
Small Molecule Inhibitors of Complex IV Induce Imbalanced Pyrimidine Expansion in OXA1L Variant 1 

Cells 2 

 3 

Thomas W. Hanigan*, Junichiro Takaya, Haoxin Li, Jarret R. Remsberg, Verena Albert, J.C. Ducom, 4 

Christopher M. Joslyn, Scott C Henderson, Kathryn S Spencer, Sabrina Barbas, Melissa A Dix, Kim 5 

Masuda, Enrique Saez, Kenji Sasaki, Christopher G. Parker, Benjamin F. Cravatt*  6 

Department of Molecular Medicine, The Scripps Research Institute, La Jolla, CA, USA.  7 

*To whom correspondence should be addressed; Email: thanigan@scripps.edu, cravatt@scripps.edu  8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

 25 

 26 

 27 

 28 

 29 

mailto:cravatt@scripps.edu


Abstract 30 

Strategies to selectively target the altered mitochondrial metabolism of cancer cells are limited. Here we 31 

disclose small molecules identified from a library of fully functionalized probes (photoreactive, clickable) 32 

that inhibit the electron transport chain at complex IV (CIV), leading to a proliferative defect in a subset 33 

of cells harboring a repeat expansion in the CIV insertase OXA1L. Through photolabeling studies, we 34 

demonstrate preferential engagement of wild type OXA1L and show that resistance is frequently 35 

acquired through amplification or de novo mutation of OXA1L or its substrate MT-CO1. We find that the 36 

variant isoform decreases substrate affinity and post-transcriptionally stabilizes CIV independent of 37 

complex I, promoting dihydroorotate dehydrogenase (DHODH) coupled respiration. In heterozygous 38 

cells, glutamine maintains DHODH coupled respiration in the presence of inhibitor, leading to 39 

imbalanced pyrimidine expansion, nuclear DNA damage and mitotic cell death despite compensatory 40 

glycolytic flux. In contrast, anaerobic glycolysis and pyrimidine salvage sustain proliferation in the 41 

absence of oxygen reduction in homozygous cells. Consistent with this mechanism we find inhibition of 42 

DHODH antagonizes growth arrest induced though CIV and cells with basal or acquired resistance 43 

through OXA1L amplification are sensitive to pyrimidine antimetabolites. Our results identify small 44 

molecules to selectively target a novel druggable vulnerability, and context to identify and modulate 45 

sensitivity to a commonly used chemotherapeutic. 46 

Main 47 

Transformation and unchecked proliferation are driven by rerouting metabolic intermediates for 48 

biosynthesis and redox demands. In general, cancer cells increase glucose uptake, but reduce pyruvate 49 

to lactate in the presence of oxygen1, which regenerates nicotinamide adenine dinucleotide (NAD) for 50 

sustained glycolytic ATP production. However, functional mitochondria are still required to support 51 

proliferation in a subset of cancers2-6. As an alternative to pyruvate, cancer cells frequently utilize 52 

glutamine for anaplerosis (glutaminolysis), and oncogenic transformation by KRAS and c-MYC, result in 53 

glutamine dependence7. Although glutamine can sustain anabolism, its metabolism produces ammonia 54 

in the mitochondrial matrix and disrupts the primary connection between mitochondrial respiration and 55 

glycolysis. Thus, the ability of cells respiring on glutamine to adapt cellular metabolism to altered 56 

substrate availability or drug perturbation may be limited and could provide a therapeutic window 57 

beyond increased proliferation rate.  58 

Results 59 

Small Molecules Targeting a Subset of Complex IV Dependent Oxygen Consumption Selectively Inhibit 60 

Proliferation 61 

Towards this goal, we screened a library 292 small molecules functionalized with a photoreactive group 62 

and biorthogonal handle8 in two genetically defined NSCLC lines with differential basal proliferation rate 63 

using an end-point viability assay, and counter screened hits by measuring growth rate inhibition metrics 64 

from cell count over a prolonged period in five additional GFP-labeled cell lines (Figure 1c,d, 65 

Supplementary Table S1). In this fashion, we identified three compounds (hit rate of 0.00958) that 66 

inhibited viability with greater than 3-fold selectivity (P<0.002, Supplementary Figure 1a-c), one of 67 

which (BMT-819) remained selective independent of growth rate, and decreased cell count without 68 

significantly inhibiting proliferation in two of the additional five cell lines (Figure 1d, Supplementary 69 

Table S1)9.  70 



Based on the two ringed quinoline/tetrahydroquinoline scaffold of BMT-819, we synthesized a library of 71 

structural analogues lacking the fully functional handle (Figure 1b) and identified two compounds with 72 

improved potency (Supplementary Figure 1c). Both analogues retained a two-ring aromatic system, 73 

either a naphthalene or 2-methoxy methyl quinoline ring, optimally connected at the 4- position to an 74 

N-alkyl tetrahydroquinoline via an ethoxy ethyl linkage (Figure 1b). Using the most potent analogue 75 

(B508, Figure 1b), we evaluated viability and proliferation in an additional 37 cell lines from lung, breast, 76 

prostate, and colorectal lineages (Figure 1e, Supplementary Table S1). To negate differences in potency 77 

observed across basal medium types (Supplementary Table S1), we used a standardized formulation 78 

based on minimum essential medium supplemented with glucose, non-essential amino acids (including 79 

aspartate and glutamine) and pyruvate. In addition to B508, we screened the non-selective anti-mitotic 80 

paclitaxel, as well as pyrimidine antimetabolite 5-Fluorouracil (5-FU) (Figure 1e, Supplementary Table 81 

S1)9-11. This analysis demonstrated that B508 inhibited the viability of a subset of eight cell lines without 82 

significantly affecting an additional 22 (Difference in IC50 > 350-fold). Remarkably, B508 potency was 83 

inversely correlated with sensitivity to 5-FU (r^2 = 0.842, Figure 1e), which significantly inhibited viability 84 

in eight cell lines.  85 

To ascertain underlying biological determinants driving sensitivity, we conducted an integrated analysis 86 

of genome, transcriptome, and proteome across cell lines cultured under the same conditions used for 87 

viability screening (Supplementary Table S1, Supplemental Table S3). This analysis revealed that in 88 

addition to being predominantly KRAS/LKB1 mutant and mismatch deficient, sensitive cells had a 89 

significant upregulation of nuclear encoded proteins of the mitochondrial ribosome as well as rate-90 

limiting mitochondrial constituents of the urea cycle and pyrimidine biosynthesis (Supplementary Figure 91 

2d, Supplementary Tables S3). Notably, while mitochondrial proteins were positively correlated with 92 

compound sensitivity, transcript abundance was inversely related (Pearson r = 0.77, P Value = 0.0124, 93 

Supplemental Table S3); indicative of a post-transcriptional stabilization. Consequently, we measured 94 

mitochondrial function via respirometry in response to B508 or inactive analogue 143-01 across our cell 95 

line panel in uniform medium (Figure1f-k, Supplementary Figure 1f-h)12. Acute treatment with B508, 96 

but not inactive analogue 143-01, dose-dependently inhibited oxygen consumption, which was retained 97 

after uncoupling with FCCP, consistent with inhibition of complex IV (Figure 1f).  98 

To determine the effects of B508 on the activity of individual OxPhos complexes I, II, III and IV we 99 

conducted a biochemical analysis of NADH oxidation, 2,6-dichlorophenolindophenol (DCPIP) reduction, 100 

or cytochrome c reduction and oxidation respectively, in comparison to known OxPhos inhibitors in 101 

enriched mitochondria13. Consistent with the respirometry, we found B508 dose dependently inhibited 102 

the rate of oxidation of exogenous cytochrome c through complex IV (IC50 = 0.055 μM), like the 103 

irreversible inhibitor KCN, while increasing the rate of decylubiquinol reduction through complex III by 104 

1.5-fold that of basal levels, which was eliminated by treatment with complex III inhibitor Antimycin A 105 

(Figure 1k). In addition to complex IV, we found B508 reduced the rate of NADH oxidation through 106 

Complex I in comparison to rotenone, without significantly decreasing DCPIP reduction through complex 107 

II in the presence of succinate and exogenous ubiquinone, which was sensitive to excess complex II 108 

inhibitor malonate (Figure 1k). Whereas B508 dose-dependently inhibited cytochrome c oxidation in 109 

mitochondrial extracts, we did not observe a measurable change in whole cell lysates prepared from 110 

cells expressing the cytoplasmic ubiquinone reductase NQO1 or control, provided exogenous quinone 111 

(Supplemental Figure 2b), and we found the relative potency of cytochrome c oxidase inhibition in 112 

enriched mitochondria was 3.2-fold less than in living cells, suggesting that B508 activity requires an 113 



intact mitochondrial membrane potential (ΔΨm). In support of this conclusion, TMRM loading in the 114 

nonquenching mode followed by acute treatment with B508, in addition to CMTMRos staining after 3-115 

hour exposure demonstrated that ΔΨm was increased in sensitive cell lines despite reduced OCR 116 

(Supplementary Figure 2f, Figure 4g). Taken together these experiments suggest that BMT-819/B508 117 

inhibits mitochondrial cytochrome c oxidase activity but a subset of oxidative phosphorylation is 118 

maintained through ubiquinol reoxidation at complex III in the presence exogenous substrate. 119 

As opposed to general cytotoxicity, inhibition of complex IV was accompanied by an immediate dose-120 

dependent increase in extracellular acidification (ECAR) across cell lines (Figure 1g)14. The B508 induced 121 

ECAR was decreased by 2-deoxyglucose (Supplementary Figure 2a), and analysis of central carbon 122 

metabolites via mass spectrometry showed a significant increase in the relative fraction of 13Carbon 123 

glucose labeled lactate and total lactate abundance (Supplementary Figure 1e, Figure 2c), indicative of 124 

increased glycolytic flux. As extracellular acidification promotes reliance on oxidative metabolism15,16, 125 

we measured proliferation via cell count with regular medium exchange (Figure 1j). Despite 126 

maintenance of ATP, and the ratio of ATP/ADP (Supplemental Figure 2e), cell count was decreased after 127 

three to five doublings in sensitive cells, suggesting acidification or energy crisis does not underlie 128 

proliferative defect (Figure 1j). In contrast, proliferation was maintained indefinitely across resistant 129 

cells, provided regular supply of glucose containing medium, which was lost upon substitution of 130 

galactose for glucose, establishing that glycolysis is sufficient to maintain proliferation in this context 131 

(Figure 1j). As opposed to inhibitors of complex I17, basal levels of mitochondrial oxygen consumption 132 

after removal of non-mitochondrial OCR and normalization to cell count12,18, was not significantly 133 

correlated with sensitivity to BMT-819/B508, and the EC50 for inhibition was relatively invariant in 134 

comparison to viability (Figure 1h, Supplementary Figure 1g). However, the magnitude decrease in 135 

mitochondrial OCR in the presence of saturating concentrations of B508 (Figure 1h, Supplementary 136 

Figure 1g) plateaued at an average of 47% of control in comparison to 32% across ten sensitive versus 137 

resistant cell lines (Figure 1h, P Value < 1e-10), despite comparable increase in glycolytic flux (Figure 1i, 138 

Supplementary Figure 1g). In addition to glucose, glutamine can fuel oxidative metabolism19. 139 

Consistently, supplementation with glutamine selectively stimulated OCR across sensitive cells and the 140 

residual respiration retained in the presence of B508, was lost upon removal of glutamine from the 141 

medium (Supplemental Figure 2a)20. Moreover, sensitive as opposed to resistant cell lines required 142 

glutamine for basal proliferation (Supplemental Figure 2a). These experiments suggest that glutamine 143 

maintains basal proliferation and a subset of oxidative metabolism in the presence of inhibitor across 144 

sensitive cell lines. 145 

DHODH Dependent Oxygen Consumption is Maintained in the Presence of Inhibitor Leading to 146 

Imbalanced Nucleotide Pools and Mitotic Catastrophe  147 

In addition to complexes I and II, de novo pyrimidine biosynthesis through dihydroorotate 148 

dehydrogenase (DHODH) transfers electrons through ubiquinone to complex III in the inner 149 

mitochondrial membrane (Figure 2b)21, and depends on glutamine derived nitrogen for synthesis of its 150 

substrate22. To determine whether DHODH activity was associated with B508 induced ubiquinol 151 

oxidation, we developed a targeted LC/MS based assay following the incorporation of 15N-glutamine into 152 

210 nitrogen containing pyrimidine metabolites across cell lines in log-phase growth. In line with the 153 

basal upregulation of mitochondrial components of de novo pyrimidine biosynthesis (Supplemental 154 

Figure 2d, Supplementary Table S3), the relative isotopologue abundance of glutamine labeled orotate 155 

(M+1) at steady state was two-fold higher in sensitive cells (Figure 2a, Supplementary Figure 3d). 156 



Consistent with biochemical assays showing increased complex III activity, we found B508 treatment led 157 

to a 2-fold expansion of M+1 labeled orotate relative to the total pool, which was prevented by 158 

inhibition of DHODH (Figure 2a). Despite feedback inhibition of de novo pyrimidine biosynthesis at CAD 159 

(carbamoyl-phosphate synthase 2, aspartate transcarbamylase, dihydroorotase complex) by pyrimidine 160 

end-product uridine-5′-triphosphate (UTP)23, the increased DHODH activity associated with B508 161 

treatment occurred in the presence of exogeneous uridine and lead to a selective expansion in total 162 

abundance of pyrimidine triphosphates without depleting the essential precursor carbamoyl-phosphate 163 

across sensitive cell lines (Figure 2c). Importantly, pyrimidine expansion occurred without a concomitant 164 

increase in purine abundance (Supplemental Figure 3a,c), leading to an imbalance in the pyrimidine to 165 

purine nucleotide ratio conducive of genomic instability24. Contrastingly, uridine supplementation led to 166 

a decrease in the relative abundance of M+1 labeled orotate and B508 treatment selectively increased 167 

the incorporation of 2-13C-1,3-15N2-uridine into M+3 labeled pyrimidine nucleotide triphosphates relative 168 

to the total pool across resistant cell lines (Figure 2a-d). Taken together, these experiments demonstrate 169 

that B508 treatment leads to an expansion of pyrimidine nucleotides, and selective imbalance in 170 

pyrimidine to purine nucleotide pools in cells which lack feedback control of de novo pyrimidine 171 

biosynthesis. 172 

 173 
While the mitochondrial isoform of carbamoyl phosphate synthase (CPS1) is conventionally thought to 174 

initiate nitrogen disposal through the urea cycle, inherited urea cycle disorders caused by deficiency of 175 

distal components, including ornithine transcarbamylase (OTC), which produces citrulline from 176 

carbamoyl-phosphate and ornithine, result in orotic acidosis as CPS1 lacks allosteric regulation by UTP25. 177 

Similarly, we found CPS1 was upregulated without expression of OTC across sensitive cells 178 

(Supplementary Figure 2d) but we could not detect known disease-causing variants in any of the urea 179 

cycle enzymes (Supplementary Table S3). To determine whether flux through CPS1 was contributing to 180 

pyrimidine biosynthesis and nucleotide imbalance associated with B508 treatment, we followed the 181 

relative incorporation of 15NH4Cl into nitrogen containing metabolites across sensitive and resistant cell 182 

lines using our LC/MS based assay (Supplementary Figure 3, Table S2)26. In the presence of non-toxic 183 

levels (Supplemental Figure 3e), we found steady-state assimilation into a subset of amino acid, urea 184 

cycle and pyrimidine metabolites (Supplementary Figure 3a,b,d). While ammonia derived nitrogen was 185 

enriched in pyrimidine nucleotides across cell lines27,28, we found sensitive cells had a four-fold increase 186 

in the relative fraction of 15N-labeled carbamoyl-phosphate, which was depleted by CPS1 knockout 187 

(Supplmentary Figure 3d). Rather than assimilating ammonia into urea cycle metabolites downstream 188 

of carbamoyl-phosphate, we found an approximately equivalent increase in flux to pyrimidine 189 

nucleotides, independent of the rate of glutamine synthesis, which was sensitive to loss of CPS1 190 

(Supplemental Figure 3a-f), suggesting that mitochondrial ammonia derived carbamoyl-phosphate was 191 

used for de novo pyrimidine biosynthesis. Consequently, ammonia increased the total pyrimidine 192 

nucleotide pool abundance in sensitive but not resistant cell types (Supplemental Figure 3a). As 193 

opposed to de novo pyrimidine biosynthesis, we found B508 treatment increased nitrogen assimilation 194 

into glutamate, and non-essential amino acids derived from glutamate transamination, leading to 195 

expansion of total abundance across resistant cell lines (Supplemental Figure 3a-f). Together, these 196 

experiments establish that sensitive cell types assimilate mitochondrial derived ammonia by de novo 197 

pyrimidine biosynthesis, as opposed to glutamate derived transamination in resistant cells. 198 

To functionally validate whether increased pyrimidine biosynthesis drives B508 induced cell death, we 199 

measured viability after treatment with B508 in combination with DHODHi, in the presence of absence 200 



of uridine26. Consistent with this hypothesis, co-treatment with DHODHi dose-dependently antagonized 201 

cell viability in the absence of uridine, and supplementation with uridine selectively rescued 202 

proliferation in response to DHODHi but not B508 (Figure 2e, Supplementary Figure 3g). As B508 203 

treatment increased flux through CPS1, we also tested whether B508 could rescue viability in the 204 

presence of cytotoxic amounts of ammonia. In cells which maintained nucleotide homeostasis, 205 

treatment with B508 dose-dependently stimulated proliferation in the presence of ammonia (Figure 2e). 206 

As opposed to the proliferative defect caused by inhibitors of mitochondrial complex I or III, we could 207 

not observe depletion of glutathione after treatment with B508 at concentrations that inhibited 208 

complex IV and found B508 caused a dose-dependent degradation of TP53 in sensitive cell lines 209 

(Supplementary Figure 4a)17,29,30. Furthermore, addition of antioxidants did not rescue cell viability after 210 

treatment with B508 and we did not detect significant increases in PARP cleavage or upregulation of the 211 

pro-apoptotic, one-carbon, stress, and degradation pathways across sensitive cell types as opposed to 212 

DHODHi (Supplementary Table 2, Supplementary Figure 3f). These experiments demonstrate that 213 

increased pyrimidine biosynthesis leads to TP53 independent cell death in response to B508. 214 

 215 
As transcription and replication fidelity requires balanced nucleotide pools31, de novo pyrimidine 216 

biosynthesis is restricted to S-phase of the cell cycle. However, mitochondrial DNA (mtDNA) is 217 

continually replicated in proliferating cells32. Consequently, we found B508 selectively depleted poly-218 

adenylated mtDNA encoded transcripts within three-hours across cell lines (P-value <1e-5, Figure 2f, 219 

Supplemental Table S3). The relative magnitude change in transcript abundance was proportional to the 220 

distance from the mtDNA origin and did not correlate with transcript length, suggesting B508 inhibits 221 

transcription but not mitochondrial ribosome translation. In contrast to transcription, we found B508 222 

selectively reduced total mtDNA abundance across resistant cell lines after prolonged exposure, the 223 

magnitude of which was two-fold greater in comparison to sensitive cell lines (Figure 2g). Taken 224 

together these experiments demonstrate that like de novo pyrimidine biosynthesis, mitochondrial 225 

replication and biogenesis is maintained across sensitive in comparison to resistant cell lines, despite 226 

loss of nucleotide homeostasis. 227 

 228 
As sustained mitochondrial replication and pyrimidine imbalance could challenge nuclear genome 229 

replication, we studied how pyrimidine expansion alters cell cycle progression and replication fidelity. 230 

Distinct from dNTP depletion through DHODH, or ribonucleotide reductase inhibition, we found that 231 

B508 treatment arrested asynchronously growing resistant cell lines in G1 at low concentration, or late 232 

S-phase at intermediary B508 concentrations with incomplete genome replication in comparison to 233 

G2/M nocodazole arrested cells (Figure 2i, upper panel, Supplementary Figure 3d). Like experiments 234 

following the incorporation of isotopically labeled uridine into pyrimidine nucleotides, we found S-phase 235 

arrested resistant cell lines-maintained uptake and incorporation of the thymidine analogue 5-bromo-2'-236 

deoxyuridine (BrdU) into nuclear DNA in the presence of B508 (Figure 2i). This was distinct from 237 

sensitive cell types, which arrested in an ineffectual S-phase without uptake of BrdU, in line with 238 

continued de novo pyrimidine biosynthesis (Figure 2i). Despite incomplete replication, B508 dose-239 

dependently increased the percentage of mitotic pH3 positive cells four-fold and increased the 240 

expression of mitotic kinases and spindle assembly proteins in sensitive but not resistant cell lines within 241 

6-hours, which is significantly less than the basal time required for DNA replication (Figure 3f, 242 

Supplementary Figure 4a,e). We also found a significant subset of mitotic cells had condensed 243 



chromatin abnormally aligned at the metaphase plate (Avg. 37% across five sensitive cell lines, 244 

Supplementary Figure 4a, white arrows).  245 

Despite entry into mitosis, release into BrdU containing medium lacking compound demonstrated that 246 

sensitive cell types were capable of DNA synthesis (Supplementary Figure 4f), and we found EdU foci 247 

were localized at DAPI negative regions on mitotic chromosomes (Supplementary Figure 4h), indicative 248 

of replication stress33. To directly test whether B508 treatment inhibited replication, we labeled 249 

sensitive cells with IdU followed by treatment with B508 or aphidicolin in CldU containing medium and 250 

measured track length by DNA combing. Similar to aphidicolin, we found that B508 increased fork 251 

stalling and decreased track length (Supplementary Figure 4g). Moreover, B508 treatment increased the 252 

number of ɣ-H2AX foci across sensitive but not resistant cell types after 12–24-hour exposure to B508 253 

(Figure 2h), and we found selective upregulation of DNA damage checkpoint and repair enzymes in 254 

sensitive cells (Supplementary Figure 4a, Supplementary Table S3). Contrastingly, G2/M checkpoint 255 

proteins were upregulated in response to B508 treatment across resistant cell lines (Supplemental 256 

Figure 4a, Supplementary Table S3). Taken together these experiments demonstrate that sustained 257 

nucleotide imbalance prevents complete replication, and induces mitotic catastrophe34 in sensitive cells, 258 

whereas resistant cells arrest prior to mitosis and maintain DNA replication through pyrimidine salvage. 259 

BMT-819/B508 Targets OXA1L and Repeat Expansion in the C-terminus Mediates Efficacy  260 

To identify potential protein targets, we conducted chemical proteomic experiments using the 261 

photoreactive diazirine and alkyne substituents embedded in the parent probe8,35. We first compared 262 

the protein profiles enriched by BMT-819 to three inactive control probes, which represent distinct 263 

chemical space within the probe set and did not inhibit viability across the cell lines used for the initial 264 

toxicity screen (Supplemental Figure 1b, ≤1% change in viability across cell lines)8. In-situ photolabeling 265 

experiments using BMT-819 and inactive control BMT-182526 over a dose range of 0.04-10 µM, 266 

revealed selective labeling of ~37 kDa protein, beginning around the IC50 determined for cell viability, 267 

which was accompanied by a significant increase in additional background at 10 µM in H460 cells 268 

(Supplementary Figure 2g, red arrow). Mass-spectrometry based analysis of BMT-819 enriched proteins 269 

demonstrated a similar contrast, with a non-linear increase in the total reporter ion intensity in cells 270 

treated with >3 µM BMT-819 (Supplemental Table S4). Based on this dose range, we used 1 µM for 271 

follow-up studies and gel-based analysis revealed that the ~37 kDa band labeled by BMT-819 was 272 

unique in comparison to the inactive control probes (Supplementary Figure 2g, right), and was dose-273 

dependently competed using the active competitor B508 (1-10 µM), but not inactive control 143-01 274 

(Supplementary Figure 2g). Mass-spectrometry based-analysis of proteins selectively enriched by BMT-275 

819 from H460 cells, revealed on average 59 of 2516 proteins identified across experimental conditions 276 

that were significantly enriched in comparison to three inactive probes or vehicle control across 277 

biological replicates (P Value < 0.0169, Figure 2j). Of these, 42 were known mitochondrial proteins36, 278 

nine were direct components of the electron transport chain, including four integral complex V and 279 

three complex IV, in addition to the CIV insertase OXA1L, which was dose-dependently enriched starting 280 

at 100 nM (Supplementary Table S4, Supplementary Figure 2h). 281 

To complement the mass-spectrometry based identification of BMT-819/B508 associated targets, we 282 

used an unbiased genome-wide genetic screen to identify resistance conferring mutations or structural 283 

alterations in protein targets across cells with acquired resistance (Figure 3, Supplemental Figure 5)37-40. 284 

For the screen we selected three cell lines that were basally sensitive to BMT-819/B508, and previously 285 



shown to acquire specific resistance to targeted small molecules toxins37-40. These include the mismatch 286 

repair deficient pseudo diploid cell line HCT116, in addition to karyotypically diverse cell lines H1792 and 287 

H460. From heterogeneous populations of barcoded versions of these cell lines (H460BC, H1792BC and 288 

HCT116BC), we produced resistance to BMT-819/B508 by continuous exposure to 150 nM of the active 289 

analogue B508 for a prolonged period of four-weeks, selected 10-20 clones from each parental cell line 290 

and reassessed the potency of B508 (light blue-individual resistant clones, dark blue-parental cells, 291 

Figure 3a, Supplementary Figure 5a). To reduce the likelihood that resistance was a result of increased 292 

compound excretion or metabolism we also assessed cross resistance to the anti-mitotic paclitaxel (light 293 

red-individual resistant clones, dark red-parental cells, Figure 3a, Supplementary Figure 5a). While both 294 

HCT116 and H460 cells acquired specific resistance to B508, the relative shift in potency was greatest in 295 

H460, which became on average 17-fold less potent (Average IC50 = 0.44 μM, Parental IC50 = 0.035 μM, 296 

Figure 3a, Supplemental Figure 5a). In comparison, B508 efficacy was significantly decreased in H1792 297 

cells without a significant shift in potency but was frequently accompanied by cross resistance to 298 

paclitaxel (Supplemental Figure 5a). Because B508 increases de novo pyrimidine biosynthesis, and cells 299 

that were basally sensitive to B508 were resistant to 5-FU (Figure 1d), we also evaluated the relative 300 

potency of 5-FU (gold) across cells with acquired resistance to BMT-819/B508. Although 5-FU potency 301 

was retained in a subset of B508 resistant clones, we found an overall collateral gain in sensitivity (IC50 = 302 

0.0128 μM, decrease in viability >~90% of control) in comparison to parental cells (IC50 = 0.035 μM, 303 

decrease in viability <~50% of control) across all three cell lines, suggesting that the mechanism of 304 

resistance to B508 may impinge upon pyrimidine biosynthesis (Figure 3a, Supplemental Figure 5a).  305 

To identify the mechanism conferring resistance to BMT-819/B508, we conducted whole genome 306 

sequencing across ten H460 clones that were selectively resistant to B508 and derived from unique 307 

progeny (Supplemental Figure S5b). Samples were sequenced to an average depth of ~36x and somatic 308 

variants were called against a panel of parental H460 clones (Supplemental Table S4). Consistent with 309 

B508 induced nucleotide pool imbalance, we found specific increase in mutational burden and copy 310 

number variation (CNV) at late-replicating regions, and a C>T mutational signature distinct from 8-311 

oxoguanine induced oxidative DNA damage (Supplemental Table 4, Supplementary Figure 4i, 312 

Supplementary Figure 5c)33,41,42. To identify individual proteins mediating resistance, we analyzed genes 313 

with recurrent variation (Supplementary Table S4). Notably, the gene encoding OXA1L at chr14q11 was 314 

amplified across seven of the BMT-819/B508 resistant clones (Figure 3f,g, Average Log2 Fold Change CN 315 

versus parent = 0.551), which we validated using fluorescence in-situ hybridization (Figure 3f, two versus 316 

three copies, n=30 metaphase spreads per clone, Supplementary Table S4). Importantly, OXA1L was the 317 

only protein selectively enriched by BMT-819 in chemical proteomic experiments (Supplementary Table 318 

S4), and in situ gel-based analysis demonstrated that labeling of the primary BMT-819 target (~37 kDa) 319 

was lost after CRISPR/Cas9 based OXA1L knockout (Supplementary Figure 6a). In clones that lack 320 

amplification of OXA1L, we identified a recurrent de novo missense mutation in its substrate MT-CO143 321 

that changed a conserved threonine, which makes a direct interaction with the heme responsible for 322 

accepting electrons from cytochrome c to methionine (T31M), suggesting this variant would alter CIV 323 

function (Figure 3j, Supplementary Figure 5i).  324 

In addition to its amplification, we found OXA1L was polymorphic in parental H460 cells, harboring a 325 

repeat expansion in the terminal exon (rs148216086), which RNA sequencing revealed was enriched 326 

across cell lines that were basally sensitive to BMT-819/B508 (Figure 3e, Supplementary Table S3). 327 

Importantly, this variant resulted in the extension of a polyserine repeat in the c-terminus of the OXA1L 328 



protein (S419(AGC)5, ENST00000604262), which we could selectively detect and quantify in enriched 329 

mitochondria via mass-spectrometry (Supplementary Figure 5g, KDNPPNIPSSSSSKPKS, M+H 1769.9028, 330 

3 PSMs, XCorr = 5.0259), and protracted polyacrylamide electrophoresis (S419(AGC)4 -37 kDa and 331 

S419(AGC)5 -38 kDa, Figure 4a, Supplementary Figure 5e). In BMT-819/B508 resistant clones, 332 

amplification of OXA1L increased dosage of the wild type S419(AGC)4 allele relative to parental cells 333 

(Figure 3j, Supplementary Tables S4), leading to an average two-fold increase in expression of the lower 334 

molecular weight isoform across clones with the additional copy (Figure 3g, 37 kDa). Despite OXA1L 335 

amplification, expression of its substrate MT-CO2, along with OxPhos complex III and DHODH, were 336 

decreased to similar levels as mitochondrial null H460 ρ˚ cells, independent of other mtDNA encoded 337 

OxPhos proteins, including MT-CO1 (Figure 3g, Supplementary Figure 5f). Moreover, proteomic analysis 338 

revealed that although all subunits of the mitochondrial ribosome were upregulated across 339 

heterozygous cell lines, the general abundance of mtDNA encoded OxPhos subunits were not (Figure 3j). 340 

To further explore the association of OXA1L mutation and BMT-819/B508 resistance, we isolated an 341 

additional 30 clonal cell lines from parallel selections of H460 and HCT116 cells and sequenced the 342 

OXA1L cDNA from each. We identified 16 supplementary somatic missense mutations in the OXA1L 343 

gene in addition to the polymorphism, all of which cluster to the c-terminus (Figure 3a, Supplementary 344 

Table S5). These include L279V (1 clone), Q346H (2 clones), R358L (3 clones), R358S (3 clones), F365I (2 345 

clones), R386Q (2 clones), and N387K (3 clones), which result in substitution of amino acids that make 346 

direct contact with the mitochondrial ribosome and/or nascent polypeptide substrates in aerobic 347 

organisms (Figure 3c,d,k)44. Notably, five of these variants were also identified in drug treated patient 348 

samples derived from refractory solid tumors of diverse origin45, supporting their clinical relevance 349 

(Supplementary Table S5). To determine whether ectopic expression of OXA1L variants could confer 350 

resistance to BMT-819/B508, we stably expressed wild type and variant constructs in heterozygous 351 

parental H460 cells and assayed proliferation and viability (Figure 3i, Supplementary Figure 6d, 352 

Supplementary Table S1). In the presence of the parental allele, ectopic expression of the wild type 353 

OXA1L isoform, rescued proliferation (Supplementary Figure 6d, Supplementary Table S1) and 354 

decreased B508 potency 13-fold in comparison to cells expressing the S419(AGC)5 variant alone or in 355 

combination with an additional c-terminal mutation, whereas sensitivity to paclitaxel was retained 356 

(Figure 3i). Contrastingly, expression of the S419(AGC)5 constructs in basally resistant homozygous cells 357 

increased B508 efficacy (Supplementary Figure 6e, Supplementary Table S1). These experiments 358 

demonstrate that amplification of the wild type allele is sufficient to confer resistance in heterozygous 359 

cells, whereas expression of the S419(AGC)5 variant in homozygous cells, increases sensitivity to BMT-360 

819/B508.  361 

Repeat Expansion Alters OXA1L-Substrate Affinity and Post-Transcriptionally Stabilizes DHODH-362 

Dependent Respiration Independent of Complex I 363 

To determine how OXA1L mutations impinge upon BMT-819/B508 efficacy, we conducted a set of 364 

functional assays and analyzed target engagement in H460 cells stably expressing ectopic wild type or 365 

variant OXA1L isoforms, in addition to H460 derived OXA1L knockout cells. We first confirmed that 366 

ectopic OXA1L constructs were successfully expressed and imported into mitochondria. Although both 367 

V5 epitope tagged wild type and S419(AGC)5 isoforms displayed distinct mitochondrial localization, 368 

changing the amino acids downstream of the polyserine repeat (S424fSX13) or adding an additional 369 

mutation to S419(AGC)5 resulted in increased cytosolic localization (Supplementary Figure 6f,i). Despite 370 

mitochondrial localization of S419(AGC)5, in situ photolabeling experiments across ectopic OXA1L cell 371 



lines demonstrated that the BMT-819 enriched two-fold more wild type OXA1L amid a decreased 372 

background labeling profile (Supplementary Figure 6a,b). Moreover, we found two-fold more OXA1L 373 

was enriched from homozygous H2009 in comparison to heterozygous H460 cells despite decreased 374 

total OXA1L expression across homozygous cells (Supplementary Figure 6b). These experiments suggest 375 

that BMT-819/B508 preferentially engages wild type OXA1L in the mitochondria.  376 

As the OXA1L mutations were clustered to amino acids that contact the mitoribosome and/or nascent 377 

mitochondrial encoded polypeptides, we next analyzed OXA1L-substrate interactions by co-localization 378 

and co-immunoprecipitation (Figure 4b, Supplementary Figure 6f,h,i). While both wild type and 379 

S419(AGC)5 variant isoforms were detected in the mitochondria, the wild type protein was significantly 380 

more colocalized with its substrate MT-CO2 in comparison to S419(AGC)5 and co-immunoprecipitated 381 

two-fold more MT-CO2 in comparison to S419(AGC)5 (Figure 4b, Supplementary Figure 6h,i). In 382 

opposition to basal co-immunoprecipitation and colocalization of MT-CO2, treatment of S419(AGC)5 cell 383 

lines with B508 increased colocalization with and co-immunoprecipitation of MT-CO2, whereas B508 384 

decreased co-immunoprecipitation and colocalization of MT-CO2 in wild type cells (Figure 4b). 385 

Consistently, B508 treatment dose-dependently depleted the lower molecular weight wild type OXA1L 386 

isoform in heterozygous H460 cells and increased the relative abundance of the higher molecular weight 387 

S419(AGC)5 variant in the mitochondria (Figure 4a). These experiments demonstrate that the 388 

S419(AGC)5 OXA1L mutation alters substrate affinity and is retained in the mitochondria in the presence 389 

of BMT-819/B508.  390 

As OXA1L mutations altered affinity for its substrate MT-CO2, we measured the relative abundance of 391 

OxPhos complexes across ectopic cell lines in the presence or absence of BMT-819/B508. Despite 392 

increased affinity for MT-CO2, ectopic expression of the wild type OXA1L isoform decreased abundance 393 

of subunits of complex III, complex CIV, and DHODH, independent of complex I (Figure 4d). In contrast, 394 

ectopic expression of S419(AGC)5 marginally increased expression of complex III, complex IV, and 395 

DHODH, relative to parental H460 cells, whereas OXA1L knockout depleted components of complex I, III 396 

and V (Figure 4d). Moreover, proteomic analysis of S419(AGC)5 variant cells demonstrated that the 397 

general expression of mitochondrial proteins, including DHODH, complex III and complex IV, was 398 

retained in the presence of B508, and we found selective upregulation of the mitochondrial translation 399 

initiation factor MTIF3 and continued 13C-Arginine/lysine incorporation into proteins from these 400 

complexes (Figure 4a,e,f). However, the mitochondrial ribosome inhibitor chroloramphenicol remained 401 

active irrespective of S419(AGC)5 expression, suggesting that the OXA1L mutation is specifically 402 

associated with BMT-819/B508 activity. In comparison to S419(AGC)5 variant cells, B508 treatment 403 

depleted mitochondrial protein abundance, inhibited mitochondrial translation, and decreased 404 

mitochondrial DNA content in cells expressing the wild type OXA1L isoform (Figure 4a-d). Taken 405 

together, these experiments suggest that the S419(AGC)5 variant stabilizes the relative abundance of 406 

DHODH and complex IV, independent of complexes I, II and V, and remains functional in the presence of 407 

BMT-819/B508 in heterozygous cells. 408 

To determine whether changes in OXA1L substrate expression had a functional impact on mitochondrial 409 

metabolism, we measured oxygen consumption and membrane potential across ectopic OXA1L cell 410 

lines. While expression of S419(AGC)5 marginally increased basal OCR, we found that spare respiratory 411 

capacity was over 2-fold greater in comparison to wild type cells (Supplementary Figure 6g). Consistent 412 

with DHODH expression, the increased spare respiratory capacity in OXA1L S419(AGC)5 cells was lost 413 

upon addition of DHODHi to the medium (Supplemental Figure 6g), suggesting the variant isoform 414 



promotes DHODH dependent oxygen consumption. Furthermore, inhibition of DHODH significantly 415 

increased the number of H460 cells with biallelic OXA1L knockout after CRISPR/Cas9 mediated cleavage 416 

at exon 3 (Supplementary Figure 6d), and we found a collateral gain in sensitivity to 5-FU in wild type 417 

(IC50 = 0.0128 μM, decrease in viability >~90% of control), in comparison to S419(AGC)5 variant cells (IC50 418 

= 0.035 μM, decrease in viability <~50% of control). Although treatment with B508 dose-dependently 419 

inhibited OCR across cell lines, which was lost after OXA1L knockout, the relative decrease in cells 420 

expressing ectopic S419(AGC)5 was significantly less than wild type or parental H460 cells, similar to the 421 

results obtained across heterozygous cancer cell lines (Figure 1h-i). To ascertain how sustained DHODH 422 

dependent respiration affected ΔΨm, we measured mitochondrial CMTMRos intensity after B508 423 

treatment across ectopic OXA1L cell lines (Figure 4g). This analysis revealed that B508 selectively 424 

increased ΔΨm in S419(AGC)5 variant cells, suggesting that complex V was impaired while DHODH 425 

dependent respiration was maintained (Figure 4g), consistent with the decrease in complex V 426 

expression after OXA1L knockout (Figure 4d). In contrast, B508 treatment decreased ΔΨm in cells 427 

expressing ectopic wild type OXA1L, similar to homozygous PC3 cells. Whereas expression of variant and 428 

wild type OXA1L isoforms altered response to B508, complex III inhibition decreased ΔΨm across both 429 

(Figure 4g). Taken together these experiments demonstrate that the S419(AGC)5 OXA1L variant 430 

increases DHODH dependent respiration, which is maintained in the presence of BMT-819/B508, leading 431 

to mitochondrial hyperpolarization (Figure 4i). 432 
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 548 

Figure 1: Small Molecules Targeting a Subset of Complex IV Dependent Oxygen Consumption Selectively 549 

Inhibit Proliferation 550 

a, Structure of the photoreactive probe (BMT-819) identified from high-throughput screen 551 

(Supplementary Figure 1). b, Compound library generated to explore structure activity relationships 552 

(Bottom). Diazirine/alkyne moiety was replaced with butyramide at the tetrahydroisoquinoline ring 553 

(gold), and optimization of the 2-methylquinoline (blue) and ethyloxy linkage was explored. c, 554 

Representative images of resistant (MDA231) and sensitive (H460) GFP-labeled cell lines used for 555 

quantitation of growth rate inhibition calculated. d, Dose-response curves for growth rate-inhibition 556 

metrics calculated from cell count over 72-hour period in GFP expressing H460, H2122, and MDAMB231 557 

cells (n=6 biological replicates).  e, Bar graph of LogIC50 values calculated from 12-point dose-response 558 

curves after 72-hour treatment with B508 (red) in comparison to 5-Fluorouracil (white), and Paclitaxel 559 

(blue), across cell line panel. Each bar represents the mean of one individual cell line (n=3 biological 560 

replicates). Representative sensitive (H460) or resistant (MDAMB231) lines are outlined and labeled. f,g, 561 

Representative fold change in oxygen consumption (top) and glycolysis (bottom) in H460 cells assayed 562 

by Seahorse XF mito stress test with acute treatment of B508 or negative control 143-01 (10 minutes), 563 

over indicated dose range. Treatment with the known complex V inhibitor oligomycin (30 minutes), 564 

mitochondrial uncoupler FCCP (50 min), and combination of complex I and III inhibitors 565 

rotenone/antimycin A (65 min) following B508 or control treatment are shown (n = 3 biological 566 

replicates representative of ≥ 10 independent experiments). h, Fold change in oxygen consumption or i, 567 

glycolysis 10 minutes post treatment with B508 or control at concentration that elicits maximal change 568 

in OCR and ECAR (Supplemental Figure 1c) across five sensitive (red) or five resistant (blue) cell lines. 569 

Values show fold change from basal mitochondrial OCR or basal glycolytic ECAR across three technical 570 

replicates from n=6 biological replicates per cell line. Individual cell lines are separated on x axis and vary 571 

in color. Statistical significance was assessed using one-way ANOVA followed by Tukey’s multiple 572 

comparisons test. j, Cumulative doublings over 20 days in five sensitive (red/gold) or resistant 573 

(blue/green) cell lines cultured in the presence of B508 (red or blue) at the IC50 determined in e, or 574 

DMSO control (gold or green) in complete medium exchanged daily. PC3 cells cultured in the presence 575 

of B508 in medium containing galactose as a substitute for glucose is shown in black. Each line 576 

represents the mean cumulative doublings per cell line (n=3 biological replicates, plotted individually 577 



over the line. k, Fold-change in basal enzymatic activity of individual OxPhos components in 578 

mitochondria purified from H460 cells. Known inhibitors of each complex are shown as positive control 579 

(n = 8 biological replicates are plotted).  580 

 581 

 582 

Figure 2: DHODH Dependent Oxygen Consumption is Maintained in the Presence of Inhibitor Leading to 583 

Imbalanced Nucleotide Pools and Mitotic Catastrophe 584 

a, Relative percentage 15N-Glutamine labeled M+1 Orotate in comparison to total metabolite pool in 585 

H460 or PC3 cells treated with B508 alone or in combination with DHODHi or control for 6 hours (n=5 586 

biological replicates). Statistical significance was assessed using students t-test. b, Schematic depicting 587 

synthesis of dihydroorotate from glutamine or ammonia and coupling of DHODH with OxPhos 588 

complexes III, and IV. c, Volcano plot comparing B508 induced change in metabolite expression across 589 

either H460 (sensitive, red) or PC3 (resistant, blue) cells after 6-hour treatment. Deoxypyrimidine 590 

nucleotide triphosphates, and precursor carbamoyl-phosphate are labeled and significantly altered by 591 

B508 treatment. d, Relative fraction of M+3 isotopologue from 2-13C-1,3-15N2-Uridine in comparison to 592 

total metabolite abundance across H460 or PC3 cells treated with B508, B508 and DHODHi or control for 593 

6 hours. Data are representative of n=3 biological replicates. Statistical significance was assessed using 594 

students t test. e, Viability after B508 treatment alone or in combination with DHODHi in the presence 595 

or absence of NH4Cl (1 mm or 5 mM). f, Volcano plot showing change in transcript abundance in 596 

response to B508. Difference in mean basal transcript expression across three sensitive (red) and three 597 

resistant (blue) cell lines is shown. Mitochondrial encoded transcripts are labeled. g, Fold change in 598 

mtDNA abundance relative to nuclear Polɣ after treatment with B508 for indicated time. h, Relative 599 

ɣH2AX foci after treatment with B508 or cisplatin (CDDP) across five sensitive (red) and five resistant 600 

(blue) cell lines is shown. Number of foci was assessed by high content imaging and automated 601 

counting. Statistical significance was assessed using one-way ANOVA followed by Tukey’s multiple 602 



comparisons test. All experiments are the result of at least ≥3 independent experiments. I, Histogram 603 

showing BrdU verus DAPI intensity across cell lines treated with B508 at the indicated dose. Data are 604 

representative of n=6 biological replicates.  j, Heat map visualization of TMT-based mass spectrometry 605 

analysis of proteins enriched by BMT-819 versus inactive controls. Structures are shown in 606 

Supplementary Figure 1a. Proteins that were significantly enriched (P Value <0.0001) by BMT-819 607 

versus inactive controls across biological replicates are shown on the right.   608 

 609 

Figure 3: BMT-819/B508 Targets OXA1L and Repeat Expansion in the C-terminus Mediates Efficacy 610 

a, Cell viability after 72-hour treatment with B508 (blue) or Paclitaxel (red) across individual clonal cell 611 

lines with acquired resistance to BMT-819/B508.  Basal dose-response curves for each compound in 612 

Parental H460 cells are shown as bold lines. b, Number of genes with recurrent missense mutations 613 

across ten clonal cell lines with acquired resistance to BMT-819/B508. c, Missense mutations (red) in the 614 

OXA1L gene identified by whole genome sequencing across subset of H460 BMT-819/B508 resistant 615 

clones overlaid onto OXA1L protein structure (blue).  d, Domain organization of OXA1L gene. BMT-616 

819/B508 resistance mutations are clustered in the c-terminal tail, which is lost in anaerobic species 617 

(Supplementary Figure 5b). e, B508 potency and OXA1L S419(AGC)5 allelic fraction across cell lines used 618 

for initial toxicity screen (Figure 1e).  f, Copy number variants identified by whole genome sequencing 619 

across BMT-819/B508 H460 resistant clones. Selective and recurrent gain in wildtype chr14 and 620 

amplification or deletion of mtDNA is highlighted in blue (n=3 biological replicates per cell line). Red 621 

lines indicate significant CNV determined by statistical test of difference between the local insert size 622 

distributions of the reads around the candidate CNV in comparison to the global population. g, 623 

Representative metaphase spreads from H460 BMT-819/B508 Resistant clones 1 and 5 and parental 624 

H460 cells stained with chr14q11.2 probe (n=30 per 10 individual clones). Identified gain in normal 625 



chr14q11 allele, ecDNA chr14q11 in clone 5 (White arrow). h, Protein abundance of representative 626 

components of OxPhos complexes across BMT-819/B508 resistant clones relative to parental H460 or 627 

H460 ρ˚ cells based on western blotting. i, Cell viability after 72-hour treatment with B508 (blue), 5-628 

Fluoro uracil (gold), or Paclitaxel (red) in individual H460 cell lines with stable ectopic expression of 629 

OXA1L wild type or variant cell lines.  Basal dose-response curve for each compound is shown as bold 630 

line. j, Correlation between OXA1L allelic fraction and relative mtDNA abundance across individual clonal 631 

cell lines with acquired resistance to BMT-819/B508 or parental H460 subclones.  k, Cryo-electron 632 

micrograph of the c-terminal tail of OXA1L (gold) in complex with the mitochondrial ribosome peptide 633 

exit tunnel (green) (PDB 6ZM5). Amino acids affected by missense variants identified across H460 clones 634 

with acquired resistance are labeled and shown in blue. l, Volcano plot depicting correlation between 635 

protein expression, measured by TMT-based proteomics, and sensitivity to BMT-819/B508 across five 636 

sensitive and five resistant cell lines. Data represents mean of n=3 biological replicates per cell line. P-637 

Value was calculated using student’s t-test whereas negative or positive correlation between protein 638 

expression and B508 sensitivity is separated on the x-axis by Pearson, r. Components of individual 639 

OxPhos complexes and the mitoribosome are highlighted by color and size. Interactome of 640 

mitochondrial ribosome components found upregulated across sensitive cell lines is inset above the 641 

volcano plot, with edges representing experimental evidence from co-enrichment experiments.  642 

 643 

Figure 4: Repeat Expansion Alters OXA1L-Substrate Affinity and Post-Transcriptionally Stabilizes DHODH-644 

Dependent Respiration Independent of Complex I 645 

a, Subcellular fractionation, and analysis of OXA1L in addition to representative mitochondrial proteins 646 

encoded in the nucleus or mitochondria after treatment with indicated concentration of B508 for 3 647 

hours by western blotting. Asterics indicate OXA1L isoforms. b, Unenriched proteomic analysis across 648 

three sensitive heterozygous OXA1L mutant (y-axis) and three resistant OXA1L wild type (x-axis) cell 649 

lines treated with B508 versus control (log2 transformed). Proteins with known mitochondrial 650 



localization are shown in blue. c, Biochemical analysis of mitochondrial localization in B508 treated H460 651 

cells by western blotting. Representative mitochondrial (MT-CO2, MT-ND1) or nuclear encoded (OXA1L, 652 

DHODH) mitochondrial proteins and cytosolic (GAPDH) and nuclear (H3-phos) localized controls are 653 

shown. d, SILAC based proteomic analysis of cells pulsed with isotopically heavy medium containing 654 

B508, chloramphenicol (Chlor) or DMSO control for 24 hours. Extracted ion chromatograms for two 655 

representative peptides from nuclear (CPS1) and mitochondrial (MT-CO2) encoded proteins are shown. 656 

e, Relative oxygen consumption rate across parental or ectopic OXA1L variant cell lines in the presence 657 

of B508. f, Representative distribution of ΔΨm in ectopic OXA1L variant cell lines treated with B508 658 

(blue) or Antimycin A (red) at indicated concentration by CMTMRos loading (log normalized). Welch’s t-659 

test was used to determine whether fluorescence intensity increased after drug treatment. Data are 660 

representative of n=3 independent biological replicates. g, Protein abundance of representative 661 

components of OxPhos complexes across ectopic OXA1L variant cell lines relative to confluent parental 662 

H460 cells based on western blotting. Data are expressed as mean ± SD and represent n=3 biological 663 

replicates. h, Fold change in mtDNA abundance after ectopic expression of OXA1L variants across H460 664 

cells. Data are expressed as mean ± SD and represent n=4 biological replicates. i, Colocalization of OXA1L 665 

variant isoforms and complex IV component MT-CO2 in response to B508 (blue) or control (red). 666 

Quantification is shown in (Figure 4h). Data represent average values ± s.d taken from z-stack confocal 667 

images of 3 µM sections (Supplemental Figure 6g). j, Schematic of variant (red) or wild type (blue) 668 

OXA1L isoforms in relation to OxPhos complexes I, III and IV, DHODH and mitochondrial ribosome. 669 

Variant isoform stabilizes DHODH (light red) and respiration through DHODH and CIV is retained in the 670 

presence of BMT-819/B508, leading to pyrimidine imbalance, nuclear DNA damage and maintenance of 671 

mitochondrial biogenesis. Respiration through complex I (light blue) in wild type cells is coupled to 672 

complex IV leading to mitochondrial depletion (wild type).  673 

 674 



 675 

Supplemental Figure 1: Identification and Development of Cell Type Selective Small Molecules 676 

a, Structures of representative compounds identified by viability screen in NSCLC cell lines. b, Bar graph 677 

of percent reduction in viability after 12-hour exposure of H1975 (red) or H2122 (blue) to 10 µM of 678 

diazirine/alkyne functionalized fragment library. Data represents mean (n=3 biological replicates) of 679 

compound treatment over aggregated vehicle controls, included for every eight compounds per plate. c, 680 

Counter screening of BMT-819 focused small molecule library by cell count and calculation of growth 681 

rate inhibition metrics over 72-hours. Bar graph shows LogGC50 for each compound (-5 shown for 682 

compounds that did not decrease growth rate by 50% at highest concentration 10-5 M). d, Cumulative 683 

population doublings of GFP expressing H460 cells exposed to varying concentrations of B508 over 15–684 

20-day period with regular exchange of medium (n=3 biological replicates). e, Relative percentage U-13C 685 

Glucose labeled M+3 lactate abundance relative to total pool in H460 or PC3 cells treated with B508 686 

alone or in combination with 2-DG or control for 6 hours (n=5 biological replicates). f, Linear range of 687 

ECAR sensitivity across cell line panel evaluated by Seahorse SF assay. Lines represent mean ECAR for 688 

indicated number of cells with standard deviation illustrated by dashed line (n=3 biological replicates).  689 

g, B508 dose-response OCR measurements using optimized conditions shown in f-h (n=3 biological 690 

replicates). Saturating concentrations of B508 used for Figure 1h,i indicated by dashed line. h, 691 

Representative images of optimized Seahorse XF assay plating density across cell lines used for analysis. 692 

i, Basal enzymatic activity of individual OxPhos components in mitochondria purified from H460 cells. 693 



Known inhibitors of each complex are shown as positive control. Data are representative of n = 8 694 

biological replicates.  695 

 696 

 697 

Supplemental Figure 2: Characterization of Mitochondrial Response to BMT-819/B508. 698 

a, Basal metabolic phenotype across cell line panel in the presence or absence of glutamine. 699 

Mitochondrial OCR defined as the difference between basal OCR and residual OCR after treatment with 700 

Antimycin A and Rotenone. Glycolytic ECAR defined as magnitude decrease after treatment with 2-DG 701 

(n=6 biological replicates).  b, Relative rate of cytochrome c reduction in NQO1 or mock transfected 702 

H460 cell lysates in the presence or absence of B508 or menadione at indicated concentrations. Data 703 

represents the mean and standard deviation of n=3 biological replicates c, Log IC50 of indicated OxPhos 704 

inhibitors across cell line panel determined by 12-point dose response celltiter glo assay after 72-hour 705 

exposure (n=3 biological replicates). Relative non-glycolytic ECAR induced by saturating concentrations 706 

of B508 in the presence or absence of glutamine across cell line panel. ΔECAR represents the mean 707 

absolute difference between B508 induced and 2-DG inhibited ECAR (n=6 biological replicates). d, violin 708 

plot depicting the most significant differences in protein or RNA expression associated with compound 709 

sensitivity measured by unenriched proteomics and RNA-seq across five sensitive and five resistant cell 710 

lines. Z-scored raw MS3 reporter ion intensity values or trimmed mean of m normalized read counts are 711 

plotted in with each point representing the mean (n=3 biological replicates per cell line). e, Relative 712 

change in adenine nucleotide abundance in H460 or PC3 cells treated with B508 in comparison vehicle 713 

control over indicated time (n=3 biological replicates). f, Relative TMRM fluorescence intensity with time 714 

in response to B508 or control in H460 (red) or PC3 (blue) cells. Data are representative of the mean 715 



intensity over five z-planes normalized to time zero (n=2 biological replicates). g, Representative gel-716 

based analysis of H460 cells labeled in situ with 0.04-10 µM BMT-819, BMT182526 (left), or three 717 

supplementary inactive control probes (right, structures shown in Supplementary Figure 1a) at 1 µM, 718 

followed by photo crosslinking and click reaction with rhodamine azide (n=4-6 biological replicates). Red 719 

arrows indicate dose-dependent and unique BMT-819-protein interactions. h, Mass spectrometry. i, j, k, 720 

Representative confocal images of PC3 or H460 cells transduced with RFP labeled pyruvate 721 

dehydrogenase leader peptide after 1-hour exposure to B508 at 500 nM. Representative kinetic 722 

assessment of individual OxPhos subunits assayed in H460 mitochondrial extracts. Absorbance was 723 

measured in the presence or absence of B508 with and without known inhibitors of each complex (n = 8 724 

biological replicates). 725 

 726 

 727 

Supplemental Figure 3: BMT-819/B508 induces pyrimidine biosynthesis through CPS1 728 

a, Heatmap showing relative change in total metabolite abundance in H460, PC3 or CPS1 knockout cells 729 

treated with B508, DHODHi or control for 6 hours. Values represent z-scored ion intensities normalized 730 

to protein concentration across n=3 biological replicates. b, Relative basal percentage M+1 isotopologue 731 

abundance in comparison to total metabolite pool from 15NH4Cl or 15N-glutamine labeled H460 or PC3 732 

cells over indicated time (n=3 biological replicates). Steady-state flux to pyrimidine nucleotides is 733 

achieved after 6-hour exposure in both cell lines. c, Change in deoxy nucleotide triphosphate levels after 734 

6-hour treatment with B508 in comparison to DMSO control in three sensitive and three resistant cell 735 

lines during log-phase growth. Average for each cell line (n=3 biological replicates) is shown. d, Relative 736 

steady-state percentage M+1 isotopologue abundance from either 15NH4Cl or 15N-amide glutamine 737 

labeled H460 or PC3 (n=6 biological replicates). e, Viability of sensitive or resistant cells in medium 738 

lacking glutamine, supplemented with indicated metabolite after 24-hours. f, Relative ratio of 739 

reduced/oxidized glutathione across cell types treated with variable B508 dose for 24 hours. g, h, h,  740 

 741 



 742 

Supplemental Figure 4: Imbalanced pyrimidine pools results in replication stress and mitotic 743 

catastrophe 744 

a, Expression of proteins associated with mitosis and apoptosis in sensitive (H460) or resistant (PC3) cells 745 

treated with B508 or control by western blotting. b, Quantification of cell cycle progression by confocal 746 

microscopy sensitive across sensitive (H460) or resistant (PC3) cells treated for 24 hours with B508, 747 

Nocodazole, or control (n=3 biological replicates). c, BrdU uptake, chromatin condensation (Hoescht) 748 

and ɣ-H2AX staining in sensitive (H460) cells treated with B508 for indicated time (n=3 biological 749 

replicates). d, Quantification of DNA content by DAPI across sensitive (H460) or resistant (PC3) cells 750 

treated for 24 hours with indicated dose of B508, Nocodazole, or control for 12 hours (n=3 biological 751 

replicates).  e, Relative time to replicate nuclear DNA based on DAPI staining and proliferation rate 752 

across sensitive (blue) or resistant (red) cell lines. f, Quantification of BrdU uptake across sensitive 753 

(H460) or resistant (PC3) cells treated for 24 hours with B508 followed by release into BrdU containing 754 

medium lacking compound. g, Representative confocal images of individual DNA fibers taken from 755 

sensitive H460 cells pulsed with IdU, followed by CldU and indicated compound. h, Metaphase spreads 756 

from H460 cells treated with B508 or control for 12 hours. i, Variant density, copy number ratio, 757 

transcript abundance and replication timing at chr16q23 (FRA16D), quantified from whole genome or 758 

RNA sequencing data in one representative B508 resistant clone. j, Analysis of relative fragile site 759 

expression (FRA16D) by polymerase chain reaction across five sensitive (red) or five resistant (blue) cell 760 

lines treated for 24 hours with B508, aphidicolin, or control (n=3 biological replicates). 761 



 762 

Supplemental Figure 5: Whole genome sequencing and characterization of BMT-819/B508 resistant 763 

clones 764 

a, Cell viability after 72-hour treatment with B508 (blue) or Paclitaxel (red) in individual clonal cell lines 765 

with acquired resistance to BMT-819/B508.  Basal dose-response curves for each compound is shown as 766 

bold line. b, Barcode sequences for individual clonal H460 cell lines used for whole genome sequencing. 767 

c, Characterization of mutational signature associated with somatic variants called from individual B508 768 

resistant clone (Clone 1). Results representative of 10-clones. d, Brightfield images of representative 769 

B508 resistant clones (Top), parental H460 cells (Bottom). e, Characterization of OXA1L isoforms by 770 

protracted electrophoresis and western blotting across basally sensitive or resistant cell lines. 771 

Representative of n=3 biological replicates. f, Mitochondrial DNA abundance across representative B508 772 

resistant clones in comparison to H460 ρ˚ or parental cells. Mitochondrial tRNALeu (top), nuclear 773 

polymerase gamma (bottom). g, Relative reporter ion abundance of OXA1L peptides across subset of 774 

resistant (blue) or sensitive (gold) cell lines. Results are representative of n=3 biological replicates. h, 775 

Conservation of OXA1L c-terminal tail harboring missense mutations identified in H460 resistant clones 776 

across aerobic and anaerobic species. i, Visualization of missense variants identified across B508 777 

resistant clones (Top). OXA1L (left, 6ZM5), MT-ND5 (center, 5LDW), and MT-CO1 (right, 5Z62) are 778 

colored in green, with amino acids altered by mutation colored in red. Adjacent components included in 779 

the crystal structures are shown in blue. Aligned reads representative of variation in allele frequency 780 

across resistant clones are shown on bottom. 781 

 782 



 783 

Supplemental Figure 6: Target engagement and functional studies across ectopic OXA1L variant cell 784 

lines 785 

a, Representative gel-based analysis of parental H460, or OXA1L variant cells labeled in situ with 0.04-1 786 

µM BMT-819, or BMT-819 and 10 µM active competitor B508, followed by photo crosslinking and click 787 

reaction with rhodamine azide (n=4-6 biological replicates). Red arrows indicate dose-dependent and 788 

unique BMT-819-protein interactions. b, Representative western-blot analysis of parental H460, or 789 

OXA1L variant cells labeled in situ with 1 µM BMT-819, followed by photo crosslinking, click reaction 790 

with biotin azide and enrichment on streptavidin beads. Eluates were probed with indicated primary 791 

antibodies (n=3 biological replicates). c, Protein abundance of representative components of OxPhos 792 

complexes across ectopic OXA1L variant cell lines relative to confluent parental (H460) cells based on 793 

western blotting (n=3 biological replicates). d, Spare respiratory capacity across parental or ectopic 794 

OXA1L variant cell lines treated with vehicle or DHODH inhibitor. e, Western blots of proteins co-795 

immunoprecipated with OXA1L antibodies or IgG control across variant or wildtype cell lines treated 796 

with and without B508. f, Crystal violet staining after 7-day exposure to B508 in OXA1L variant cells. g, 797 

Colocalization of OXA1L variant isoforms and complex IV component MT-CO2 in response to B508 (blue) 798 

or control (red). Quantification is shown in (Figure 4h). Data represent average values ± s.d taken from z-799 

stack confocal images of 3 µM sections (Supplemental Figure 6g). 800 


