
Discovery of Prodrug of MRTX1133 as an Oral Therapy for Cancers
with KRASG12D Mutation
Xiang Ji,* Yan Li, Xianqi Kong,* Dawei Chen,* and Jiasheng Lu*

Cite This: ACS Omega 2023, 8, 7211−7221 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Effective oral therapies are urgently required to treat KRASG12D mutant cancers. Therefore, synthesis and screening
were performed for 38 prodrugs of MRTX1133 to identify an oral prodrug of MRTX1133, a KRASG12D mutant protein-specific
inhibitor. In vitro and in vivo evaluations revealed prodrug 9 as the first orally available KRASG12D inhibitor. Prodrug 9 exhibited
improved pharmacokinetic properties for the parent compound in mice and was efficacious in a KRASG12D mutant xenograft mouse
tumor model after oral administration.

■ INTRODUCTION
The guanosine triphosphatase (GTPase) KRAS protein
converts guanosine triphosphate (GTP) to guanosine
diphosphate (GDP) and is part of the RAS/MAPK signaling
pathway important for cell proliferation and differentiation.1

RAS-mutant cancers account for 20% of human cancers, and
>80% of them are related to KRAS isoform mutation, making
this mutation a primary target for drug therapy.2−4 However,
because KRAS protein has a strong binding affinity to GTP
and lacks a readily accessible binding pocket for a small
molecule, it has been considered an “undruggable target” for
decades. Of all, 80% of oncogenic mutations among KRAS
mutant tumors occur within codon 12, with the most common
mutations being G12D, G12V, and G12C.5 The breakthrough
in treating KRAS-driven cancers came from a seminal work
describing the covalent inhibition of KRASG12C protein by
Shokat and collaborators,6 along with the recent clinical
development of KRASG12C inhibitors, such as sotorasib
(AMG510) and adagrasib (MRTX849). Both of these
compounds occupy an induced switch II pocket in the
KRASG12C protein through irreversible covalent conjugation of
cysteine that locks the mutant protein in an inactive (GDP-
bound) state, blocking the tumorigenic signaling.7−9 However,
the KRASG12D mutation (33% of KRAS mutant tumors) still
lacks a proven small-molecule drug for treatment.10 Recently,
Wang et al. identified MRTX1133 as a potent KRASG12D

inhibitor (Figure 1)11 that was efficacious in treating

KRASG12D mutant xenograft mouse tumors via intraperitoneal
(IP) administration. However, the inherent physicochemical
properties of the compound may hamper further development
as an oral therapeutic agent for cancer therapy.12

Herein, we exploited the prodrug strategy to improve the
oral bioavailability of MRTX1133.
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Figure 1. Structure of MRTX1133.
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■ RESULTS AND DISCUSSION
The properties of MRTX1133 (Table 1) specify its poor
absorption and low oral bioavailability. Particularly,

MRTX1133 has a low A − B rate in the Caco-2 permeability
assay (Tables 1 and S1). Although not identified as a substrate
of P-gp and BCRP transporters, MRTX1133 shows a high B-A
rate, namely a high efflux ratio, which is unfavorable for
gastrointestinal tract (GI)-absorption. The bioavailability of
MRTX1133 is only 0.5% in mice following oral administration
at 30 mg per kilogram (mpk). Conversely, MRTX1133 is
stable in mouse liver microsomes, and the low oral
bioavailability in mice is likely due to poor GI absorption.
Thus, many treatment aspects such as increased dosing
requirements, high excipient loading, and pill burden will
become blockades if MRTX1133 is developed directly as an
oral therapeutic.

Hydrogen-bond donors (HBD) are recognized as having
antagonistic effects on compound GI absorption.13,14

MRTX1133 has two HBD donors: a phenolic group and a
secondary amine moiety. The latter is hypothesized to be the
major attributor to the poor absorption of the molecule. To
test this hypothesis, a series of prodrug compounds were
designed and synthesized to mask the amino group HBD for
improvement of GI absorption and, ultimately, the oral
bioavailability of MRTX1133.

Based on the structural feature and targeting at the
secondary amine of MRTX1133, specific promoieties were
selected, particularly amide- and carbamate-forming ones that
can release parent drugs under the correct conditions.15,16 To
verify the validity of these identified moieties, several prodrugs
of MRTX1133, compounds 1−6 (Figure 2), were synthesized.

An ideal oral prodrug should be stable and absorbed in the
GI tract following administration and undergo rapid and
complete conversion to the parent compound in compart-
ments such as the liver and blood.17 Accordingly, compounds
1−6 were first tested in vitro for their stability and conversion
within simulated gastric fluid (SGF), simulated intestinal fluid
(SIF), mouse liver microsomes, and whole blood (Table 2).
Compound 1, a carbamate derivative of MRTX1133, was
stable during a 30 min incubation in both SGF and SIF and
during a 60 min incubation in mouse liver microsomes and in
whole blood, without release of the parent compound to a
detectable level. These results implied that compound 1 could
be stable in the GI tract after oral administration. However,
compound 1 may resist conversion to the parent drug even if
well absorbed and would enter the circulatory system
unchanged because mouse liver microsomes and blood
enzymes could not effectively regenerate the parent com-
pound. The carbamate moiety has been used in a prior
prodrugs study.18 However, the intact amyl carbamate of
compound 1 under various conditions may result from the
electron and steric effects of the secondary aliphatic amine at a
bridged position in MRTX1133. A step further from a simple
carbamate protection, 1-acyloxy(1-substituted)methyl carba-
mate protection produced amine prodrugs, including gaba-
pentin enacarbil (for gabapentin) and arbaclofen placarbil (for
arbaclofen), which are rapidly converted to the parent drugs by
nonspecific esterases.19,20 Therefore, this strategy was applied
to the secondary amine system in MRTX1133. In vitro studies
show that compound 2, a 1-(pentanoyloxy)ethyl carbamate of
MRTX1133, had high stability in SGF but was moderately
labile in SIF. In mouse liver microsomes and whole blood
assays, prodrug 2 was efficiently converted to the parent drug.
Certain self-immolative promoieties are reported to be
particularly useful in prodrugs,21−23 and alkyl ester has been
used as a trigger for the delivery of drugs.24,25 Compound 3
contained an ethyl-ester at the terminal position of the
protecting moiety and was readily hydrolyzed in liver
microsomes and blood, giving remarkable amounts of de-
ethylated intermediate in assay medias (Table S3). However,
the subsequent intramolecular cyclization of carboxylate
required to extrude the parent drug did not occur as

Table 1. Physicochemical Properties and ADME Profiling
Data for MRTX1133

property value

molecular weight 600.65a

log P 4.61a

hydrogen-bond donor 2a

hydrogen-bond acceptor 11a

rotatable bond count 6a

polar surface area 85.05a

pKa 7.98a

Caco-2 permeability Papp A − B: <0.48 × 10−6 cm/s
B − A: 8.05 × 10−6 cm/s
efflux ratio: >16.8

t1/2 in mouse liver microsomes 38.5 min
CLint(liver) 143 mL/min/kg
absolute bioavailability 0.5%b

aCalculated using ChemOffice software (Chemdraw for Excel). b30
mpk oral dose in mouse.

Figure 2. Initial designs for MRTX1133 prodrugs.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c00329
ACS Omega 2023, 8, 7211−7221

7212

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c00329/suppl_file/ao3c00329_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c00329/suppl_file/ao3c00329_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00329?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00329?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00329?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00329?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00329?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


expected.24 Similarly, compound 4, protected by a maleate
promoiety, showed a moderate hydrolytic stability of the ester
group in mouse liver microsomes but again failed to release the
parent drug under assay conditions; this is inconsistent with
examples of a Emetine prodrug, where the point for protection
was also a secondary amine in a ring.25 p-aminobenzyl
carbamate (PABC), a classic self-immolating moiety, was
also studied in this earlier work (compound 5). In vitro studies
show that compound 5 had favorable stability in SGF and SIF
and that the butyl carbamate at the terminal decomposed
readily in mouse liver microsomes, triggering a subsequent
collapse of PABC to generate sufficient amounts of
MRTX1133; however, compound 5 had a higher stability in
mouse blood, presumably because of the difference in enzyme
profiles between blood and liver microsomes. In compound 6,
a p-hydroxylbenzyl group, an O-analog of the p-aminobenzyl
group, replaced that used in compound 5. Compound 6
exhibited a rapid release of MRTX1133 in mouse liver
microsomes and in whole blood and had high stability in
SGF. However, the stability of SIF was the lowest of the six
compounds tested.

Thus, compounds 2 and 6 were expected to have the
potential to increase the absorption and oral bioavailability of
MRTX1133. Subsequently, the exposure of mice to
MRTX1133 released from prodrugs 2 and 6 was assessed
following oral administration of the compounds. Remarkable
increases in oral bioavailability were observed for both
prodrugs (area under the concentration−time curve [AUC]
of 380 and 230 ng·h/mL for 2 and 6, respectively) in
comparison with that of the parent drug (AUC, 96 ng·h/mL)
(Table 3). Although compound 6 exhibited slightly better

parent drug release than that for compound 2 in both liver
microsomes and whole blood assays, the magnitude of the
bioavailability (F) increase of prodrugs 2 and 6 at an equal-
molar dose was 4- and 2.4-fold, respectively. This may be
because 2 was more stable in SIF than 6 was, which could be
crucial in helping intestinal absorption of the prodrug.

Therefore, the study focused on analogs of compound 2, i.e.,
1-(acyloxy)ethyl carbamate.

A series of prodrugs (7−32) were synthesized and evaluated
in mice for their oral bioavailability. Based on the feature of the
R1-group in the promoiety, the 26 compounds were
categorized into six subgroups: straight-chain acyl (7−11),
branched-chain acyl (12−18), carbocyclic-containing acyl
(19−22), etherate-containing acyl (23−26), aromatic acyl
(27−30), and other (31 and 32). Structure details and
absorption data are depicted in Table 4.

Most of the prodrugs increased the bioavailability of the
parent drug by more than 2-fold, except for compounds 22, 23,
and 32. In the straight-chain acyl sub-group of prodrugs, the
carbon number in R1 covers 1−7. Compound 9 was most
effective with three carbons in R1 and had a 6.2-fold increase in
bioavailability (7.9%) compared with that following direct
administration of the parent drug. R1 carbon number increase
(compounds 2, 10, and 11) or decrease (compounds 7 and 8)
lowered the oral bioavailability for the parent drug. Similarly,
all the prodrugs in the branched-chain acyl subgroups
exhibited a 2.4- (18) to 6.2-fold (12 and 14) increase in
bioavailability for the parent drug. A small, three-carbon
isopropyl as R1 (compound 12) was again most effective
among all the compounds in this sub-group; an increase in the
number of carbon atoms in R1 either decreased the
bioavailability of the drug in most of the cases or did not
increase the bioavailability (as for compound 14). In addition
to the straight- and branched-chain aliphatic R1, the cyclic-
aliphatic R1 was introduced into prodrugs 19−22. Among
these four, compound 20, with a moderately sized R1,
produced the highest bioavailability (F, 7.1%) of the parent
drug, whereas compound 22, having a bulky R1, only produced
1.6% bioavailability, the lowest among all the prodrugs
evaluated in this study. The increase in the size of the aliphatic
R1 would be expected to increase lipophilicity (as c log P) and
hydrolytic stability (Table S2), which could be helpful in
absorption and increase bioavailability. This does not appear to
be the case with this series of prodrugs.

The alkyl group remarkably increases the lipophilicity of a
compound with an increasing number of carbons, whereas
replacing carbon with a heteroatom such as oxygen could
balance the lipophilicity and hydrophilicity. Favorable oral
absorption is known to coincide with appropriate amphipathic
properties of the molecule.26 Therefore, prodrugs 23−26 were
synthesized with the aim that the oxygen atoms in R1 would
balance the prodrug properties and benefit absorption.
However, the desired result was not obtained by this variation.
For example, replacing the one ring-carbon in 19 with an
oxygen resulted in compound 24, which decreased the
bioavailability of the parent drug, from 5.6 to 3.3%. The
optimum compound in this sub-group, 26, provided a

Table 2. In Vitro Stability of Prodrugs 1−6a

SGF 30 min SIF 30 min mouse liver microsomes 60 minb mouse whole blood 60 min

Cpd prodrug (%) prodrug (%) prodrug t1/2 (min)c MRTX1133 (%) prodrug t1/2 (min)c MRTX1133 (%)

1 111 115 139 BLQ stable BLQ
2 96.2 63.9 0.73 83.0 3.83 111
3 105 110 11.1 BLQ 25.7 BLQ
4 99.5 93.8 35.7 1.4 stable BLQ
5 98.2 90.4 40.3 16.5 347 0.1
6 106 20 0.61 108 0.65 92.5

aCpd: compound; BLQ: below the limit of quantification. bWith NADPH. cHalf-lives shown are based on the disappearance of prodrugs.

Table 3. Oral Bioavailability of MRTX1133 and Prodrugs 2
and 6 in Micea

Cpd administration
dose

(mpk)
AUC0−24 h
(ng·h/mL) F (%)

increase in
F (fold)

MRTX1133 intravenous 3 2253 N.A. N.A.
MRTX1133 oral 10 96 1.3 N.A.
2 oral 10b 380 5.1 4.0
6 oral 10b 230 3.1 2.4

aN.A.: not applicable; Cpd: compound; mpk: mg per kg. bNormalized
to molar equivalent of the parent compound.
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relatively favorable bioavailability of MRTX1133 at 6.8% (F),
which was no better than that of the closest carbon analog (20;
F, 7.2%). The same trend was observed when comparing the
results from compounds 23 and 10.

Studies were extended to aromatic R1, including compounds

27−30. In this sub-group of prodrugs, compound 27, where R1

was the simplest phenyl, provided an acceptable oral

Table 4. Bioavailabilitya for MRTX1133 from Prodrugs 7−32 in Mice

aAll compounds (Cpd) were dosed at molar equivalent to 10 mpk of MRTX1133.
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bioavailability of 7.2%. Changing the phenyl to naphthyl or
pyridyl remarkably lowered the drug’s bioavailability.

Prodrug 31 was designed to exploit an intestinal bile acid
transporter with a deoxy cholyl group as R1−C(O)−. It
exhibited higher bioavailability than MRTX1133, albeit not to
a considerable level. Similarly, amino acids are used in many
prodrugs to enhance absorption using specific transporters in
intestinal epithelial cells.27 However, prodrug 32, with L-valyl
as R1−C(O)−, only exhibited a bioavailability of 2.5% (<2-fold
increase).

Thus, five of 28 prodrugs (compounds 9, 12, 14, 20, and 27;
Tables 3 and 4) evaluated in mice exhibited a bioavailability of
>7%. The most effective R1 compounds are from aliphatic-
chain subgroups with three (9 and 12) or four (14) carbons.

Further structural variation of the promoiety was assessed
using R2 (see the structure presented in Table 5). As discussed

above, compounds 9, 12, and 14 had the same or highly similar
bioavailabilities compared with that of the parent drug; the
corresponding acids for these three compounds are butyric,
isobutyric, and isovaleric acid, respectively. Butyric acid is a
common short-chain fatty acid used in medicinal chemistry
that has no in vivo safety concerns.28 In addition, butyryl is the
simplest group among the three. Therefore, compound 9 was

selected as the starting point for searching the optimal R2
group for the study and compounds 33−38 were synthesized
for pharmacokinetic evaluation in mice. Pharmacokinetic (PK)
results are summarized in Table 5.

R2 modification failed to improve the bioavailability of the
parent drug either through increasing or reducing the size of R2
(Table 5). Compound 34 produced the most bioavailability,
although this only matched that of compound 9. This
observation may indicate that the R2 group cannot be bigger
or bulkier because of steric effects. R2 should contain at least
one carbon atom; otherwise, the methylene acetal (33: R2, H)
may be too labile to maintain favorable bioavailability (Table
S2).

In summary, compound 9 was the most effective of the
prodrugs evaluated in this study and was therefore selected for
additional investigation based on the 6.2-fold increase in
bioavailability of MRTX1133 and the low safety concerns of
the components of the promoiety.28,29 Evaluation of
compound 9 stability in microsomes, whole blood, and
intestinal S9 fraction was performed using different animal
species. The results (Tables S4 and S5) imply that compound
9 has comparable stability profiles across animal species and
may have even better outcomes in higher animals, supporting
the evaluation of compound 9 in in vivo studies.

To understand the dose response in bioavailability, two
doses (10 and 30 mpk) of compound 9 and MRTX1133 were
evaluated in mice, together with a much higher dose (100
mpk) of compound 9. The PK data from this study are given in
Table 6, and the blood concentration−time curves are

presented in Figure 3. MRTX1133 did not show a dose
response, and the AUC value for the drug was 102 ng·h/mL at
30 mpk compared with 96 ng·h/mL at 10 mpk, indicating a
low ceiling for the system exposure. If the F values are
compared between the two doses, the bioavailability drops
dramatically (1.3−0.5%) with increasing dose (10−30 mpk,
respectively). A clear dose response for prodrug 9 was shown
in the AUC value from the dose of 10−30 mpk (1501 and
4414 ng·h/mL, respectively), although this was not perfectly
proportional. This property is important for dose escalation at
the development stage. The bioavailability parameter, F (%)
decreased slightly with dose increase; however, the bioavail-
ability for the parent drug remained at 5.9% at a dose of 100
mpk (the highest dose tested). Further increases in dose to 300
mpk became intolerable to mice, likely because of the Cmax-
driven toxicity of the parent drug. Therefore, prodrug 9 was
potentially a favorable compound for further development.

An important aspect for a drug with toxicity liability is to
have a low Cmax but an extended period of “effective
concentration” in the system. The MRTX113 blood
concentrations at various time points are given in Table 7.

Table 5. Bioavailabilitya of MRTX1133 from Prodrugs 33−
38 in Mice

aAll compounds (Cpd) were dosed at a molar equivalent of 10 mpk
of MRTX1133.

Table 6. Bioavailability of MRTX1133 from MRTX1133 and
Prodrug 9 in Mice

Cpd dose (mpk) AUC0−24 h (ng·h/mL) F (%)

MRTX1133 10 96 1.3
MRTX1133 30 102 0.5
9 10a 595 7.9
9 30a 1501 6.7
9 100a 4414 5.9

aDose for compound 9 is normalized (corrected to mole-equivalent
dose of parent drug).
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At a 100 mpk oral dose of prodrug 9, the blood concentration
of MRTX113 is maintained >100 ng/mL for >8 h, which is a
meaningful level for suppression of KRAS signaling.11 This
result indicates that prodrug 9 could be administered twice a
day to maintain the blood concentration of MRTX1133 for
evaluation of efficacy in mice. Accordingly, a xenograft tumor
mouse model (pancreatic cancer cell line AsPC-1, bearing the
KRASG12D mutation) was constructed for evaluating the
antitumor efficacy of prodrug 9 as an oral therapeutic agent.

Treatment was started at a tumor size of 200 mm3. Animals
were treated with a low and high dose (37.8 and 126 mpk,
respectively) of prodrug 9, corresponding to equimolar doses
of MRTX113 at 30 and 100 mpk, respectively. Two control
groups were treated in the same schedule either with
MRTX1133 at 100 mpk or with a dosing vehicle for
comparison. All treatments were administered via oral gavage
twice a day and continued for 16 days. At the end of the study,
the group treated with 9 at a high dose showed a tumor growth
inhibition (TGI) of 54%, while the group treated with a low
dose showed a 20% TGI.

In contrast, the MRTX1133-treated group showed no
apparent antitumor effect. The detailed measurements of
tumor size for each group are presented in Figure 4. Compared

with the vehicle group or the MRTX1133 group, no apparent
change in body weight was observed in the groups treated with
both doses of compound 9 throughout the treatment,
indicating the safety of prodrug 9.

To gain insight into the behavior of prodrug 9 in vivo and
the impact on the pharmacodynamics of the parent drug, blood
and tumor concentrations of prodrug 9 and MRTX1133 were
analyzed at 2 and 8 h following the last dose in the efficacy
study (high dose). The concentration of prodrug 9 in blood
was below detection level even at 2 h post oral dosing, which
was consistent with the short half-life in mouse blood (Table
S2). However, the prodrug was present in tumor tissue at 116
and 317 ng/g at 2 and 8 h, respectively (Table 8), implying
prodrug accumulation in the tumor. These results provide
direct evidence for the stability of prodrug 9 in the GI tract of

Figure 3. Blood concentration−time curve of MRTX1133 in mice.
Top panel, after oral administration of MRTX1133; bottom panel,
after oral administration of prodrug 9 (dose normalized to molar
equivalent of parent drug).

Table 7. Changes in MRTX1133 Blood Concentration with
Time after Oral Administration of Mice with Different
Doses of Prodrug 9

MRTX1133 concentration (ng/mL)

time (h) 10 mpka 30 mpka 100 mpka

0.167 134.8 961.0 2083.3
0.5 182.6 497.0 1891.0
1 52.5 109.6 800.2
2 35.7 73.5 380.5
4 27.9 74.4 293.0
6 28.7 73.1 189.0
8 21.9 44.9 118.1
24 10.2 20.3 52.0

aDose for compound 9 is normalized (corrected to mole-equivalent
dose of parent drug). mpk: mg per kg.

Figure 4. Efficacy of prodrug 9 in AsPC-1 model. Differences in mean
tumor volume between vehicle and treated cohorts were assessed
using a two-tailed Student’s t test with equal variance.

Table 8. Blood and Tumor Concentration of Drug and
Prodruga

blood (ng/mL) tumor (ng/g)

Cpd 2 hb 8 hb 2 hb 8 hb

9 BLQ BLQ 116 317
MRTX1133 234 114 2113 2440

aCpd: compound. BLQ: below the limit of quantification. bTime post
last oral dose in the tumor model.
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mice and its tolerability to first-pass metabolism, regardless of
the short half-life in mouse liver microsomes and intestinal
homogenates as indicated by the in vitro assays (Tables S4 and
S5). Prodrug 9 was absorbed following oral administration and
can penetrate tumors. The results suggest that the conversion
of prodrug 9 to the parent drug differs between that in a tumor
and that in blood. The concentration of MRTX1133 (the
parent drug) was 9-fold higher in tumor tissues than in blood
at 2 h and 21-fold higher at 8 h, following the last dose of the
prodrug, implying that oral administration of the prodrug 9
provided a sustainable therapeutic effect (Table 8).

Comparing the tissue distribution of MRTX1133 following
administration of the prodrug and parent drug could increase
understanding of the prodrug’s properties. However, difficul-
ties arose because the oral bioavailability of MRTX1133 was
too low to enable such a comparison. Thus, studies were
conducted to compare oral administration of prodrug 9 (dose:
molar equivalent to 100 mpk MRTX1133) with IP of
MRTX1133 (dose: 10 mpk MRTX1133) in mice.

Following IP administration of MRTX1133, the highest drug
concentration was found in the kidney, at ∼285 000 and
334 000 ng/g at 2 and 8 h, respectively (Table 9), followed by

that in the liver, spleen, and lung (at ∼60 000 ng/g), which was
∼5-fold lower than that in the kidney. The concentration in
the stomach, intestine, and heart was even lower (∼20 000 ng/
g). Interestingly, after oral administration of prodrug 9, the
highest concentration of MRTX1133 was found in the
intestine at both time points, followed by that in the kidney,
lung, and stomach. In contrast, oral administration of prodrug
9 produced a relatively even distribution of MRTX1133 among
most of the major organs (Figures S1 and S2). Notably, drug
accumulation was remarkably shifted to the intestine, lung, and
stomach with the oral administration of prodrug 9.
Furthermore, a high concentration of prodrug 9 was detected
in the stomach post oral dosing, which has no clear explanation
and merits further study (Figure S2). Nevertheless, these
results demonstrated that the tissue distribution of MRTX1133
was substantially altered using prodrug administration, which
provides a more beneficial safety profile and potential
advantages in treating KRASG12D-driven cancers in specific
organs.

Lipid-based drug delivery systems such as self-micro-
emulsifying drug delivery systems (SMEEDS) and self-
nanoemulsifying drug delivery systems (SNEEDS) have

attracted attention in pharmaceutical science in improving
the oral bioavailability of drugs.30,31 Prodrug 9 possessed a
high c log P (8.11) and is a good candidate for evaluating the
enhancement of prodrug absorption and parent drug
bioavailability by lipid-based formulation. Consequently,
several off-the-shelf lipid-based formulations were prepared as
dosing vehicles for prodrug 9 for PK studies in mice (Table
S6). When prodrug 9 was administered with a particular lipid-
based formulation (Table 10), the systemic exposure

(AUC0−24 h) of MRTX1133 in mice was almost doubled, and
the oral bioavailability (F, %) for MRTX1133 increased to
11.8%. Moreover, the PK parameters featured a suppressed
Cmax and delayed Tmax of parent drug MRTX1133, which
would be expected to lead to (1) the amelioration of Cmax-
related toxicity in animals observed at high dosage (see above)
and (2) the prolongation of the effective concentration of
MRTX1133 in the system. Use of lipid-based formulation with
a 300 mpk oral dose was well-tolerated in mice despite this
dose level being impossible otherwise because of toxicity. More
importantly, the optimized PK profiles showed a sustained
effective concentration of MRTX1133 in blood over time
(Table S7). Therefore, a lipid-based formulation is in further
development that will enable prodrug 9 to achieve improved
antitumor efficacy with a higher dosage and even longer dosing
interval.

The synthesis of prodrug 9 (Scheme 1) commenced with
the deprotection of 9-1 with a solution of HCl in dioxane,
which was subsequently coupled with 9-3 to afford 9-4,
followed by deprotection with tetrabutylammonium fluoride
(TBAF) to produce 9-5. Another intermediate 9-11 was
synthesized as previously described and then reacted with 9-5
under a basic condition to afford 9-11. The deprotection of 9-
12 was conducted readily in HCl dioxane solution to produce
prodrug 9.32−34

■ CONCLUSIONS
A systemic, step-by-step strategy was applied to design and
synthesize a series of carbamate-based prodrugs of
MRTX1133. A combined PK study and efficacy evaluation in
an animal model identified prodrug 9 as an orally bioavailable
compound for KRASG12D mutant inhibitor MRTX1133.
Prodrug 9 features a 1-(butyryloxy)ethyl carbamate promoeity
that masks the secondary amine group in the parent
compound, which suppresses the negative effect on the
permeability and absorption of the amine group and
considerably improves the systemic exposure and oral
bioavailability of MRTX1133 in mice. In the murine animal
model, prodrug 9 exhibited an antitumor activity with the
advantages of no weight loss and no considerable signs of
toxicity. A study of drug (and prodrug) distribution in tissues
revealed that oral administration of prodrug 9 not only enabled

Table 9. Tissue Distribution of MRTX1133

concentrationb of MRTX1133

from MRTX1133(IP) from prodrug 9 (oral)

tissue 2 ha 8 ha 2 ha 8 ha

blood 654 330 234 144
tumor 11 870 14 300 2113 2440
heart 18 330 15 795 4307 5240
liver 63 525 62 950 8190 9380
spleen 58 450 54 025 5177 6797
lung 53 040 57 300 19 680 19 500
kidney 285 150 333 900 33 380 45 660
stomach 26 325 27 775 33 800 16 583
intestine 24 388 18 213 72 817 63 833
brain 131 139 80.7 70.4

aTime post last oral dose in the tumor model. bUnit for blood is ng/
mL and for other organs it is ng/g.

Table 10. PK Parameters for MRTX1133 Following Oral
Administration of Prodrug 9 (37.8 mpk) with Different
Lipid-Based Formulations

formulation AUC0−24 h (ng·h/mL) F (%) Cmax (ng/mL) Tmax (h)

conventionala 1501 6.7 961 0.17
lipid basedb 2667 11.8 229 1.83

aDimethyl sulfoxide/Solutol/(20%SBE-β-CD) = 5:5:90 (v/v/v).
bLabrafac WL 1349/Kollliphor EL/Transcutol HP = 15:40:45 (w/
w/w).
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MRTX1133 accumulation in tumor tissue but also results in an
optimal distribution of MRTX1133 in organs highly related to
KRASG12D-driven tumors. In addition, the PK profiles of
MRTX1133, following administration of prodrug 9, were
favorably modified using increasing prodrug formulated in
lipid-based dosing media, indicating the possibility for
increased oral bioavailability and safety in future research
and development. To the best of our knowledge, this is the first
report of an oral small-molecule KRASG12D inhibitor, and our
data support prodrug 9 as an oral drug candidate for future
drug development.

■ EXPERIMENTAL SECTION
All chemicals were purchased from commercial suppliers and
used as received, unless otherwise indicated. Proton nuclear
magnetic resonance (1H NMR) spectra and carbon nuclear
magnetic resonance (13C NMR) spectra were recorded on
Zhongke-Niujin AS500 500 MHz spectrometers. Data are
reported as follows: chemical shift, multiplicity (s = singlet, d =
doublet, t = triplet, q = quartet, h = sextet, bs = broad singlet,
dd = doublet of doublet, dt = doublet of triplet, and m =
multiplet), coupling constants, and number of protons. Unless
otherwise noted, all reported compounds are ≥95% pure as
determined by high-performance liquid chromatography
(HPLC). HPLC conditions were: XBridge C18 4.6 mm ×
100 mm, 3.5 μm, 5−95% acetonitrile in water (0.1%
diethylamine; DEA), 14.0 min run, flow rate 1 mL/min,
ultraviolet (UV) detection (λ = 220, 254 nm). Mass spectra
were obtained using liquid chromatography-mass spectrometry
(LCMS) on a Waters e2695 using electrospray ionization
(ESI; positive mode). LCMS conditions were: XBridge C18
4.6 mm × 100 mm, 3.5 μm, 5−95% CAN in water (0.1%

DEA), 14.0 min run, flow rate 1 mL/min, UV detection (λ =
220, 254 nm). All experiments utilizing animals were
conducted under protocols approved by the Qpex Institutional
Animal Care and Use Committee.
Preparation of Compound 9. 4-((1R,5S)-3,8-

Diazabicyclo[3.2.1]octan-3-yl)-7-chloro-8-fluoro-2-
(((2R,7aS)-2-fluorotetrahydro-1H-pyrrolizin-7a(5H)-yl)-
methoxy)pyrido[4,3-d]pyrimidine (9-2). HCl (4 M) in
dioxane (50 mL) was added to a solution of compound 9-1
(7 g, 12.7 mmol, 1.0 equiv) in methanol (MeOH) (30 mL).
The mixture was stirred at room temperature for 2 h, then
concentrated in vacuo. The pH of the residue was adjusted to 8
with aqueous NaHCO3. The mixture was diluted with MeOH
and concentrated in vacuo. The residue was dissolved with
dichloromethane (DCM) and filtered. The filtrate was
concentrated in vacuo to afford crude compound 9-2 (6.0 g,
100% yield).
4-((1R,5S)-3,8-Diazabicyclo[3.2.1]octan-3-yl)-8-fluoro-7-

(7-fluoro-3-(methoxymethoxy)-8-((triisopropylsilyl)ethynyl)-
naphthalen-1-yl)-2-(((2R,7aS)-2-fluorotetrahydro-1H-pyrro-
lizin-7a(5H)-yl)methoxy)pyrido[4,3-d]pyrimidine (9-4).32

Compound 9-2 was added to a solution of compound 9-3
(4.09 g, 7.98 mmol, 1.2 equiv) in dioxane (50 mL), followed
by addition of Cs2CO3 (6.5 g, 19.96 mmol, 3 equiv) in water
(20 mL), Pd(dppf)Cl2·CH2Cl2 (810 mg, 1 mmol, 0.15 equiv).
The mixture was stirred at 100 °C for 2 h under nitrogen
atmosphere, then cooled to room temperature. The mixture
was diluted with water and DCM. The organic phase was
washed with water and brine, dried over Na2SO4, filtered, and
concentrated. The residue was purified using flash column
chromatography (MeOH/DCM with 0.1% triethylamine

Scheme 1. Synthesis of Prodrug 9a

aReagents and conditions. (a) HCl in dioxane, MeOH, room temperature (rt), 2 h, 100%; (b) Pd(dppf)Cl2·CH2Cl2, Cs2CO3, dioxane/water, 100
°C, 2 h, 75.06%; (c) TBAF, THF, 1 h, 59.02%; (d) Et3N, DCM, room temperature, 1 h, 50.93%; (e) NaI, acetone, 50 °C, 30 h, 60.48%; (f) Ag2O,
acetonitrile/water, room temperature, 16 h, 24.85%; (g) toluene, 50 °C, overnight, 47.51%; (h) Et3N, DMAP, DCM, 40 °C, 1 h, 65.93%; (i) HCl
in dioxane, MeOH/DCM, 15 min, 80.07%.
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[TEA] = 0−5%) to afford compound 9-4 (4 g, 75.1% yield).
LCMS [ESI, M+1]: 801.7.
4-((1R,5S)-3,8-Diazabicyclo[3.2.1]octan-3-yl)-7-(8-ethyn-

yl-7-fluoro-3-(methoxymethoxy)naphthalen-1-yl)-8-fluoro-
2-(((2R,7aS)-2-fluorotetrahydro-1H-pyrrolizin-7a(5H)-yl)-
methoxy)pyrido[4,3-d]pyrimidine (9-5). A 1 M tetrabutylam-
monium fluoride (TBAF) in tetrahydrofuran (THF) (25 mL,
25 mmol, 5 equiv) was added to a solution of compound 9-4
(4 g, 5 mmol, 1 equiv) in THF (40 mL). The reaction mixture
was stirred at room temperature for 1 h and concentrated in
vacuo. The residue was purified using flash column
chromatography (MeOH/DCM with 0.1% TEA = 0−6%) to
afford compound 9-5 (1.9 g, 59.0% yield). 1H NMR: (500
MHz, CD3OD) δ 9.02 (s, 1H), 7.98 (dd, J = 9.0, 5.6 Hz, 1H),
7.68 (s, 1H), 7.43−7.34 (m, 2H), 5.36 (s, 2.5H), 5.25 (s,
0.5H), 4.61 (dd, J = 20.8, 11.1 Hz, 2H), 4.26 (dt, J = 16.7, 10.4
Hz, 2H), 3.77−3.61 (m, 4H), 3.51 (s, 3H), 3.39 (d, J = 8.9 Hz,
1H), 3.29−3.14 (m, 3H), 3.01 (dd, J = 14.2, 9.0 Hz, 1H),
2.39−2.11 (m, 3H), and 2.04−1.73 (m, 7H). LCMS [ESI,
M+1]: 645.5.
1-Chloroethyl (4-Nitrophenyl) Carbonate (9-7). Et3N

(16.99 g, 167.87 mmol, 1.2 equiv) was added to a solution
of p-nitrophenol (21.41 g, 153.88 mmol, 1.1 equiv) in DCM
(96.23 mL). Compound 9-6 (20 g, 139.89 mmol, 1 equiv) was
added to the mixture at 0 °C. The mixture was warmed to
room temperature, stirred at this temperature for 1 h, and then
diluted with water. The organic phase was washed with brine,
dried over Na2SO4, filtered, and concentrated. The residue was
purified using flash column chromatography (petroleum ether
[PE]/ethyl acetate [EA] = 0−6%) to afford compound 9-7
(17.5 g, 50.9% yield). 1H NMR: (500 MHz, CDCl3) δ ppm δ
8.30 (d, J = 8.8 Hz, 2H), 7.42 (d, J = 8.8 Hz, 2H), 6.50 (q, J =
5.7 Hz, 1H), and 1.93 (d, J = 5.7 Hz, 3H).
1-Iodoethyl (4-Nitrophenyl) Carbonate (9-8).33 NaI (24.41

g, 162.86 mmol, 4 equiv) was added to a solution of
compound 9-7 (10 g, 40.71 mmol, 1 equiv) in acetone (100
mL). The mixture was stirred at 50 °C for 30 h under nitrogen
atmosphere, then cooled to room temperature and filtered.
The filtrate was concentrated, and the residue was purified
using flash column chromatography (PE/EA = 0−3%) to
afford compound 9-8 (8.3 g, 60.5% yield).
Silver Butyrate (9-10). Ag2O (31.56 g, 136 mmol, and 0.6

equiv) was added to a solution of n-butyric acid 9-9 (20 g, 227
mmol, and 1 equiv) in acetonitrile (200 mL) and water (100
mL). The mixture was stirred at room temperature for 16 h
and filtered. The filtrate was concentrated in vacuo to afford
silver butyrate 9-10 (11 g, 24.9% yield).
1-(((4-Nitrophenoxy)carbonyl)oxy)ethyl butyrate (9-11).33

Silver butyrate 9-10 (2.53 g, 12.96 mmol, 1.15 equiv) was
added to a solution of compound 9-8 (3.8 g, 11.27 mmol, 1
equiv) in toluene (38 mL). The mixture was heated to 50 °C
and stirred at this temperature overnight, then cooled to 25 °C
and filtered. The filtrate was concentrated, and the residue was
purified using flash column chromatography (PE/EA = 0−3%)
to afford compound 9-11 (1.59 g, 47.5% yield). 1H NMR:
(500 MHz, CD3OD) δ 8.32 (d, J = 9.1 Hz, 2H), 7.48 (d, J =
9.1 Hz, 2H), 6.83 (q, J = 5.4 Hz, 1H), 2.37 (t, J = 7.3 Hz, 2H),
1.66 (h, J = 7.4 Hz, 2H), 1.58 (d, J = 5.4 Hz, 3H), and 0.97 (t,
J = 7.4 Hz, 3H).
1-(Butyryloxy)ethyl (1R,5S)-3-(7-(8-ethynyl-7-fluoro-3-

(methoxymethoxy)naphthalen-1-yl)-8-fluoro-2-(((2R,7aS)-2-
fluorotetrahydro-1H-pyrrolizin-7a(5H)-yl)methoxy)pyrido-
[4,3-d]pyrimidin-4-yl)-3,8-diazabicyclo[3.2.1]octane-8-car-

boxylate (9-12). Compound 9-11 (1.58 g, 5.3 mmol, 1.8
equiv) was added to a solution of compound 9-5 (1.9 g, 2.95
mmol, 1 equiv) in DCM (19 mL), followed by the addition of
Et3N (745.56 mg, 7.37 mmol, 2.5 equiv) and dimethylamino-
pyridine (DMAP) (72.01 mg, 0.589 mmol, 0.2 equiv). The
mixture was stirred at 40 °C for 1 h, then concentrated. The
residue was purified by flash column chromatography
(MeOH/DCM = 0−3%) to afford compound 9-12 (1.56 g,
65.9% yield). 1H NMR: (500 MHz, CD3OD) δ 9.03 (s, 1H),
7.98 (dd, J = 9.0, 5.7 Hz, 1H), 7.68 (d, J = 2.4 Hz, 1H), 7.45−
7.34 (m, 2H), 6.86 (q, J = 5.2 Hz, 1H), 5.36 (s, 2.5H), 5.25 (s,
0.5H), 4.67 (bs, 2H), 4.48 (bs, 2H), 4.28 (dt, J = 17.1, 10.4
Hz, 2H), 3.78 (s, 2H), 3.51 (s, 3H), 3.41 (d, J = 7.9 Hz, 1H),
3.30−3.13 (m, 3H), 3.02 (dt, J = 9.5, 5.5 Hz, 1H), 2.42−2.09
(m, 5H), 2.07−1.79 (m, 7H), 1.65 (s, 2H), 1.53 (s, 3H), 0.97
(t, J = 7.1 Hz, 3H). LCMS [ESI, M+1]: 803.6.
1-(Butyryloxy)ethyl (1R,5S)-3-(7-(8-ethynyl-7-fluoro-3-hy-

droxynaphthalen-1-yl)-8-fluoro-2-(((2R,7aS)-2-fluorotetra-
hydro-1H-pyrrolizin-7a(5H)-yl)methoxy)pyrido[4,3-d]-
pyrimidin-4-yl)-3,8-diazabicyclo[3.2.1]octane-8-carboxylate
(9). MeOH (0.5 mL) was added to a solution of compound 9-
12 (1.56 g, 1.94 mmol, 1.0 equiv) in DCM (100 mL), followed
by the addition of another solution of 4 M HCl in dioxane (6
mL). The reaction mixture was stirred at room temperature for
15 min and concentrated in vacuo. The residue was diluted
with DCM, the pH was adjusted with Et3N, and it was then
concentrated again. The residue was diluted with DCM,
washed with water and brine, dried over Na2SO4, filtered, and
concentrated. The residue was purified using flash column
chromatography (MeOH/DCM = 0−5%) to afford compound
9 (1.2 g, 80.1% yield). 1H NMR: (500 MHz, CD3OD) δ 9.05
(s, 1H), 7.89 (dd, J = 8.9, 5.9 Hz, 1H), 7.40−7.30 (m, 2H),
7.24 (s, 1H), 6.89 (q, J = 5.1 Hz, 1H), 5.34 (d, J = 54.5 Hz,
1H), 4.71 (bs, 2H), 4.51 (bs, 2H), 4.31 (dt, J = 16.9, 10.5 Hz,
2H), 3.82 (s, 2H), 3.39 (d, J = 7.8 Hz, 1H), 3.33−3.18 (m,
3H), 3.05 (dt, J = 9.4, 5.2 Hz, 1H), 2.46−2.14 (m, 5H), 2.07−
1.86 (m, 7H), 1.69 (s, 2H), 1.57 (s, 3H), 1.00 (t, J = 7.3 Hz,
3H); 13C NMR: (126 MHz, CD3OD): δ 173.65, 173.38,
167.05, 165.58, 165.20, 163.22, 155.59, 153.56, 153.19, 151.51,
150.31, 150.22, 146.95, 146.83, 145.05, 134.57, 134.23, 131.56,
131.49, 127.11, 124.13, 117.16, 116.95, 113.09, 112.41, 105.52,
105.38, 99.46, 98.06, 91.17, 90.04, 76.19, 75.76, 74.60, 61.39,
61.24, 58.32, 55.83, 55.37, 43.53, 43.37, 37.15, 36.79, 27.94,
27.23, 26.30, 20.01, 19.25, 13.85; LCMS [ESI, M+1]: 759.3.
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■ ABBREVIATIONS
AUC, area under the concentration−time curve; BLQ, below
the limit of quantification; Cpd, compounds; DCM, dichloro-
methane; DEA, diethylamine; DMAP, dimethylaminopyridine;
EA, ethyl acetate; F, absolute oral bioavailability; GDP,
guanosine diphosphate; GI, gastrointestinal tract; GTP,
guanosine triphosphate; GTPase, guanosine triphosphatase;
HBD, hydrogen-bond donor; HPLC, high-performance liquid
chromatography; IP, intraperitoneal injection; LCMS, liquid
chromatography-mass spectrometry; MeOH, methanol; mpk,
mg per kg; NMR, nuclear magnetic resonance; N.A., not
applicable; PE, petroleum ether; PK, pharmacokinetics; SGF,
simulated intestinal fluid; SIF, simulated gastric fluid;
SMEDDS, self-microemulsifying drug delivery systems;
SNEDDS, self-nanoemulsifying drug delivery systems; TBAF,
tetrabutylammonium fluoride; TEA, triethylamine; TGI, tumor
growth inhibition; THF, tetrahydrofuran; UV, ultraviolet
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