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Abstract: 

KRAS is  mutated in  ~20% of  human cancers and is  one of  the most  sought-after  targets for

pharmacological  modulation,  despite  having  historically  been  considered  “undruggable.”  The

discovery of potent covalent inhibitors of the KRASG12C mutant in recent years has sparked a new

wave of interest in small molecules targeting KRAS. While these inhibitors have shown promise in

the clinic, we wanted to explore PROTAC-mediated degradation as a complementary strategy to

modulate mutant KRAS.  Herein, we report the development of LC-2, the first PROTAC capable of

degrading endogenous KRASG12C.  LC-2 covalently binds KRASG12C with a MRTX849 warhead and

recruits  the  E3  ligase  VHL,  inducing  rapid  and  sustained  KRASG12C degradation  leading  to

suppression of MAPK signaling in both homozygous and heterozygous KRASG12C cell lines. LC-2

demonstrates that  PROTAC-mediated degradation is  a viable option for  attenuating oncogenic

KRAS levels and downstream signaling in cancer cells.

Introduction: 

The Kirsten rat  sarcoma viral  oncogene homolog (KRAS)  gene is  one of  the  most  frequently

mutated oncogenes in cancer1-3.  KRAS encodes a small, membrane bound GTPase that relays

signals from receptor tyrosine kinases (RTKs), promoting cell proliferation, cell differentiation or cell

death4-5. In normal cells, KRAS functions as a molecular switch, cycling between an inactive, GDP-

bound “off” state and an active, GTP-bound “on” state4, 6. This switch is tightly regulated by guanine

nucleotide exchange factor (GEF) proteins, which exchange GDP for GTP, and GTPase-activating

proteins (GAPs), which enhance the intrinsically slow GTPase activity of KRAS7-9. GEF and GAP

effector proteins bind at one or both of two shallow binding pockets on  KRAS termed switch I

(residues 30-38) and switch II (residues 59-76), the conformations of which change dramatically
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between GDP- and GTP-bound states6, 10-11. Somatic KRAS mutations attenuate the GAP-mediated

enzymatic  activity  of  the  protein,  resulting  in  accumulation  of  GTP-bound,  active  KRAS  and

hyperactivation of downstream signaling, which leads to uncontrolled cell proliferation1, 5. Despite

its prevalence in cancer and many years of extensive research efforts, mutant KRAS has remained

a challenging therapeutic target given the scarcity of traditional druggable pockets on its surface12.

The  KRAS  p.G12C mutation  is  highly  prevalent  in  lung  adenocarcinoma  (LUAD).  KRASG12C

mutants make up over  50% of  all  KRAS mutant  LUAD tumors  (13% of  total  LUAD tumors)1.

Additionally, 3% of colorectal cancers and 1% of all other solid tumors express KRASG12C  13. This

mutation greatly reduces KRAS’s intrinsic GTPase activity, allowing for the accumulation of GTP-

bound,  active  KRAS14.  Recent  advances,  initially  led  by  the  Shokat  group,  have  identified

molecules  that  covalently  and  selectively  bind  the  mutated  cysteine  of  KRASG12C  15-18.  These

compounds induce a novel, drug-like pocket within the KRAS switch II region15. Optimization of the

electrophiles responsible for conjugating the cysteine as well as the molecular interactions within

the drug-induced pocket have led to the development of orally bioavailable KRASG12C inhibitors.

ARS-1620/ARS-3248,  AMG510,  and  MRTX849,  developed  by  Wellspring,  Amgen,  and  Mirati

Therapeutics respectively,  have been shown to potently inhibit KRASG12C activity  in vitro  and  in

vivo19-22. In addition, ARS-3248, AMG510 and MRTX849 have entered phase I clinical trials and

have shown promising results23.  However,  despite this  success,  rapid adaptive resistance and

MAPK signaling reactivation after inhibitor treatment have already been reported24-25.  Thus, the

development  of  complementary  therapeutic  strategies  could  help  realize  the  full  potential  of

targeting KRAS mutants for cancer treatment.

PROteolysis TArgeting Chimeras (PROTACs) have emerged as a new and promising modality in

drug discovery26-29. These bifunctional molecules simultaneously engage a protein of interest (POI)

and an E3 ligase, forming a ternary complex, enabling the E3 ligase to ubiquitinate the POI on

proximal lysine residues30-31. The ubiquitinated POI is subsequently recognized and degraded by

the 26S proteasome. A major advantage of target degradation is the elimination of scaffolding roles

that are not typically attenuated by traditional small-molecule inhibitors32-36. PROTACs incorporating

ARS-1620 and the cereblon E3 ligase ligand thalidomide were recently published by the Gray

group37-38.  These  molecules  engage  KRASG12C  and  degrade  an  artificial  GFP-KRASG12C  fusion

protein, but were unable to degrade endogenous KRAS. Herein, we report the development of the

first-in-class endogenous KRASG12C degrader,  LC-2,  which combines  MRTX849 with a VHL E3

ligase ligand39. We observe rapid degradation through a bona fide PROTAC mechanism in both

homozygous and heterozygous KRASG12C-expressing cells.  Acute and sustained degradation of
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KRASG12C in multiple cancer cell lines renders LC-2 a valuable tool compound to interrogate KRAS

biology and represents a significant step towards the development of PROTAC-based candidate

therapeutics that function by inducing oncogenic KRAS degradation.

Results:

MRTX849 based VHL-recruiting PROTACs engage and degrade endogenous KRASG12C in

homozygous and heterozygous mutant cell lines.

In view of its promising Phase I clinical data and synthetic tractability, we chose MRTX849 (MRTX;

Figure 1A) as a starting point to design KRAS-targeting PROTACs. Docking of  MRTX into the

“switch II” pocket of KRASG12C reveals the pyrrolidine group to be solvent exposed (PDB: 5V9U; SI

Figure 1A)19. To avoid introducing another stereocenter at the 2,3 or 4 position of the pyrrolidine

and further complicating our synthetic route, we decided to build linkers from the N-methyl moiety

of the pyrrolidine. We saw our first evidence of KRAS engagement with LC-1 (Figure 1A and B).

When NCI-H2030  cells  were  treated  with  increasing  concentrations  of  LC-1 for  24  hours  we

observed  a  clear  band  shift  at  1,  2.5,  10,  and  25  μM,  indicating  the  presence  of  PROTAC-

conjugated KRAS (Figure 1B). However, only a small,  non-significant reduction in KRAS levels

was  observed.  Therefore,  these  data  indicate  that  LC-1 can  engage  KRASG12C,  but  does  not
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Figure 1: MRTX849-VHL PROTACs engage and degrade endogenous KRASG12C  in NCI-H2030 
cells: A) Chemical structures of MRTX849, LC-1 (inactive PROTAC), LC-2 (active PROTAC), and LC-2 
Epimer. B) LC-1 engages KRASG12C in a dose dependent manner. Quantitation on the right. C) LC-2 
degrades KRASG12C in a dose dependent manner. Quantitation on the right. Quantified data represents 
mean ± SD. Not Significant (N.S.); * p < 0.05; ** p < 0.01; **** p < 0.001 



efficiently degrade the protein. As a result,  LC-1 was subsequently used as a positive control for

KRAS engagement during our PROTAC screen.

One major liability of LC-

1 is  the  presence  of  a

hydrolysable  amide

within  the  linker.   To

address this  liability,  the

linkers  of  subsequent

PROTACs  were

extended  directly  from

the  pyrrolidine  ring

nitrogen. We screened a

small  library  of

PROTACs  with  linker

lengths  several  atoms

shorter  and  longer  than

LC-1,  and  from  this

screen, we identified LC-

2 as  the  most  potent  KRASG12C-degrading  PROTAC  (Figure  1A).  LC-2 induced  maximal

degradation of endogenous KRASG12C at concentrations as low as 2.5 μM with a DMax of >75% and

a DC50 of 0.59 ± 0.2 μM in NCI-H2030 cells (Figure 1C). At 10 μM LC-2, a KRASG12C band running

at the same molecular weight as LC-1-modified KRASG12C was observed. The emergence of this

undegraded  higher  molecular  weight  band  suggests  the  start  of  a  “hook-effect”  at  high  LC-2

concentrations. The “hook-effect” is a hallmark of PROTACs, whereby at high drug concentrations,

the formation of unproductive dimers with target or with E3 ligase outcompete formation of the

ternary complex necessary for degradation40.

MRTX is known to be selective for mutant KRASG12C over other KRAS mutants 21. To explore the

specificity  of  LC-2,  KRAS  degradation  was  examined  in  HCT  116  cells,  which  harbor  a

heterozygous KRASG13D mutation. No engagement or degradation of KRASG13D was observed in the

presence of  LC-2  up to 10 μM (SI Figure 1B). These data further suggest that  LC-2 selectively

engages and degrades mutant KRASG12C protein.

In addition, we tested  LC-2 in 5 different KRASG12C  cell lines and observed DC50  values between

0.25 and 0.76 μM as well  as DMax values ranging from >75-90% (Table 1).  LC-2 can degrade
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Table 1. LC-2 induces degradation of endogenous KRASG12C in 
multiple KRAS mutant cancer cell lines: PROTAC activity in a 
panel of KRASG12C cancer cell lines. DC50 at which 50% of the 
maximal degradation (Dmax) is reached.



mutant KRAS in both homozygous and heterozygous cell lines with varying sensitivities to MRTX21.

We observed >50% degradation in NCI-H23 cells, which are heterozygous. Theoretically,  since

these cells carry one wild type and one mutant KRASG12c allele, one would expect a maximum of

50% degradation if expression were equal, as we see for NCI-H358 cells (SI Figure 2A). However,

in siRNA knockdown experiments using KRASG12C specific siRNA, nearly complete loss of KRAS is

observed  for  NCI-H23  cells,  which  is  consistent  with  the  degradation  we  observe  with  LC-

241.Cumulatively, these data show that  MRTX-based, VHL-recruiting PROTACs can engage and

degrade KRASG12C in multiple cancer cell lines. 

LC-2 induced KRASG12C degradation occurs via a bona fide PROTAC mechanism.

The hydroxy proline moiety of the VHL ligand confers binding to the E3 ligase, while inversion of

the absolute stereochemistry of the 4-hydroxy proline moiety abrogates VHL binding39. Therefore,

we  synthesized  LC-2  Epimer (Figure  1A)  as  a  physicochemically-matched  negative  control
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Figure 2: Degradation of endogenous KRASG12C is via a PROTAC mechanism. A) LC-2 Epimer does not induce 
KRASG12C degradation at 2.5 μM and LC-2 induced degradation is rescued by VHL ligand competition, proteasome 
inhibition with epoxomicin (Epox), and neddylation inhibition with MLN4924 (MLN), in NCI-H2030 cells. Quantitation is 
below. B) Inhibition of neddylation, but not inhibition of lysosomal acidification, rescues LC-2 induced KRASG12C 
degradation in NCI-H23 cells. Quantitation is below. Quantified data represents mean ± SD. Not Significant (N.S.); *** 
p < 0.005



molecule that is unable to recruit  VHL. When NCI-H2030 cells were treated with 2.5 μM  LC-2

Epimer for  4  hours,  only  KRAS  engagement  was  observed,  whereas  2.5  μM  LC-2 induced

significant degradation (~65%; Figure 2A). 

PROTACs target proteins for degradation via the proteasome by facilitating their ubiquitination,

which is dependent on the formation of a ternary complex26, 30-31 between the POI, PROTAC and

the E3 ligase – in this case, VHL. Since excess VHL ligand inhibits ternary complex formation, we

performed competition experiments in NCI-H2030 cells that were pre-treated for 1 hour with molar

excess of VHL ligand before being treated with 2.5 μM LC-2.  Competition of LC-2 with VHL ligand

rescued KRASG12C levels (Figure 2A) by preventing PROTAC engagement with VHL. However, the

higher  molecular  weight  KRASG12C band observed upon  LC-2 treatment demonstrates that  the

PROTAC was nevertheless still able to engage KRASG12C. 

Neddylation of CUL2, a VHL adaptor protein, is necessary for proper assembly and function of the

VHL E3 ligase complex42. To further investigate whether  LC-2 induced degradation of KRASG12C

occurs via a bona fide PROTAC mechanism, NCI-H2030 cells  were treated with 1 μM of  the

neddylation  inhibitor  MLN4924 or  1  μM of  the  proteasome inhibitor  epoxomicin,  before  being

treated  with  2.5  μM  LC-243-44.   Both  inhibitors  rescued  KRASG12C levels  suggesting  KRASG12C

degradation by LC-2 is both proteasome- and neddylation-dependent (Figure 2A). 

KRAS is tethered to the plasma membrane, and it is possible that monoubiquitination of KRASG12C

could  induce  endocytosis  and  degradation  of  KRASG12C through  the  lysosomal  pathway45.

Therefore, we also tested whether bafilomycin A1 (BafA1), an inhibitor of lysosomal acidification,

could rescue KRASG12C degradation46. Pre-treatment of NCI-H23 with BafA1 was unable to rescue

LC-2  induced  KRASG12C  degradation,  whereas  neddylation  inhibition  again  rescued  KRAS

degradation (Figure 2B). Taken together these data show that LC-2-induced KRASG12C degradation

is  dependent  on  ternary  complex  formation  with  VHL and  a  functioning  ubiquitin  proteasome

system, but not dependent on the lysosome.

LC-2 induce rapid and sustained KRASG12C degradation in multiple cancer cell lines 

To  explore  PROTAC-induced  KRASG12C  degradation  kinetics,  time  course  experiments  were

performed in NCI-H2030 cells and SW1573 cells using 2.5 μM  LC-2 as the fixed concentration

since it induced maximal degradation in all cell lines within 24 hours (Figure 1A and SI Figure 2).

To distinguish between rates of target engagement and degradation, LC-2 Epimer was used as a

negative control to monitor KRASG12C engagement. Quantitation of engagement was achieved by

comparing the intensity of just the LC-2 Epimer modified band to the intensity of unbound KRAS in
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DMSO treated samples (see Material and Methods). For NCI-H2030 cells, KRASG12C binding was

seen as early as 1 hour for both LC-2 and LC-2 Epimer (Figure 3A). Maximal engagement and

significant degradation occurred within 4 hours. Maximum degradation was reached by 8 hours in

NCI-H2030 cells and persisted up to 24 hours. SW1573 cells showed faster kinetics with near

maximal engagement at 1 hour. However, the degradation rate was slower than NCI-H2030 cells

as maximal degradation was not observed until 12 hours (Figure 3B)

During our PROTAC screen, we observed that 0.1 μM of  MRTX  and 10 μM of  LC-1 increased

KRAS protein levels (Fig 1C). Although Hallin,  et al. did not observe increased KRASG12C  protein

levels with  MRTX,  our  data  is  consistent  with  previous  observations  made with  the KRASG12C

inhibitor ARS162019,  21.  Therefore,  we  explored  how longer  treatments  with  LC-2  would  affect

KRASG12C levels. MIA PaCa-2, NCI-H23, and SW1573 cells were treated with 2.5 μM of LC-2 for 6,
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Figure 3: KRASG12C degradation is rapid, with maximal degradation induced as early as 4 hours: A) Time 
course in NCI-H2030 cells. LC-2 and LC-2 epimer engage within 1  hour with maximal degradation observed by 8 
hours and maintained up to 24 hours. Quantitation on the right. B) Time course in SW1573 cells. LC-2 and LC-2 
epimer engage KRAS within 1 hour and maximal degradation is observed at 12 hours and maintained up to 24 hours. 
Quantitation on the right. LC-2 Epimer is a quantification of the higher molecular weight, PROTAC Epimer modified 
band to monitor engagement of KRASG12C overtime rather than total KRAS levels. Quantified data represents mean 
± SD. Not Significant (N.S.); * p < 0.05; ** p < 0.01; *** p < 0.005; **** p < 0.001.



24, 48, and 72 hours. In all three cell lines maximal KRAS degradation occurred within 24 hours

and was sustained up to 72 hours (Figure 4A-B and SI Figure 3).  LC-2 Epimer fully engaged

KRASG12C in SW1573 cells, but did not decrease protein levels as expected (SI Figure 3). In NCI-

H23 cells, KRASG12C began to rebound at 72 hours. Taken together these data show that LC-2 is

capable of rapid and sustained KRASG12C degradation in both homozygous and heterozygous cell

lines. The ability to overcome increased KRASG12C expression suggests that degradation could be

more beneficial  than inhibition for prolonged attenuation of  downstream signaling as has been

observed previously with BRD4 degraders47.

 LC-2  induced  KRASG12C degradation  modulates  Erk  signaling  in  homozygous  and

heterozygous KRAS mutant cell lines

The ability of  LC-2 to modulate Erk signaling was investigated in NCI-H2030 and NCI-H23 cells

during a 24 hour dose response. In NCI-H2030 cells, pErk was detected and a dose-dependent

decrease in signaling was observed (Figure 5A). In addition, total Erk levels were elevated in a
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Figure 4: Degradation of endogenous KRASG12C is sustained over 72 hours in multiple cancer cell lines. A) 
72 hour time course in MIA PaCa-2 cells. Degradation occurs at 6 hours and is maintained up to 72 hours. Quantitation 
on the right. B) 72 hour time course in NCI-H23 cells. Degradation occurs within 6 hours, reaches a maximum at 24 
hours, and begins to rebound by 72 hours. Quantitation on the right. Quantified data represents mean ± SD. Not 
Significant (N.S.); ** p < 0.01; *** p < 0.005; **** p <0.001



dose-dependent  manner.  NCI-H23  cells  showed  a  similar  dose-dependent  decrease  in  pErk

(Figure 5B). Additionally, total Erk levels were elevated in a dose-dependent manner. 

Signaling kinetics were monitored during a 24 hour  time course in  MIA PaCa2, NCI-H23, and

SW1573 cells treated with 2.5 μM  LC-2.  Modulation of Erk signaling by both  MRTX and  LC-2

occurs within 6 hours in MIA PaCa-2 and NCI-H23 cells (Figure 6A-B and SI Figure 4). pErk was

suppressed  by  both  compounds  at  6  and  24  hours  in  each  cell  lines.  In  SW1573  cells,

phosphorylated Erk was inhibited by 2.5 μM LC-2 between 1 and 4 hours, however pErk levels

rebounded between 8 and 24 hours (SI Figure 4). Nonetheless, pErk levels were still significantly
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Figure 5: Degradation of endogenous KRASG12C modulates Erk signaling in homozygous and heterozygous 
KRASG12C cell lines. A) Degradation of KRASG12C in homozygous NCI-H2030 cells attenuates pErk in a dose 
dependent manner. Quantitation on the right. B) Degradation of KRASG12C in heterozygous NCI-H23 cells decreases 
pErk in a dose dependent manner. Quantitation on the right. For statistical analysis see Supplemental Tables 1 and 2. 
Quantified data represents mean ±  SD.



lower in LC-2 treated cells than DMSO treated cells at 24 hours. Total Erk was increased in LC-2

treated cells compared to DMSO at all time points indicating the initiation of a positive feedback

loop upon KRASG12C  degradation and pErk inhibition. Taken together, these data show that LC-2-

induced KRASG12C degradation is capable of modulating downstream signaling and that differences

in signaling between inhibition and degradation are cell line dependent.

Discussion:

To  our  knowledge,  this  study  is  the  first  report  of  PROTAC-induced  endogenous  KRASG12C

degradation in cancer cells. Our PROTAC, LC-2, couples the covalent KRASG12C inhibitor MRTX to

the VHL ligand developed in our laboratory21, 39. VHL recruitment to KRASG12C induces endogenous

KRAS ubiquitination and degradation with DC50 values ranging from 0.25 to 0.76 µM. We observe
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Figure 6: Effect of KRASG12C degradation and inhibition on Erk signaling over time. A) Inhibition 
and degradation of KRASG12C decreases pErk signaling at 6 and 24 hours in homozygous MIA PaCa-2 
cells. Quantitation on the right. B) Inhibition and degradation of KRASG12C decreases pErk signaling at 6 
and 24 hours in heterozygous NCI-H23. Quantitation on the right. For statistical analysis see 
Supplemental Tables 3 and 4. Quantified data represents mean ± SD.



rapid engagement, sustained KRAS degradation, and attenuated pErk signaling for up to 72 hours

in several KRASG12C mutant cell lines. This tool compound will facilitate further exploration of how

KRAS degradation influences downstream signaling and the viability of KRASG12C  mutant cancer

cells with more precise temporal control than nucleic acid-based knockdown methods. 

This work is not the first attempt at degrading KRASG12C. Recently, Zeng et al. were unsuccessful in

degrading endogenous KRASG12C with 20 μM of  XY-4-88 over  24 hours38.  That  PROTAC was

based on ARS1620 and used thalidomide to recruit cereblon, whereas our active PROTAC, LC-2,

is MRTX-based and recruits VHL. It has been our observation that differences in either constituent

ligand of a PROTAC can significantly impact the efficacy and selectivity of target engagement31, 48.

Further studies will focus on understanding the importance of the KRASG12C ligand, the recruited E3

ligase, or combination of the two factors in imparting LC-2’s activity. Conducting ternary complex

assays by SPR and/or monitoring the ability of these compounds to induce ubiquitination by using

tandem ubiquitin binding entity (TUBE) pulldowns followed by immunoblotting could address these

questions49.

With the availability of several new covalent inhibitors, kinome re-wiring in response to KRASG12C

inhibition has been an active research area. It has been found that signaling attenuated by MRTX,

AMG510, and ARS1620 returns to or exceeds basal levels between 24 and 72 hours21, 24-25. This

has been linked to the increased activity of  several tyrosine kinases.  To combat this acquired

resistance, both targeted inhibition with FGFR inhibitors as well as pan-RTK inhibition with SHP2

inhibitors  in  combination  with  KRASG12C inhibition  have  been  successfully  used  to  reduce  the

recovery of inhibited signaling24. These co-treatment regimens have also been shown to be more

anti-proliferative in vitro and in vivo compared to RTK inhibition or KRASG12C inhibition alone24, 50. It

will be interesting to determine whether degradation alone can overcome Erk signaling reactivation

and/or  if  combination  of  KRAS  degradation  with  RTK  inhibition  could  further  enhance

antiproliferative effects. In addition to the re-wiring of sensitive cells, there are known cell lines,

such as SW1573 (used in this work) and NCI-H1792, that are inherently resistant to the anti-

proliferative effects of KRASG12C inhibition. Recently, it was shown that siRNA mediated knockdown

in these cells, but not KRASG12C inhibition, resulted in ~50% decreased cell viability50. Therefore, it

will  be  interesting  to determine if  KRASG12C-induced degradation  of  KRASG12C by  LC-2 is  also

similarly antiproliferative in these cell lines.

The ability  to  target  KRAS with  covalent  inhibitors  was itself  a  milestone in  drug discovery.  It

showed  that  proteins  formally  deemed  undruggable  could  be  targeted  with  small  molecules.

Similarly, the results presented here demonstrate that endogenous KRASG12C can be degraded as
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long as a suitable ligand is identified. While ligand development for other KRAS mutants continues,

LC-2 can  serve  as  a  tool  compound  to  investigate  biology  in  the  context  of  rapid  KRASG12C

degradation, i.e., cell viability. One caveat with our lead compound LC-2 is that the covalent nature

of the PROTAC may limit its potency as it cannot participate in catalytic rounds of degradation30.

Therefore, efforts to develop reversible PROTACs to target KRAS mutants are warranted. Despite

its limitations, the discovery of LC-2 opens new opportunities for targeting KRAS mutants in cancer

therapy.
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Effects of LC-2 on Erk Signaling
NCI-H2030

DMSO 10 μM
LC-1

100 nM
MRTX849

0.1 μM 
LC-2

0.25 μM 
LC-2

1.0 μM 
LC-2

2.5 μM 
LC-2

10 μM 
LC-2

KRAS N/A * * N.S N.S ** **** ****
pErk N/A **** **** * N.S **** **** ****

SI Table 1: Two-way ANOVA analysis of Figure 5A. Not Significant (N.S.); *
p < 0.05; p < 0.001.



SI Table 2: Two-way ANOVA analysis of Figure 5B. Not Significant (N.S.); *
p < 0.05; ** p < 0.01.

Effects of LC-2 on Erk Signaling
NCI-H23

DMSO 0.1 μM 
LC-2

0.25 μM 
LC-2

1.0 μM 
LC-2

2.5 μM 
LC-2

10 μM 
LC-2

100 nM
MRTX849

10 μM
LC-1

KRAS N/A N.S. * **** ***** N.S. N.S. N.S.
pErk N/A N.S. N.S. N.S. * N.S. * *



Effects of LC-2 on Erk Signaling 
at 6 and 24 hours 

MIA PaCa-2
Time (hrs)

6 24

DMSO 100 nM
MRTX849

2.5 μM 
LC-2 DMSO 100 nM

MRTX849
2.5 μM 
LC-2

KRAS N/A N.S ** N.S N.S **
pErk N/A **** ** N.S * **

SI Table 3: Two-way ANOVA analysis of Figure 6A. Not Significant (N.S.); *
p < 0.05; ** p < 0.01; **** p < 0.001.



Effects of LC-2 on KRAS Signaling
at 6 and 24 hours 

NCI-H23
Time (hrs)

6 24

DMSO 100 nM
MRTX849

2.5 μM 
LC-2 DMSO 100 nM

MRTX849
2.5 μM 
LC-2

KRAS N/A N.S ** N.S **** ****
pErk N/A **** **** * **** ****

SI Table 4: Two-way ANOVA analysis of Figure 6B. Not Significant (N.S.); *
p < 0.05; ** p < 0.01; **** p < 0.001.



SI Table 5: Two-way ANOVA analysis of SI Figure 4. Not Significant (N.S.); * p < 0.05; **
p < 0.01; *** p < 0.005; p < 0.001.
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Supporting  Information  Figure  1:  Docking  of  MRTX849  and  LC-2  degradation  is

specific  for  KRASG12C.  A)  Docking of  MRTX849 (MRTX) into  the crystal  structure of

KRASG12C (PDB: 5V9U). MRTX is shown in yellow, the black arrow indicates the point of

linker attachment. B) LC-2 does not degrade KRASG12D in HCT116 cells. Quantitation on

the right. Quantitation on the right. Quantified data represents mean ± SD. 



Supporting  Information  Figure  2:  LC-2  induces  KRASG12C degradation  in  multiple

mutant  cell  lines.  A)  LC-2,  but  not  LC-2  Epimer,  induces  KRASG12C degradation  in

heterozygous  H358  cells.  Quantitation  on  the  right.  B)  LC-2  induces  KRASG12C  in

homozygous MIA PaCa-2 cells. Quantitation on the right. C) LC-2 induces KRASG12C

degradation in the homozygous, MRTX849 resistant, SW1573 cells. Quantitation on the

right. Quantified data represents mean ± SD. * p < 0.05; ** p < 0.01; *** p < 0.005; **** p

< 0.001 



Supporting Information Figure 3:  LC-2 induced KRASG12C degradation is maintained

over 72 hours in SW1573. LC-2 induced KRASG12C occurs within 6 hrs and is maintained

for 72 hours. No change is observed for LC-2 Epimer. 

Supporting Information Figure 4:  Changes in Erk signaling during a 24 hour LC-2

treatment  in  SW1573 cells.  Erk signaling  is  modulated by LC-2.  pErk is  decreased

throughout the time course. Quantitation on the right. Quantified data represents mean

± SD. For statistical analysis see SI table 5. 



Supporting  Information  Table  1: Two-way  ANOVA  analysis  of  Figure  5A.  Not

Significant (N.S.); * p < 0.05; ** p < 0.01; **** p < 0.001.

Supporting  Information  Table  2:  Two-way  ANOVA  analysis  of  Figure  5B.  Not

Significant (N.S.); * p < 0.05; **** p < 0.001.

Supporting Information Table 3: Two-way ANOVA analysis of Figure 6A. Not 

Significant (N.S.); * p < 0.05; ** p < 0.01; **** p < 0.001.



Supporting Information Table 4: Two-way ANOVA analysis of Figure 6B. Not 

Significant (N.S.); * p < 0.05; ** p < 0.01; **** p < 0.001.

Supporting Information Table 5: Two-way ANOVA analysis of SI Figure 4. Not 

Significant (N.S.); * p < 0.05; ** p < 0.01; *** p < 0.005; p < 0.001.



Materials and Methods:

Cell Lines and Reagents:

NCI-H2030  (CRL-5914),  MIA PaCa-2  (CRL-1420),  NCI-H23  (CRL-5800),  NCI-H358

(CRL-5807),  and  HCT-116  (CCL-247)  cells  were  obtained  from  ATCC,  expanded

immediately,  and  frozen  down.  Vials  were  thawed  and  used  within  20  passages.

SW1573 cells were a gift from Arvinas and were handled in the same manner. NCI-

H2030, NCI-H23, and NCI-H358 were cultured in RPMI (ATCC 30-2001) supplemented

with 10% FBS (Biological Industries; cat. no. S1480) and 1% Penicillin-Streptomycin

(ThermoFisher;  cat.  no.  15140122).  HCT-116 cells were maintained in  high glucose

DMEM (ThermoFisher; cat. no. 11965084) supplemented as above. MIA PaCa-2 cells

were cultured in high glucose DMEM supplemented with 10% FBS, 2.5% horse serum

(ThermoFisher;  cat.  no.  26050-088;  lot  2109875),  and  1%  Penicillin-Streptomycin.

SW1573 cells were maintained in DMEM/F12 Nutrient Mix with GlutaMAX supplement

(ThermoFisher;  cat.  no.  10565018)  with  10%  FBS  and  1%  Penicillin-Streptomycin

added. DPBS (ThermoFisher; cat. no. 14190250) was used to wash cells and 0.25%

Trypsin-EDTA (ThermoFisher;  cat.  no.  252000-056)  was  used  to  detach  cells  for

passaging.  MRTX849  was  purchased  from  ChemieTek  (cat.  no.  CT-MRTX849),

epoxomicin was purchased from Astatech (cat.  no. 41576),  MLN4924 (pevonedistat)

was purchased from Selleckchem (cat. no. S7109), and bafilomycin A1 was purchased

from Millipore Sigma (cat.  no. B1793).  The VHL ligand was generously provided by

Arvinas.

Time Course Assays:

Between 2.5 x 105 and 6.0 x 105 cells were seeded into 6-well plates (Corning; cat. no.

353046). The next day, media was removed and cells were treated with 2.5 μM LC-2 for

1, 2, 4, 8, 12, or 24 hours. Cells were treated with 100 nM MRTX849 and 2.5 μM LC-2

for 6, 24, 48, or 72 hours for longer time course experiments. For 24-hour time course

experiments, cells were treated at the indicated times and concurrently lysed in RIPA

buffer supplemented as described previously. For longer time course experiments and

time  courses  in  which  cells  were  treated  with  LC-2  or  LC-2  Epimer,  cells  were

concurrently treated with either compound, then lysed by scraping in RIPA buffer at the

indicated time points. 



Competition, Proteasome Inhibition, and Neddylation Inhibition Experiments

Between 2.5 x 105 and 5.0 x 105 cells were seeded into 6-well plates. The next day cells

were pretreated with DMSO, 500 μM or 1 mM VHL ligand, 1 μM epoxomicin, 1 μM

MLN4924, or 100 nM M bafilomycin A1 for 1 hour. Media was then removed and cells

were treated with DMSO, 2.5 μM LC-2 plus DMSO, 2.5 μM LC-2 Epimer plus DMSO, or

co-treated with 2.5 μM LC-2 and the corresponding competitor/inhibitor.  H2030 cells

were treated for 4 hours and H23 cells were treated for 24 hours, after which cells were

lysed by scraping in RIPA buffer supplemented as described previously.

Immunoblotting:

Cell  lysates  were  clarified  at  21000  x  g  for  15  mins  at  4o C.  Protein  levels  were

quantified using a 50:1 mixture of bicinchoninic acid solution (Millipore Sigma; cat. no.

B9643)  and  4%  (w/v)  copper(II)  sulfate  solution  (Millipore  Sigma;  cat.  no.  C2284)

incubated at 37o C for 30 mins. Absorbance values at 560 nm were read on an EnVision

2101 Multilabel Reader (PerkinElmer). Proteins were separated using 26 well Criterion

TGX precast 4-15% (cat. no. 5671085) or 8-16% (cat. no. 5671105) gradient midi gels.

After separation, proteins were transferred to nitrocellulose or PVDF membranes at 76

V for 2 hours at 4o C. Blots were then blocked in 5% milk in tris-buffered saline with

Tween-20 (TBST; 20 mM Tris, 150 mM NaCl, 0.02 % Tween-20). After blocking, blots

were incubated in primary antibody overnight (12-18 hours) at 4o C or for 2 hours at

room temperature with mild agitation at the manufacturer’s indicated dilution in either

5% milk or 5% BSA in TBST. Blots were then washed thrice with TBST for 5 mins at

room temperature. After washing, blots were incubated with 1:5,000-1:10,000 of donkey

anti-rabbit (GE Life Sciences; NA934) or sheep anti-mouse (GE Life Sciences; NA931)

secondary  antibody  diluted  in  5%  milk  for  1  hour  at  room  temperature  with  mild

agitation.  Blots  were again  washed thrice  with  TBST for  5  mins.  Chemiluminescent

signal was generated using Amersham ECL Prime Western Blotting Detection Reagant

(GE Life Sciences; cat. no. RPN2232) or SuperSignal West Femto Maximum Sensitivity

Substrate  (ThermoFisher;  cat.  no.  34095).  Images  were  obtained  using  a  Bio-Rad

ChemiDoc  Imager.  Fluorescent  α-tubulin  images  were  collected  with  the  Bio-Rad

ChemiDoc Imager using an Alexa488 filter. The primary antibodies used in this work



include: KRAS (LSBio;  clone 2C1; cat.  no.  LS-C175665),  p-p42/44 MAPK (phospho

T202/Y204) (pErk; Cell Signaling Technologies (CST); cat. no. 4370S or 9106S), p42/44

MAPK (Erk1/2; CST; cat. no. 4695S), alpha-tubulin (CST; 2144S), and alpha-tubulin w/

AlexaFluor488 (Millipore; cat. no. 16-232).

Quantification and Statistical Analysis:

Band intensities were quantified using BioRad’s Image Lab Software. Total KRAS levels

were examined by quantifying levels of both conjugated KRASG12C and unbound KRAS

(wt or mutant) using an analysis box that spanned the two bands. This same sized box

was  used  to  quantify  unbound  KRAS  in  DMSO  treated  samples  to  account  for

background, except for LC-2 Epimer in Figure 3. To quantify LC-2 Epimer engagement

only the top, PROTAC bound, band was quantified and band intensity was normalized

to unbound KRAS in DMSO treated samples using a similar sized analysis box. Data

was analyzed by computing one-way ANOVAs or two-way ANOVAs (for grouped data)

using multiple comparisons in which the mean of DMSO was compared to all treatment

means using GraphPad Prism 7. For time courses, protein levels were compared to

DMSO for each time point. DC50 and DMax were quantified by fitting data to an inhibitor

vs. dose response non-linear regression using GraphPad Prism 7.  

Chemical synthesis 

A. General considerations. Chemicals used for synthesis were purchased from commercial

sources and were used without further purification. Flash chromatography was performed using

Biotage flash chromatography system using pre-packed columns. 1H NMR and 13C NMR spectra

were  recorded  on  an  Agilent  DD2  600  NMR spectrometer  (600  MHz  for 1H and  151  MHz

for 13C).  The values of chemical shifts (δ)  are reported in p.p.m. Coupling constants (J)  are

reported in Hz. High-resolution mass spectra (HRMS) were recorded on a Waters Xevo QTOF

LCMS with ESI using a Waters Acquity UPLC. HPLC purifications were performed on a reverse-

phase column using a Gilson HPLC system.

B. Experimental protocols.

Synthesis of 3:



1-benzyl 4-(tert-butyl) (R)-2-(hydroxymethyl)piperazine-1,4-dicarboxylate (1)

To a solution of  tert-butyl  (3R)-3-(hydroxymethyl)piperazine-1 -carboxylate (5.0 g,  1.0 eq) in

Ethyl acetate (100 mL) was added NaHCO3 (3.0 eq), H2O (50 mL) and benzyl carbonochloridate

(1.30 eq). The mixture was stirred at 25 °C. for 12 hour. After completion, the organic phase was

separated, washed with water (100 mLX2) dried over Na2SO4 and filtered. The solvent was

removed under vacuum to give the title compound (7.0 g, 86% yield) as a yellow oil, which was

used in the next step without further purification. 

LCMS [ESI, M+1]: 351.

1-benzyl 4-(tert-butyl) (S)-2-(cyanomethyl)piperazine-1,4-dicarboxylate (2)

To a solution of I-benzyl 4-tert-butyl (2R)-2-(hydroxymethyl) piperazine-l,4-dicarboxylate (7.0 g,

1.0 eq) in THF (100 mL) was added TEA (3.0 eq) and methanesulfonyl chloride (1.2 eq). The

mixture was stirred at 20 °C. for one hour. The reaction mixture was quenched by addition H2O

50 mL at 20 °C. The reaction mixture was extracted with ethyl acetate (100 mLx2). The organic

layers  were  washed with  H2O (100  mL),  dried  over  Na2SO4,  and filtered.  The solvent  was

removed under vacuum. 1-benzyl 4-tert-butyl  (2R)-2-(methylsulfonyloxymethyl) piperazine-l,4-

dicarboxylate was obtained as a yellow oil. The crude product was used directly to the next step

without further purification.

To  a  solution  of  1-benzyl  4-tert-butyl  (2R)-2-(methylsulfonyloxymethyl)piperazine-1,4-

dicarboxylate in DMA (150 mL) was added NaCN (4 eq.). The mixture was stirred at 60 °C. for

12 hour. The solvent was removed under vacuum to give an oil residue. The residue was diluted

with H2O (40 mL) and extracted with ethyl acetate (50 mLx3). The combined organic layers

were washed with saturated brine, dried over Na2SO4, filtered and concentrated under reduced



pressure  to  give  a  residue.  The  residue  was  purified  by  column  chromatography  (SiO2,

Hexanes/Ethyl acetate=5:1 to 3:1) to give the title compound (6.0 g, two steps yield 84 %) as a

yellow oil.
1H NMR (600 MHz, CDCl3) δ 7.40-7.32 (m, 5H), 5.16 (s, 2H), 4.55 (s, 1H), 4.25-3.80 (m, 3H),

2.95-3.25 (m, 2H), 2.85 (s, 1H), 2.60 (d, J = 50.2 Hz, 1H), 2.74-2.40 (m, 2H).
13C NMR (150 MHz, CDCl3) δ 154.9, 154.6, 135.8, 128.6, 128.4, 128.2, 116.7, 81.0, 68.0, 48.2,

45.3, 42.4, 39.2, 28.3, 19.1. 

HRMS [C19H25N3O4Na+] Cal: 382.1737; Obs: 382.1743. 

benzyl (S)-2-(cyanomethyl)piperazine-1-carboxylate (3)

To a solution of I-benzyl 4-tert-butyl (2S)-2-(cyanomethyl) piperazine-l,4-dicarboxylate (6.0 g, 1.0

eq) in dioxane (20.8 mL) was added 4.0 M HCl in dioxane (20.8 mL, 5.0 eq). The mixture was

stirred at 20 °C. for 1 hour. Then NaHCO3 was added to the reaction mixture until a pH>7 was

reached, after which the reaction was concentrated under reduced pressure to remove dioxane.

The residue was diluted with H2O (50 mL) and extracted with ethyl acetate (50 mLx3). The

combined  organic  layers  were  washed  with  H2O (20  mL),  dried  over  Na2SO4,  filtered  and

concentrated  under  reduced  pressure  to  give  a  residue.  The  product  benzyl  (2S)-2-

(cyanomethyl) piperazine-1-carboxylate (4.1 g, 95% yield) was obtained as a yellow oil.

Synthesis of 15:

tert-butyl 3-(3-hydroxypropoxy)propanoate (14)

To a solution of propane 1,3-diol (20 mmol, 1.5 g, 1.0 eq.) in acetonitrile (20 mL) was added

Triton B (0.3 eq.), and tert-butyl  3-(3-hydroxypropoxy)propanoate (1.0 eq.).  The mixture was

stirred at 20 °C overnight and concentrated under vacuum. The residue was purified by column

chromatography  (SiO2,  Hexanes/Ethyl  acetate=5:1  to  1:1)  to  give  the  title  compound  as  a

colorless oil (1.85 g, 45% yield).



1H NMR (600 MHz, CDCl3) δ 3.77 – 3.72 (m, 2H), 3.67 (t, J = 6.2 Hz, 2H), 3.65 – 3.60 (m, 2H),

2.48 (t, J = 6.2 Hz, 2H), 1.83 – 1.78 (m, 2H), 1.44 (s, 9H).
13C NMR (150 MHz, CDCl3) δ 171.1, 80.8, 70.1, 66.7, 61.8, 36.2, 31.9, 28.0.

tert-butyl 3-(3-iodopropoxy)propanoate (15)

14 (1.85 g, 1.0 eq.) was dissolved in dichloromethane (30 mL) and triphenylphosphine (1.1 eq.)

was added followed by imidazole (1.2 eq.). I2 (1.1 eq.) was added portion wise and the reaction

mixture was stirred overnight at  20 °C. The reaction mixture was quenched with a saturated

aqueous  solution  of  sodium  thiosulfate  and  stirred  for  20  minutes.  The  organic  layer  was

separated and the aqueous extracted with dichloromethane. The organic layers were combined,

washed with brine, dried over Na2SO4 and concentrated in vacuo. The residue was purified by

column chromatography (SiO2, Hexanes/Ethyl acetate=0:1 to 3:1) to yield the title compound

(2.01 g, 80% yield).
1H NMR (600 MHz, CDCl3) δ 3.66 (t, J = 6.4 Hz, 2H), 3.48 (t, J = 5.8 Hz, 2H), 3.25 (t, J = 6.8 Hz,

2H), 2.46 (t, J = 6.4 Hz, 2H), 2.03 (tt, J = 6.9, 5.8 Hz, 2H), 1.44 (s, 9H).
13C NMR (150 MHz, CDCl3) δ 170.8, 80.5, 70.1, 66.5, 36.3, 33.3, 28.1, 3.3.

HRMS [C10H19INaO3
+] Cal: 337.0271; Obs: 337.2077.

Synthesis of 6:

(S)-2-(((tert-butyldiphenylsilyl)oxy)methyl)pyrrolidine (4)

To a  solution  of  (S)-(+)-2-Pyrrolidinemethanol  (1.0 g,  1.0 eq.)  in  THF was added tert-butyl-

chloro-diphenyl-silane (1.2 eq.), DMAP (0.1 eq.), and TEA (3.0 eq.). The mixture was stirred at

20  °C  overnight  and  concentrated  under  vacuum.  The  residue  was  purified  by  column

chromatography (SiO2, DCM/Methanol=1:0 to 10:1) to give the title compound as a yellow oil

(2.9 g, 86% yield).



1H NMR (600 MHz, CDCl3) δ 7.68 – 7.65 (m, 4H), 7.44-7.35 (m, 6H), 3.68 (dd, J = 10.3, 4.8 Hz,

1H), 3.61 (dd, J = 10.1, 6.1 Hz, 1H), 3.32-3.26 (m, 1H), 3.04-2.98 (m, 1H), 2.93-2.87 (m, 1H),

1.84-1.70 (m, 3H), 1.55-1.47 (m, 1H), 1.06 (s, 9H).
13C NMR (150 MHz, CDCl3) δ 135.6, 133.5, 133.4, 129.6, 127.7, 66.0, 59.9, 46.3, 27.4, 26.9,

25.16, 19.3.

HRMS [C21H30NOSi+] Cal: 340.2091; Obs: 340.2088.

tert-butyl (S)-3-(3-(2-(((tert-butyldiphenylsilyl)oxy)methyl)pyrrolidin-1-yl)propoxy)propanoate (5)

To a solution of 4 (2.0 g, 1.0 eq.) in DMF was added tert-butyl 3-(3-iodopropoxy)propanoate (1.0

eq.) and TEA (3.0 eq.).  The mixture was stirred at 20 °C overnight and concentrated under

vacuum.  The residue was  purified  by column chromatography (SiO2,  DCM/Methanol=1:0  to

10:1) to give the title compound as a yellow oil (3.0 g, 97% yield).
1H NMR (600 MHz, CDCl3) δ 7.80-7.56 (m, 4H), 7.51-7.37 (m, 6H), 4.56 – 3.79 (m, 4H), 3.66 –

3.44 (m, 5H), 3.36 (s, 1H), 3.06 (s, 1H), 2.53-2.31 (m, 3H), 2.26-1.99 (m, 5H), 1.90-1.78 (m,

1H), 1.60 (s, 2H), 1.43 (s, 9H), 1.08 (s, 9H).
13C NMR (150 MHz, CDCl3) δ 171.1, 135.7, 135.5, 130.2, 128.1, 128.0, 80.8, 70.5, 68.2, 66.4,

62.7, 54.9, 35.9, 28.1, 26.9, 25.5, 22.07, 19.1.

HRMS [C31H48NO4Si+] Cal: 526.3347; Obs: 526.3353.

tert-butyl (S)-3-(3-(2-(hydroxymethyl)pyrrolidin-1-yl)propoxy)propanoate (6)

To a solution of 5 (3.0 g, 1.0 eq.) in THF was added TBAF (1.0 M in THF, 2.0 eq.). The mixture

was stirred at 20 °C overnight and concentrated under vacuum. The residue was purified by

column chromatography (SiO2, DCM/Methanol=1:0 to 5:1) to give the title compound as a yellow

oil (1.5 g, 92% yield).



HRMS [C15H30NO4
+] Cal: 288.2169; Obs: 288.2175.

Synthesis of LC-2S1:



tert-butyl 4-hydroxy-2-(methylthio)-5,8-dihydropyrido[3,4-d]pyrimidine-7(6H)-carboxylate (7)

Step 1: To a stirred solution of 1-tert-butyl 4-ethyl 3-oxopiperidine-1,4-dicarboxylate (17.0 g, 1.0

eq) in MeOH (300 mL) at 20 °C under nitrogen was added NaOMe (5.0 eq), followed by 2-

methylisothiourea (1.80 eq.) as a solid. The reaction mixture was stirred at 20 °C for 16 hours.

The  reaction  mixture  was  acidified  with  HCl  (2  M)  until  pH~5,  and  then  the  mixture  was

concentrated under reduced pressure to removed MeOH. The residue was resuspended in 300

mL of ethyl acetate and 300 mL of water and stirred rapidly. The suspension was filtered and the

white solid was collected. The filtrate was separated and the organics washed with water (1x300

mL)  and  brine  (1x200  mL).  The  organics  were  isolated,  dried  over  Na2SO4,  filtered  and

concentrated to a white solid,  tert-butyl  4-hydroxy-2-methylsulfanyl-6,8-dihydro-5H-pyrido[3,4-

d]pyrimidine-7-carboxylate (17.2 g, 92% yield) was obtained as a white solid and used directly

for next step without further purification. 

LCMS [M+1]: 298.

tert-butyl  2-(methylthio)-4-(((trifluoromethyl)sulfonyl)oxy)-5,8-dihydropyrido[3,4-d]pyrimidine-

7(6H)-carboxylate (8)

Step 2: To a stirred suspension of 7 (10 g, 1.0 eq) in DCM (200 mL) at 0 °C was added DIEA

(2.0 eq.) followed by Tf2O (1.5 eq.) under nitrogen. Immediately a brown solution formed. After

stirring at 25 °C for 16 hours, the reaction was concentrated to give a brown oil. The brown oil

was purified by column chromatography (SiO2, Hexanes/Ethyl acetate=1/0 to 10/1) to give the

title compound (5.1 g, 35% yield) as a yellow solid.

HRMS [C14H19F3N3O5S2+] Cal: 430.0713; Obs: 430.0718.

tert-butyl  (S)-4-(4-((benzyloxy)carbonyl)-3-(cyanomethyl)piperazin-1-yl)-2-(methylthio)-5,8-

dihydropyrido[3,4-d]pyrimidine-7(6H)-carboxylate (9)



Step 3: A mixture of  8 (1.24 g, 1.0 eq),  benzyl-(2S)-2-(cyanomethyl)piperazine-1-carboxylate

(1.05 eq), and DIEA (3.0 eq) in DMF (10 mL) was degassed and purged with N2 3 times, and

then the mixture was stirred at 100 °C for 1 hour under N2 atmosphere. After completion, the

solvent  was  removed  under  vacuum.  The  residue  was  purified  by column chromatography

(SiO2, Hexanes/ Ethyl acetate=3/1 to 1:1) to give title compound (1.36 g, 86% yield) as a yellow

solid.
1H NMR (600 MHz, CDCl3) δ 7.43 – 7.30 (m, 5H), 5.17 (s, 2H), 4.72 – 4.55 (m, 2H), 4.36 (d, J =

19.1 Hz, 1H), 4.02 – 3.71 (m, 3H), 3.40 – 3.21 (m, 4H), 2.98 (t, J = 12.2 Hz, 1H), 2.75 – 2.57 (m,

4H), 2.49 (s, 3H), 1.47 (s, 9H).  
13C NMR (151 MHz, CDCl3) δ 168.61, 164.66, 135.82, 128.68, 128.65, 128.45, 128.29, 128.26,

128.23, 117.00, 111.12, 68.07, 60.39, 48.50, 47.84, 28.41, 28.02, 25.88, 21.05, 19.16, 17.59,

14.19, 14.05.

HRMS [C27H35N6O4S+] Cal: 539.2435; Obs: 539.2438.

benzyl  (S)-4-(7-(8-chloronaphthalen-1-yl)-2-(methylthio)-5,6,7,8-tetrahydropyrido[3,4-

d]pyrimidin-4-yl)-2-(cyanomethyl)piperazine-1-carboxylate (10)

Step 4: A mixture of  9 (1.36 g，1.0 eq), TFA (6.8 mL) in DCM (6.8 mL) was degassed and

purged  with  N2 3  times,  and  then  the  mixture  was  stirred  at  20°C  for  1  hour  under  N2

atmosphere.  After  completion,  the  reaction  mixture  was  quenched  with  saturated  NaHCO3

solution. The mixture was extracted with ethyl acetate (3x50 mL) and the organic layer was

dried over Na2SO4 and filtered. The solvent was removed under vacuum to give benzyl (S)-2-

(cyanomethyl)-4-(2-(methylthio)-5,6,7,8-tetrahydropyrido[3,4-d]pyrimidin-4-yl)piperazine-1-

carboxylate (1.11 g, crude) as a yellow solid which was used for the next step without further

purification.

Step  5:  A  mixture  of  benzyl  (2S)-2-(cyanomethyl)-4-(2-methylsulfanyl-5,6,7,8-

tetrahydropyrido[3,4-d]pyrimidin-4-yl)piperazine-l-carboxylate  (1.11  g,  1.0  eq.),  1-bromo-8-

chloro-naphthalene (1.8 eq.), Pd2(dba)3 (0.1 eq.), RuPhos (0.2 eq.) and Cs2CO3 (3.6 eq.) in



toluene (10 mL) was degassed and purged with N2 3 times, and then the mixture was stirred at

100 °C for 12 hours under N2 atmosphere. After completion, the reaction mixture was filtered.

The organic solvent was removed under vacuum to give an oil residue. The residue was purified

by column chromatography (SiO2, Hexanes/Ethyl acetate=5:1 to 3:1) to give the title compound

(0.77 g, two steps yield 45%) as a dark yellow solid.

HRMS [C32H32ClN6O2S+] Cal: 599.1990; Obs: 599.1996.

benzyl  (2S)-4-(7-(8-chloronaphthalen-1-yl)-2-(methylsulfinyl)-5,6,7,8-tetrahydropyrido[3,4-

d]pyrimidin-4-yl)-2-(cyanomethyl)piperazine-1-carboxylate (11)

Step 6: A mixture of 10 (734 mg, 1.0 eq), m-CPBA (0.6 eq.) in DCM (8 mL) was stirred at 0 °C

for 30 min. After which another batch of m-CPBA (0.6 eq.) was added and the mixture was

stirred for another 30 min at 0 °C. After completion, the reaction was quenched with water (10

mL). The mixture was extracted with ethyl acetate (3x10 mL). The combined organic layer was

dried with Na2SO4 and filtered. The solvent was removed to give an oil residue. The residue was

purified by column chromatography (SiO2, Methanol/Ethyl acetate=0:1 to 1:10) to give the title

compound (350 mg, 46% yield) as a yellow solid. 

LC-MS [ESI, M+1] = 616.



benzyl  (S)-4-(2-(((S)-1-(3-(3-(tert-butoxy)-3-oxopropoxy)propyl)pyrrolidin-2-yl)methoxy)-7-(8-

chloronaphthalen-1-yl)-5,6,7,8-tetrahydropyrido[3,4-d]pyrimidin-4-yl)-2-(cyanomethyl)piperazine-

1-carboxylate (12)

Step 7: To a solution of 11 (350 mg, 1.0 eq.) and tert-butyl (S)-3-(3-(2-(hydroxymethyl)pyrrolidin-

1-yl)propoxy)propanoate (6)  (3.0 eq.)  in  toluene (5 mL) was added  t-BuONa (3.0 eq.).  The

mixture was stirred at 0 °C. for 0.5 hour. After completion, the mixture was added to cold water

(5 mL) and extracted with ethyl acetate (3x5 mL). The combined organic layer was dried over

Na2SO4,  filtered  and  concentrated.  The  obtained  product  was  purified  by  column

chromatography (SiO2, Ethyl acetate:Methanol=1:0 to 10:1) to give the title compound (230 mg,

44% yield) as a yellow solid. 

LC-MS [ESI, M+1] = 838.

tert-butyl  3-(3-((S)-2-(((7-(8-chloronaphthalen-1-yl)-4-((S)-3-(cyanomethyl)-4-(2-

fluoroacryloyl)piperazin-1-yl)-5,6,7,8-tetrahydropyrido[3,4-d]pyrimidin-2-yl)oxy)methyl)pyrrolidin-

1-yl)propoxy)propanoate (13)

Step 8: To a solution of 12 (230 mg, 1.0 eq.) in MeOH (3 mL) was added 7N NH3 in MeOH (3

mL), and Pd/C (100 mg, 10% purity) under N2. The suspension was degassed under vacuum

and purged with H2 several times. The mixture was stirred under H2 (15 psi) at 20 °C for 4

hours. After which another batch of Pd/C (100 mg, 10% purity) was added. The mixture was

stirred under H2 overnight. Upon completion, the catalyst was filtered off and the filtrate was

concentrated under vacuum to give the title compound (100 mg, 52% yield) as a yellow solid

which was used directly in the next step without further purification. LC-MS [ESI, M+1] = 704.

Step  9:  To  a  solution  of  above  product  (141  mg,  1.0  eq.)  in  DMF was  added  sodium  2-

fluoroprop-2-enoyloxy (2.0 eq.), HATU (1.5 eq.), and TEA (4.0 eq.). The mixture was stirred at

room temperature  for  1  hour.  After  completion,  the  residue was  diluted with  H2O (15 mL),



extracted with EtOAc (3X15 mL), dried over Na2SO4, concentrated under vacuum and purified

by Prep-TLC (DCM:Methanol:Ammonia = 200:10:1). The title compound (42 mg, 27% yield) was

obtained as a colorless oil. 

LC-MS [ESI, M+1] = 776.
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(2S,4R)-1-((S)-2-(3-(3-((S)-2-(((7-(8-chloronaphthalen-1-yl)-4-((S)-3-(cyanomethyl)-4-(2-

fluoroacryloyl)piperazin-1-yl)-5,6,7,8-tetrahydropyrido[3,4-d]pyrimidin-2-yl)oxy)methyl)pyrrolidin-

1-yl)propoxy)propanamido)-3,3-dimethylbutanoyl)-4-hydroxy-N-(4-(4-methylthiazol-5-

yl)benzyl)pyrrolidine-2-carboxamide (LC-2)

Step 10: To a solution of 13 (21 mg, 1.0 eq.) in DCM (1 mL) was added TFA (1 mL). The mixture

was stirred for 0.5 hour at room temperature, concentrated under vacuum and used in the next

step without further purification.

To a solution of above product (1.0 eq.) in DMF (1 mL) was added (1R)-1-[(2S,4R)-4-hydroxy-2-

[[4-(4-methylthiazol-5-yl)phenyl]methylcarbamoyl]pyrrolidine-1-carbonyl]-2,2-dimethyl-propyl

(1.2  eq.),  HATU (1.3  eq.),  and TEA (5.0  eq.).  The mixture  was  stirred for  1  hour  at  room

temperature. Upon completion, the mixture was diluted with H2O (5 mL), extracted with EtOAc

(3X5 mL), dried over Na2SO4, concentrated under vacuum and purified by reverse phase HPLC.

The title compound (10 mg, 33% yield) was obtained as a colorless oil. 
1H NMR (600 MHz, Acetone-d6) δ 8.82 (s, 1H), 7.86 (t, J = 7.9 Hz, 2H), 7.70 (dd, J = 8.0, 3.9 Hz,

1H), 7.55 (dd, J = 7.3, 3.6 Hz, 1H), 7.53 – 7.48 (m, 1H), 7.45 (dd, J = 7.8, 4.2 Hz, 2H), 7.43 –

7.39 (m, 1H), 7.39 – 7.33 (m, 3H), 7.29 – 7.24 (m, 1H), 5.33 – 5.20 (m, 2H), 4.64 (dd, J = 9.3,

1.6 Hz, 1H), 4.60 – 4.48 (m, 3H), 4.39 – 4.27 (m, 3H), 4.24 – 4.08 (m, 2H), 3.87 – 3.78 (m, 2H),

3.78 – 3.70 (m, 2H), 3.67 – 3.53 (m, 3H), 3.53 – 3.43 (m, 3H), 3.37 (dd, J = 13.8, 3.8 Hz, 1H),

3.34 – 3.24 (m, 2H), 3.25 – 3.12 (m, 4H), 3.13 – 2.96 (m, 4H), 2.81 – 2.75 (m, 1H), 2.71 – 2.65

(m, 1H), 2.48 – 2.39 (m, 4H), 2.39 – 2.32 (m, 1H), 2.26 – 2.18 (m, 1H), 2.18 – 2.11 (m, 1H), 2.11

– 2.06 (m, 1H), 1.91 – 1.82 (m, 1H), 1.79 – 1.61 (m, 6H), 0.96 (s, 9H).
13C NMR (151 MHz, Acetone-d6) δ 172.63, 171.41, 171.34, 170.96, 167.67, 166.06, 163.77,

157.79 (d,  J = 269.1 Hz),  151.29,  149.67,  149.41,  149.18,  140.54,  138.50,  132.37,  131.35,



130.64,  130.53,  129.92,  129.43,  128.76,  127.78,  126.77,  126.71,  125.92 (d,  J =  11.3  Hz),

119.93, 118.28, 110.17, 77.33, 70.71, 69.85, 69.83, 67.74, 63.39, 60.60, 59.97, 59.75, 57.59,

57.46, 54.95, 53.23, 51.27, 51.21, 43.20, 38.44, 38.43, 37.41, 36.50, 32.70, 26.98, 26.86, 26.41,

24.05, 23.39, 20.89, 19.43, 16.41, 14.56, 14.41.

HRMS [C59H72ClFN11O7S+] Cal: 1132.5004; Obs: 1132.5010.
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(2S,4S)-1-((S)-2-(3-(3-((S)-2-(((7-(8-chloronaphthalen-1-yl)-4-((S)-3-(cyanomethyl)-4-(2-

fluoroacryloyl)piperazin-1-yl)-5,6,7,8-tetrahydropyrido[3,4-d]pyrimidin-2-yl)oxy)methyl)pyrrolidin-

1-yl)propoxy)propanamido)-3,3-dimethylbutanoyl)-4-hydroxy-N-(4-(4-methylthiazol-5-

yl)benzyl)pyrrolidine-2-carboxamide (LC-2- Epimer)

To a solution of  13 (21 mg, 1.0 eq.) in DCM (1 mL) was added TFA (1 mL). The mixture was

stirred for 0.5 hour at room temperature, concentrated under vacuum and used in the next step

without further purification.

To a solution of above product (1.0 eq.) in DMF (1 mL) was added (1R)-1-[(2S,4S)-4-hydroxy-2-

[[4-(4-methylthiazol-5-yl)phenyl]methylcarbamoyl]pyrrolidine-1-carbonyl]-2,2-dimethyl-propyl

(1.2  eq.),  HATU (1.3  eq.),  and TEA (5.0  eq.).  The mixture  was  stirred for  1  hour  at  room

temperature. Upon completion, the mixture was diluted with H2O (5 mL), extracted with EtOAc

(3X5 mL), dried over Na2SO4, concentrated under vacuum and purified by reverse phase HPLC.

The title compound (4.4 mg, 15% yield) was obtained as a colorless oil.
1H NMR (400 MHz, Acetone-d6) δ 8.82 (s, 1H), 7.87 (d, J = 8.5 Hz, 1H), 7.70 (dd, J = 8.1, 2.6

Hz, 1H), 7.59 – 7.53 (m, 1H), 7.52 – 7.32 (m, 7H), 7.24 (dd, J = 9.4, 3.3 Hz, 1H), 5.37 – 5.17 (m,

2H), 5.00 – 4.83 (m, 1H), 4.67 – 4.57 (m, 2H), 4.51 (d,  J = 9.6 Hz, 1H), 4.40 – 4.22 (m, 4H),

4.21 – 3.95 (m, 4H), 3.87 – 3.71 (m, 4H), 3.66 – 3.46 (m, 7H), 3.33 – 3.25 (m, 2H), 3.23 – 3.11

(m, 2H), 2.83 – 2.62 (m, 4H), 2.53 – 2.33 (m, 6H), 2.32 – 2.24 (m, 2H), 2.22 – 2.11 (m, 2H), 1.95

(d, J = 2.8 Hz, 1H), 1.91 (s, 2H), 1.78 – 1.62 (m, 4H), 0.97 (s, 9H).

HRMS [C59H72ClFN11O7S+] Cal: 1132.5004; Obs: 1132.4999.
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(2S,4R)-1-((S)-2-(tert-butyl)-16-((S)-2-(((7-(8-chloronaphthalen-1-yl)-4-((S)-3-(cyanomethyl)-4-

(2-fluoroacryloyl)piperazin-1-yl)-5,6,7,8-tetrahydropyrido[3,4-d]pyrimidin-2-

yl)oxy)methyl)pyrrolidin-1-yl)-4,14-dioxo-7,10-dioxa-3,13-diazahexadecanoyl)-4-hydroxy-N-(4-

(4-methylthiazol-5-yl)benzyl)pyrrolidine-2-carboxamide (LC-1)

LC-1 was synthesized using the same procedure as for  LC-2 except that in step 7,  tert-butyl

(S)-3-(2-(hydroxymethyl)pyrrolidin-1-yl)propanoate  was  used  instead  of  tert-butyl  (S)-3-(3-(2-

(hydroxymethyl)pyrrolidin-1-yl)propoxy)propanoate (6), and in step 10, (2S,4R)-1-((S)-2-(3-(2-(2-

aminoethoxy)ethoxy)propanamido)-3,3-dimethylbutanoyl)-4-hydroxy-N-(4-(4-methylthiazol-5-

yl)benzyl)pyrrolidine-2-carboxamide  was  used  instead  of  (1R)-1-[(2S,4S)-4-hydroxy-2-[[4-(4-

methylthiazol-5-yl)phenyl]methylcarbamoyl]pyrrolidine-1-carbonyl]-2,2-dimethyl-propyl.
1H NMR (600 MHz, Methanol-d4) δ 8.84 (s, 1H), 7.80 (d, J = 8.2 Hz, 1H), 7.65 (dd, J = 8.2, 3.7

Hz, 1H), 7.52 – 7.49 (m, 1H), 7.46 (dd, J = 7.8, 7.8 Hz, 1H), 7.43 – 7.40 (m, 2H), 7.39 – 7.33 (m,

3H), 7.32 – 7.27 (m, 1H), 5.38 – 5.23 (m, 2H), 4.63 (s, 1H), 4.55 (t, J = 8.4 Hz, 1H), 4.48 (d, J =

11.6 Hz, 2H), 4.41 – 4.36 (m, 1H), 4.35 – 4.24 (m, 4H), 4.16 (d, J = 13.6 Hz, 1H), 4.11 – 4.02

(m, 2H), 3.87 (d, J = 10.9 Hz, 1H), 3.77 (dd, J = 11.0, 3.9 Hz, 1H), 3.72 – 3.52 (m, 5H), 3.46 (dt,

J = 7.4, 5.5 Hz, 2H), 3.38 – 3.27 (m, 9H), 3.25 – 3.04 (m, 6H), 2.91 (dd, J = 17.1, 6.9 Hz, 1H),

2.79 – 2.58 (m, 2H), 2.54 – 2.36 (m, 8H), 2.23 – 2.16 (m, 1H), 2.10 – 2.02 (m, 2H), 1.90 – 1.71

(m, 3H), 1.40 – 1.25 (m, 3H), 0.99 (d, J = 1.8 Hz, 9H).
13C NMR (151 MHz, Methanol-d4) δ 174.57, 174.51, 173.14, 173.07 (d, J = 220.9 Hz), 167.96,

167.80,  166.82,  163.67,  152.99,  149.85 (d,  J =  21.0  Hz),  149.19,  140.42,  139.06,  133.53,

131.67,  131.08,  131.02,  130.94,  130.51,  129.73,  129.12,  127.96,  127.23,  126.96,  126.52,

126.49, 120.29, 111.58, 110.40, 71.20, 70.56, 69.91, 68.15, 64.89, 61.69, 61.01, 60.59, 60.44,

59.03, 58.23, 55.36, 52.77, 52.73, 51.29, 43.84, 40.51, 39.16, 37.78, 37.37, 36.98, 35.24, 30.93,

29.22, 27.64, 27.51, 27.13, 24.15, 21.01, 16.02, 14.61, 11.58.

HRMS [C63H79ClFN12O9S+] Cal: 1233.5481; Obs: 1233.5490.

References:
S1KRAS G12C inhibitors, US 2018/0072723 A1.SI  Figure  1:  LC-1  Engages  but  does  not  degrade,

while LC-2 can induce degradation in heterozygous
H358  cells.  A)  Docking  of  MRTX849  into  the  crystal
structure  of  KRASG12C (PDB:  5V9U).  MRTX849  is

μM LC-2

2.5 μM LC-2
 Epimer **********CμM LC-2
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