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Abstract 

 
An important step in high throughput screening of small-molecule libraries for drug discovery is 

the prioritization and validation of “hits” to rule out false positives. This is usually done by using 

biochemical or binding assays. The development of orthogonal assays that are highly sensitive 

can accelerate the hit-to-lead process. These assays differ from the primary assays and are 

valuable in small-molecule screening. Limited proteolysis combined with mass spectrometry 

(LiP-MS) is an informative technique for studying changes in protein structure upon ligand 

binding. LiP-MS utilizes short-duration exposure of proteins under native conditions to low 

concentration of proteases. The resulting proteolytic pattern is sensitive to the structure of the 

protein at the cleavage site, and this structure can change upon ligand binding. Here, we have 

characterized the interaction of published small molecule inhibitors with the KRas G12D mutant 

oncoprotein by LiP-MS. We used intact protein mass spectrometry and top-down analysis to 

detect and identify KRas G12D cleavage products in the presence and absence of inhibitors, 

which allowed us to locate the cleavage sites within the protein sequence. Cleavage sites 

protected after drug binding correspond to the location of the drug binding site. 

 

 

The limited proteolysis yield could be estimated quantitatively using intact protein mass 

spectrometry, and we found that the degree of cleavage depended on both the binding affinity 

and the presence of specific functional groups in the inhibitor structure. A comparison of 

molecular dynamics simulations for the drug-free and drug-bound protein revealed the atomistic 

mechanisms by which the cleavage sites, located in flexible and disordered protein regions, are 

stabilized upon drug binding. Analysis of the interaction patterns throughout the simulation for 
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each protein-ligand complex corroborated the changes in protein dynamics, and correlated well 

with shifts in the experimentally derived proteolysis yields. 

 

 

This study demonstrates that this approach can be used to identify target sites within protein 

sequences that are important for protein-ligand interactions, as well as allowing the 

characterization and ranking of ligands with different binding affinities. These capabilities make 

LiP-MS a valuable tool in small molecule screening studies and demonstrate that it can be a 

potential addition to traditional methods for high-quality “hit” selection in the early stages of 

drug discovery. 
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Résumé 

 

Une étape importante dans le criblage à haut débit de bibliothèques de petites molécules pour la 

découverte de médicaments est la priorisation et la validation des "hits" afin d'éliminer les 

faux positifs. Cela est généralement réalisé à l'aide de tests biochimiques ou de liaison. Le 

développement de tests orthogonaux hautement sensibles peut accélérer le processus de passage 

des hits aux leads. Ces tests, différents des tests primaires, sont précieux dans le criblage de petites 

molécules. La protéolyse limitée combinée à la spectrométrie de masse (LiP-MS) est une technique 

informative pour étudier les changements de structure des protéines lors de la liaison avec un 

ligand. La LiP-MS utilise une exposition de courte durée des protéines, dans des conditions 

natives, à une faible concentration de protéases. Le motif protéolytique résultant est sensible à la 

structure de la protéine au site de clivage, qui peut changer lors de la liaison d’un ligand. Dans 

cette étude, nous avons caractérisé l'interaction d'inhibiteurs de petites molécules avec 

l'oncoprotéine mutante KRas G12D par LiP-MS. Nous avons utilisé la spectrométrie de masse 

des protéines intactes et une analyse top-down pour détecter et identifier les produits de clivage 

de KRas G12D en présence et en absence d'inhibiteurs, localisant ainsi les sites de clivage dans 

la séquence protéique. Les sites de clivage protégés lors de la liaison des médicaments 

correspondaient à l'emplacement du site de liaison du médicament. Le rendement de la protéolyse 

limitée a pu être estimé quantitativement grâce à la spectrométrie de masse des protéines intactes, 

et nous avons constaté que le degré de clivage dépendait à la fois de l'affinité de liaison et de la 

présence de groupes fonctionnels spécifiques dans la structure de l'inhibiteur. Une comparaison 

des simulations de dynamique moléculaire pour la protéine libre et la protéine liée au médicament 

a révélé les mécanismes atomistiques par lesquels les sites de clivage, situés dans des régions 

flexibles et désordonnées des protéines, sont stabilisés lors de la liaison du médicament. 
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L'analyse des motifs d'interaction tout au long de la simulation pour chaque complexe protéine-

ligand a corroboré les changements dans la dynamique des protéines, et a montré une bonne 

corrélation avec les variations des rendements de protéolyse obtenus expérimentalement. Nous 

démontrons que cette approche peut être utilisée pour identifier des sites cibles dans les protéines 

importants pour les interactions protéine-ligand, ainsi que pour caractériser et classer les ligands avec 

différentes affinités de liaison. Ces capacités font de LiP-MS un outil précieux dans les campagnes 

de criblage de petites molécules et un ajout potentiel aux méthodes traditionnelles pour une 

sélection de haute qualité des "hits" dans les premières étapes de la découverte de médicaments. 
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Chapter 1: General Introduction and Literature Review 

 

 
1. Protein-small molecule interactions 

 
The characterization of protein-small molecule interactions is of considerable interest because 

small molecules continue to be indispensable for the drug-discovery industry, due to their diverse 

applications and adaptability.(1) In order to efficiently utilize small molecules in drug discovery, 

it is important not only to understand their interactions with proteins but also to systematically 

prioritize potential hits and validate them during the screening process. An important step in high- 

throughput screening (HTS) is hit prioritization and validation. These steps typically involve 

biochemical or binding assays.(2) Biochemical assays often use purified target proteins and 

measure either their binding to ligands or the inhibition of enzymatic activity in vitro.(3) These 

assays are frequently conducted using “competition” formats, where the compound under study 

displaces a known ligand or substrate. These compounds are normally quantified through methods 

such as absorbance, fluorescence, or luminescence.(4) Binding assays are also commonly used to 

validate hits. This validation is done by detecting the direct interaction of library components with 

the target protein. This process is more valuable in the later phases of the drug discovery process, 

such as during hit validation and optimization.(5) These primary assays – i.e., biochemical and 

binding assays -- can be susceptible to various forms of interference. Unlike the mentioned 

methods, orthogonal assays provide a highly sensitive approach to confirming the true activity of 

compounds. These assays are designed to be different from the primary assays as they focus on 

alternative detection mechanisms or conditions, and this helps to decrease assay artifacts and 

reduce false positives. Mass spectrometry (MS)-based assays are a form of orthogonal assay., MS- 

based assays are widely regarded for their sensitivity and accuracy, and MS-based orthogonal 
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assays can detect direct interactions between small molecules and target proteins.(6) Moreover, 

orthogonal assays utilizing mass spectrometry can be more reliable in the detection of target 

engagement than traditional biochemical assays, because those other methods may be prone to 

interference from compounds that affect assay readout through unrelated mechanisms including 

fluorescence quenching or aggregation.(7) Given the high sensitivity and specificity of mass 

spectrometry in detecting true compound activity and minimizing assay artifacts, various methods 

based on this technology have been developed to improve the drug discovery processes. One such 

approach is limited proteolysis coupled with mass spectrometry (LiP-MS). LiP-MS is a robust 

technique that provides deep insights into protein structural changes upon ligand binding. 

 

 

 

 

 

2. Limited Proteolysis- Mass Spectrometry 

 
2.1. Limited Proteolysis- Mass Spectrometry technique 

 
Limited proteolysis combined with mass spectrometry (LiP-MS) is an informative technique for 

studying changes in protein structure upon ligand binding. In this method, a proteolytic enzyme is 

used to cleave the protein into fairly large particles, during a short exposure time. Considering the 

speed of the cleavage in this method, the first cleavage occurs while the three-dimensional 

structure (tertiary structure) of the protein and the arrangement of the subunits (quaternary 

structure) are still preserved. Thus, the accessibility of a specific residue to cleavage determines 

the cleavage product, and this accessibility can be affected by three factors: the protein structure, 

the specificity of the proteolytic enzyme, and the size of the enzyme.(8) In nature, proteins fold 
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with hydrophobic regions on the inside and hydrophilic regions on the outside. Proteases 

preferentially cleave surface-exposed regions, especially disordered regions or loops, while well- 

folded regions resist cleavage. When a small molecule binds to a protein, the proteolytic 

accessibility of the enzyme to the protein can be changed, resulting in a change to its LiP pattern. 

Small-molecule binding stabilizes the protein structure, resulting in fewer exposed cleavage sites. 

Comparing the LiP patterns of proteins in the presence and the absence of the ligand, and thereby 

determining the regions of the protein surface that are protected from limited proteolysis, can 

identify the sites of the protein-small molecule interactions.(9) 

Different broad-specificity proteases can be used for LiP.(10-13) Proteinase K is frequently used 

as the proteolytic enzyme in limited proteolysis experiments. This enzyme is known for its broad 

specificity and efficiency. Its ability to cleave at different sites and work effectively under various 

conditions enables a comprehensive analysis of protein structure and dynamics.(10-12) 

Chymotrypsin is another enzyme that can be used for limited proteolysis. This proteolytic enzyme 

is broadly specific with a preference for hydrophobic residues.(12, 13) Hydrophobic residues are 

typically buried in the protein globule in the native folded state. Upon structural rearrangement of 

a protein, surface exposure of specific amino acid residues within a protein can change due to the 

change in conformation. The regions of the protein structure that are normally buried inside the 

protein can become more exposed and therefore more accessible to proteolytic enzymes. Thus, 

proteolytic enzymes such as chymotrypsin with a cleavage tendency towards the hydrophobic 

residues, are useful for the differential detection of such changes.(14-16) 

The size of the proteolytic enzyme used for limited proteolysis is another factor affecting the 

cleavage products. Most proteolytic enzymes used for this procedure are medium-sized globular 

proteins with molecular weights of at least 15-20 kDa. Thus the location of the cleavage sites 
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reflects the accessibility of these sites to a spherical protein whose diameter corresponds to the size 

of the enzyme used.(17) 

 

 

 

 

 

 

 

Figure 1. Limited Proteolysis Mass Spectrometry (LiP-MS) Workflow for KRas Analysis. 

 

The figure illustrates how LiP-MS is used to compare the proteolysis patterns of KRas protein in 

the presence and absence of an inhibitor. When the inhibitor binds, it stabilizes the protein 

structure, resulting in fewer cleavage sites. The mass spectrometry results highlight these 

changes, allowing the identification of protected regions and providing insights into protein- 

ligand interactions. 

 

 

The next step is the determination of the actual limited-proteolysis cleavage sites. The conventional 

approach to performing a limited-proteolysis reaction is to characterize the cleavage products 

through a combination of gel separation using sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS−PAGE) and mass spectrometry.(18) Typically, a series of time points is used 

to monitor the progression of the cleavage (e.g., 1−5 min exposures of the protein to a proteolytic 

enzyme at a 1:100 enzyme/substrate ratio), and the gel bands obtained from the SDS−PAGE 
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separation in this process are analyzed using in-gel digestion and peptide mapping to identify the 

actual cleavage sites.(19) Fourier-transform mass spectrometry for larger molecules has made it 

possible to use top-down mass spectrometry combined with tandem mass spectrometry (MS/MS), 

enabling direct analysis of intact proteins. This allows high-resolution determination of the 

protein’s molecular weight and detailed mapping of the cleavage sites by isolating and dissociating 

molecular ions.(20) 

 

 

 

2.2. Limited Proteolysis- Mass Spectrometry applications 

 

 
Due to the broad applications of LiP-MS, this method is gaining attention across various research 

fields. Like traditional proteomic methods, it can be used for the analysis of protein abundance 

changes caused by different experimental conditions. In addition, LiP-MS can detect structural 

changes across an entire proteome, which complements the abundance data and, therefore, 

significantly increases the amount of information obtained from proteomic studies. This makes 

LiP-MS a powerful tool for functional proteomics. This method can be used to systematically study 

how cells and organisms respond to environmental, chemical, or genetic changes, and to identify 

alterations in cellular processes or functions.(21) As an example, this method has been used to 

assess the structural features of more than 1000 yeast proteins and to detect changes in protein 

conformations due to changes in nutrients.(10) 

LiP-MS is also becoming an important tool in structural biology. It helps to monitor structural 

changes in thousands of proteins in their complex cellular environments and can identify specific 

structural alterations, such as small-molecule binding, with the resolution of a single functional 

site.(21, 22) When combined with other high-resolution techniques such as NMR spectroscopy or 
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X-ray crystallography, LiP-MS can connect in-vitro protein structures to in-vivo analyses. By 

comparing proteolytic patterns from in-vitro experiments -- where protein structures are known in 

detail -- with patterns from the native environment, researchers can draw conclusions about the 

structural state of proteins in-situ.(10, 21) LiP-MS has also been applied to the study of proteome- 

wide structural changes, where it helps detect alterations in protein conformation across complex 

proteomes(9, 21). LiP-MS is also used for epitope mapping, where it identifies regions where 

antigens bind to antibodies(23). LiP-MS has also been applied to the study of prions where it was 

used to map structural changes that occur during the conversion of prion proteins from their native 

form to pathogenic oligomers, giving insights into prion-related diseases.(24) 

In systems biology, LiP-MS can be used to study protein interactions with small molecules and it 

also has the potential for studying protein-protein interactions, as shown in research on chaperone- 

client interactions.(21, 22, 25) The LiP-MS technique could also be expanded to explore global 

interactions between proteins and biopolymers such as DNA, RNA, and lipids. LiP-MS is also 

being used to study metabolite-protein interactions, revealing known and novel relationships in 

cells.(25, 26) 

In addition, the high-throughput capacity of the optimized LiP-MS protocol makes it useful for 

translational research, including drug-target identification and screening for new disease 

biomarkers based on structural changes of proteins.(22, 27) LiP-MS has also been used to 

deconvolute drug targets directly in human cells at the proteome-wide level. It also enabled the 

investigation of protein-small molecule interactions, identifying drug targets and their binding 

sites, thus enabling the study of interactions in the native cellular environments.(9, 22) LiP-MS 

can also be useful for predicting the binding of small-molecules to proteins, helping with drug 

discovery by identifying binding sites. LiP-MS is also useful for profiling structure-based target 



19  

engagement in drug discovery, helping researchers understand how drugs interact with their targets 

at a molecular level.(28) 

LiP-MS has been used to determine the thermostability of the complete proteomes of human cells 

and Escherichia coli, providing insights into protein stability and thermally induced unfolding.(11) 

It also has been used for measuring the refolding efficiency of proteins (29). 

Table 1 outlines key applications of LiP-MS, including functional and structural proteomics, 

systems biology, and drug target identification. 
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Application 

 

Type 

Example of Application References 

Functional 

Proteomics 

Study of cellular response to environmental or genetic changes, 

including analysis of the structural changes of more than 1000 

yeast proteins upon nutrient shifts 

(10,21) 

Structural 

Biology 

Monitoring structural changes in proteins and small molecule 

binding, including detection of alterations in protein 

conformation across complex proteomes, epitope mapping 

(identification of regions of the antigen regions bound to 

antibodies), and Characterization of structural changes of the 

prion protein during conversion to pathogenic oligomers 

(9,10,21,22, 

 

23, 24) 

Systems 

Biology 

Study  of  protein  interactions  with  small  molecules  and 

biopolymers, including metabolite-protein interactions and 

protein-protein interactions 

(21, 22, 25, 

 

26) 

Drug Target 

Identification 

Deconvolution  of  drug targets  in  human  cells,  including 

prediction of small molecule binding sites for drug discovery and 

structure-based target engagement profiling 

(9, 22, 27, 

 

28) 

Other 

 

Applications 

Study of thermostability in human and E. coli proteomes, and 

 

measuring protein refolding efficiency 

(11, 29) 

 

Table 1. Summary of LiP-MS Applications in Proteomics and Related Fields. 
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3. KRas 

 
3.1. KRas Signaling Pathway 

 
KRas, a member of the RAS gene family, encodes a protein that plays an important role in cell- 

signaling pathways regulating cell growth, proliferation, differentiation, and survival. KRas 

normally acts as a molecular switch, activating downstream pathways when GTP is bound, but 

inactive when GDP is bound. The active, GTP-bound form of KRas has been described as a “coiled 

spring” which in turn activates effector proteins such as RAF1, BRAF, or PI3K, activating the 

RAF/MEK/ERK or PI3K/AKT/MTOR cascades, respectively.(30) 

KRas exists in two isoforms, KRas-4A and KRas-4B. KRas-4B is more commonly associated with 

human cancers. KRas-4A needs to be palmitoylated to facilitate its movement from the 

endoplasmic reticulum to the plasma membrane, but KRas-4B does not rely on palmitoylation. 

Instead, KRas-4B attaches to the plasma membrane through farnesylation, with a polybasic lysine- 

rich region near the C-terminal cysteine, which anchors it to the negatively charged membrane 

lipids.(31, 32) 

When epidermal growth factor (EGF) binds to its receptor (EGFR), wild-type KRas becomes 

activated, triggering a cascade of intracellular signals.(33) This activation is a result of exchanging 

GDP for GTP. This process is facilitated by guanine nucleotide exchange factors (GEFs) such as 

SOS1 (Son of Sevenless homologue 1), which converts inactive GDP-bound KRas into its active 

GTP-bound KRas. Conversely, GTPase-activating proteins (GAPs) promote the hydrolysis of 

GTP-bound KRas back to its inactive GDP-bound state.(34, 35) 
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KRas mutations disrupt the GDP-GTP cycle which impairs the ability of GAPs to hydrolyze GTP. 

For instance, mutations at codon 12, such as G12D and G12V, significantly reduce the intrinsic 

GTPase activity, resulting in the accumulation of the active GTP-Bound KRas, and this results in 

uncontrolled cell growth and proliferation. Each mutation has unique effects on the intrinsic 

nucleotide exchange and GTP hydrolysis rates.(36, 37) 

 

 

 

 

 

Figure 2. KRas Activation and Signaling Pathways. 

KRas acts as a molecular switch in cell signaling pathways regulating growth and survival. Upon 

EGF binding to EGFR, KRas is activated by GEFs exchanging GDP for GTP, triggering 

downstream RAF/MEK/ERK and PI3K/AKT pathways. GAPs subsequently inactivate KRas by 

promoting GTP hydrolysis. 
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3.2. Epidemiology and Impact of KRas G12D in Different Cancer Types 

 
Mutations in KRas are among the most common oncogenic drivers in human cancers. As 

mentioned earlier, these mutations cause an increase in GTP-bound KRas levels, leading to more 

activation of downstream pathways and the subsequent uncontrolled cell growth and tumor 

development.(38) Activating mutations are most commonly found in single nucleotide 

substitutions in four “hotspot” codons – 12, 13, 61, and 146. Codon 12 is the most frequently 

mutated of all four hotspot codons, with the G12D mutation being generally the most 

prevalent.(39) KRas G12D is the most common mutation (44%) associated with pancreatic ductal 

adenocarcinoma, which is distinguished by one of the highest mortality rates among all malignant 

diseases. (40, 41) In pancreatic adenocarcinoma, the KRas G12D mutation is associated with worse 

overall survival compared with wild-type KRas.(42) This mutation also occurs in approximately 

10–12% of colorectal cancer cases, which is the third most deadly cancer worldwide.(43) In 

colorectal cancer patients, KRas mutations are a predictor of resistance to anti- epidermal growth 

factor receptor (EGFR) therapy and are associated with a poor prognosis. (44) In non-small cell 

lung cancer (NSCLC), the prevalence of the KRas G12D mutation is relatively low, occurring in 

approximately 4% of cases, whereas the G12C variant is more frequent.(39, 45) In NSCLC 

patients, KRas-G12D mutation causes immunosuppression and enhances resistance to immune 

checkpoint inhibitors.(46) The high prevalence and poor prognosis associated with KRas G12D 

mutations in various cancers makes it an attractive target for drug design. Targeting oncogenic 

KRas proteins could potentially improve treatment outcomes and survival rates for patients 

suffering from these aggressive malignancies. 
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3.3 Direct and Indirect Strategies for Targeting KRas 

 
There have been different strategies to target KRas either directly or indirectly including targeting 

nucleotide exchange, targeting the Ras pathway, generating inhibitors of KRas dimerization, 

etc.(47) 

 

 

 

3.3.1 Targeting nucleotide exchange 

 
One of the approaches for inhibiting KRas is through blocking nucleotide exchange, by targeting 

the SOS1-KRas interaction. One of the small-molecule inhibitors that effectively disrupts this 

interaction is BAY-293. This inhibitor specifically binds to the SOS1 protein and prevents it from 

facilitating the exchange of GDP for GTP on KRas. BAY-293 has demonstrated significant 

antiproliferative activity in preclinical models, by keeping KRas in its inactive GDP-bound 

state,(48) BI-3406 is another notable inhibitor that functions similarly, by inhibiting SOS1- 

mediated KRas activation. This also results in significant tumor growth suppression in KRas- 

driven models. Additionally, BI-1701963 has emerged as an effective SOS1 inhibitor and is 

currently being studied for its ability to block KRas activation by maintaining it in its inactive 

state.(49) 

These inhibitors show the potential of targeting nucleotide exchange as an effective strategy for 

inhibiting KRas activity in cancer. However, one of the limitations of this method is the 

compensatory mechanisms loops that may diminish the efficacy of SOS1 inhibitors over time, i.e., 

ERK-mediated feedback.(49) 
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3.3.2 Targeting the Ras Pathway 

 
One of the strategies to target the Ras pathway is to target the tyrosine kinase receptors (i.e., the 

EGFR family) and the Ras effector pathways (i.e., MAPK and PI3K). 

The EGFR-targeting monoclonal antibodies cetuximab, and panitumumab, combined with 

standard chemotherapy, have become critical components of treatment regimens for advanced 

colorectal cancer.(50) However, because mutations in KRas can activate the signaling pathway 

independently of EGFR, the effectiveness of these therapies can be compromised.(51) As a result, 

validation of Ras wild-type status is crucial before adding cetuximab or panitumumab to 

therapy.(52) 

Another strategy to target the Ras pathway is through inhibition of downstream effector pathways 

such as MAPK and PI3K. Inhibiting the pathway, particularly through MEK inhibitors, has shown 

potential in treating KRas-mutant cancers. However, compensatory signaling through the PI3K 

pathway can lead to resistance to these therapies. To overcome this, dual inhibition strategies 

targeting both MEK and PI3K have been explored. Preclinical studies have shown that combining 

MEK inhibitors like selumetinib with PI3K inhibitors such as BEZ235 can induce greater tumor 

suppression than single-agent therapy. While dual inhibition is promising, achieving sustained 

tumor regression remains a challenge, as tumors frequently adapt through alternative signaling 

pathways.(53) 
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3.3.3 Inhibitors of KRas dimerization 

 
Ras proteins can form dimers on membrane surfaces, a process known as Ras dimerization. This 

process enhances their ability to scaffold and activate downstream signaling pathways (54, 55). 

The α4–α5 interface plays a key role in RAS dimerization and can be targeted to disrupt this 

process. Recent studies show that small-molecule inhibitors, such as NS1, can bind to this interface 

and inhibit RAS dimerization, which prevents downstream signal activation.(56) These inhibitors 

do not alter RAS's GTPase activity or membrane localization, but they hamper its ability to 

dimerize by binding to the α4–α5 interface, which is crucial for activating key signaling pathways 

like MAPK.(56, 57) 

 

 

 

3.3.4 Target KRas directly 

 
In 2013, Ostrem et al. developed a novel strategy to target the reactive cysteine-12 (Cys-12) in the 

common KRas G12C mutant, using covalent inhibitors.(58) They identified ARS-1620, a highly 

potent small-molecule inhibitor that covalently binds to Cys-12 in the switch-II pocket of KRas 

G12C. This binding does not affect wild-type KRas but alters the nucleotide preference to favor 

GDP over GTP.(58) ARS-1620 demonstrated significant activity against KRas G12C tumors in 

vitro and in vivo.(59) This discovery marked a milestone in targeting mutant KRas, which had long 

been considered "undruggable." Using this approach, Amgen developed a highly potent and 

selective KRas G12C inhibitor called AMG510, also known as sotorasib (Lumakras™), which 

entered Phase I/II clinical trials in 2018 (NCT03600883).(60) The U.S. Food and Drug 

Administration (FDA) granted accelerated approval to sotorasib in May 2021 based on significant 
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antitumor activity and manageable side effects in heavily pretreated patients with non-small cell 

lung cancer (NSCLC) harboring KRas G12C mutations. This approval represents a breakthrough 

in KRas targeted therapy.(61) 

Meanwhile, further research efforts have led to the development of pan-KRas inhibitors such as 

BI-2865 and BI-2493, designed to target a broader range of KRas mutations beyond G12C, 

including G12D, G12V, and others. These inhibitors bind non-covalently to the inactive form of 

KRas and inhibit nucleotide exchange, thereby blocking KRas reactivation and signaling in a wide 

range of KRas-driven cancers.(62) 

The successful development of KRas G12C-specific inhibitors provides valuable insights and 

inspiration for developing small-molecule inhibitors targeting KRas G12D. In 2021, Mirati 

developed a potent and selective non-covalent KRAS G12D inhibitor called MRTX1133.(63) 

Recent preclinical studies have shown promising results, suggesting that MRTX1133 could 

potentially shift the paradigm in Pancreatic Ductal Adenocarcinoma (PDAC) treatment.(64) This 

inhibitor binds to GDP-bound KRas G12D in switch-II binding pocket with picomolar affinity and 

has entered Phase I/II clinical trials.(65) 

Recently, a novel covalent approach targeting KRas G12D through strain-release alkylation was 

introduced. Malolactone-based inhibitors selectively target KRas G12D by forming stable covalent 

complexes, effectively inhibiting KRas G12D-driven cancer cell proliferation and tumor growth 

in preclinical models.(66) 

Table 2 outlines major milestones in the development of direct KRas inhibitors, from the discovery 

of KRas mutations to recent advancements in targeting various KRas mutations with both covalent 

and non-covalent inhibitors, including FDA-approved therapies and ongoing clinical trials. 
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Year Milestone Description References 

1980s Discovery of 

KRas mutations 

KRas identified as a key oncogene driving tumor 

formation. 

(67) 

1990s Early attempts 

to target KRas 

Initial unsuccessful attempts to develop KRas 

inhibitors due to its “undruggable” nature. 

(68) 

2013 ARS-1620 Ostrem et al. discovered ARS-1620, a covalent 

inhibitor specifically targeting KRas G12C. 

(58) 

2018 Sotorasib 

(AMG 510) 

Amgen’s sotorasib enters Phase I/II clinical trials 

as a covalent KRas G12C inhibitor, the first KRas 

inhibitor to show clinical efficacy. 

(69) 

2021 FDA approval 

of Sotorasib 

Sotorasib becomes the first FDA-approved drug 

to target KRas G12C mutations in NSCLC. 

(70) 

2022 Pan-KRAS 

 

inhibitors 

development 

(BI-2855, BI- 

2493) 

Pan-KRAS inhibitors targeting multiple KRas 

mutations (e.g., G12D, G12V, G12C) show 

promise in preclinical studies, focusing on non- 

covalent mechanisms. 

(62) 

2022 MRTX1133 Mirati develops MRTX1133, a potent and 

 

selective non-covalent KRas G12D inhibitor, 

(63) 
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  which shows promising results in preclinical 

studies. 

 

2023 MRTX1133 

 

enters clinical 

trials 

MRTX1133 enters Phase 1/2 clinical trials, 

 

advancing efforts to target KRas G12D-driven 

tumors. 

(71) 

2024 Covalent G12D 

inhibitor 

(Malolactone- 

based) 

A covalent KRas G12D inhibitor utilizing strain- 

release alkylation was developed, showing 

selective targeting of the G12D mutant and 

effective suppression of tumor growth in 

preclinical studies. 

(66) 

 

Table 2. Key Milestones in Direct KRas Inhibitor Development. 
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4 Molecular Dynamics Simulations 

 
As described above, KRas G12D plays a significant role in cancer. Given the available inhibitors 

developed for this target, we evaluated the use of Limited Proteolysis-Mass Spectrometry (LiP- 

MS) in proof-of-concept experiments for the KRas G12D protein. Using intact protein mass 

spectrometry, we identified KRas cleavage products and used top-down analysis to locate the 

cleavage sites within the protein sequence. 

To complement these findings, we performed molecular dynamics (MD) simulations to get atomic- 

level insights into protein-ligand interactions, and to see how ligand binding affects KRas stability 

and conformation.(Figure 3) MD simulations provide a dynamic view of these interactions, 

offering a more realistic perspective than the static predictions of docking studies. Recent studies 

have employed molecular dynamics (MD) simulations to elucidate the binding mechanisms of 

MRTX1133 to KRas G12D. Issahaku et al. characterized MRTX1133's binding to KRas G12D, 

providing insights into potential inhibitors for cancer therapy.(72) Tu et al. utilized MD 

simulations and Markov state models to detail the pathways and mechanisms of MRTX1133 

binding to KRas G12D.(73) Similarly, Liang et al. investigated the inhibition mechanism of 

MRTX1133 on KRas G12D through MD simulations and Markov state models.(74) These studies 

underscore the utility of MD simulations in understanding protein-ligand interactions, 

complementing experimental techniques like LiP-MS. This combined approach of mass 

spectrometry and MD simulations has previously revealed spatial organization, metal-binding 

sites, and protein-ligand interactions in studies on proteins such as metallothionein.(75-79) 

Integrating LiP-MS with MD simulations helped us validate and refine our understanding of the 

interactions we studied. Docking studies are a powerful and affordable way to find potential 

chemical leads by virtually placing small molecules into predicted binding sites. However, they 
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only provide static images of possible interactions. These studies depend on structural data, such 

as crystal structures or NMR, to predict how a ligand might fit into a protein’s active site.(80) 

We can achieve a more comprehensive understanding of protein-ligand interactions by combining 

docking studies with the dynamic insights from MD simulations and experimental validation from 

LiP-MS. 
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Figure 3. Docking and Molecular Dynamics Simulations of Ligand Binding to KRas (7rpz). 

Selected small molecules were docked into the KRas 7rpz structure to predict binding interactions. 

These docking results were further refined and validated using all-atom molecular dynamics (MD) 

simulations to observe the stability and conformational changes of ligand binding over time. 
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5. Hypothesis and Objectives 

 
5.1 Hypothesis 

 
We hypothesized that the combination of Limited Proteolysis-Mass Spectrometry (LiP-MS) and 

molecular dynamics (MD) simulations would provide detailed insights into the binding 

mechanisms of KRas G12D inhibitors. Specifically, we expected that this integrated approach 

would identify key ligand binding sites, and would predict how structural changes that occurred 

upon drug binding would stabilize the flexible regions of the KRas G12D protein and would 

correlate with proteolysis patterns. This could further assist in the prioritization of compounds in 

drug discovery efforts by revealing how variations in compound structure and binding affinity 

influence protein-ligand interactions. 

 

 

 

 

5.2 Objectives 

 
The primary objective of this study was to investigate the interaction of non-covalent KRas G12D 

inhibitors with the KRas G12D oncoprotein using a combined approach of LiP-MS and MD 

simulations. Through this approach, we aimed to (i) map ligand binding sites and conformational 

changes in KRas G12D that occurred upon drug binding, (ii) to correlate proteolytic protection 

with binding affinities, and (iii) to demonstrate the utility of LiP-MS and MD simulations for hit 

prioritization and optimization in structure-based drug discovery. 
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Chapter 2: Characterization of the KRas drug interactions by 

Limited Proteolysis-Mass Spectrometry and Molecular Dynamics 

simulations 

1. Introduction 

 

 
Limited proteolysis combined with mass spectrometry (LiP-MS) is an informative technique for 

studying changes in protein structure. In this method, a non-specific proteolytic enzyme is used 

to cleave the protein under a short exposure time. The first cleavage event occurs while the 

protein’s tertiary and quaternary structures are preserved. This method is of interest in various 

applications due to its ability to explore protein interactions under different conditions. It has 

been widely used to study protein conformational changes, small molecule binding events, and 

protein-protein interactions.(1-8) This makes LiP-MS particularly valuable in fields such as 

functional and structural proteomics, as well as drug discovery, where it helps identify binding 

sites and monitor target engagement.(2, 3, 8-10) 

 

 

Here, we have used LiP-MS to characterize the mode of binding of five non-covalent Mirati 

MRTX1133 family drug scaffolds that have recently been developed and which are specific to 

the KRas G12D oncoprotein.(11) We quantitatively compared the abundance of a single 

cleavage product between the free and drug-bound protein states, making the LiP-MS part of the 

method simpler, faster, more robust, and a useful for hit-to-lead prioritization. 
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The Rat sarcoma viral oncogene (RAS) family of proteins are GTP/GDP molecular switches and 

the American Cancer Society estimates that they are mutated in ~19% of all human cancers.(12) 

The KRas G12D mutation is a highly prevalent oncogenic driver and is frequently found in 

pancreatic ductal adenocarcinomas (44%) and is associated with low survival rates and high 

mortality.(13-15) It is also present in around 10-12% of colorectal cancer cases, leading to 

resistance to anti-EGFR therapy and poor prognosis.(16, 17) KRas G12D is less frequent in non- 

small cell lung cancer (4%), but it is linked to immunosuppression and resistance to immune 

checkpoint inhibitors.(18-20) The high prevalence and poor prognosis associated with KRas 

G12D mutations in various cancers make it an attractive therapeutic target. In recent 

breakthrough studies from Mirati Therapeutics, MRTX1133 was found to be a potent KRas 

G12D inhibitor that binds KRas G12D-GDP in a dynamic switch II binding pocket with 

picomolar affinity.(11) This inhibitor has entered Phase I/II clinical trials.(21) Several 

compounds belonging to the Mirati MRTX1133 scaffold which bind KRas G12D with a range of 

affinities have also been found (US Patents WO2021041671, WO2022031678, 

WO2022132200). Given the importance of KRas G12D in cancer, and the availability of well- 

characterized chemical matter for this target, we assessed the potential of using LiP-MS in proof- 

of-concept experiments for KRas G12D protein. We used intact protein mass spectrometry to 

detect the KRas cleavage products and top-down analysis to identify them, thus locating the 

cleavage sites in the protein sequence. The inhibitor binding stabilized the protein structure near 

sites of proteolysis, reducing the degree of cleavage. The extent of the proteolysis reaction was 

measured quantitatively using intact protein mass spectrometry and was found to be dependent 

on the drug binding affinity and certain functional groups in the drug’s structure. To complement 

the results obtained by LiP-MS, we conducted molecular dynamics simulations along with 
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molecular docking to provide atomistic insights into the protein-ligand interactions, and the 

mechanism of ligand-induced local protein stability. The combination of proteomics techniques 

and molecular dynamics simulations has previously been used to study a number of biological 

questions such as protein structure determination,(22) metal-binding events,(23) and lipid- 

protein interactions.(24) To our knowledge, however, this study represents the first integration of 

LiP-MS and molecular dynamics to investigate the effects of drug binding on protein dynamics. 

Our results showed that this approach could be used for the identification of the drug binding 

sites, for determining critical protein-ligand interactions, and potentially for the secondary 

screening of drug candidate libraries. 

 

 

 

 

2. Material and Methods 

 
2.1 Protein and drug compounds samples 

 
Recombinant KRas C118S G12D (residues 1-169) protein was expressed in E.coli BL21 (DE3) 

RIL cells using a pET28a vector and purified to homogeneity using standard nickel affinity and 

size exclusion chromatography. The C118S mutation has no effect on KRas G12D structure but 

enhances the stability of Ras proteins. The 10 mM DMSO stock solutions of drug compounds used 

in this study were stored at -20°C until use. 



37  

2.2 Proteolytic enzymes and limited proteolysis reactions 

 
For the limited proteolysis reactions, we used two proteolytic enzymes: chymotrypsin (TLCK 

treated, cat.# LS001432, Worthington) and proteinase K (recombinant, PCR grade, Roche 

Diagnostics GmbH). All the following solutions were made on the same day of the experiment: 

the stock solution of the Proteinase K was prepared in 50 mM acetic acid to a final concentration 

of 0.25 mg/mL. The chymotrypsin stock solution was prepared in LC-MS grade water to give a 

final concentration of 0.1 mg/mL. The KRas C118S G12D stock solution was diluted in PBS 

(pH 7.4) to give a final concentration of 10 µM. The drug solutions were each diluted in DMSO 

to the final concentration of 1 mM. Ten-µL aliquots of the KRas C118S G12D protein solution 

(final concentration of 10 µM) were incubated in Eppendorf tubes, with 1 µL of each of the drug 

solutions (final concentration of 100 µM, 1:10 protein to drug), separately, at room temperature 

(23°C) for 1 hour. Three reaction replicates were prepared for each drug compound. Control 

samples were prepared by incubating 10 µL of the KRas C118S G12D solution with 1 µL of 

DMSO under the same conditions. The solutions were then transferred to autosampler vial 

inserts. Each replicate and the control sample were then incubated sequentially with 1 µL of the 

proteinase K 0.25 mg/mL at room temperature (23°C) for 5 minutes and subjected to LC-MS 

analysis. The same number of replicates was used and the same procedures were performed 

using 0.1 mg/mL chymotrypsin as the proteolytic enzyme solution. 
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2.3 SDS-PAGE 

 

 
For SDS-PAGE analysis, the KRas C118S G12D stock solution was diluted in PBS to give a 

final concentration of 10 µM, and 30 µL of this solution was incubated with 3 µL of the 55085 

drug solution (final concentration of 100 µM, 1:10 protein to drug) in 1.5 mL Eppendorf tubes at 

room temperature (23°C) for 1 hour. The control sample was prepared by incubating 30 µL of 

the KRas C118S G12D solution with 3 µL of DMSO under the same conditions. The samples 

containing the 55085 drug and the control samples were then incubated with 3 µL of proteinase 

K (0.25 mg/mL) or chymotrypsin (0.1 mg/mL) at room temperature for 5 minutes. After 

incubation, the reactions were quenched by the addition of the 10 µL of the LDS sample buffer 

(Thermo), and the samples were loaded onto a 1 mm thick BoltTM 4-12% Bis-Tris Plus precast 

gel (Thermo) for SDS-PAGE analysis, along with molecular weight markers (Bio-Rad). The 

electrophoresis was performed at 120 V for 30 minutes, and the gel was subsequently fixed in 

10% acetic acid/25% ethanol and stained with 0.01% Coomassie Brilliant Blue G-250 in 10% 

acetic acid/5% ethanol, followed by destaining in 10% acetic acid. 

 

 

2.4 LC-MS analysis 

 

 
Ater incubation, the autosampler vial inserts containing the proteolysis reaction products were 

then transferred to the autosampler and immediately injected for LC-MS analysis. Intact-protein 

LC-MS analysis was performed using a Shimadzu Nexera UPLC. AdvanceBio RP-mAb C4 

column (2.7 µm particle size, 2.1 mm inner diameter × 50 mm length) coupled to a Sciex 

TripleTOF 6600+ mass spectrometer. The analysis was performed using a binary gradient with 

mobile phase A being 0.1% aqueous formic acid (FA) and mobile phase B consisting of 
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acetonitrile containing 0.1% FA (v/v), with a gradient from 0% to 100% B over 3 minutes, 

100%B to 0%B in 0.1 min and holding at 0% B for an additional 2.9 minutes at a flow rate of 

200 µL/min. The total run time was 6 minutes. Full MS scans were acquired from 100 to 1500 

m/z. The data were processed using Analyst 1.7.2 and PeakView 2.2 with Bio Tool Kit software 

(Sciex). 

For top-down analysis, Information Dependent Acquisition was used with an the inclusion list of 

pre-selected precursor masses. Precursor ions (742.58+16 m/z for Proteinase K cleavage product 

and 608.8+20 m/z for chymotrypsin cleavage product) were included for MS/MS analysis at a 

retention time of 3.6 minutes for 60 seconds, with an intensity threshold of 1 cps. The top 4 most 

intense precursor ions were isolated and fragmented with Collision-Induced Dissociation (CID) 

using a collision energy (CE) of 40 V. The masses of the cleavage products were compared with 

the theoretical masses of all possible peptides of the KRas C118S G12D protein. The detected 

fragment masses were searched using Protein Prospector website 

(https://prospector.ucsf.edu/prospector/mshome.htm). 

 

 

 

 

2.5 Quantitative measurements of proteolysis extent with different drug compounds 

 

 
To quantitatively assess the degree of cleavage among different drug compound samples with 

varying affinities and structures, the signal intensities of specific precursors at the maxima of the 

corresponding chromatographic peaks were measured and compared. For proteinase K, the 

signal intensity of the 699.88+17 m/z peak was recorded, while for chymotrypsin, the signal 

intensity of the 715.99+17 m/z peak was measured. 
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2.6 Structure preparation and docking 

 

 
All in-silico experiments were performed using the G12D mutant of KRas complexed with 

MRTX-1133 (PDBID: 7RPZ). Prior to docking, the structure of the protein was prepared using 

Schrödinger Protein preparation tools with default settings: adding and optimizing hydrogen 

atoms, setting residue ionization and tautomer states with PROPKA at pH 7, removing water 

molecules more than 3 Å away from the HET atoms, and performing restrained structure 

minimization with the OPLS4 force field to converge the heavy atoms to an RMSD of 0.3 Å. 

This provided minor structure optimization to ensure optimal performance of subsequent 

docking runs. After protein preparation, the Glide receptor grid was generated, with the grid box 

centered on 6IC ligand. The structures of all or the ligands were prepared using the LigPrep tool 

in order to sample all possible conformation states during the docking protocol. Docking was 

then performed for the series of KRas affinity probest prepared in the previous step. The best 

models were selected based on the Glide SP docking score, with the top-scored pose chosen as 

the structural model of the complexes. These structures were then used as inputs for downstream 

molecular dynamics simulations. 

 

 

 

 

2.7 Molecular dynamics (MD) simulations 

 

 
The models of the protein-ligand complex identified through docking were used as the initial 

 

structures for MD simulations using GROMACS software. All ligands (affinity probes and GDP) 
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were individually prepared in Pymol, and were then parametrized for CHARMM36 force fields 

using SwissParam and CHARMM-GUI.(25) The unit cell was established as a rhombic 

dodecahedron with the protein ≥ 1 nm from all edges. The protein structure was solvated using 

the TIP3P water model and neutralized with sodium and chloride ions. Particle mesh Ewald 

(PME) was used for long-range electrostatic interactions, with a 10 Å cutoff for non-bonded 

interactions. The system was initially equilibrated using an NVT ensemble, followed by further 

equilibration under NPT conditions. GDP and affinity probes were individually restrained during 

minimization and equilibration. Production runs were conducted using GROMACS 2020.3 on 

UNC HPC clusters using Nvidia V100 GPUs. Simulations were at a constant pressure and 

temperature of 1 atm and 270 K for 500 ns in three replicates with identical parameters. All 

replicates were individually minimized and equilibrated to obtain unique initial velocity 

distributions. 
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2.8 MD data analysis 

 

 
MD trajectories were processed using MDTraj package in Python. Briefly, trajectories were 

exported from Gromacs after the removal of the periodic boundary condition end-centering of 

the protein in the simulation cell. All simulations were exported with a timestep of 1 ns for a total 

of 500 nanoseconds/frames. To ensure system equilibration, the first 50 ns of the simulations 

were excluded from further analysis based on the root-mean-square deviation (RMSD) of 

 

backbone Cα positions. Analysis was then conducted by selecting protein and ligand structures 

programmatically and all dynamics used the first frame as a reference.(26) Structural 

visualizations were generated with PyMOL. Protein-ligand interaction fingerprints were obtained 

using the ProLIF python package to isolate ligand snapshots and determine intermolecular 

interactions occurring with a timestep of 10 nanoseconds for a total of 50 snapshots.(27) 
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3. Results and Discussion 

 
LiP-MS analysis was used to characterize the binding of KRas G12D protein with five drug 

compounds of differing structures and binding affinities. Significant protection from proteolysis 

was observed upon drug binding, with varying degrees of cleavage for different compounds. The 

results obtained were explained by comparing MD simulations of free and drug-bound protein- 

ligand complexes, providing an atomic-level description of the conformational changes upon 

ligand binding. These simulations revealed key intermolecular interactions and local structural 

fluctuations in the KRas G12D mutant that are likely responsible for the observed proteolytic 

patterns. 

 

 

3.1 Detection of protection from proteolysis of KRas G12D upon drug binding 

 

 
The proteolytic pattern of the KRas G12D protein showed significant changes upon drug 

binding, as shown by the SDS-PAGE analysis. The gel analysis indicated that drug binding with 

compound 55085 led to significant protection against enzymatic cleavage by both proteinase K 

and chymotrypsin (Figure 4). In the drug-free state, KRas G12D bound to GDP was extensively 

cleaved into smaller peptides, while in the drug-bound state, the protein showed a distinct 

reduction in cleavage, suggesting stabilization of the protein structure upon ligand binding. The 

same finding was confirmed by the intact protein mass LC-MS analyses (Figure 5). New protein 

charge envelopes were observed which corresponded to the cleavage products of the KRas G12D 

protein by both proteinase K and chymotrypsin. 



44  

 

 

Lane 1 2 3 4 5 6 7 8 

Figure 4. SDS-PAGE analysis of limited proteolysis reactions of KRas G12D 

using two proteolytic enzymes (proteinase K and chymotrypsin) with and without 55085 

(MRTX1133). Lane 1, 2 – reaction with proteinase K; lane 3, 4 – reaction with chymotrypsin; 

lane 5 – intact KRas G12D; lane 6,7 – proteinase K and chymotrypsin controls; lane 8 – molecular 

weight markers. There is significant protection against the KRas G12D cleavage in the 

presence of compound 55085. 
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3.2 Identification of the limited proteolysis cleavage products by LC-MS 

 

 
The LC-MS analysis of the limited-proteolysis digestion products allowed the precise mapping 

of the cleavage sites in the KRas G12D protein. In the absence of the drug, the total ion 

chromatogram revealed distinct peaks corresponding to specific cleavage products. For 

proteinase K, a cleavage product with a mass of 11,865.4 Da was identified, pinpointing residue 

M67 as the cleavage site. This was confirmed by top-down analysis with CID fragmentation 

using a +16 precursor ion at m/z 742.58, which identified the product as the C-terminal portion 

of the protein (aa68-aa170). Similarly, for chymotrypsin, a cleavage product mass of 12,154.6 

Da was identified, corresponding to residue Y64 in the switch-II binding pocket as the cleavage 

site. CID fragmentation of the +20 precursor ion at m/z 608.8 confirmed this as aa65-aa170 C- 

terminal part of the protein (Figure 5, 6). The diminished intensities of these specific cleavage 

products in the drug-bound samples suggests that the binding of the compounds leads to 

conformational changes that protect this region from proteolysis, indicating the possibility that 

these residues are located within the drug binding site. Indeed, the drug binding cleavage sites 

identified by LiP-MS were located at the switch II loop, in agreement with the crystal structure 

of the KRas G12D+compound 55085 complex (Figure 7).(28) 
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Figure 5. Intact protein LC-MS analysis of KRas G12D limited proteolysis reactions 

using proteinase K (top) and chymotrypsin (bottom) with and without compound 55085. For 

each enzyme, the top panel displays spectra without the drug, and the bottom panel displays spectra 

with the drug. Within each panel, from top to bottom, the data show total ion chromatograms 

(TICs), representative charge-state envelopes, and the corresponding deconvoluted mass spectra 

of the protein cleavage products. A noticeable absence of cleavage products is observed in the 

drug-bound samples. 
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Figure 6. Top-down analysis of the KRas G12D cleavage products. 

Top, MS/MS mass spectrum of the KRas G12D cleavage product with proteinase K at 11865 Da 

mass (m/z 742.58+16). Bottom, MS/MS mass spectrum of the KRas G12D cleavage product with 

chymotrypsin at 12154 Da (m/z 608.08+20). The cleavage products were identified as C-terminal 

portions of the KRas G12D. 
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Figure 7. Crystal structure of the KRas G12D – 55085 complex (PDB 7RPZ). 

The identified cleavage sites (orange) are located in the switch II loop (red). 
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3.3 Quantitative analysis of proteolysis extent 

 
The degree of proteolysis was measured quantitatively using the signal intensities of specific 

precursor ions at the maxima of their chromatographic peaks. For proteinase K, the signal 

intensity of the 699.88+17 m/z precursor was recorded, while for chymotrypsin, the signal 

intensity of the 715.99+17 m/z precursor was measured. The method is robust and rather rapid 

(~10 minutes per sample). The coefficient of variation (%CV) for the replicates was 7.12% for 

the proteinase K experiments and 9.97% for the chymotrypsin experiments, indicating high 

reproducibility of the measurements. Comparisons across different drug compounds with varying 

affinities revealed differences in the degree of cleavage, correlating with the binding affinities 

and structural features of the compounds, with the notable exception of compound 54735 (Figure 

8). Quantitative measurements of the proteolysis reaction yields, their dependence on the 

location of the binding site, the binding affinity, and the structure of particular compound makes 

this method potentially applicable for the screening of drug candidate libraries. 
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Figure 8.Degree of KRas G12D cleavage depending on compound binding affinities. 

Top, degree of cleavage in KRas LiP-MS depending on drug binding affinities. Bottom, 

structures of compounds used with varying KDs for KRas G12D. There are statistically 

significant differences in degree of cleavage between the drug-bound and free states of KRas 

G12D for individual compounds. Notably, there is a correlation of the degree of cleavage in 

Switch II loop with the KDs of the ligands, with the exception of compound 54735 (Figure S1). 
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3.4 Characterization of the drug binding by MD simulations 

 

 
Analysis of the MD trajectories for both the free and drug-bound KRas G12D protein states 

revealed that ligand binding resulted in a change in flexibility of the LiP-MS cleavage sites 

located in the switch II region of the protein. We found that the observed root-mean-square 

fluctuation (RMSF) values, which characterize relative flexibility of the protein along the entire 

peptide chain, become significantly reduced for the switch II region upon drug binding when 

compared to the unbound protein complex (Figure 9). Generally, proteases preferentially cleave 

flexible and locally disordered regions of proteins. The stabilization of the switch II residues 

observed upon drug binding results in limiting of the movement of the loop away from the core 

of the protein and, consequently, to a lesser exposure of the cleavage sites to the proteases 

(Figure 10). 

Higher affinity ligands showed greater conformational stability during MD trajectories (Figure 

11), retaining more intermolecular interactions within the protein-ligand complex (Figure 12, 

Figure S2). This led to a more stable switch II region, corroborating the patterns observed in LiP- 

MS. The mobility of the ligand at the drug binding site modulates the mobility of the switch II 

loop and, consequently, increases the exposure of the cleavage sites to the proteases. The 

correlation between the binding affinity and the degree of limited proteolysis can be explained in 

this way. In addition, the presence or absence of a particular functional group can also affect the 

extent of limited proteolysis. A detailed analysis of the KRas G12D–54735 ligand simulation 

explains the deviation in the correlation trend between the binding affinity and the degree of 

proteolysis observed for the other compounds. The 54735 compound lacks an -OH group, which 

is present in all the other compounds, and this functional group interacts with D69 side chain. 
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The lack of stabilizing coordination at D69 results in a higher degree of exposure of the 

neighboring proteolytic site (Figure S1, Figure S2). 

 

 

 

 

 

 

Figure 9. Change in KRas G12D protein fluctuation upon ligand binding characterized by 

root-mean-squared fluctuation (RMSF). 

The average of three replicates is shown, with standard deviation in gray. In general, drug binding 

limits the mobility of the switch II region (58-67), highlighted in orange. The switch II fluctuations 

decrease with an increase in the drug binding affinity. 
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Figure 10. Distribution of distances between residue S65, located between the cleavage sites 

Y64 and M67 (orange spheres), and the reference residue Q99 on the core of the protein. 

The width of a distribution corresponds to the magnitude of distance fluctuations during the 

simulations. Drug binding stabilizes switch II fluctuations, as evidenced by the reduced width of 

the distributions, and pulls the loop closer to the rest of the protein, as indicated by the leftward 

shift of the distributions. Min (magenta), max (purple), and median (orange) distances are 

displayed as dashed lines on the distributions for unbound KRas. The same distances are shown in 

the corresponding snapshots from the MD simulation on the unbound KRas structure. 



57  

 

Figure 11. KRas G12D interaction with ligands of differing affinities. 

A. Dynamics of ligands bound to the KRas G12D. Lower ligand mobility (lower RMSD) is 

observed for high-affinity ligands. 
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Figure 12. Structural models for the KRas G12D-drug complexes with compounds 55085 

and 54910, as identified by molecular docking. 

Higher-affinity ligands exhibit a more extended protein-ligand interaction network (Figure S2), 

including interactions with the switch II region. 
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Supplementary Figure 1. Interactions between ligand functional groups and the switch II 

loop residues. 

Docked structures of 55085 and 54735 show interaction of 55085’s -OH group (highlighted with 

a red circle) group with the residue D69. This -OH group and corresponding interactions are 

absent in the case of 54735. In addition, transient hydrogen bonding also occurs with S65 and the 

same OH group during the simulation (Figure S2). Lack of these interactions can explain the 

deviation in the correlation trend between binding affinity and degree of cleavage in the switch II 

loop for compound 54735. 
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Supplementary Figure 2. Interaction of ligand functional groups with the KRas G12D 

 

residues. 

 

Computed KRAS G12D-drug interactions computed over the course of the simulations. The 

black box highlights the switch II region for each complex. Higher-affinity ligands show a 

higher number of interactions with a more consistent pattern along the simulation, stabilizing 

the ligand and the surrounding protein pocket. 

 

 

 

 

 

 

 

 

 

 

 

 

 

4. Conclusion 

 
The combination of LiP-MS and MD analyses for the KRas G12D mutant in complex with 

various ligands, as shown in this work, enabled the determination of the drug binding site on the 

protein, the ranking of ligands according to their binding affinities, the characterization of key 

protein-ligand interactions, and an improved understanding of the structural and proteolysis 

changes that occur upon ligand binding. These capabilities make these techniques valuable tools 

in structure-based drug discovery and a powerful addition to traditional methods for screening of 

small lead compound libraries. LiP-MS coupled with MD simulations represents a novel 

approach which can be useful for the drug design and development. 
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Chapter 3: Final Conclusion and General Discussion 

 
The findings presented in this thesis have provided significant insights into the application of 

Limited Proteolysis-Mass Spectrometry (LiP-MS) combined with Molecular Dynamics (MD) 

simulations to characterize interactions between small molecules and the KRas G12D mutant 

oncoprotein. By combining both experimental and computational approaches, this work has led to 

a comprehensive understanding of the structural changes that happen upon drug binding, therefore 

contributing critical data to drug discovery efforts targeting KRas. 

 

A key achievement of this research was demonstrating that LiP-MS can map protein-ligand 

interactions at high resolution. The data revealed KRas G12D protection from proteolysis at 

specific sites upon ligand binding, indicating the stabilization of flexible protein regions. This 

finding was supported by MD simulations. It showed decreased fluctuation of key residues, 

reinforcing the hypothesis that the drug molecules stabilize specific protein regions and potentially 

inhibit oncogenic signaling. 

 

Quantitative proteolysis analysis further underscored the utility of LiP-MS for ranking ligands 

based on their binding affinities, correlating proteolysis yields with compound affinities, and 

establishing it as a promising tool for rapid candidate prioritization in drug discovery. The 

methodology’s adaptability extends beyond KRas G12D, offering potential applications for other 

proteins in cancer and various diseases. Combining LiP-MS with MD simulations demonstrated a 

deeper mechanistic understanding of drug-protein interactions, enhancing early-stage drug 

discovery and hit-to-lead optimization. 
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However, limitations must be noted. Not all proteins are readily detectable by MS, and some may 

not undergo significant structural changes upon ligand binding, limiting the method’s general 

applicability. Furthermore, during initial cleavage reactions, incomplete detection of the second 

half of the protein introduced some ambiguity. These challenges suggest further refinement, such 

as optimizing proteolysis reactions for clearer single cleavage patterns. 

A comparison of the findings with other MD simulation studies (72-74) reveals both consistency 

and unique contributions. For instance, the observed stabilization of the switch II region upon 

ligand binding in this study aligns with the findings of Issahaku et al. , which also highlighted the 

critical role of switch regions in KRas stability.(72) Similarly, the study of Tu et al. emphasized 

the significance of functional groups in ligand interactions, consistent with the role of the hydroxyl 

group identified in this study.(73) However, this work uniquely integrates LiP-MS data with MD 

simulations to provide an experimental validation of structural stabilization, which is absent in 

these comparative studies. Such integration offers complementary insights, bridging 

computational predictions and experimental evidence. 

 

Future work should aim to enhance the sensitivity of LiP-MS for proteins less compatible with 

LC-MS techniques, potentially using different proteases or adjusting LC-MS protocols. Expanding 

the method to lower-affinity compounds could help define the threshold at which binding effects 

remain detectable, refining the technique for broader applications. Incorporating complementary 

structural proteomics techniques like hydrogen-deuterium exchange (HDX), cross-linking, and 

surface modification can provide additional layers of structural insight. HDX assesses hydrogen 

bonding and secondary structure by measuring exchange rates, while cross-linking preserves 

spatial constraints, and surface modification identifies exposed regions on the protein. Integrating 

these techniques with computational approaches like MD simulations enriches the understanding 
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of small molecule-protein interactions, as demonstrated in this study. 

 

Applying this methodology to other disease-related proteins and drug-resistant mutations could 

further enhance its value in drug discovery. By extending LiP-MS to such targets, new therapeutic 

avenues may be uncovered, and lead compounds more effectively optimized. 

 

In conclusion, this thesis has underscored the effectiveness of the integrated LiP-MS-MD approach 

for investigating protein-drug interactions. The combination of experimental and computational 

data provided a comprehensive view of protein dynamics and interaction sites. This work enabled 

the determination of drug binding sites, ranking of ligands based on binding affinities, and detailed 

characterization of key interactions, offering a powerful tool for drug discovery. LiP-MS coupled 

with MD simulations complements traditional screening methods and presents a promising strategy 

for drug design and development, with potential applications across a wide range of proteins and 

therapeutic areas. 
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