the KRAS-RAF1 interface
386  (Fig. 3l). These results were further confirmed by measuring binding affinity between KRAS and
387 RAF1-RBD, whereby G12D/D54R, and G12D/E3K resulted in a 12.6-fold and 6.4-fold increase in
388  Kbp, respectively, compared to G12D (Extended Data Fig. 10).

389 The structural superposition of KRAS®'?® secondary mutants with HRAS bound to PI3Ky
390 (PDB: 1HES8) suggests that Q25E, F28K, P34R, and G60R are located near the HRAS-PI3Ky
391 interface (Extended Data Fig. 9E). Among these secondary mutations, Q25E led to a 2-fold
392  reduction in binding affinity with PI3Ky, while F28K, P34R, and G60R resulted in complete loss of
393  binding, likely due to mutation-induced conformational changes and loss of critical interactions at
394 the RAS-PI3Ky interface (Extended Data Fig. 11). Considering that RAS-PI3Ky interaction
395 involves the switch-Il region, G60R mutation abolishes interaction with PI3K but still allows
396 formation of the RAS-RAF1 complex, albeit with reduced affinity. Molecular modelling suggested
397 that G60R in complex with PI3Ky results in a conformational change in both switch-l and -1l due
398 to a new intra-protein hydrogen bond between G60R and E62 (Extended Data Fig. 9F&G). We
399 observe areduced calculated interaction energy of 19.25 kcal/mol between KRAS®'2P/CE0R yersys
400 KRAS®'?P  along with an inability to bind PI3Ky (Extended Data Fig. 9H & 11, Extended Data
401  Table 6). Through rigorous structural and biochemical analysis complemented by molecular
402  dynamics simulations, we have delineated how specific mutations, even those distal from the
403 effector binding site, can mediate structural alterations that significantly impair the interaction of
404  KRAS®'?P with key downstream effectors, such as RAF1 and PI3Ky. Taken together, these
405  studies underscore the intricate interplay between allosteric and orthosteric mutations in dictating
406  the conformational dynamics of switch-I/ll regions and subsequent effector binding capabilities of
407 KRAS®'?.

408
409 Decreased GEF-mediated nucleotide exchange abrogates KRAS®'?" function

410 The levels of GTP-bound KRAS®'? in cells depend on the ratio of GDP exchange rates

411 mediated by guanine nucleotide exchange factors (GEF), such as Son of Sevenless (SOS), and
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412  GTP hydrolysis rates assisted by GTPase-activating proteins (GAP), such as Neurofibromin 1
413  (NF1). Furthermore, suppression of nucleotide exchange has been shown to abrogate G12-
414  associated oncogenicity®*®®. To investigate if these suppressor mutations impacted KRAS®'?P-
415  GTP levels, we measured the intrinsic and SOS-mediated GDP exchange rate and the intrinsic
416  and NF1-mediated GTPase rates.

417 Among the 14 second-site mutants we selected, 9 exhibited a 3-fold decrease in their
418 SOS-mediated GDP exchange rate (Fig. 4A, Extended Data Fig. 12, Extended Data Table 6).
419  Q25E, P34R, G60R, E62Q, M67R, and V103Y demonstrated a lower SOS-mediated GDP
420  exchange rate than that of the intrinsic GDP exchange rate of KRAS®'?", R41Q, Q43D, and D54R
421  were weakly SOS-defective as these had higher exchange rates than the intrinsic rate but lower
422  than the SOS-mediated GDP exchange rate in KRAS®'?®. Overlaying the KRAS®'?° suppressor
423 mutants on the nucleotide-free RAS bound at the catalytic site of the SOS in the RAS-SOS
424  complex showed that all secondary mutations with decreased SOS engagement were located on
425  the RAS-SOS interface. Comparing the structure of RAS-SOS complex with structures of P34R,
426 R41Q, D54R, G60R, E62Q, M67R, and V103Y showed that these mutations resulted in the loss
427  of key interactions with SOS or significant conformational changes rendering them unable to
428 interact with SOS (Fig. 4B&C, Extended Data Fig. 13). Intriguingly, several second-site mutants
429  exhibited a reduction in conformational movement as evaluated by MD simulation. For example,
430 V103 resides on a3 helix at the intersection with switch-Il/a2 helix. The substitution of V103 with
431  tyrosine, containing a large aromatic sidechain, sterically blocks the dynamic movement of a2
432  helix (Extended Data Fig. 14A). This is reminiscent of the effects seen in previous RAS mutants
433 and KRAS inhibitors targeting the switch-ll pocket, thereby augmenting the preference for GDP
434  binding'®***". The P34R secondary mutation likely reduces nucleotide exchange rate due to a
435 new bidentate interaction observed in the crystal structure following MD simulation, stabilizing
436  switch-1 toward the a and B phosphates of GDP (Extended Data Fig. 14A). Over a 100ns MD
437  simulation, we observed a structural stabilization of GDP and switch- movement in V103Y and
438  P34R compared to KRAS®'?? mutant structure alone (Extended Data Fig. 14B&C). In contrast,
439  P34R mutation in KRAS"T is GOF (Fig. 1C), and MD simulations of a structural model of KRAS"3®
440 reveal a more structurally dynamic and open GDP binding site (Extended Data Fig. 14D), likely
441  increasing the rate of GDP/GTP exchange.

442 None of the 14 mutants showed increased intrinsic or NF1-mediated GTPase activity
443  (Extended Data Fig. 15, Extended Data Table 6), suggesting that these suppressor mutations do
444  not enhance GTP hydrolysis in KRAS®'?°. Binding affinity measurements with NF1-GRD (GAP-
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445  related domain) also showed no increased affinity for any of the suppressor mutations (Extended
446  Data Fig. 16, Extended Data Table 6). Notably, the F28K, I55E, and G60R mutants demonstrated
447  a complete loss of both intrinsic GTPase activity and KRAS-NF1 interactions in our assays,
448 indicating a significant impact caused by these secondary mutations. These results suggest that
449  none of the secondary mutations could increase or restore intrinsic or GAP-mediated GTPase
450  activity in KRAS®'?®, Comparison of the ratio of GDP exchange and GTP hydrolysis rates
451  indicates that Q25E, P34R, R41Q, D54R, E62Q, M67R, and V103Y would have lower GTP levels
452  compared to KRAS®'?®| and that may contribute to the revertant phenotype.

453

454  Discussion

455 Through a systematic approach integrating DMS with biological validation and structural
456  analysis, we present a comprehensive structure-function analysis of both gain- and loss-of-
457  function variants of KRAS. We have developed an in-depth model for clinically observed
458 mutational frequencies as a composition of mutational processes and protein function.
459  Furthermore, through systematic genetic studies, we have elucidated the paths to inactivate the
460 KRAS®'?P oncoprotein, including impacting protein stability, switch-I/Il configuration, effector
461 binding, as well as both intrinsic and SOS-mediated nucleotide exchange activity (Fig. 5). This
462  work provides a framework for interpreting KRAS variants in a clinical setting and a roadmap for

463  exploring therapeutic strategies to inhibit oncogenic KRAS.

464 In this study, we offer comprehensive evidence elucidating the varied frequencies of KRAS
465  mutations observed in clinical settings. We also illustrate the relationship between observed RAS
466  mutants and their transformative potential to develop a multivariate model that factors in the
467  probability of acquiring mutations at each codon throughout KRAS. The significance of the tissue
468 type and genetic background in determining the functional consequences of various KRAS
469  mutations has been shown to affect clinical outcomes and treatment responses®®2-%°. We studied
470 the transformation potential of KRAS through DMS using the HA1E immortalized embryonic
471  kidney cell line. The function of a gene depends on its biological context, and a comprehensive
472  understanding of its activity may be better achieved through context-driven, distributional
473  learning’®. DMS screening in other contexts can be further leveraged to determine how different
474  cell types may affect the transformation capabilities of KRAS variants or to enable a systematic
475  comparison of mutational impacts between RAS family members. Within our gain-of-function
476 screen, we also identified rare tumor variants with high transforming potential at KRAS residues

477 K16, L19, and L23 on the a1 helix, suggesting an important role of these residues in regulating
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478 the active RAS levels. Both K16 and L19 reside proximal to the GTP binding pocket, and
479  substitution of these residues may impact nucleotide exchange rate and hydrolysis, like the
480 classic RAS mutations at positions G12, G13, Q61, K117 and A146. However, further
481 investigation is required on the impact of mutations at these sites and their associated

482 mechanisms of activation.

483 Our KRASC®'? inactivation screen also outlined the molecular pathways leading to KRAS
484  loss-of-function, and intriguingly, several of the variants that we structurally investigated reside
485  within previously identified druggable pockets. Our studies identified mutants such as V103Y near
486  the switch-Il cryptic pocket, resulting in the steric locking of switch-Il and preferential GDP
487  binding'®®**". Furthermore, E3K and D54R reside near the DCAI pocket”'. We also found
488  additional mutants, such as P34R under switch-l, that may molecularly cage GDP resulting in
489  KRAS inactivation. Small molecules targeting under switch-I that impact KRAS nucleotide affinity
490 may prove to be an additional therapeutic strategy. Thus, our DMS study, along with recent work
491 by Weng et al.%®, provides a comprehensive mutational reference map to identify functionally
492  relevant pockets within the KRAS protein. Furthermore, as new cryptic pockets within RAS
493  proteins are identified, our structural analysis will serve as an important resource to understand

494  the functional impact of targeting these areas.

495 The transforming activity of KRAS®'?P

was abrogated by mutations that affect SOS-
496  mediated nucleotide exchange. This is consistent with previous observations that KRAS mutants
497  with relatively high intrinsic GTPase rates or slow GDP-off rates, are only partially GTP-loaded.
498  KRAS®'?C js the best-known example, but KRAS®'?P also appears to require SOS activity for full
499  biological activity. However, wild type RAS proteins are far more dependent on SOS and other
500 GEFs compared with oncogenic RAS mutants. Likely for this reason, drugs that target SOS or
501 SHP2, which is essential for SOS activity, have not been well tolerated in clinical trials, even in

502 the presence of KRAS®'?® inhibitors or MEK inhibitors which are known to increase GEF activity.

503 With several promising KRAS and pan-RAS inhibitors on the horizon and entering clinical
504 trials, the need to effectively classify and understand KRAS mutations has become paramount.
505 Here, we demonstrate KRAS allele frequency is a product of mutational probabilities and
506 functional impact and establish a robust foundation for defining functional, clinically relevant
507 KRAS mutants. The comprehensive functional map of transforming alleles of KRAS presented
508 here will serve as a valuable resource to the clinical oncology community to define oncogenic
509 variants of KRAS that may be targeted by one or more drugs in the increasing array of KRAS

510 inhibitors coming to the clinic. Moreover, as additional mutations in RAS proteins emerge in the
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511 context of acquired resistance to mutant-selective KRAS inhibitors, this map will provide a
512  foundation to understand the oncogenic potential of each observed RAS mutation, which may
513 ultimately guide clinical care by influencing the choice of the next lines of RAS-directed therapy.
514  Moreover, given the expansive drug-development efforts ongoing in academia and industry that
515 depend on sound understanding of RAS structure and function, this body of work provides
516  multiple novel datasets and structural models to inform future structure-function studies within the
517 RAS therapeutic community. Lastly, by unveiling the landscape of suppressor mutations of
518 oncogenic KRAS®'?? this work also paves the way for the discovery of novel inhibitory
519  mechanisms of KRAS and may inform future therapeutic strategies.

520

521

522  Methods

523  Cell Culture

524  Cells were tested negative for mycoplasma using the mycoplasma detection kit (Lonza #LT07).
525  The 293T and HCC827 cells were purchased from American Type Culture Collection and cultured
526  in DMEM and RPMI 1640 respectively. HA1E cells were cultured in MEM a (Life Technologies; #
527  12571071). All media were supplemented with 10% FBS and 1x Antibiotic-Antimycotic (Life
528  Technologies; # 15240062). All cell lines were tested mycoplasma negative.

529

530 Plasmids

531 pLVET-IRES-GFP and pLVET-HA-K-RasG12V-IRES-GFP were gifts from Aki Manninen
532  (Addgene plasmid # 107139 and # 107140); The latter was used as a template to generate
533 pLVET-HA-K-RasG12D-IRES-GFP (HA-G12D) and pLVET-HA-K-RasG12D/G10L-IRES-GFP
534 (HA-G12D/G10L) with QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent; # 210519).
535 The sequences were confirmed by Sanger sequencing.

536

537  Western blotting

538 The cells in 2D culture were washed with PBS, followed by the addition of RIPA Lysis and
539  Extraction Buffer (Life Technologies; # 89900) supplemented with 1X Halt Phosphatase Inhibitor
540  Cocktail (Life Technologies; #78420) and 1X Halt Protease Inhibitor Cocktail (Life Technologies;
541  # 87785). The HA1E cell suspension in ultra-low plates were added to tubes with PBS and spun
542  down. The pellets were then resuspended with the lysis buffer. After lysis for 30 minutes on ice,

543  the lysates were centrifuged at 13000 rpm for 15 minutes at 4°C. The supernatant was collected
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544  and quantified using a BCA assay (ThermoFisher Scientific # 23225) and protein lysates were
545  then prepared and used for western blotting.

546

547  Antibodies

548 The antibodies used from Cell Signaling Technology were phospho-p44/42 MAPK
549  (Thr202/Tyr204) (#4370S), p44/42 MAPK (#4695), phospho-Akt (Ser473) (#4060), Akt (#9272),
550 phospho-S6 (Ser240/244) (#2215), S6 (5G10) (#2217), phospho-Stat3 (Tyr705) (#9145S), Stat3
551  (#4904S), Ras G12D (#14429S) and Vinculin (#4650S). Anti-KRAS rabbit polyclonal antibody
552  was from Proteintech (# 12063-1-AP).

553

554 KRAS WT DMS Screen

555  Library construction: Lentiviral vector pMT_BRDO023 was developed by the Broad Institute Genetic
556  Perturbation Platform (GPP), and library generation was performed similar to as previously
557  described’. In brief, A PAC gene is driven by SV40 promotor to confer puromycin resistance.
558  Open Reading Frames (ORF) can be cloned in through restriction/ligation. The ORF expression
559 is driven by EF1a promoter. Cloning: Human KRAS-4B ORF (NCBI Reference Sequence
560 NP_004976.2) was synthesized by GenScript and cloned into pUC57. Missense mutations were
561 created by silicon-based platform developed by Twist Bioscience at a saturation scale. Mutant
562  KRAS-4B cDNA were cloned into pMT_BRDO023 with restriction and ligation with Nhel and BamHI.
563  We aimed for 1000 colonies per variant, or 4 million colonies for KRAS saturation mutagenesis
564  expression library. Plasmid DNA (pDNA) was extracted from the harvested colonies using Qiagen
565 Maxi Prep Kits. The resulting pDNA library was sequenced via lllumina Nextera XT platform.
566  Lentivirus production: Lentivirus was produced by the GPP at the Broad Institute (Online protocol:
567  http://www.broadinstitute.org/rnai/public/resources/protocols/). Briefly, viral packaging 293T cells
568  were transfected with pDNA library, a packaging plasmid containing gag, pol and rev genes (e.g.
569 psPAX2, Addgene), and VSV-G expressing envelop plasmid (e.g. pMD2.G, Addgene), using
570 TransIT-LT1 transfection reagent (Mirus Bio). Media was changed 6-8 hours post-transfection.
571  Virus was harvested 30 hours post-transfection.

572

573  Screens using the Growth in Low Attachment (GILA) in HA1E cells

574  Cells were transduced with the pooled lentiviral library with a final concentration of 8ug/mL
575  polybrene and a virus volume to achieve 30% infection efficiency. Next, cells were selected with
576  1ug/mL puromycin for five days and allowed to recover for two days. On Day 0, recovered cells

577  were either snap frozen for early time point or seeded at 1.0x10° cell density in an ultra-low
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578  attachment 10 cm plate (Corning #3262). Cells were spun down and snap frozen on Day 7 and
579  Day 14. For the Day 14 timepoint, the culture medium was refreshed on Day 7. Cell pellets were
580 stored at -80° C until genomic DNA was extracted.

581

582 KRAS®'?’ DMS screen

583  Library construction: The vector used for expression of KRAS alleles was the lentiviral vector
584 pMT_BRDO023 previously described. Cloning: The KRAS4B reference protein sequence
585 (NP_004976.2) was used as a template to design codon-optimized cDNA sequence. Residue at
586  position 12 was changed from G (Glycine, codon: GGT) into D (Aspartate, codon: GAT). The final
587 ORF was KRASG12D (GGT>GAT) with 6 silent mutations (between 330-348) which were
588  designed for allele-specific knockdown experiments. The sequence of the ORF is as shown below
589  while the G12D mutation and synonymous mutations were underlined.

590

591 ATGACTGAATATAAACTTGTGGTAGTTGGAGCTGATGGCGTAGGCAAGAGTGCCTTGACGA
592 TACAGCTAATTCAGAATCATTTTGTGGACGAATATGATCCAACAATAGAGGATTCCTACAGG
593 AAGCAAGTAGTAATTGATGGAGAAACCTGTCTCTTGGATATTCTCGACACAGCAGGTCAAG
594 AGGAGTACAGTGCAATGAGGGACCAGTACATGAGGACTGGGGAGGGCTTTCTTTGTGTAT
595 TTGCCATAAATAATACTAAATCATTTGAAGATATTCACCATTATAGAGAACAAATTAAAAGAG
596 TTAAGGACTCTGAAGATGTACCCATGGTGCTGGTCGGCAACAAATGTGATTTGCCTTCTAG
597 AACAGTAGACACAAAACAGGCTCAGGACTTAGCAAGAAGTTATGGAATTCCTTTTATTGAAA
598 CATCAGCAAAGACAAGACAGGGTGTTGATGATGCCTTCTATACATTAGTTCGAGAAATTCG
599 AAAACATAAAGAAAAGATGAGCAAAGATGGTAAAAAGAAGAAAAAGAAGTCAAAGACAAAG
600 TGTGTAATTATGTAG

601

602 This ORF was further flanked at N-terminal with a Nhel restriction site and Kozak sequence
603 (GGTTCAAAGTTTTTTTCTTCCATTTCAGGTGTCGTGAGGCTAGCGCCACC) and at C-
604  terminal with a BamHI /Mlul restriction site
605 (GGATCCCGGGACTAGTACGCGTTAAGTCGACAATC). Missense mutations were created
606  using the KRASG12D ORF described above by Twist Bioscience as linear fragments of the full-
607 length ORF flanked with adapters for cloning. The fragment library was first digested overnight
608 with Nhel and BamHI, then underwent ligation with the pMT_BRDO023 lentiviral vector pre-
609  processed with the same restriction enzyme pair. The ligation was carried out with a 5:1 insert-
610 to-vector molar ratio, using a T7 DNA ligase at room temperature for 2h. The ligation was cleaned

611 up with isopropanol precipitation and the resulting DNA pellet was used to transform Stbl4
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612  bacterial cells. Plasmid DNA (pDNA) was extracted from the harvested colonies using a QIAGEN
613  Maxi Prep Kit. The resulting pDNA library was sequenced via lllumina Nextera XT platform to
614  determine the distribution of variants within the library.

615

616  gDNA extraction and ORF amplification: gDNA was extracted as previously described. The
617 integrated ORF in the gDNA was amplified by PCR. The PCR products were shot-gun sheered
618  with transposon, index labeled, and sequenced with next-generation sequencing technology. The
619 PCR primers were designed in such way that there is a ~100 bp extra sequence at each end
620 leading up to the mutagenized ORF region. For the pMT_BRDO023 vector, we use these 2 primers:
621

622  Forward: 5-ATTCTCCTTGGAATTTGCCCTT-3’

623 Reverse: 5-CATAGCGTAAAAGGAGCAACA-3’

624

625 PCR reactions were set up in 96-well plates according to the optimized PCR condition and Q5
626  DNA polymerase (New England Biolabs) was used as the DNA polymerase. All PCR reactions
627 for each gDNA sample were pooled, concentrated with a PCR cleanup kit (QIAGEN), and
628  separated by gel electrophoresis. Bands of the expected size were excised, and DNA was purified
629 first using a QlAquick kit (QIAGEN) then an AMPure XP kit (Beckman Coulter). Nextera reactions
630 and sequencing was performed as described in Screen deconvolution section for KRAS WT DMS
631  Screen.

632

633  Second-site suppressor screening with HCC827 cells

634 HCCB827 cells were transduced with the lentiviral KRAS®'?? DMS library with low multiplicity of
635 infection (<0.3) to make sure each cell could only be infected with one virus. The polybrene was
636 added at 8 pg/mL during transduction. After puromycin selection at 1 ug/ml and cell recovery, a
637  proportion of cells were harvested as day 0 samples. The remaining HCC827 cells were seeded
638 into high-attachment flasks and were harvested after 12 days in culture. Cell pellets were stored
639  at-80° C until genomic DNA was extracted.

640

641 KRAS"“T and KRAS®'?® DMS data analysis

642  Software: The reads were processed with a second-generation variant calling software called
643  AnalyzeSaturationMutagenesis (ASMv1.0)" (downloadable at:
644  https://github.com/broadinstitute/gatk/releases). In this version of the software, reads are

645  evaluated full-length, that is, variants are called in the context of entire read (or read pair). The
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programmed variant is called when 2 conditions are met: (1) the detection of the programmed
codon changes, and (2) the absence of any additional nucleotide variations throughout the entire
read or read pair. The output files from the ASMv1.0 software were parsed to tally the sum of
counts for variants defined by changes detected in the reads relative to the reference ORF
sequence. The parser is also downloadable at the above Github site Ultimately, a data-frame file,
whose columns are screen samples, rows are variants, cells are counts, is produced. All

subsequent analyses were based on this data file.
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654  Screen deconvolution

655 gDNA was extracted from frozen cell pellet using Qiagen Maxi kit (#) as per the manufacturer’s
656  protocol. The open reading frame was PCR amplified and gel purified. NGS libraries were made
657 and sequenced on a HiSeq2500 (lllumina) at 150 base pair-end. Extraction of ORF from gDNA:
658  To maintain clone representation, we need to process enough gDNA extracted from enough cells
659 from each screen replicate. In this study, up to 12 separate PCR reactions were done for each
660 gDNA sample. Each PCR reaction were conducted in a volume of 100 uL, and with ~ 2.5 ug
661  gDNA. Herculase Il (Agilent Genomics) was used as DNA polymerase. All 12 PCR reactions of
662 each gDNA sample were pooled, concentrated with Qiagen PCR cleanup kit, and then purified
663 by 1% agarose gel. The excised bands were purified first by Qiagen Qiaquick kits, then by AMPure
664  XP kit (Beckman Coulter). Following lllumina Nextera XT protocol, for each sample, we set up 6
665  Nextera reactions, each with 1 ng of purified ORF DNA. Each reaction was indexed with unique
666 i7/i5 index pairs. After the limited-cycle PCR step, the Nextera reactions were purified with
667  AMPure XP kit (Beckman Coulter). All samples were then pooled and sequenced with lllumina
668  Hiseq2500 platform.

669

670 DMS data processing: Reads were aligned to KRAS"T and KRAS®'?" reference sequences for
671 the HA1E and HCC827 screens results, respectively. The abundance of each variant was
672 calculated by the fraction of reads compared to the total reads of all variants for each replicates
673 independently. Variants that were not designed in the original library were removed and only
674 intended variants were included for subsequent analysis. Variants with missing values (NA) for at
675 least 2 out of the 3 replicates for either of the timepoints used to calculate the functional scores
676  were removed from the analysis. Variant abundances were defined as the og. fold change
677  between late timepoint (day 7 Low attachment for the KRAS"YT GOF DMS or day 12 for the
678 KRAS®'?? LOF DMS) in comparison to the library representation at day 0 and were computed by
679  applying a moderated t-test as implemented in the R package limma (version 3.54.2).

680

681 Three-dimensional Mapping

682  Functional data was mapped onto the structure of KRASWT bound to GDP (PDB: 40BE) for the
683 HA1E KRAS"T DMS results and onto KRASG12D bound to GPPNHP (PDB: 6GOF) for the
684 HCCB827 KRAS®'? DMS results, using UCSF Chimera. Mapping and graphical display of
685 functional data from the DMS screens were mapped onto the crystal structures of KRAS isoforms
686  using Chimera UCSF. KRASWT bound to GDP (PDB: 40BE) was used for the mapping of the
687 HA1E KRASWT screen results and KRASG12D bound to GPPNHP (PDB: 6 GOF) for the HCC827
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688 KRASG12D screen results. Phenotypes were mapped using the “define by attribute” and “render
689 by attribute” functions of the software. For each residue in the structure, we indicated the maximal
690 transformation score (HA1E KRASWT screen) or maximal suppressor score (HCC827
691 KRASG12D screen) per position as an intensity of red. The number of substitutions per position
692  producing the respective phenotype were represented as a width gradient using the “Worms”
693  attribute of the software.

694

695 Public data

696  All public data were downloaded in July 2022.

697 COSMIC v97 data was accessed on www.cancer.sanger.ac.uk. Both targeted and whole genome
698 screen data were used. GENIE v11.1, TCGA, MSK-IMPACT, MSK MetTropism data were
699 accessed on www.cbioportal.org. gnomAD v2.1.1 data were accessed at
700 https://gnomad.broadinstitute.org/ and ICGC data were from https://dcc.icgc.org/.

701

702  Assignment of mutation probability based on trinucleotide mutation context

703  Single nucleotide substitution signatures and probabilities across the 96 types of trinucleotide
704  mutation types were obtained from COSMIC. Mutational signatures enriched in pancreatic
705 adenocarcinoma, lung adenocarcinoma and colorectal adenocarcinoma, as previously defined®,
706  were combined to create into an aggregate list representing mutational processed enriched in all
707  three aforementioned malignancies (SBS1, SBS2, SBS3, SBS4, SBS5, SBS6, SBS8, SBS9,
708 SBS10a, SBS10b, SBS13, SBS15, SBS17a, SBS17b, SBS18, SBS20, SBS26, SBS28, SBS30,
709 SBS37, SBS40, SBS44, SBS45, SBS51). Next, each base in the KRAS"™ cDNA sequence was
710  systematically substituted with every other possible base in silico, and the resulting sequences
711 were translated according to the standard genetic code. Mutational probabilities for each mutation
712  in KRASWT that can be achieved through a SNS were computed by considering the nucleotide
713 in 5 and 3’ of the substituted nucleotide, as previously described’. Next, we fitted three different
714  Poisson generalized linear models on the KRAS mutational occurrences from the Genie

715  database, as follows:

716 - Mutational signature: gim(Genie ~ SBS1 + SBS2 + ... + SBS51, family = poisson(link =
717 "log"))

718 - Functional score: gim(Genie ~ LFC, family = poisson(link = "log"))

719 - Full model: gim(Genie ~ LFC + SBS1 + SBS2 + ... + SBS51, family = poisson(link = "log")
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720 The fitted models were used to predict the mutation counts for each KRAS mutation in the
721 COSMIC v97 database and performance metrics, including correlation were defined between

722  observed and predicted counts.

723

724  KRAS saturation mutagenesis screening data

725  Functional scores for all the DMS screens presented in this study are available at
726  https://www.targetkras.com/

727

728  Xenograft transplant.

729  Female nude mice (NCRNU-F) were ordered from Taconic Biosciences. 2x10”6 of HA1E isogenic
730  cells were mixed with Matrigel and injected subcutaneously into nude mice and tumor growth
731 were monitored. The animal experiments were done with the approval of DFCI Animal Care and
732  Use Committee.

733

734  Apoptosis assay

735  After lentiviral infection and puromycin selection, HCC827 cells expressing LacZ, KRASWT,
736 KRASG12D and KRASG12D/C185D were stained with FITC-Annexin V and 7-AAD following the
737  instruction of the FITC-Annexin V Apoptosis Detection Kit with 7-AAD (BioLegend; # 640922) and
738  the samples were run on a BD LSRFortessa cell analyzer.

739

740 Protein degradation assay

741 HA1E isogenic cells were seeded into 6-well plates and treated with cycloheximide (CHX) (Sigma
742 Aldrich; # C1988) at 20 ug/ml for up to 9 or 48 hours. Protein lysates were prepared for western
743  blot as previously mentioned. Protein bands were quantified using Image J. The KRASG12D
744  variants protein expressions were then normalized to the loading control (vinculin) and the relative
745 level of each KRASG12D variant was then calculated for each timepoints compared to the Oh
746  timepoint. KRASG12D variants were clustered using Euclidean distance and Complete-linkage
747  clustering method.

748

749  CellTiter-Glo assays

750  HCCB827 isogenic cells were seeded into 96-well plate (Falcon; #353072) and CellTiter-Glo 2.0
751  Assay (Promega; # G9242) was performed following the manufacturer’s instructions. HA1E
752  isogenic cells were seeded into ultra-low attachment 96-well plates (Corning; # 3474) and
753  CellTiter-Glo 3D Cell Viability Assay (Promega; # G9683) was performed after 7 days.
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754

755  Cloning, expression and purification of recombinant proteins

756  Gateway Entry and expression clones for KRAS4b double mutation variants were created
757  following the methods outlined previously’. Gateway Entry and expression clones for human
758  RAF1(52-131) and SOScat were described previously’®’. Expression clones were as described
759  for Gly-KRAS4b(1-169) Addgene #159539, Gly-KRAS4b®'??(1-169) Addgene #159541, and
760  NF1(1198-1530) Addgene #159579. A Gateway Entry clone for human PIK3CG(144-1102)
761 V223K was generated by standard cloning methods and incorporated an upstream tobacco etch
762  virus (TEV) protease cleavage site (ENLYFQG) and a downstream His6 purification tag. Gateway
763  baculovirus Destination vector pDest-602 was constructed by modifying pFastBac-Dual
764  (ThermoFisher) to include a polyhedrin-driven N-terminal maltose-binding protein (MBP) tag to
765  enhance solubility, and a p10-driven enhanced green fluorescent protein (eGFP) marker. A
766  sequence-validated PIK3CG Entry clone was sub-cloned into pDest-602, and the final baculovirus
767  expression clone was used to generate bacmid DNA via the Bac-to-Bac system using the
768  manufacturer’s instructions (ThermoFisher). Final bacmid clones were PCR-verified and used to
769  generate baculovirus™.

770 All KRAS4b proteins, SOScat, and NF1(1198-1530) were expressed as outlined in Taylor
771 et al.”® using the Dynamite media protocol (16°C induction). RAF1(52-131) was expressed as
772  outlined in Taylor et al.”® using the auto-induction protocol. PIK3CG(144-1102)-His6 V223K was
773  expressed using the baculovirus-insect cell expression system following protocols described
774  previously”. All KRAS proteins, RAF1(RBD; 52-131), and NF1(GRD; 1198-1530) were purified
775  asdescribed for KRAS(1-169) in Kopra et al.”” with 1 mM MgCl, used for all non-KRAS purification
776  buffers. Briefly, the expressed proteins of the form His6-MBP-TEV-target, were purified from
777  clarified lysates by IMAC (immobilized metal-ion affinity chromatography), treated with His6-TEV
778  protease to release the target protein, and the target protein separated from other components of
779  the TEV protease reaction by a second round of IMAC. Proteins were further purified by gel-
780 filtration chromatography. Purification of SOScat was previously described’*. PIK3CG(144-1102)-
781 His6 V223K was purified essentially as described for KRAS in Kopra et al.”” with minor changes.
782  Specifically, i) the purification buffers were 20 mM Tris, pH 8.0, 300 mM NaCl, 1 mM TCEP until
783  the size-exclusion chromatography step, which used 20 mM Tris, pH 8.0, 150 mM NacCl, 1 mM
784  TCEP, ii) the lysate was amended with 25 mM imidazole which was also the concentration of
785  imidazole in the equilibration buffer of the column in the initial IMAC, and iii) as the final protein
786  retains a His6 tag, it bound to the column in the second IMAC step and eluted at high imidazole

787  but was still resolved from His6-TEV protease due to the latter’s higher affinity for the IMAC resin.
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788  The fractions with pure protein peaks were combined, flash-frozen in liquid nitrogen, and stored
789 at-80°C.

790  Melting temperature (Tm) measurements

791 Thermal stability of wild-type KRAS, KRAS®'?®, and KRAS®'?° second-site mutant proteins bound
792  to GDP were determined using a real-time thermal cycler. Briefly, the protein replicates were
793 assembled in 1.5 ml tubes by adding 90 ul of protein (concentration: 1 mg/ml in the buffer
794  containing 20 mM HEPES buffer pH 7.4, 150 mM NaCl, 5 mM MgCl,, and 1 mM TCEP) and 10
795  pul of the 10X protein thermal shift dye (ThermoFisher). Each protein replicate of 20 yl was added
796  to 3 wells in the 96-well reaction plate and sealed with adhesive film. The sealed plate was spun
797 at 2000 rpm for 2 minutes and loaded onto Quant Studio 3 real-time thermal cycler. The
798  StepOne™ software was used to operate the thermal cycler to acquire the relative fluorescence
799 unit data by ramping the temperature from 25°C to 99°C at the rate of 0.05°C/sec. The acquired
800 data were analyzed using the Applied Biosystems Protein Thermal Shift™ Software to obtain the
801 end-point T, derivative values. The T, derivative values for each protein sample replicate were
802  exported to Microsoft Excel to calculate the mean T and the standard deviation.

803

804 Intrinsic and SOS1-mediated nucleotide dissociation assay

805  KRAS proteins (~4 mg) were diluted in 20 mM HEPES (pH 8.0), 150 mM NaCl, 1 mM TCEP, 200
806 mM ammonium sulfate and 20 mM EDTA, and incubated overnight at 4° C with 5 mM MANT-
807  GDP (Invitrogen). Excess nucleotide was removed using a GE FPLC using a HighPrep 26/10
808  column into a buffer containing 20 mM HEPES (pH 8.0), 150 mM NaCl, 2 mM MgCl, and 1 mM
809 TCEP. The efficiency of the MANT-GDP exchange was determined using native mass
810  spectrometry as described previously’®. MANT-GDP loaded KRAS protein (1.5 uM) was prepared
811  in 40 mM Tris-HCI (pH 7.5), 150 mM NaCl, 2 mM MgCl;, and 1 mM TCEP and a final volume of
812 3 mL. Reactions were initiated by the addition of 2.5 yM SOSca: (564-1048) and 1.5 mM GDP,
813 and the change in fluorescence signal was recorded using an excitation wavelength of 355 nm
814 and an emission wavelength of 448 nm every 30 seconds in a Horiba Jobin Yvon Fluorolog
815  spectrofluorometer, at room temperature. Dissociation rates were calculated by fitting the data to
816  a single exponential decay using Prism graph fitting software.

817

818 Intrinsic and NF1-mediated GTP hydrolysis using phosphate sensor assay

819  GDP-bound KRAS proteins (~2 mg) were diluted into 20 mM HEPES, pH 7.3, 150 mM NaCl, 1
820 mM TCEP, 2 mM MgClz, 20 mM EDTA and 200 mM ammonium sulphate, and were incubated for

821  an hour at room temperature with a 100-fold molar excess of GTP. After the addition of 20 mM
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822  MgCly, the mixture was incubated for another 30 minutes at room temperature. Excess GTP was
823 removed by desalting over three PD MidiTrap G-25 columns. The efficiency of GTP exchange
824  was determined using HPLC as described previously’®. GTP hydrolysis was measured using the
825 Phosphate Sensor assay (ThermoFisher). Specifically, 3 yM of KRAS-GTP, 4.5 uM Phosphate
826  Sensor and 100 nM NF1 (GRD; residues1198-1530) were combined in 50 mM Tris, pH 7.6, 2 mM
827  MgClz, 150 mM NaCl and 1 mM DTT in a final volume of 40 yL. Measurements performed in the
828 absence of NF1 were included to calculate the intrinsic GTPase rates. Potassium phosphate
829  standards (2-fold, 3 uM to 47 nM) were prepared to calculate the amount of phosphate released
830 after GTP hydrolysis. The assay was run in a Corning® 3540 Low Volume 384-well Black/Clear
831 Flat Bottom Polystyrene Not Treated Microplate. Plates were run on a Perkin Elmer Envision
832  every 20 seconds for the first hour and then read for another 7.5 hours at 90-second intervals at
833  room temperature. GTPase hydrolysis rates were calculated by performing a linear regression fit
834  of the data using Prism graph fitting software.

835

836  Binding affinity measurement using isothermal titration calorimetry

837 The binding affinites of GMPPNP-bound KRAS®'?? second-site mutants with downstream
838 effectors (RAF1-RBD and PI3Ky) and RasGAP NF1 (GRD) were measured using isothermal
839 titration calorimetry (ITC). We used PI3Ky-V223K mutant for this experiment as it has been shown
840  to bind to KRAS with higher affinity, allowing us to monitor the effect of second-site mutants on
841 KRAS-PI3Ky interaction. The purified KRAS proteins were first exchanged to a non-hydrolysable
842  GTP analog, GMPPNP, using the protocol described earlier’®. KRAS®'?? second-site mutants,
843 RAF1-RBD, NF1 (GRD) proteins were dialyzed in a buffer (filtered and degassed) containing 20
844 mM HEPES (pH 7.3), 150 mM NaCl, 5 mM MgCl> and 1 mM TCEP. For the KRAS and RAF1-
845 RBD ITC experiments, 65 uM of KRAS and 650 yM of RAF1-RBD were placed in the cell and
846  syringe, respectively. For the KRAS and NF1-GAP ITC experiments, 50 uM of KRAS and 500 uM
847 of NF1 (GRD) were placed in the cell and syringe, respectively. For KRAS and PI3Ky ITC
848  experiments, KRAS-GMPPNP mutants and PI3Ky-V223K proteins were dialyzed in a buffer
849  (filtered and degassed) containing 20 mM Tris pH 8.0, 150 mM NaCl, 5 mM MgClz, 1mM TCEP.
850 ITC run was performed with PI3Ky at the concentration of 40 uM in the cell and KRAS at the
851  concentration of 400 uM in the syringe. ITC experiments were performed in a MicroCal PEAQ-
852 ITC (Malvern) at 25 °C using 19 injections of 0.4 pl initial injection and, subsequently, 2.2 pl

853 injected at 150-s intervals. Data analysis was performed based on a binding model containing
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854  “one set of sites” using a non-linear least-squares algorithm incorporated in the MicroCal PEAQ-
855  ITC analysis software (Malvern).
856

857  Crystallization and data collection
858 A total of 14 KRAS®'?P second-site mutants bound to GDP were screened for crystallization using

S¢12D second-site

859 the sparse matrix screens. Protein concentration used for crystallization of KRA
860 mutant were as follows: E3K — 8.2 mg/ml; Q25E — 8.5 mg/ml; F28K — 9.9 mg/ml; P34R — 7.6
861  mg/ml; R41Q — 11.7 mg/ml; K42l — 9.3 mg/ml; Q43D — 8 mg/ml; VA5E — 22.7 mg/ml; D54R — 14.8
862  mg/ml; I55E - 11.3 mg/ml; G60R — 21.5 mg/ml; E62Q — 20 mg/ml; M67R - 9.6 mg/ml; V103Y -9
863  mg/ml. For the mutant proteins that did not yield crystals, additional crystallization screens were
864  performed at different concentrations as follows: G12D/Q25E (13.6 mg/ml), G12D/F28K (14
865 mg/ml), G12D/P34R (15.7 mg/ml), G12D/K42| (14 mg/ml), G12D/Q43D (18.6 mg/ml), and
866 G12D/M67R (14 mg/ml). Except for Q25E, K421, and Q43D, we were able to obtain crystallization
867  hits for 11 KRAS®'?® second-site mutants. Initial crystallization hits were further optimized by
868  varying pH and precipitant concentration as well as by detergent and additive screens. Diffraction-
869  quality crystals were harvested with 15% PEG (polyethylene glycol) 3350 or 25% glycerol as cryo-
870  protectant in the crystal screen solution. Diffraction data for these crystals were collected on 24-
871 ID-C/E beamlines at the Advanced Photon Source (APS), Argonne National Laboratory. The

S¢120 second-

872  crystallographic datasets were integrated and scaled using XDS®. Crystals of KRA
873  site mutants diffracted to a resolution ranging between 1.22 - 2.51 A. The crystallization conditions
874  are in Extended Data Table 4, and crystal parameters and the data collection statistics are
875 summarized in Extended Data Table 5.

876

877  Structure determination and analysis

878  Structures of KRAS®'?® second-site mutants bound to GDP were solved by molecular

81-83 with a

879 replacement using Phaser as implemented in the Phenix/CCP4 suite of programs
880  protein-only version of GDP-bound KRAS®'?? structure (PDB: 5US4) as the search model. The
881 initial model obtained from molecular replacement was refined using the program Phenix.refine
882  within the Phenix suite of programs®, and the resulting Fo-Fc map showed clear electron
883  densities for the GMPPNP nucleotide and KRAS protein. The model was further improved using
884 iterative cycles of manual model building in COOT®, automated model building in
885 Phenix.autobuild, and refinement using phenix.refine®>. Once all amino acids that had
886 interpretable electron density were built, potential sites of solvent molecules were identified by

887 the automatic water-picking algorithm in COOT and phenix.refine. The positions of these
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888  automatically picked waters were checked manually during model building. Refinement statistics
889  for the structures are summarized in Extended Data Tables 4 and 5. Figures were generated with
890 PyMOL (Schrédinger, LLC). Crystallographic and structural analysis software support was
891  provided by the SBGrid Consortium®.

892 In silico saturation mutagenesis with FoldX.

893  The in silico saturation mutagenesis studies on KRAS that evaluate the protein stability from the
894  perspective of free energy change (AAG) upon mutations were performed using the FoldX>.
895 MutateX® was used for automation. The overall process was to systematically mutate each
896 available residue within a protein or a protein complex to all other possible residue types and to
897  predict AAGs utilizing the FoldX energy calculation. The RepairPDB function of FoldX was first
898  applied for energy minimization to modify the protein system to reasonable conformations. The

899  BuildModel function was followed for the computational mutagenesis and reporting AAG values.
900
901 In silico modeling and preparation of protein systems.

902  Our crystal structures of the KRAS®'?® with secondary mutation E3K (PDB entry: 9C43), F28K
903 (PDB entry: 9C3M), P34R (PDB entry: 9C3N), R41Q (PDB entry: 9C3Q), V45E (PDB entry:
904 9C3R), D54R (PDB entry: 9C3V), I55E (PDB entry: 9C3L), G60R (PDB entry: 9C3Z), E62Q (PDB
905 entry: 9C41), M67R (PDB entry: 9C3K), and V103Y (PDB entry: 9C40) were prepared before
906 modelling and simulations. The module of Protein Preparation in Schrédinger Maestro®” was
907 applied to cap termini, repair residues, optimize H-bond assignments, and run restrained
908  minimizations following default settings. Missing loops were modeled using the Prime Homology
909  Modeling module®®. Specifically, for V45E, loops E37-S39, L56-T58, E76-F78, E98-1100, V103-
910 D108, V125-K128, A130-D132, and S145-K147 were modeled; for D54R, loop E62-D69 was
911  modeled; for G60R, loop Q61-E53 was modeled; and for M67R, loop R59-A65 was modeled.
912  Reported KRAS®'?" structures bound to GDP and GMPPNP were acquired from the PDB
913  database with PDB entries of 5US4 and 5USJ%. Reported KRAS®'?P structures underwent the
914  same preparation procedure. For 5US4, loop G60-Y64 was modeled.

915 Templates of complex models for SOS-RAS, RAF-RAS, PI3Kg-RAS, and NF1-RAS were
916  acquired from the PDB database with PDB entries of INVW®, 6X17°°, 1HE8%, and 60B2*. For
917 the SOS in 1INVW, missing loops N26-A31 and R179-G184 were modeled also using the module
918  of Prime Homology Modeling. For the RAF1 in 6XI17, a missing loop E104-G107 was modeled. To
919  build the model of SOS-KRASC'2PP#R complex and SOS-KRASC™2PVI0Y complex, in silico

29


https://doi.org/10.1101/2024.10.22.618529
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.22.618529; this version posted October 25, 2024. 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-ND 4.0 International license.

920 mutations of P34R and V103Y were realized using the module of 3D Builder in Schrédinger
921  Maestro. To build the model of SOS-KRAS®'?®, the chain R of 1INVW was replaced with the KRAS
922  in 5US4. Energy minimization in the 3D Builder was applied to avoid collisions between amino
923  acids after the replacement. The same process was applied to build models of SOS-KRAS®12P/P34R
924  complex and SOS-KRASC2PV10Y complex, using our crystal structures of KRAS®'2P/P34R gnd
925 KRAS®™PVIY {5 replace the chain R of 1INVW. Energy minimization was followed to avoid
926  collisions between amino acids after the replacement. The same process was applied to build
927 models of RAF1-KRASC'2PV45E complex and RAF1-KRASC®'2PP%R complex, using our crystal
928  structures of KRAS V45E and D54R to replace the chain A of 6XI17. To build the model of PI3Kg-
929 KRAS®'?® the chain B of THE8 was replaced with KRAS®'?® in 5USJ. Energy minimization was
930 followed to avoid collisions between amino acids after the replacement. The same process was
931 applied to build models of PI3Kg-KRASC™2P/C50R complex using our crystal structure of
932  KRAS®'?PIC0R tq replace the chain B of 1HES. To build the model of NF1-KRAS®'?P| the chain C
933  of 60B2 was replaced with the KRAS®'?" in 5USJ. Energy minimization was followed to avoid
934  collisions between amino acids after the replacement. The same process was applied to build
935 models of NF1-KRASC™2PEX complex and NF1-KRAS®'2PV4E complex. All complex models

936  underwent the same protein preparation procedure as described above.
937
938 MD simulations and data analysis.

939  The Schrédinger Desmond MD engine®' was used for simulations as described in our previous
940  applications®. An orthorhombic water box was applied to bury prepared protein systems with a
941  minimum distance of 10 A to the edges of the protein. Water molecules were described using the
942 SPC model. Na+ ions were placed to neutralize the total net charge. All simulations were
943  performed following the OPLS4 force field®*. The ensemble class of NPT was selected with the
944  simulation temperature set to 300K (Nose-Hoover chain) and the pressure set to 1.01325 bar
945  (Martyna-Tbias-Klein). A set of default minimization steps pre-defined in the Desmond protocol
946  was adopted to relax the MD system. The simulation time was set to 200 ns for each protein

947  system. One frame was recorded per 200 ps during the sampling phase.

948 Post-simulation analysis was performed using a Schrodinger simulation interaction
949 diagram. A Python-based analysis script analyze_trajectory_ppi.py was used to monitor

950 contacting residue pairs during the MD course. A Python-based analysis script
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951 trj_essential_dynamics.py was used to perform the principal component analysis on MD

952 trajectories based on protein C-alpha atoms.

953 Protein-protein interaction energy was calculated using Molecular Operating Environment
954  (MOE) (2019.01; Chemical Computing Group). In MOE, before calculating the interaction energy,
955 the minimization and optimization of the protein system were performed under the Amber10:EHT
956 force field (https://infoscience.epfl.ch/record/121435/files/Amber10i.pdf) to root-mean-square
957  (RMS) gradient of the potential energy falls below 0.1 kcal mol-1 A-1. Default tether restraints
958 from MOE were applied to the system. The interface energy calculation between contacting
959 residue pairs was processed using the module of Protein Contacts. Six types of contacts were
960 identified: hydrogen bonds (H-bond), metal, ionic, arene, covalent and van der Waals distance
961 interactions (distance). The proximity threshold was set to 4.5 A. Atoms separated by more than
962 this distance were not considered to be interacting. The energy threshold was set to —0.5 kcal mol-
963 1 for H-, H-pi and ionic bonds.
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Figure 1. Gain-of-function deep mutational scanning screen highlights KRAS
mutational frequency as a function of mutational probability, mutational
signatures, and phenotypic selection. (A) Heat map representation of LFC allele
enrichment (red) and depletion (blue) showing Log> Fold Change (LFC) for each allele
from KRAS deep mutational scanning (DMS) gain-of-function screen in HA1E cells,
comparing Day 0 and Day 7 data. Each column represents an amino acid in KRAS, and
each row represents the substituted residue. Grey squares indicate the missing alleles.
The secondary structures, the five nucleotide-binding motifs (G1-G5), and the two Switch
motifs are annotated on top, followed by a line graph showing the average LFC of all
substitutions at each residue in each screen. (B) Mapping of maximal LFC on crystal
structure of KRAS per residue position. The color indicated the highest LFC of
substitutions at each amino acid and the size correlates with the number of high-ranking
putative suppressor mutations at each residue. (C) Scatter plot of KRAS variants with
functional score from DMS (x-axis) and observed frequency in clinical patient samples (y-
axis). Color indicates the minimum number of nucleotide substitutions from native
germline codon sequence to mutant variant, with single nucleotide substitution (SNS —
red), double nucleotide substitution (DNS — blue), and triple nucleotide substitution (TNS
— green). Relative size of bubble indicates OncoKB annotation of oncogenicity. (D)
Poisson distribution model of KRAS single nucleotide substitution (SNS) spectrum as a
function of mutational signature and functional impact is presented. Prediction of SNS
counts were carried out using the indicated models trained on KRAS single nucleotide
variants occurrences in the GENIE dataset and tested on the KRAS SNS variant
occurrence from the COSMIC dataset. The mutation-level Pearson correlation coefficient

between predicted and observed counts are presented on top.
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Figure 2. Loss-of-function KRAS®'?P screen reveals second-site suppressor
mutations and destabilizing mutations. (A) Heat map representation of LFC allele
enrichment (red) and depletion (blue) showing LFCs for each allele from deep mutational
scanning (DMS) screen anchored on KRAS®'?P mutant background. The LFC for each
variant was calculated based on the Log2 fold change of normalized counts on day 12
compared to Day 0 for HCC827 cells. Each column represents an amino acid in KRAS,
and each row represents the substituted residue, and grey squares indicate missing
alleles. Secondary structures, the five nucleotide-binding motifs (G1-G5), and two Switch
motifs are annotated on top, followed by a line graph showing the average LFC of all
substitutions per position. (B) Mapping of maximal LFC on the crystal structure of KRAS
per residue position. The color indicated the highest LFC of substitutions at each amino
acid and the size correlates with the number of high-ranking putative suppressor
mutations at each residue. (C) Scatter plot showing position-level calculated, mean free-
energy change upon mutation (intrinsic KRAS®'?P stability) and corresponding average
scaled LFC for fitness in the KRAS DMS screen, with higher AAG values corresponding
to greater instability and positive DMS LFC indicating inactivating second-site mutation.
(D) Transient expression of indicated KRAS®'?P suppressor mutant alleles in 293T cells.
Both RAS®'2P and total KRAS were detected. (E) Heatmap of Log2FC of RAS®'?P |evels
at indicated timepoints compared to 0 hour following cycloheximide (CHX) treatment in

HA1E isogenic cells expressing indicated KRAS®'2P mutants.
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Figure 3. Structural insights and mutational tolerance profiles uncover KRASG12P
inactivation mechanisms by allosteric and orthosteric impacts on switch-l and -l
conformations. Structural comparison of GDP-bound KRAS®'2P with (A) G12D/I55E, (B)
G12D/F28K, and (C) G12D/D54R shows conformational changes in switch-l and -l
caused by suppressor mutation. (D) Binding affinities (Kp measured by isothermal titration
calorimetry) for relevant KRAS®'2P inactivating mutants against effector RAF1-RBD, with
inactivating mutants labeled in red. (E) Heatmap of KRAS effector binding residue
interaction energy predicted by Amber10 force-field-based energy calculation (top) and
average LFC of residues that have been grouped according to biophysical characteristics,
including negative charge (D/E), positive charge (K/R), hydrophobic-aromatic (F/W/Y/H),
hydrophobic-small (G/A/V/L/I/M), polar uncharged (S/T/C/Y/N/Q), and helix breaker
(P/G). (F) Global structural view of KRAS and RAF1(RBD-CRD) with KRAS®'2P residues
involved in direct RAF1 binding - V45, and proximal residues - E3 and D54 (stick
representation) (PDB: 6XHB). Enlarged view of the KRAS-RAF1(RBD-CRD) interaction
interface comparing KRAS®'2P against (G) V45E, (H) D54R, and (1) E3K.
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Figure 4. Subset of KRAS®'?P jnactivating mutations that result in increased GDP
engagement through conformational locking and reduced SOS1-dependent GDP
exchange. (A) SOS-mediated GDP exchange activity: bar graph of SOS-mediated GDP
off-rate of KRAS®'?P and inactivating mutants. (B, C) Superposition of structures of
KRASC'?D inactivating mutants P34R (B) and V103Y (C) with HRAS bound at the catalytic
site in the HRAS-SOS complex (PDB 1NVW) shows the impact of the inactivating
mutation on RAS-SOS interaction. An enlarged view showing the interaction of mutated
residues with SOS is shown in the box in each panel. SOS is colored yellow, and regions
that undergo significant conformational changes in WT HRAS and KRAS®'?P inactivating
mutant structures are highlighted in blue and green, respectively. Side-chain atoms of

inactivating residue are shown in stick representation.
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Figure 5. Schematic representation illustrating the impact of second-site
inactivating mutations of KRAS®'2P, Schematic representation of KRAS cycling
between its inactive GDP-bound form (RAS-GDP) and active GTP-bound form (RAS-
GTP), as well as its interactions with regulatory proteins and effectors. The RAS-GDP
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state is shown at the top center, transitioning to the RAS-GEF complex (right), which
facilitates nucleotide exchange. The GTP-bound RAS engages with downstream
effectors, including RAS-RAF and RAS-PI3K. RAS-GAP inactivates RAS by promoting
GTP hydrolysis, returning RAS to its GDP-bound state. KRAS gain-of-function mutations
(red - G12, G13, A59, K117, A146, and Q61) lead to constitutive activation of RAS. Loss-
of-function mutations (blue — E3, Q25, F28, P34, R41, Q43, V45, D54, 155, G60, E62,
M67, and V103) disrupt interactions with effectors and regulatory proteins (RasGEFs),
resulting in reduced oncogenicity of KRASCG12D,
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