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ABSTRACT: Development of new targeted inhibitors for
oncogenic KRAS mutants may benefit from insight into how a
given mutation influences the accessibility of protein residues and
how compounds interact with mutant or wild-type KRAS proteins.
Targeted proteomic analysis, a key validation step in the KRAS
inhibitor development process, typically involves both intact mass-
and peptide-based methods to confirm compound localization or
quantify binding. However, these methods may not always provide
a clear picture of the compound binding affinity for KRAS, how
specific the compound is to the target KRAS residue, and how
experimental conditions may impact these factors. To address this,
we have developed a novel top-down proteomic assay to evaluate
in vitro KRAS4B-compound engagement while assessing relative
quantitation in parallel. We present two applications to demonstrate the capabilities of our assay: maleimide-biotin labeling of a
KRAS4BG12D cysteine mutant panel and treatment of three KRAS4B proteins (WT, G12C, and G13C) with small molecule
compounds. Our results show the time- or concentration-dependence of KRAS4B-compound engagement in context of the intact
protein molecule while directly mapping the compound binding site.

The RAS family of GTPases (HRAS, KRAS, and NRAS)
behave as molecular switches through their association with
GDP (inactive) or GTP (active) to activate multiple signaling
cascades (e.g., MAPK and PI3K pathways) driving cell growth
and differentiation, cell cycle regulation, and proliferation.1−4

When the RAS genes are mutated, primarily at codons 12, 13,
and 61, GTPase-activating proteins (GAPs)5 are unable to
hydrolyze the nucleotide, thereby preventing the deactivation
of RAS and ultimately leading to oncogenesis.6,7

Prior RAS drug discovery efforts have led to the develop-
ment of covalent inhibitors specific to KRASG12C, commonly
found in non-small cell lung tumors.7,8 Ostrem et al. first
demonstrated allosteric inhibition and illuminated the switch II
pocket using a disulfide-fragment tethering screen, producing
compounds specifically targeting the GDP-bound state of
KRASG12C.9 This vital discovery was followed by the discovery
of two FDA approved KRASG12C inhibitors: AMG510
(Sotorasib)10−12 and MRTX849 (Adagrasib).13−15 More
recently, new inhibitor design efforts have focused on
compounds specifically targeting KRAS4B G12D,16,17

G12S,18 and G12R19 mutants, along with a novel class of
pan-(KRAS) mutant inhibitors20 and a bifunctional inhibitor
that alters KRAS-membrane interactions.21,22 However, many

oncogenic mutations and other RAS isoforms remain to be
effectively targeted for therapeutic use, presenting a formidable
challenge to the field.

Targeted proteomic analyses comprise a valuable compo-
nent of the inhibitor development process, enabling
quantification of compound engagement, determination of
binding kinetics, and evaluation of compound specific-
ity.11,14,23−26 These experiments typically employ “bottom-
up” proteomics,14,26 which involves the proteolytic digestion of
a sample into peptides,27 and/or intact mass analysis,9,26,28

which identifies the molecular weight of proteins in a sample.29

While peptide-based strategies maximize analytical sensitivity,
digestion eliminates the connectivity of any protein mod-
ifications and can potentially introduce chemical artifacts or
compound side reactions.30−32 Thus, it can be challenging to
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accurately quantify a specific modification or determine the
total number of modifications to a single protein molecule.
Conversely, intact mass analysis maintains the integrity of the
protein sequence while identifying all intact and modified
protein forms, also known as proteoforms, within the
sample.33,34 However, intact mass alone cannot provide precise
compound localization or the order in which multiple
compound engagement events may have occurred.

Therefore, an alternative proteomic strategy is needed to
fully understand the modification profile of compound-treated
proteins. Top-down proteomic analysis provides the sequence
specificity of bottom-up analysis while extending the
information gathered from intact mass analysis (MS1) by
subjecting each identified proteoform to subsequent targeted
fragmentation (MS2).29 This enables the direct character-
ization of each proteoform to determine the protein sequence
while localizing any post-translational modifications.33,35

Employing the top-down approach can thereby greatly
enhance the information obtained for a target protein following
compound treatment.

Here, we present a novel top-down proteomic assay to
evaluate KRAS4B compound engagement in vitro. By
investigating labeled or compound-treated recombinant
KRAS4B proteins (rKRAS4B) without disrupting the protein
primary structure, we can directly visualize and accurately
identify each proteoform within a sample. Our method enables
the determination of binding stoichiometry, identification of
off-target compound engagement, and elucidation of unantici-
pated compound reaction products. We validated this method
by two proof-of-concept experiments, maleimide-biotin
(MBtn) labeling of a rKRAS4BG12D cysteine mutant panel
and treatment of three rKRAS4B proteins (WT, G12C, and
G13C) with selected compounds from the UCSF Small
Molecule Discovery Center (SMDC) library and FDA-
approved inhibitors. We further generated fractional relative
quantitation values to fully characterize compound engage-
ment. Our results show the time- or concentration-dependence
of KRAS4B-compound engagement in context of the intact
protein molecule while directly mapping the compound
binding site.

■ EXPERIMENTAL SECTION
Detailed experimental methods, instrument parameters, and
data analysis parameters are provided in the Supporting
Information.

Production of Recombinant KRAS4B Proteins. DNA
for all rKRAS4B (1-169) proteins used were created and
validated by ATUM (Newark, CA) as Gateway Entry clones
optimized forEscherichia coliexpression. Final expression clones
were created by Gateway recombination using methods
described by Esposito et al.36 and expressed using protocols
outlined by Taylor et al.37

Maleimide-Biotin Labeling of Engineered Cysteines
in KRAS4BG12D. Purified proteins were buffer exchanged with
20 mM HEPES/150 mM NaCl (pH 7.3) and labeled with a
50-fold molar excess of EZ-Link Maleimide-PEG2-Biotin
(MBtn, Thermo Fisher Scientific) in 1X phosphate-buffered
saline (PBS, pH 7.4). The labeling reaction occurred at room
temperature across five aliquoted protein tubes, while 1X PBS
was added to a sixth tube as a control. The reaction was
quenched with 500 mM tris(2-carboxyethyl)phosphine
(TCEP) at time points 0 (control), 0.5, 1, 2, 4, and 24 h.

Sample Preparation for Bottom-Up Mass Spectrom-
etry. Labeled rKRAS4B proteins were subjected to in-solution
tryptic digestion at pH 7 to minimize hydrolysis of the
maleimide ring.32

Briefly, proteins were precipitated with ice-cold acetone,
resuspended in 8 M urea in 25 mM Tris (pH 7), reduced with
dithiothreitol (DTT), alkylated with iodoacetamide, quenched
with DTT, diluted to 1 M urea, digested overnight with trypsin
(Promega), quenched with formic acid (FA), desalted via a C18
spin column (Thermo Fisher Scientific), and dried via
SpeedVac. Dried peptides were resuspended in Buffer A
(0.2% MS-grade FA in 5% Optima-grade acetonitrile [ACN,
Thermo Fisher Scientific]) for analysis by liquid chromatog-
raphy−tandem mass spectrometry (LC−MS/MS).

Bottom-Up LC−MS/MS and Data Analysis. Peptides
were separated by reverse-phase chromatography on an
UltiMate 3000 system (Thermo Fisher Scientific) using
Acclaim PepMap 100 C18 HPLC trap and analytical columns
(Thermo Fisher Scientific) maintained at 60 °C. Peptides were
loaded onto the trap column for 10 min followed by gradient
separation of 5 to 50% Buffer B (0.2% MS-grade FA in 95%
Optima-grade ACN) over 90 min. Peptides were ionized by a
Nanospray Flex Ion Source (Thermo Fisher Scientific) with a
stainless-steel emitter coupled to an Orbitrap Fusion Lumos
mass spectrometer (Thermo Fisher Scientific). Each digested
sample was injected two times for LC−MS/MS analysis by
either higher-energy collisional dissociation (HCD) or electron
transfer dissociation with supplemental HCD (EThcD) using
data-dependent acquisition. The resulting files were searched
against their respective custom sequence-specific database and
a common contaminants database in Proteome Discoverer
(Thermo Fisher Scientific) using SEQUEST and MSAmanda
nodes.

Sample Preparation for Top-Down Mass Spectrome-
try. rKRAS4B proteins were first concentrated and desalted via
solid phase extraction using C4 ZipTips (Millipore), followed
by dilution in Buffer A for label or compound localization by
top-down LC−MS/MS. An aliquot from each concentrated
and desalted sample was diluted 1:1 with Buffer A for relative
abundance quantitation by LC−MS.

Top-Down LC−MS/MS and Data Analysis. Proteins
were separated by reversed-phase chromatography on an
UltiMate 3000 system using self-packed PLRP-s (Agilent) trap
and analytical columns maintained at 45 °C. Proteins were
loaded onto the trap column for 10 min and then separated by
first ramping to 25% Buffer B in 1 min followed by gradient
separation of 25−45% B over 39 min. Proteins were ionized
using fused-silica emitters (New Objective) packed in house
with 2−3 mm of PLRP-s resin and a self-built University of
Washington’s Proteomics Resource nanospray source coupled
to an Orbitrap Fusion Lumos mass spectrometer.

Identified precursor m/z values corresponding to labeled
rKRAS4B proteoforms were used to generate label-specific
methods for targeted MS2 fragmentation by either HCD or
electron transfer dissociation (ETD). Manual analysis of
targeted fragmentation scans was performed using Xtract
deconvolution in FreeStyle (Thermo Fisher Scientific). The
list of identified fragment ions was then imported into ProSight
Lite for comparison against the appropriate rKRAS4B
proteoform sequence.38 The monoisotopic elemental compo-
sition mass of each compound was used for modification
localization.
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Compound Library Screening for KRAS4BG13C Specif-
icity. The UCSF SMDC screened their library of ∼1600
disulfide tethering compounds for reactivity against
rKRAS4BG13C in the active state, as described in Hallenbeck
et al.39 Compounds displaying greater than 3 σ from the
average labeling were further evaluated at 8 compound
concentrations via 3-fold serial dilutions of the compound
against rKRAS4B or rKRAS4BG13C.

Compound Concentration Course. Three selected
UCSF SMDC hit compounds were evaluated for their
compound localization, specificity to G13C in the active
state, and relative quantitation. First, rKRAS4BC118S,
rKRAS4BCG12C/C118S, or rKRAS4BG13C/C118S were nucleotide
exchanged from the native GDP to either GppNHp (non-
hydrolyzable GTP analog) or GDPβS (nonhydrolyzable GDP
analog), as described in Agamasu et al.40 Compound labeling
was carried out by incubating rKRAS4B loaded with GppNHp
or GDPβS at 4 μM with 55.6 μM, 166.7 μM, or 500.0 μM
compounds in DMSO for 1 h at room temperature in 100 mM
ammonium acetate (pH 7.5) and 500 μM β-mercaptoethanol.
A control was also prepared by adding DMSO in the place of
the compound. The reaction was quenched by adding Buffer A.
Labeling rKRAS4B with AMG510 and MRTX849 was
performed as above except the reaction was carried out with
5 μM rKRAS4B in a buffer of 20 mM HEPES/150 mM NaCl/
2 mM MgCl2 (pH 7.3).

Relative Quantitation LC−MS and Data Analysis.
Proteins were resolved by reverse phase separation with a
Vanquish Flex chromatographic system (Thermo Fisher
Scientific) using a MabPac RP analytical column (Thermo
Fisher Scientific) maintained at 50 °C over an 8 min gradient
of Buffer B (47.5% Optima ACN, 47.5% Optima isopropanol
[IPA, Thermo Fisher Scientific], 5% Optima H2O, and 0.2%
FA) from 2 to 100%. Proteins were ionized using a heated
electrospray ionization (HESI) source connected to an
Exactive Plus EMR mass spectrometer (Thermo Fisher
Scientific) collecting only intact protein (MS1) spectra.
Quintuplicate injections were performed on each sample.

Intact mass intensities of all proteoforms were generated
using multiple software packages to demonstrate the
comparability between methods including manual analysis of
an averaged scan using Xtract, sliding window Xtract using
BioPharma Finder (Thermo Fisher Scientific), and deconvo-
lution of an averaged scan using UniDec.41 The percent
compound engagement was calculated for each injection using
the following equation

% Compound Engagement
(intensity of proteoform )
(intensity of all proteoforms )

=

Averages and standard deviations of the resulting percen-
tages were generated in Microsoft Excel.

■ RESULTS AND DISCUSSION
Evaluation of KRAS4B Engineered Cysteine Reac-

tivity. A rKRAS4B library was developed at the NCI RAS
Initiative for new lead compound evaluation by disulfide
tethering screen in the context of the G12D mutation.42 Each
rKRAS4B protein contained G12D and C118S mutations,
along with a single point mutation to cysteine based on
predicted solvent exposure from available KRAS4B crystal
structures.43−45 The reactivity of “WT” (rKRAS4BG12D/C118S)

and three cysteine substitutions (rKRAS4BD33C, rKRAS4BK42C,
and rKRAS4BD47C) were evaluated using MBtn labeling over 6
time points ranging from 0 to 24 h. Traditional peptide-based
proteomic methods were then employed to determine the
location and relative abundance of the resulting MBtn labels.

We hypothesized that the engineered cysteine residues
would be preferentially labeled, while the native cysteine
residues (C51 and C80) would be unavailable for labeling.
Instead, all cysteine containing peptides across all time points
were observed to be labeled by MBtn (Table S1; Figures S1−
S5), with labeled D33C and C80 observed at high abundance.
We also observed the doubly labeled peptides of K42C or
D47C and C51, suggesting that all cysteines could be labeled
on a single rKRAS4B molecule. However, trypsin digestion
prevented us from retaining connectivity between all cysteine
residues or accurately determining the labeling status of each
rKRAS4B protein.

Due to these limitations, we developed a top-down
proteomic assay to evaluate the relative abundance of labeled
rKRAS4B, localize MBtn within each proteoform, and enable
the detection of multiply labeled rKRAS4B proteoforms
(Figure S6). rKRAS4B proteoforms collected at each labeling
time point were concentrated, desalted, and subsequently
analyzed by top-down LC−MS. Figure S7 shows the 915−
1015 m/z region of the intact protein (MS1) spectra of all
detected proteoforms, while Figure S8 shows an example of the
full scan MS1 spectrum at 0 and 24 h for rKRAS4BD47C.
Differences in the relative abundance of each proteoform can
be observed across all time points. While the control rKRAS4B
is minimally labeled with a single MBtn after 24 h (Figure
S7a), rKRAS4BD33C and rKRAS4BD47C are rapidly labeled with
a single MBtn after 0.5 h (Figures S7b,d), and rKRAS4BK42C is
gradually labeled with a single MBtn by 24 h (Figure S7c).
Likewise, a second MBtn label is visible on rKRAS4BD47C at 0.5
h (Figure S7d), on rKRAS4BK42C at 4 h (Figure S7c), and on
rKRAS4BD33C at 24 h (Figure S7b). A third MBtn peak is also
visible on rKRAS4BD47C at 4 h (Figure S7d). Visualizing these
rKRAS4B proteoforms by intact mass provided clarity to the
rate of MBtn labeling and confirmed off-target binding, thus
demonstrating the reactivity of available rKRAS4B cysteine
residues.

Each observed proteoform was then targeted for top-down
MS2 fragmentation to both localize each MBtn label to a
specific rKRAS4B cysteine residue and determine the order of
cysteine labeling for each rKRAS4B protein. Figure S9 shows
the MS2 fragmentation coverage maps of each proteoform at
24 h. The first cysteine labeled in the control was C51 (Figure
S9a), while the engineered cysteine was preferentially labeled
in the mutated proteins (Figure S9b−d). The second label in
the mutated proteins was C51, matching the availability of this
residue on the control sample at extended time points (Figure
S9b−d). For rKRAS4BD47C specifically, it was confirmed that
all three cysteine residues were labeled with MBtn (Figure
S9d).

The results obtained by top-down proteomic analysis
contrasted markedly from the initial peptide-based analysis,
which identified labeling of all rKRAS4B cysteines. Eliminating
the trypsin digestion step therefore provided greater context
for the reactivity of native and engineered rKRAS4B cysteine
residues. While other intact mass analysis methods can identify
the number of labels on each protein molecule, our ability to
directly isolate and efficiently fragment labeled rKRAS4B
proteoforms is unparalleled, enabling our top-down assay to
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localize each label to a specific cysteine, determine the binding
order, and confirm our initial hypothesis: engineered cysteine
residues predicted to be solvent exposed (D33C, K42C, and
D47C) were observed to be preferentially labeled by MBtn
over native cysteine residues (C51, C80). We further
hypothesize that the addition of MBtn to D47C destabilized
the rKRAS4B structure, exposing C51 and C80 to labeling.

Determining Small Molecule Reactivity to
KRAS4BG13C. To demonstrate the capabilities of our top-
down assay in the context of drug discovery workflows, we
selected three compounds (Table S2) from a UCSF SMDC
library covalently targeting GppNHp-bound KRAS4BG13C

based on their initial dose−response curves, all of which
suggested high specificity to active KRAS4BG13C (Figure
S10).46 rKRAS4BC118S and rKRAS4BG12C/C118S nucleotide
exchanged with GppNHp were included as controls in order
to evaluate whether these compounds exhibited nonspecific
binding. All three proteins were treated with each compound
at a final concentration of 0, 55.5, 166.7, or 500 μM for 1 h.

Upon initial visualization of all proteoforms from each
sample by top-down LC−MS, each compound was observed to
exhibit varying degrees of specificity. Figure 1 displays a

zoomed-in view of the MS1 spectra (21+ charge states) from
the 500 μM samples, while Figures S11−S13 plot the extracted
ion chromatogram (XIC) for all identified proteoforms at each
concentration. 917101 and 917178 labeled all cysteines present
across all proteins, as evident by the double compound
addition on rKRAS4BC118S and the triple compound addition
on rKRAS4BG12C/C118S and rKRAS4BG13C/C118S (Figure 1a,c),
suggesting substantial off-target binding. Conversely, 917969
targeted only a single cysteine residue (Figure 1b), suggesting

specific engagement. Additionally, the combined relative
abundance of all compound-labeled proteoforms was the
highest in the rKRAS4BG13C/C118S samples in agreement with
the initial high throughput screens (Figure S10).

For all samples, each observed proteoform was then targeted
for top-down MS2 fragmentation to localize each compound
addition to a specific cysteine residue. Figures S14−S16 show
the MS2 fragmentation coverage maps obtained from the 500
μM samples. For 917101, the two sequentially eluting single
compound additions observed for rKRAS4BC118S (Figure
S11a) were determined to be compound-labeled C80 and
C51, respectively, and the double compound addition was
determined to be both C51 and C80 labeled (Figure S14a).
The single compound additions observed for both
rKRAS4BG12C/C118S (Figure S11b) and rKRAS4BG13C/C118S

(Figure S11c) were determined to be compound-labeled
C12 (Figure S14b) and C13 (Figure S14c), respectively, while
the sequentially eluting double compound additions observed
for both samples (Figures S11b,c) were determined to be
compound-labeled C12/C13 and C80, followed by C12/C13
and C51 (Figures S14b,c), and the triple compound additions
were determined to be compound-labeled C12/13, C51, and
C80 (Figures S14b,c). For 917969, compound binding was not
detected for rKRAS4BC118S, and only a single compound
addition was observed for both rKRAS4BG12C/C118S and
rKRAS4BG13C/C118S (Figure S12). Targeted MS2 fragmentation
confirmed that each single compound addition was to C12 or
C13 (Figures S15b,c).

For 917178, the two sequentially eluting single compound
additions observed for rKRAS4BC118S (Figure S13a) were
determined to be compound-labeled C80 or C51, while the
double compound addition was determined to be both C51
and C80 (Figure S16a). Interestingly, for the two sequentially
eluting single compound additions observed for
rKRAS4BG12C/C118S and rKRAS4BG13C/C118S (Figures S13b,c),
917178 was observed to label C12, followed by C51, on the
former (Figure S16b), and C51, followed by C13, on the latter
(Figure S16c), although the C13 labeled proteoform was the
most abundant (Figure S13c). Differential patterns of double
c o m p o u n d a d d i t i o n s w e r e a l s o o b s e r v e d , w i t h
rKRAS4BG12C/C118S determined to be labeled at C12 and
C80 or C12 and C51 (Figure S16b), and rKRAS4BG13C/C118S

determined to be labeled at C13 and C80, C51 and C80, or
C13 and C51 (Figure S16c). Both observed triple compound
additions were confirmed to be C12/13, C51, and C80 labeled
(Figures S16b,c).

While these initial results suggested that the selected
compounds preferentially targeted C13, we also evaluated
how the degree of compound engagement changed when
rKRAS4B was in the inactive state by repeating our top-down
assay after exchanging the native nucleotide with the
nonhydrolyzable GDP analog GDPβS. Figure 2 shows the
zoomed-in view of the 21+ charge states from the 500 μM
samples, while Figures S17−S19 plot the XIC for all identified
proteoforms at each concentration. We then employed
targeted top-down MS2 fragmentation to localize each
compound addition to a specific cysteine residue. Figures
S20−S22 contain the MS2 fragment maps obtained from the
500 μM samples.

Each compound displayed analogous characteristics when
targeting the inactive form of rKRAS4B. For example, 917969
maintained specificity to the mutated cysteine residues of C12
and C13 (Figure S21), although the single compound

Figure 1. Top-down characterization of compound engagement to
the active state of KRAS4B. MS1 region containing the 21+ charge
state following incubation with (a) 917101, (b) 917969, and (c)
917178 at 500 μM for 1 h. Compound engagement for rKRAS4BC118S

(top); rKRAS4BG12C/C118S (middle); and rKRAS4BG13C/C118S (bot-
tom). Peaks corresponding to each compound addition are labeled
(cyan: 1 compound addition; orange: 2 compound additions; and
green: 3 compound additions).
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additions exhibited higher relative abundances (Figure S18).
917101 and 917178 again exhibited off-target binding to the
native cysteine residues across all proteins, albeit at a lower
relative abundance in comparison to that of the active state
(Figures S17, S19, S20, and S22). For the single compound
addition to rKRAS4BC118S, the compound labeled C80
proteoform eluted first, while the compound labeled C51

proteoform eluted second at a higher abundance (Figures
S17a, S19a, S20a, and S22a). For the double compound
additions to rKRAS4BG12C/C118S and rKRAS4BG13C/C118S, C12/
C13 and C80 labeled eluted first, while C12/C13 and C51
labeled eluted second (Figures S17b,c, S19b,c, S20b,c, and
S22b,c).

The combination of intact mass analysis and targeted MS2
fragmentation provided by our top-down assay generated a
level of molecular detail inaccessible to alternative proteomic
methods. Our results provided precise localization of each
compound addition while maintaining the integrity of the
protein sequence for each proteoform analyzed. Our inclusion
of rKRAS4B native cysteine residues C51 and C80 allowed a
more comprehensive evaluation of compound binding sites
while simultaneously revealing the order and extent of
nonspecific binding. Additionally, assessing compound engage-
ment with both nucleotide states of rKRAS4B provided a
holistic understanding of how these small molecules interact
with the full nucleotide cycle of rKRAS4B.

Relative Quantitation of Compound Engagement. To
complement our top-down assay, we also created an LC−MS
relative quantitation workflow to evaluate the concentration
dependence of KRAS4B C13-targeting compound engage-
ment. For this higher-throughput experiment, we performed
the LC−MS analysis using a larger column and a faster
gradient (Figure S23) to rapidly obtain quintuplicate injections
while maintaining high chromatographic reproducibility
(Figures S24−S41). Consequently, this resulted in the
coelution of all proteoforms of the same mass. While we
could no longer distinguish between proteoforms (e.g.,
rKRAS4BC118S with C51 or C80 labeled by compound) by
MS1 alone, this further simplified our analysis of off-target
binding by solely accounting for a single chromatographic
peak.

Relative fractional abundances of each compound addition
were calculated using MS1 intensity values. Two methods were
first evaluated using the rKRAS4BG13C/C118S + 917101 data set
for comparison against manual analysis using the Xtract

Figure 2. Top-down characterization of compound engagement to
the inactive state of KRAS4B. MS1 region containing the 21+ charge
state following incubation with (a) 917101, (b) 917969, and (c)
917178 at 500 μM for 1 h. Compound engagement for rKRAS4BC118S

(top); rKRAS4BG12C/C118S (middle); and rKRAS4BG13C/C118S (bot-
tom). Peaks corresponding to each compound addition are labeled
(cyan: 1 compound addition; orange: 2 compound additions; and
green: 3 compound additions).

Figure 3. Relative quantitation of compound engagement by intact mass. Fractional abundances of all proteoforms were plotted as a function of
compound concentration for 917101 (a,b), 917969 (c,d), and 917178 (e,f) with rKRAS4B in the active state (upper row) and inactive state (lower
row). rKRAS4BC118S proteins are in purple, rKRAS4BG12C/C118S proteins are in blue, and rKRAS4BGG13C/C118S proteins are in black.
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algorithm: BioPharma Finder, where deconvolution is
performed via sliding window averaged scan across the
chromatogram, and the freely available UniDec, which
performs deconvolution of a user-created averaged scan.41

Figure S26b provides the fractional abundance of each
compound addition calculated using each data analysis
method, demonstrating that all methods provided similar
results. BioPharma Finder was used to automate the remainder
of the data analysis presented here, but alternate software
could also be used.

Figure 3 depicts the fractional abundance of all rKRAS4B
compound addition proteoforms, while Tables S3−S20
provide the values used to generate this figure. When
rKRAS4B was in the active state (Figure 3a,c,e), the single
compound addition to rKRAS4BG13C/C118S, which was localized
to C13 (Figures S14−S16), was the most abundant proteo-
form across all samples except for 917178 at 500 μM.
Compound 917178 exhibited extensive off-target binding at
high concentrations (Figure 3e), which diminished the
abundance of the rKRAS4BG13C/C118S single compound
addition proteoform.

When rKRAS4B was in the inactive state (Figure 3b,d,f), the
single compound addition proteoforms of rKRAS4BG12C/C118S

and rKRAS4BG13C/C118S increased in abundance in comparison
to the active state. Interestingly, the single compound addition
to rKRAS4BG12C/C118S, which was localized to C12 (Figures
S20−S22), was the most abundant proteoform across all
samples at high concentrations. Additionally, the nonspecificity
of 917178 that was observed in the active state (Figure 3e) was
not reciprocated in the inactive state (Figure 3f) as noted by
the lower relative abundance of rKRAS4BC118S proteoforms
a n d d o u b l e o r t r i p l e c o m p o u n d a d d i t i o n s t o
rKRAS4BG12C/C118S and rKRAS4BG13C/C118S. In total, these
data suggest that the selected compounds have different
mutant residue selectivities and reactivities depending on the
nucleotide state of rKRAS4B.

For the three example compounds analyzed, our data led to
the classification of 917969 as slow but highly specific, 917101
as rapid but slightly nonspecific, and 917178 as rapid but
highly nonspecific for rKRAS4BG13C, all at proteoform-resolved
detail that simply would not have been accessible by standard
proteomic methods employed in drug discovery workflows.
Moreover, we could confidently monitor the increase in
covalent modification as concentration increased, even for low
abundance proteoforms such as the multiple off-target binding
populations for all compounds. Combining proteoform
fractional abundance values with the localization data obtained
by targeted top-down MS2 fragmentation thus provided a
complete understanding of the specificity and selectivity of
these compounds to rKRAS4BG13C that was previously
unknown from the initial high throughput screen (Figure S10).

Evaluation of Clinical Compounds. To further validate
our top-down assay, we incorporated FDA-approved inhibitors
Sotorasib (AMG510) and Adagrasib (MRTX849), which
specifically target C12 when KRAS is in the GDP-bound
inactive state.7,15,47 Since these compounds have been
extensively characterized for use in human patients, we
hypothesized that we would observe Sotorasib and Adagrasib
rapidly labeling C12 with no off-target binding when rKRAS4B
is bound to GDPβS. We performed the top-down assay in a
manner similar to evaluating the UCSF SMDC compounds to
confirm that these compounds specifically targeted C12
(Figure 4). No off-target labeling of C13 or the native cysteine
residues occurred on any protein evaluated (Figure S42).
Interestingly, we did observe minimal labeling on C12 from
both compounds when rKRAS4BG12C/C118S was bound to
GppNHp, suggesting that C12 can still be targeted when
rKRAS4B is in the active state.

After performing relative quantitation analysis of AMG510
and MRTX849-treated KRAS4B proteoforms (Figures S43−
S55 and Tables S21−S32), we produced the expected result of
near complete engagement to C12 by both compounds at the
lowest concentration used when rKRAS4BG12C/C118S was

Figure 4. Top-down characterization of FDA-approved compounds. MS1 region containing the 21+ charge state following incubation with
Sotorasib (AMG510; a-b) or Adagrasib (MRTX849; c-d) at 500 μM for 1 h. Complete engagement was observed with rKRAS4B in the inactive
GDPβS state with targeted MS2 fragmentation confirming the localization of each compound to C12 (a and c). Compound engagement was also
observed with rKRAS4B in the active, GppNHp state to C12 as confirmed with targeted MS2 fragmentation (b and d).
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bound to GDPβS and no binding was observed to C13 or
native cysteines (Figure S43). When calculating the engage-
ment of these compounds to G12C in the active state, we
observed AMG510 gradually reaching approximately 15%
engagement and MRTX849 approaching 50% engagement by
500 μM, demonstrating that these compounds can still engage
their target residue at elevated concentrations (Figure S43).
These results, while unexpected, demonstrate the novel
insights that our top-down assay can provide while exhaustively
characterizing how compounds interact with rKRAS4B in vitro
during development.

■ CONCLUSIONS
By directly investigating labeled or compound-treated
rKRAS4B proteins without disrupting the protein primary
structure, we can directly visualize and accurately identify each
proteoform within a sample. The novel method described here
enables determination of binding stoichiometry, identification
of off-target compound engagement, and elucidation of
unanticipated compound reaction products, all facilitated by
top-down LC−MS and targeted MS2 fragmentation. Addi-
tionally, we incorporated complementary methods for the
relative quantitation of labeled and unlabeled proteins to
rapidly quantify compound engagement. Our results show the
time- or concentration-dependence of rKRAS4B-compound
engagement in the context of the intact protein molecule while
directly mapping the compound binding site. This adaptable
methodology can be used to extensively evaluate rKRAS4B-
compound engagement and facilitate new inhibitor develop-
ment. Our hope is that our method may help accelerate the
identification of new successful targeted inhibitors for KRAS4B
and other RAS isoforms.
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