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C-terminal Cys are essential for association with the plasma membrane (4, 11–13), where KRAS4b can interact with upstream regulators and activate downstream effectors.
Of the two KRAS isoforms, KRAS4a contains a palmitoylation site at Cys180 that has been shown to assist membrane localization (14). In contrast, the KRAS4b isoform is present at
∼10× higher levels than KRAS4a (14) and lacks the palmitoylation site, containing in its stead a polybasic sequence that facilitates membrane association by electrostatic interaction with
negatively charged lipid heads in the membrane (15). In cancers,
KRAS mutations usually result in decreased rates of intrinsic
GTP hydrolysis or impaired binding to GAPs (16). Mutagenesis
studies have demonstrated that different amino acid substitutions have distinct functional consequences (17). Moreover,
comparison of cell lines harboring different, allele-specific KRAS
mutations has provided an additional level of complexity regarding KRAS-dependent effector signaling (18, 19). Recent
studies with isogenic cell lines revealed that mitochondrial
translation is essential for KRAS Gly13Asp (G13D) mutant cell
proliferation (20, 21). Despite intense research on KRAS, a
Significance
The KRAS gene is frequently mutated in human cancer, especially in pancreatic, lung, and colorectal tumors. We developed
an intact protein assay for the detection and quantitation of
KRAS protein forms (proteoforms), enabling the measurement
of how genetically encoded mutations affect posttranslational
modifications on the same protein molecule. The modifications
found are known to activate KRAS or interfere with membrane
attachment, suggesting cellular mechanisms that control downstream KRAS activity. Analysis of wild-type and mutant-specific
forms of the KRAS protein with complete molecular specificity is
shown to be possible by top-down proteomics and enables future
tests of how an individual’s KRAS proteoforms are linked to disease stage and chance of survival.
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he RAS oncogenes are frequently mutated in human cancer
and are therefore often the focus of diagnostic and therapeutic
strategies (1–3). The three RAS genes in humans give rise to four
base protein sequences: HRAS, NRAS, and two KRAS isoforms,
KRAS4a and KRAS4b, resulting from alternative splicing (4). The
RAS proteins belong in the GTPase family and function as GTPregulated molecular switches controlling pathways involved in critical functions such as signaling, cell growth, and proliferation (5).
Guanine nucleotide exchange factors (GEFs) promote activation of
the RAS GTPases while GTPase-activating proteins (GAPs) inactivate RAS by enhancing GTP hydrolysis (6–8). Once activated,
RAS-GTP can bind and activate several downstream effectors. The
21 kDa RAS proteins are highly similar in primary sequence (>80%
sequence identity) and share 100% sequence identity in their Nterminal amino acids from 1 to 86 (SI Appendix, Fig. S1 A and B).
The first 165 amino acids form the G domain, which contains the
catalytic and switching portion of the protein responsible for GDP/
GTP binding and association with regulators and downstream effectors (9, 10). The RAS proteins differ in their C-terminal hypervariable regions (illustrated in SI Appendix, Fig. S1C), which contain
a C-terminal CaaX motif, where “a” is an aliphatic amino acid and
X is any amino acid. The C terminus of KRAS is posttranslationally
processed in three steps: farnesylation of the Cys in the CaaX motif,
proteolysis of the aaX sequence, and carboxymethylation (COOMe)
of the resulting C terminus. Farnesylation and COOMe of the
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Mutations of the KRAS gene are found in human cancers with high
frequency and result in the constitutive activation of its protein products. This leads to aberrant regulation of downstream pathways, promoting cell survival, proliferation, and tumorigenesis that drive cancer
progression and negatively affect treatment outcomes. Here, we describe a workflow that can detect and quantify mutation-specific
consequences of KRAS biochemistry, namely linked changes in posttranslational modifications (PTMs). We combined immunoaffinity enrichment with detection by top-down mass spectrometry to discover
and quantify proteoforms with or without the Gly13Asp mutation
(G13D) specifically in the KRAS4b isoform. The workflow was applied
first to isogenic KRAS colorectal cancer (CRC) cell lines and then to
patient CRC tumors with matching KRAS genotypes. In two cellular
models, a direct link between the knockout of the mutant G13D allele
and the complete nitrosylation of cysteine 118 of the remaining WT
KRAS4b was observed. Analysis of tumor samples quantified the percentage of mutant KRAS4b actually present in cancer tissue and identified major differences in the levels of C-terminal carboxymethylation,
a modification critical for membrane association. These data from CRC
cells and human tumors suggest mechanisms of posttranslational regulation that are highly context-dependent and which lead to preferential production of specific KRAS4b proteoforms.
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complete mechanistic basis for this remains unclear. We posited
that the presence of different mutations might result in distinct
proteoforms with mutation-specific posttranslational modification (PTM) profiles, each with the potential to generate distinct
downstream signaling or phenotypic outputs.
Top-down (TD) proteomics is emerging as a high-value method
of protein analysis because it directly measures the composition of
whole proteoforms (i.e., the various protein forms arising from
coding mutations, differential splicing, and PTMs; ref. 22), and
associates them with normal and diseased phenotypes (23). Intact
mass measurements (referred to as MS1), along with fragmentation in the second step of tandem mass spectrometry (called MS/
MS or MS2), provide precise information about the gene product,
sequence, length, and composition of individual proteoforms, including the relative abundance of degradation products, sequence
variants, and PTMs co-occurring on the same molecule. A typical
TD workflow consists of single or multistep protein separations,
with the resulting protein fractions separated by liquid chromatography in-line with a mass spectrometer (LC-MS) (24). Previous
analyses of KRAS in complex proteomes used the complementary
bottom-up (BU) approach after immunoprecipitation (IP) (25).
However, the BU approach entails proteolytic digestion, thus
severing the linkage between mutations and PTMs occurring in
disparate regions of the same protein molecule (SI Appendix, Fig.
S1). The high sequence identity among the protein products of the
three RAS genes (SI Appendix, Fig. S1A) translates to many
identical proteolytic peptides (SI Appendix, Fig. S1B) that complicate precise isoform and proteoform measurement due to the
protein inference problem (26–28). Conversely, the TD approach
does not require a protease, and allows for the analysis of cooccurring mutations and PTMs on each individual proteoform,
but is less sensitive and underdeveloped relative to BU (29, 30).
Here, we report a targeted TD workflow (Fig. 1) for the alleleand isoform-specific interrogation of proteoforms expressed
from KRAS genes within human colorectal cancer (CRC) cell
lines and tumor samples. We combined IP for protein enrichment with the TD approach for intact protein analysis to directly
measure KRAS proteoforms with high molecular specificity. As
proof of principle, isogenic CRC cell lines were used to investigate the effect of the KRAS G13D mutation on PTMs,
resulting in the detection of KRAS4b nitrosylation exclusively
within two cell lines expressing a single wild-type (WT) KRAS
allele. Application of the TD workflow to other cancer cell lines
with three mutations at Gly12 along with primary colorectal tumor samples uncovered 11 proteoforms of KRAS4b and quantified mutant versus WT KRAS4b expression ratios to reveal a
highly variable degree of KRAS4b C-terminal COOMe, a PTM
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Fig. 1. Workflow for the enrichment and detection of KRAS proteoforms.
(A) Schematic of the approach. (B) Silver-stained gel and corresponding
Western blot illustrating enrichment of RAS proteins. E, eluate; FT, flow
through; IN, input; MW, molecular weight markers; Std, KRAS4b standard.
(C) Isotopically resolved mass spectrum of intact KRAS4b.
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critical for membrane association and productive RAS-mediated
signaling (27). This study highlights the importance of precise
proteoform mapping in the discovery of the dominant and dynamic PTMs underlying key regulatory mechanisms operating in
both human cells and patients.
Results
Enrichment of KRAS Proteins for Proteoform Analysis. The RAS

family of proteins present a range of analytical challenges, including copy number and biochemical properties, which lead to
expectations of poor solubility and recovery before whole protein
mass spectrometry using electrospray (25). Indeed, a previous
study that identified >1,800 proteoforms from the DLD-1 cell line
used here did not detect evidence of any RAS family proteoforms
(31). Therefore, an enrichment strategy for KRAS proteoforms
before TD MS was required. We used a pan-RAS IP approach to
purify and increase the concentration of RAS proteins before
chromatographic separation directly coupled to TD proteomics
(Fig. 1A). Based on densitometric quantitation of the RASspecific band within Western blots performed to assess enrichment level, the eluted RAS proteins were enriched by more than
10-fold in the elution step compared with the lysate used as input
(Fig. 1B). While KRAS, NRAS, and HRAS could all be detected
with the optimized IP protocol (SI Appendix), LC-MS measurements were also tailored to enable detection of KRAS proteoforms with good signals in intact (MS1) and fragmentation (MS2)
spectra. Consistent with transcriptomic data on cancer cell lines
(14), KRAS4a is only a small fraction of total KRAS (<10%)
relative to the 4b isoform and was not detected by our assay.
Optimization and Validation of TD Assays Using Recombinant KRAS4b
Proteoforms. Recombinant but fully processed KRAS4b proteo-

forms (32) harboring either WT or mutant G13D sequences were
used to optimize LC and MS parameters before analysis of endogenous KRAS4b proteoforms (see extended details in SI Appendix) (33, 34). By this analysis, we were able to visualize the
complex charge state distribution of KRAS4b (Fig. 1C), typical for
analysis of denatured intact proteins at pH ∼ 3 due to protonation of
multiple basic residues within the protein sequence. Farnesylation
has been demonstrated to be a labile modification under certain MS
conditions (35). Therefore, we first investigated whether selecting
different precursor charge states could preserve and localize this
modification on an intact, farnesylated proteoform (SI Appendix,
Fig. S2). It was noted that farnesylation was fully ejected during
fragmentation of higher charge states (e.g., the 24+), resulting in the
lack of y-type ions bearing this labile modification (SI Appendix, Fig.
S2A). However, when lower charge states (e.g., the 20+) were
fragmented, several y-type ions partially retained the farnesyl group,
allowing for confirmation of its C-terminal localization (SI Appendix,
Fig. S2 B and C). Similarly, we also investigated the effect of collision energy. Lower collision energy spectra contained farnesylated
y-ions, while increasing the collision energy resulted in complete
defarnesylation of KRAS4b in the gas phase.
The same recombinant proteoforms were used to clearly distinguish between different sequence variants of KRAS4b by measuring
abundances of several b-type ions, which contain the N-terminal
region and, therefore, report on the site of mutation. Representative mass spectra of the three KRAS standards are shown in SI
Appendix, Fig. S3A. The standards differ from endogenous KRAS
by the addition of an extra Gly-Gly (GG) sequence at the N terminus. As expected, the fully processed WT KRAS4b standard
(GG-KRAS4b-FMe WT) has a monoisotopic mass of 21,268.92 Da,
which is 58 Da lighter than the fully processed G13D KRAS4b
standard (GG-KRAS4b-FMe G13D, 21,326.92 Da) and 14 Da
heavier than the farnesylated (but not carboxymethylated) WT
KRAS4b standard (GG-KRAS4b-Farn WT, 21,254.90 Da). The
mass shift due to the presence of the G13D mutation can also be
observed in b-ions generated during fragmentation, such as the
abundant fragment ion b55 (SI Appendix, Fig. S3B). Note that the
b55 from GG-KRAS4b corresponds to the b53 from endogenous
KRAS4b. Similarly, C-terminal COOMe can be monitored by
Ntai et al.

Table 1. Detection of KRAS4b proteoforms in cell lines
Cell lines
DLD-1 PAR
DLD-1 MUT
DLD-1 WT
HCT116 PAR
HCT116 WT
SW48 PAR
SW48 MUT

KRAS genotype

% of G13D KRAS4b detected*

% of Cys118 nitrosylated†

WT/G13D
-/G13D
WT/WT/G13D
WT/WT/WT
WT/G13D

45 (±3)‡
100
0
47 (±4)‡
0
0
49% (±3)‡

0
0
>91†
0
>90†
0
0

(GSNO, a nitric oxide-donating reagent), and the product was
analyzed by TD MS. Incubation with GSNO resulted in the observation of a peak from a proteoform 29 Da heavier than the
recombinant standard (SI Appendix, Fig. S4C). Targeted fragmentation of this species localized the mass shift at the same Cys
residue (Cys118), providing a reference spectrum and further
evidence for the endogenous nitrosylation of KRAS4b at this site
(SI Appendix, Fig. S4D).

Discovery and Mapping of KRAS4b Proteoforms from Isogenic Cell
Lines. Having optimized an enrichment strategy and targeted assay

Nitrosylation of Cysteine 118 Is Constitutively Present in Cell Lines
with KRAS4b WT/- Genotypes. All nine technical replicates of

for KRAS4b proteoforms, we sought to assess the effects of mutational differences upon the composition of endogenous KRAS
proteoforms. Therefore, we selected DLD-1 CRC cell lines, as a
wealth of prior data has been generated within this system (36–38).
The parental cell line (DLD-1 PAR) is heterozygous at the KRAS
locus, containing both a WT and a mutant G13D allele (WT/G13D).
Two cell lines derived from the DLD-1 parental cells (DLD-1 WT
and DLD-1 MUT) express either the single WT KRAS allele (WT/-)
or the single KRAS G13D allele (G13D/-) and were found to express
only WT or mutant KRAS4b proteoforms, respectively (Table 1).
Four milligrams of total protein from DLD-1 PAR cell lysate
(from ∼2e6 cells) were subjected to the IP-TDMS assay described
above. Two major proteoforms differing in mass by 58 Da were
detected, corresponding to WT and G13D mutant versions of
KRAS4b (Fig. 2A, Middle). Both proteoforms were modified at the
N terminus with removal of the initiating Met and acetylation of the
following Thr residue. The C-terminal Cys was both farnesylated
and carboxymethylated due to complete CaaX processing. Use of a
5- to 8-m/z isolation window enabled the coisolation of KRAS4b
proteoforms and the quantitative measurement of fragment ions
from related proteoforms in the same spectrum (procedure described in SI Appendix, SI Materials and Methods). In brief, the ratio
of WT and G13D alleles of KRAS4b was determined from the
relative abundances of both intact proteoforms and fragment ions
(tMS2 scans). Each method found the expression ratio to be near
1:1 (Table 1, first row), indicating equal expression of both alleles.
Analysis of the DLD-1 MUT cell line (G13D/-) identified a single
major proteoform matching the fully processed G13D KRAS4b
proteoform present in DLD-1 PAR cells (Fig. 2A, Bottom). No WT
KRAS4b proteoforms were detected (>1% limit of detection), in
agreement with the genotype.
When analyzing DLD-1 WT cells with the WT/- genotype, no
G13D KRAS4b proteoforms were detected (Table 1, row 3).
However, the major proteoform detected was not shared with the
parental cell line. Rather, this species was 29 Da heavier than the
WT proteoform observed in the DLD-1 PAR cells (Fig. 2A, Top).
Targeted fragmentation of this proteoform localized the mass shift
to Cys118 (SI Appendix, Fig. S4A), a residue known to be posttranslationally modified in HRAS by a nitrosyl group (R-NO)
(39). The experimentally determined mass of this proteoform
was 21,225.92 Da and matched within tolerance the theoretical
monoisotopic mass of S-nitrosylated KRAS4b (21,225.88 Da,
Δm = 1.9 ppm). To corroborate this finding, recombinant and
fully processed KRAS4b was incubated with S-nitrosoglutathione
Ntai et al.

DLD-1 WT cells contained >90% nitrosylated KRAS4b (SI
Appendix, Fig. S5A). In addition, varying the cell lysate input for
IP did not affect the levels of nitrosylation (SI Appendix, Fig.
S5B). To eliminate the possibility of a DLD-1 cell line-specific
result, we obtained two more sets of isogenic CRC cell lines. The
HCT116 parental cell line (HCT116 PAR) carries the heterozygous KRAS G13D mutation (as in DLD-1 PAR) and the derived WT HCT116 (HCT116 WT) results from a targeted
knockout of the G13D mutant allele. Here, the TD assay identified the same major proteoforms as in the DLD-1 cells (SI
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Fig. 2. KRAS4b proteoform detection in cell lines. (A) Isotopically resolved
mass spectrum of KRAS4b, charge state 24+, isolated from three isogenic cell
lines (DLD-1 PAR, DLD-1 WT, DLD-1 MUT) and illustrating the effect of KRAS
mutational status on posttranslational modifications. Asterisks denote
known electrospray oxidation products. (B) Schematic of KRAS4b and its
PTM profile. (C) Depiction of the GDP/GTP binding pocket within the tertiary
structure of KRAS4b (yellow, Cys118; magenta, Asp13; cyan, GDP; green,
Mg2+). This figure was based on PDB ID code 4OBE.
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measuring y-ions, such as the fragment ion y12 (SI Appendix, Fig.
S3C). Relative abundance information for each proteoform can be
obtained by monitoring either the precursor ions (selected ion
monitoring scan) or the fragment ions [targeted MS2 (tMS2) scan].
This process functions well due to the linear relationship between
peak intensities of proteoform specific precursor ions (SI Appendix,
Fig. S3D) or b- and y-ions (SI Appendix, Fig. S3 E and F) and the
amount of KRAS4b protein injected in the mass spectrometer.

BIOCHEMISTRY

*Percentage of G13D KRAS4b listed is the average of nine experimental replicates.
†
Percentage of nitrosylation listed is the average of nine experimental replicates.
‡
Each average is listed as the mean ± SEM.

Appendix, Fig. S4B). Nitrosylation levels of KRAS4b in HCT116
cells with WT/- KRAS were calculated to be greater than >90%,
providing additional evidence in a different genetic background
for the up-regulation of Cys118 nitrosylation in the absence of
mutant KRAS4b. Interestingly, no nitrosylation of WT KRAS4b
was observed in either DLD-1 PAR or HCT116 PAR cells
expressing both WT and G13D KRAS4b. SW48 CRC cells,
which are WT/WT at the KRAS gene, were also investigated using
this assay. KRAS4b proteoforms detected in SW48 cells showed
no detectable levels of nitrosylation. These results are summarized
in Table 1.
KRAS4b Proteoforms from Cell Lines Harboring Gly12 Mutations. For
two lung cancer cell lines with G12C/WT and G12V/G12V genotypes (H1792 and COR-L23, respectively), we applied a different
version of the IP-TDMS assay using a narrower 3-m/z window for
precursor ion selection to independently isolate WT or mutant
proteoforms (SI Appendix, Fig. S6). This improved assay revealed
no evidence for nitrosylation of Cys118 or differential levels of Cterminal COOMe on WT vs. mutant KRAS4b (SI Appendix, Table S1). Together with a SW48 colorectal cell line with a G12D/
WT genotype, a total of seven additional KRAS4b proteoforms
were characterized. These proteoforms were given individual
proteoform record numbers and are reported in SI Appendix,
Table S2 along with their PTMs.
KRAS4b Proteoforms in Colorectal Tumors. Four deidentified samples of colorectal tumors with defined KRAS genotypes were
obtained from the Biospecimen Core Resource of the NCI Clinical Proteomic Tumor Analysis Consortium (CPTAC). Two of the
tumor samples were WT/WT (subjects 1 and 2), and two were
KRAS G13D/WT (subjects 3 and 4; Table 2). Tumor material
contained >80% cancerous cells as determined by H&E staining
(40), and the weights of the tumor samples ranged from 0.15 to
0.25 g. Frozen tumor sections were first cryo-pulverized and then
subjected to the IP-TDMS assay illustrated in Fig. 1A. Representative mass spectra obtained from tumors are shown in Fig. 3A
and SI Appendix, Fig. S7. While low protein signal and high relative oxidation prevented allele-specific PTM determination in
these four tumors, we used ratios of b-type product ions to determine that the relative amounts of mutant versus WT KRAS4b
present at the protein level for subjects 3 and 4 were 11% and
29% of mutant KRAS4b, respectively (Fig. 3B and Table 2).
Beyond the assessment of allele-specific KRAS4b expression in
these tissues, we also observed major differences in C-terminal
processing of KRAS4b proteoforms. For subjects 1, 2, and 3, their
tumor samples contained new proteoforms 14 Da lighter than
expected (SI Appendix, Fig. S7A). Targeted fragmentation allowed
localization of this −14 Da mass shift to the last 12 C-terminal
residues (Fig. 3C). Specifically, this fragmentation pattern is precisely that observed for recombinant proteoforms lacking the Cterminal COOMe. Thus, this −14 Da mass shift indicates the
marked absence of the C-terminal COOMe, a modification that
has been shown recently to be essential for proper membrane
association of KRAS (27, 28). By measuring fragment ions containing the C terminus (Fig. 3C), we could quantify the relative

levels of C-terminal COOMe in individual tumor samples, the
results of which are summarized in Table 2 (fourth column). Two
subjects with WT/WT genotypes for their KRAS genes had very
different tissue profiles of KRAS proteoforms. Subject 2 had 69%
C-terminal COOMe while subject 1 retained only 27% of the Cterminal COOMe (SI Appendix, Fig. S7A, top two images). Of
these two patients, the tumor sample with 69% C-terminal
COOMe had a lower disease stage (IIA) compared with the tumor sample with 27% C-terminal COOMe (IIIB, Table 2). Interestingly, the two patients with WT/G13D genotypes (subjects
3 and 4) had disparate levels of C-terminal COOMe: One had
79% retention and the other had only 18% (Table 2 and SI Appendix, Fig. S7). Furthermore, subject 3 with the WT/G13D genotype and 18% C-terminal COOMe had a higher stage of disease
(stage IVA) compared with subject 4 with the WT/G13D genotype with 79% C-terminal COOMe (stage IIIB).
To determine the relative amount of C-terminal COOMe
present on mutant and WT proteoforms of KRAS4b, the modified IP-TDMS assay was applied to two additional tumor samples
with G12V/WT and WT/WT genotypes (subjects 5 and 6, respectively). The results from this allele-specific analysis of tumor
proteoforms are summarized in SI Appendix, SI Results, SI Discussion, and Table S3. With this more precise IP-TDMS workflow,
we determined that only 9% of the mutant G12V KRAS4b was
C-terminally carboxymethylated while 49% of the WT KRAS4b
contained the C-terminal COOMe (SI Appendix, Fig. S7 and
Table S3). This shows that the measurement can be made to
probe differential PTM occupancy on mutant and WT KRAS4b.
Discussion
Discovery and Measurement of Protein Cross-Talk at the Proteoform
and Peptide Levels. The results described above illustrate certain

advantages of mapping WT and mutant proteoforms with high
molecular specificity using the TD approach (SI Appendix, Fig.
S8). This process discovers what modifications are present, their
relative abundance, and how they relate to each other. Without
the need for antibodies specific to RAS isoforms (SI Appendix,
Fig. S8A), we were able to (i) precisely elucidate gene-, isoformand allele-specific PTM patterns; (ii) discover unexpected PTM
changes; and (iii) determine the relative amount of specific
allele-dependent isoforms expressed at the protein level in cancer
cell lines and tumors. These advantages flow directly from use of
the TD approach, which can be difficult to export to the wider
community. Once mapped, proteoform-level details can inform
the development of targeted assays using the BU approach, with
all its associated advances in interlab validation and assay portability made over the past decade (SI Appendix, Fig. S8B) (29,
30). This complementarity between the BU and TD approaches
should prove applicable to the discovery of mutation/modification cross-talk in other oncogene products (e.g., TP53, IDH1).
The use of TD and BU can thus be combined (SI Appendix, Fig.
S8D) to advance our understanding of protein expression from
key oncogenes endogenously present within human cells or
primary tissue.

Table 2. Relative levels of WT and mutant KRAS4b proteoforms in human colorectal tumor
samples
CRC tumor sample
Subject
Subject
Subject
Subject

1
2
3
4

KRAS genotype

% MUT KRAS detected*

WT/WT
WT/WT
WT/G13D
WT/G13D

3 (±2)
0
11 (±1)
29 (±1)

% C-terminal COOMe†
27
69
18
79

(±4)
(±6)
(±1)
(±7)

Cancer stage
IIIB
IIA
IVA
IIIB

*Calculated using the relative abundances of sequence variant specific b-ions; errors are SEM from three replicate injections of each nonrenewable clinical specimen.
†
Calculated using the relative abundances of y-ions carrying this PTM; errors are SEM from three replicate
injections of each nonrenewable clinical specimen.
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Findings from Primary Tumors. Analysis of tumor samples from
subjects 3, 4, and 5 revealed that the proportion of mutant KRAS4b
expressed was a small fraction of the total (11, 29, and 18%, respectively). Furthermore, we identified differences in CaaX processing of KRAS4b. C-terminal COOMe of KRAS enhances
hydrophobicity and promotes membrane association (27). Selective
removal of the COOMe could affect KRAS subcellular localization,
which could in turn impair downstream signaling and even tumor
growth rate. For subject 5, the C-terminal COOMe levels differed
widely for each allele (SI Appendix, Fig. S7B), suggesting a posttranslational regulatory mechanism to differentially modulate the
tumorigenic activity of WT vs. mutant KRAS4b (Fig. 4B). We note
that these tumor samples could have exhibited cells harboring a
majority of KRAS4b proteoforms without C-terminal COOMe (e.g.,
subject 3 in Table 2 with only 18% of KRAS4b fully processed) or
included a mixed KRAS4b allele (and therefore proteoform) population due to intratumoral heterogeneity. Future iterations of the
IP-TDMS assay on a larger cohort of genotyped subjects will include
the more precise proteoform isolation and enable the study of tissue
from pancreatic cancers where >90% are known to harbor one of
three mutations in the KRAS gene (G12, G13, and Q61) (44).
Despite the lack of concordance between relative PTM abundance observed in isogenic cell lines compared with those identified
within primary tumors, it is notable that in both contexts, a high
degree of control over KRAS proteoform production was observed.
Near-complete stoichiometric control over Cys118 nitrosylation in
Ntai et al.

KRAS4b was detected in two different isogenic cell line models
with different genetic backgrounds. This suggests that a tight signaling logic is at play, perhaps involving a membrane-associated
source of NO, such as eNOS (Fig. 4A) (45). Given that we did not
observe Cys118 nitrosylation in WT/WT SW48 cells or in WT/WT
tumors, it is likely that Cys118 nitrosylation is exclusive to KRAS
WT/- cells. Combined with the fact that that WT/- cells proliferate
at a slower rate than mutant counterparts and are therefore at a
selective disadvantage for tumor growth, KRAS nitrosylation is
unlikely to be found in CRC patients that are homozygous for
WT KRAS.
This study highlights the feasibility and importance of measuring PTMs on mutant-specific proteoforms. We also highlight
the complementary roles that TD and BU proteomics can play in
interrogating protein composition. Proteoform mapping by TD
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Fig. 4. Basic models for the role of Cys118 nitrosylation and C-terminal
methylation in modulating the signaling level of KRAS proteoforms in cell
lines and primary tumors. (A) In cell lines, generation of nitrosylated KRAS4b
proteoforms is completely linked to the KRAS genotype. In heterozygous cells
(e.g., DLD-1 PAR), mutant G13D KRAS4b (blue) signals robustly through BRAF.
In hemizygous cells where G13D KRAS has been knocked out, NOS is posited
to activate WT KRAS through Cys118 nitrosylation (purple), up-regulating
BRAF-mediated signaling. In cells that have WT KRAS knocked out, G13D
KRAS4b is not observed to be nitrosylated. (B) In primary tumors and cell lines,
mutant KRAS4b proteoforms are believed to robustly signal through BRAF,
while WT KRAS4b is believed to weakly activate downstream BRAF and other
effector pathways. While there is a relatively high abundance of KRAS4b
proteoforms (WT and mutant) lacking the C-terminal COOMe in tumors, the
effects on downstream signaling have yet to be determined.
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Contextualization of Results from Cell Lines. Analysis of isogenic cell
lines revealed a direct linkage between the knockout of mutant
alleles and the nitrosylation of WT KRAS4b proteoforms in
KRAS-driven cancer cell lines (Fig. 4A). This supports the idea that
WT KRAS may control cell growth and proliferation by activating
downstream pathways through a mechanism different from that
of mutant KRAS, but having lower proliferative potential. Interestingly, nitrosylation of HRAS at Cys118 in vitro increases both
the intrinsic rate of GTP hydrolysis and GDP exchange for HRAS,
and moreover, glutathione addition to Cys118 via a disulfide or
Cys118 mutation to Ser eliminates these effects (39, 41). Furthermore, in rabbit aortic endothelial cells, Cys118 nitrosylation
stimulates downstream MAPK signaling through ERK1/2 phosphorylation, while mutation of Cys118 to Ser abrogates this effect
(42). Indeed, while nitrosylated KRAS is a more efficient enzyme
relative to its unmodified form, KRAS4b WT/- cells divide at approximately half the rate of DLD-1 cells with a WT/G13D genotype (43). The stoichiometric nitrosylation of Cys118 may therefore
be a mechanism for immortalized cell lines with a single WT KRAS
allele to stimulate downstream signaling pathways and, thereby,
promote proliferation. We postulate that the Cys118Ser mutation
in hemizygous cell types that are WT/- for KRAS would lead to
growth rate defects due to a lack of KRAS-mediated signaling.

BIOCHEMISTRY

Fig. 3. KRAS4b proteoform detection in tumor samples. (A) MS1 data for the 23+ charge state of KRAS4b detected from a tumor carrying the G13D mutation (Upper) and a tumor containing no KRAS mutations (Lower). Fully processed KRAS4b is highlighted in red, and KRAS4b lacking the COOMe is
highlighted in orange. Asterisks denote known ESI oxidation products. (B) Zoomed-in fragmentation spectrum illustrating detection of the b53 ion from two
sequence variants, WT (red) and G13D (cyan). Intensities of these ions were used to calculate relative abundances of mutant and WT KRAS in Table 2. (C)
Zoomed-in fragmentation spectrum illustrating detection of the y12 ion from KRAS4b proteoforms with and without the C-terminal methyl ester, KRAS4bFMe (red) and KRAS4b-Farn (orange), respectively. Intensities of these ions were used to calculate percentage of C-terminal COOMe in Table 2.

followed by targeted measurement of peptides by multiple reaction monitoring/parallel reaction monitoring type assays provide a guide for complementary use of MS technologies in
protein biochemistry (SI Appendix, Fig. S8D). In the case of
KRAS, these mutation-specific PTMs may potentiate downstream effects, including the penetrance of driving mutations
into a given tissue sample or the extent of disease progression.
With the adoption of personalized medicine, the ability to
measure mutation- and proteoform-specific differences might
prove essential in gaining a precise understanding of effects of
oncogenic mutations and the development of mutation-selective
anti-RAS strategies (46).

and introduced with an UltiMate 3000 RSLCnano System (Thermo Scientific)
into a modified Thermo Fisher Q-Exactive HF mass spectrometer for intact
protein measurements. Data were processed and analyzed using ProSightPC
4.0, ProSight Lite, and QualBrowser, part of the Xcalibur software packaged
with the Q-Exactive HF. Detailed methods of the procedures described in the
text are provide in SI Appendix, SI Materials and Methods. Raw data files
produced in this work have been made publicly available in the MassIVE
online repository (ftp://massive.ucsd.edu/MSV000082030).

The DLD-1, HCT116, and SW48 cell lines were obtained from Horizon Discovery. Primary colorectal tumor samples were obtained from the Biospecimen Core Resource of the NCI CPTAC. KRAS protein standards were
provided by the Fredrick National Lab RAS program. Following lysis, protein
extracts were enriched for RAS proteins using an anti-RAS antibody (Millipore) as previously described (47), with a few modifications. Immunoenriched samples were further separated on a PLRP-S (Agilent) column
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