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ABSTRACT OF THE DISSERTATION 

 

A Liquid Chromatography-Mass Spectrometry Platform for Identifying Protein Targets of 

Small-Molecule Binding Relevant to Disease and Metabolism 

 

by 

 

Reid Lee O’Brien Johnson 

Doctor of Philosophy in Biochemistry and Molecular Biology 

University of California, Los Angeles, 2018 

Professor Joseph Ambrose Loo, Chair 

 

 Identifying small-molecule binders to protein targets remains a daunting task due 

to the huge diversity in compound structure, activity, and mechanisms of action. Affinity-

based target identification techniques are limited by the necessity to modify each drug 

individually (without losing bioactivity), while non-affinity based approaches are 

dependent on the drug’s ability to induce specific biochemical/cellular readouts. To 

overcome these limitations, we have developed a high-throughput liquid chromatography-

mass spectrometry (LC-MS) platform coupled to a universally applicable target 

identification approach that analyzes direct small-molecule binding to its protein target(s). 

DARTS (drug affinity responsive target stability) relies on a well-known phenomenon in 

which ligand binding causes thermodynamic stabilization of its target protein’s structure 

such that the protein becomes resistant to a variety of insults, including proteolysis.  
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 DARTS-MS is performed by screening for proteins that become resistant to 

proteolysis in the presence of the ligand. Protection from proteolysis is specific to the 

target protein(s) while proteolysis of non-target proteins is unchanged, allowing for 

unbiased, proteome-wide screening for small-molecule binders. Samples are proteolyzed 

and fractionated according to molecular weight (MW). Each molecular weight range is 

subsequently analyzed by LC-MS/MS (Q-Exactive q-Orbitrap) to identify and quantify the 

proteins present. Proteins that are differentially digested between a small-molecule-

protected sample and the control are determined using Protomap (Protein Topography 

and Migration Analysis Platform) based on differences in the total amount of each protein 

and/or differences in sizes of the protein fragments. To date we have utilized our DARTS-

MS strategy both to re-discover known protein targets of existing small-molecules as well 

as discovering novel targets for established drugs and important metabolites.  
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CHAPTER 1 : CURRENT LIMITATIONS IN IDENTIFYING PROTEIN TARGETS OF 

SMALL MOLECULES 

 

1.1 INTRODUCTION 

 

 The discovery of agents that treat or prevent human disease is of paramount 

importance to both the scientific community and the general public. However, 

understanding how these agents interact within living systems is a formidable task. It is 

perhaps unsurprising then that, of the approximately 20-30 new drugs that are approved 

every year by the US FDA, only 3-5 address a new molecular target or novel mechanism 

[1]. Moreover, even if we consider all drugs for which there is a target that is known, or 

thought to be known, it is estimated that there are only 300-400 drug targets at present 

[1, 2]. This is in spite of the fact that, since the completion of the Human Genome Project, 

we know that humans are encoded by approximately 25,000 genes and their products 

and, undoubtedly, many of these gene or gene products represent potential new drug 

targets. While the development of a drug to target every gene or gene product is clearly 

unnecessary, it is equally clear that we are severely limited in developing new cures due 

to current drug development paradigms. Given the limited understanding of our own 

biology we desperately need new tools to develop drugs and understand their interactions 

within living systems. 

 Small-molecule drugs constitute the majority of today’s medicines, however, 

identifying the underlying molecular targets of the drug’s therapeutic effects remains a 

serious challenge. And it is an even greater challenge to identify off-target interactions 
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that could result in adverse side effects. Since most drug molecules produce a biological 

response by binding to a protein or protein complex, the development of new methods for 

the identification of proteins to which small-molecules bind is an important area of 

research and a wide variety of methods have been investigated [3-5]. In spite of significant 

technological advances, however, identifying the protein targets of small molecules 

remains a serious challenge due to the diversity of compound structures, functions and 

mechanisms of action.  

 Current target identification methods can broadly be grouped into affinity-based 

and non-affinity based methods. While useful, these methods also have inherent 

limitations. Affinity-based target identification methods require the modification of the drug 

or drug target without modifying their bioactivity while non-affinity based methods 

necessitate a specific biochemical or cellular readout. Due to limitations in the current 

technology, we are developing a universally applicable target identification platform that 

can directly analyze the binding of a small-molecule to its protein target(s). One idea is 

that if a protein becomes less susceptible to proteolysis when bound to drug, that alone 

could allow for the identification of protein drug targets [6, 7]. Thus the method, called 

DARTS (Drug Affinity Responsive Target Stability), is not dependent on synthetic 

chemistry nor on a biological response [8]. It doesn’t necessitate the immobilization or 

modification of the small-molecule; it assumes only that the small-molecule will bind to its 

target and that this will induce some conformational stability in the complex. As a result, 

DARTS can theoretically be used with native proteins under physiologically relevant 

conditions and can potentially be used for the target identification of any small molecule, 

from drugs to pesticides to natural metabolites to peptides and beyond. 



3 

 While it will be necessary to develop technological tools and practical knowledge 

to utilize protease susceptibility as a metric for small-molecule target identification, the 

potential upside is huge. For example, the increasing popularity of high-throughput 

screening for the identification of biologically active small molecules in the pharmaceutical 

industry has resulted in hundreds of thousands of compounds with potential therapeutic 

value [3, 9]. However, the targets of these small molecules are generally unknown and 

further development of these compounds into useful drugs is often marred by a lack of 

biological understanding. Thus, a widely applicable target identification platform like 

DARTS is desperately needed. Once a universal drug-target identification strategy is in 

hand and has been demonstrated to function well on a variety of small-molecules with 

known targets, it can be utilized on promising new bioactive small molecules with 

unknown targets including the hundreds of thousands identified by high-throughput 

screening. This could significantly improve drug development pipelines by introducing 

new protein targets for therapeutic research far beyond the 300-400 currently known. 

 This work aims to test our hypothesis that the phenomenon of a protein becoming 

more resistant to proteolysis when it is bound to a drug than in its drug-free state can be 

exploited for proteome-wide unbiased drug target identification. If our hypothesis holds 

true, entirely new classes of protein drug targets could be revealed at an unprecedented 

rate. The ultimate goal of medicine is the development of safe and effective treatments 

and it is our belief that the development of useful therapeutic treatments is greatly 

enhanced when a protein target is known. The purpose of this work is thus to facilitate 

the discovery of new protein targets and map interactions of existing small molecules in 

order to aid drug development and biological research.  
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1.2 CURRENT APPROACHES 

 

 Existing target identification methods can broadly be grouped into two categories, 

affinity-based and non-affinity based methods. While both categories have proved useful 

in numerous situations, they also have some fundamental limitations. Affinity 

chromatography (also known as affinity purification) is the classic example of an affinity-

based method and has traditionally played a major role in identifying the binding targets 

of biologically active small molecules [5]. With this approach, the small molecule or its 

target is modified in some way, such as covalently linking it to a solid matrix or labeling 

the molecule (e.g. with an affinity, fluorescent or radioisotope tag). The modified molecule 

is then used to pull down its target. However, in order for this method to be successful, 

the molecule must be able to form a derivative and that derivative must retain its biological 

activity and binding specificity. It is worth noting that the former is often not the case and 

the latter cannot be predicted ahead of time. Indeed, most compounds have not been 

successfully derivatized for the purposes of affinity chromatography. It requires time and 

expertise to design a derivative and it is often difficult or expensive to verify that the 

bioactivity of a derivative is unchanged. Even if it is successful, this process must be 

repeated for every molecule of interest. 

 There are additional challenges with affinity chromatography such as difficulty 

synthesizing the molecules (in particular natural products) and non-specific interactions 

that confound the identification of the real protein target. The latter is particularly 

problematic as most small molecules or matrices will pull down a large number of non-

specific binders. This typically necessitates the use of a structurally similar but inactive 
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analogue as a negative control. There have been improvements in this area through the 

use of heavy labeled cell cultures [10], however, these methods are still limited by the 

required derivatization of each individual compound to be analyzed. 

 Non-affinity target identification methods generally rely on a biochemical or cellular 

readout to infer a drug target or pathway interaction. Phenotypic screens are an example 

of a non-affinity based method used widely in chemical genetics studies. For example, 

one might measure changes in cell growth due to a genetic mutation and screen for small 

molecules that overcome the effect of the mutation. While classical genetic and modern 

genomic methods generally have the advantage of using unmodified small molecules and 

proteins under native conditions, they are limited to cases where a specific mechanism 

leads to measurable cellular effects [11-13]. They also only provide information on 

potential targets, so the direct interaction between target and therapeutic molecule must 

later be verified by other means. These limitations significantly reduce the number of 

therapeutics and targets that can be identified. For example, while many naturally 

occurring products are likely to have therapeutic effects, they are unlikely to directly affect 

fitness through changes in cell growth or viability and thus their efficacy cannot be 

determined in this way. Furthermore, for many complex systems, such as aging or cancer 

prevention, there are no easily rescuable phenotypes to be detected.  

 Genome-wide expression profiling is another example of a non-affinity target 

identification method. A common example of this technique uses DNA microarrays to 

identify specific gene expression signatures that indicate the inhibition of a particular 

pathway, protein or complex [14-16]. However, this technique is only applicable to drugs 

that induce major changes in the transcriptome. Additionally, the measured response is 
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often far downstream of the actual drug target. Furthermore, these large scale genetic 

and transcriptomic approaches are often limited to relatively simple and well-

characterized model organisms that can limit their ability to identify targets in mammalian 

systems. 

 In short, while the established target identification methods are useful in many 

cases, they also have inherent limitation. Affinity-based target identification methods are 

limited to molecules with derivatives that retain their biological activity and binding 

specificity. The process of creating these derivatives is often difficult and time consuming, 

if even possible, and must be repeated for every molecule of interest. Non-affinity target 

identification methods are indirect and require measureable biological responses. 

Therefore, the development of an unbiased proteome-wide target identification platform 

free of these limitations is highly desirable. 

 Recently, there have been a number of attempts to develop such a platform for 

target identification [17-21]. Of these methods, thermal proteome profiling (TPP) is by far 

the most widely used. The thermal profiling method starts off with a collection of proteins 

split into two fractions. One fraction receives the small molecule while the other fraction 

receives just the vehicle and both are incubated for a period of time (typically ten minutes 

to an hour). For samples with membrane proteins, a detergent is also added. Both 

fractions are split into around ten aliquots, each aliquot is heated at a different 

temperature for a few minutes (typically for three minutes between 40°C and 80°C). The 

aliquots are then spun down and the soluble fraction is digested with trypsin. Digested 

samples are tagged with tandem mass tags (TMT) such that both control and small 

molecule samples have the same TMT tag for a given temperature but all temperatures 
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have a different tag. All aliquots from the same initial sample are then pooled back 

together (i.e. all small molecule aliquots are pooled and all control aliquots are pooled). 

There is often an additional fractionation step prior to mass spectrometry (MS) analysis 

to increase analytical depth in complex samples. While some methods vary slightly on 

the tagging or fractionation steps, e.g. some methods use gels while others do not, 

conceptually they are all quite similar. For each protein detected, the abundance in both 

the small molecule and control samples are plotted at each temperature point. As the 

protein is degraded, e.g. unfolded to cause precipitation, at higher temperatures, less of 

it will remain in the soluble fraction creating a ‘melting curve.’ Any significant difference 

between the melting curves of the small molecule and control sample could indicate an 

interaction with the small molecule.  

 The thermal profiling method has been used successfully in a variety of systems 

including whole cell and lysate analysis of metabolites and membrane proteins [22, 23]. 

There are a number of limitations, however. The most basic limitation is the reliance on 

temperature to generate melting curves of proteins. In the laboratory setting, it is 

impractical to heat samples above 100°C, yet there are many proteins that are stable 

even at these temperatures. Indeed, for some extreme organisms, the optimal growth 

conditions are in excess of 110°C [24]. Clearly in these cases, thermal profiling would not 

work. Furthermore, the choice of temperature steps can dramatically change results 

which may necessitate repeating the experiment at multiple temperature ranges [22]. TPP 

also has considerable difficulty with low abundance proteins, which often means there is 

not enough sensitivity to determine if there is a difference between the small molecule 

and control sample. Additionally, much of the data interpretation is subjective. For 
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example, some papers consider only melting curves of ‘good-quality’ which is a term that 

is never clearly defined [23]. There are also sometimes known targets of drugs that are 

not detected for unknown reasons [25]. Also, since TPP compares melting curves, it 

depends on very accurate quantitation more than other methods such as DARTS. That 

is to say, accuracy for DARTS depends mostly on comparing the presence or absence of 

a protein in a particular fraction. One does not need to know the exact amount of protein 

present in each fraction for DARTS, but one does to create a good melting curve. Thus 

while recent proteome-wide target identification methods such as TPP are promising, 

there is still the need for new methods and further development. 
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1.3 DARTS DEVELOPMENT 

 

 In order to overcome the limitations of current target identification approaches, we 

are developing a universally-applicable, proteome-wide strategy to detect the direct 

interaction of a small-molecule and its target. Our hypothesis is if a protein becomes more 

resistant to proteolysis when it is bound to a drug than in its drug-free state [6, 7], that this 

phenomenon can be exploited for unbiased drug target identification and drug screening. 

Drug affinity responsive target stability (DARTS) [8] is conceptually simple and is 

summarized in Figure 1-1. A collection of proteins (e.g. a whole cell lysate) is split into 

two fractions, one of which receives a drug molecule while the other receives only the 

vehicle for the drug and serves as a control. The mixtures are allowed to equilibrate, 

during which time the small molecule binds to its target inducing conformational stability 

in the complex. Both fractions are then subjected to a limited proteolysis and the relatively 

intact drug-target complex is isolated and identified. One of the major advantages to such 

a system is that it does not require the modification or immobilization of the small molecule 

or target. The interactions can occur under physiologically relevant conditions with native 

proteins. Another major advantage is that the system depends only on the direct 

interaction of the drug and protein target. There is no need to measure biological changes 

in the system nor is any prior knowledge of the system, target, or mechanism required. 

 One of the first proof-of-concept experiments for DARTS involved the 

immunophilin protein, FKBP12 (Figure 1-2). FKBP12 is a chaperone protein involved in 

protein folding and trafficking and is a common target of immune suppressing drugs such 

as rapamycin and FK506 [11, 26]. The protease activity of subtilisin was markedly 
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decreased in the presence of either rapamycin or FK506 when compared to the drug 

vehicle on its own (DMSO) or in the presence of an unrelated drug that does not bind 

FKBP12 (wortmannin). This demonstrates that the protection from proteolysis is specific 

to drugs that bind FKBP12 and will occur at different levels of protease concentration. 

Additionally, rapamycin and FK506 have dramatically different binding affinities (Ki = 0.2 

nM and 400 nM respectively) and yet, at least qualitatively, have similar levels of 

protection from proteolysis. Lastly, based on the X-ray crystal structures of FKBP12 both 

bound and unbound to rapamycin and FK506, it does not appear that there are any major 

conformational changes in the structure of the protein, which suggests that the binding of 

the drug alone is sufficient to protect the protein from proteolysis [27].  

 While this first proof-of-concept experiment demonstrate the utility of DARTS, it 

examined only a single protein and drug interaction. In order for DARTS to be a generally 

useful drug target identification tool, it must also be effective in more complex systems, 

such as whole cell lysates. Thus for the next experiment, DARTS was used to examine a 

whole cell lysate (human Jurkat T cells) for interaction with didemnin B (DB). DB is a 

natural product isolated from tunicate with strong antiviral and anti-cancer bioactivity and 

is known to bind EF-1 alpha (EF1A) [28]. DB on its own was found to have no impact on 

the whole cell lysate, however in the presence of both DB and a protease (thermolysin) a 

protected band of ~50 kDa was observed (Figure 1-3). The protected band and matching 

region in the control sample were analyzed by mass spectrometry and the DB sample 

was found to be strongly enriched for EF1A isoforms. Similar results were obtained from 

an immunoblot; increasing concentrations of DB had no impact on the abundance of intact 

EF1A in control samples. However, in the presence of thermolysin, increasing 
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concentrations of DB led to increasing protection of intact EF1A. The total protein 

abundance did not change substantially between samples as indicated by a loading 

control (GAPDH) that is highly resistant to thermolysin. While this experiment is a good 

demonstration of DARTS in a more complex system, the possibility remains that other 

proteins are also protected from proteolysis by DB but are not evident on the gel due to 

low concentration or resolution.  
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1.4 ALTERNATIVES AND IMPROVEMENTS 

 

 The previous examples of DARTS demonstrate its utility in identifying protein 

targets in complex mixtures and under various small molecule and protease 

concentrations. It also suggests that this target identification process is possible even in 

the absence of conformational changes or with small-molecules with low binding affinity. 

In addition, all reactions take place under native conditions without modification of the 

small molecule or target and it is independent of any biological response from the cell, 

relying solely on the direct interaction of the small molecule and its protein target.  

 However there are limitations; in the preceding examples, only highly abundant 

proteins were identified (such as elongation and transcription factors). This is due 

primarily to the low resolving power and qualitative results of SDS-PAGE. Additionally, 

the putative targets were identified solely by the presence of an additional protein band. 

Clearly, it would be desirable to detect lower abundance proteins (such as regulatory 

proteins) and to have a more objective measure of protease protection. Thus the goal of 

this project going forward is to develop a more sensitive system with ability to efficiently 

analyze the results. One alternative approach that avoids the limitations of gel 

electrophoresis and potentially provides higher sensitivity and throughput, would be to 

couple DARTS with a shotgun LC-MS/MS strategy (as will be discussed in CHAPTER 2). 

In addition, it would be beneficial to expand the platform and make it more generally useful 

by applying it to a wide variety of small molecules and systems. For example, while the 

previous proof-of-concept experiments used highly specific drugs, DARTS should also be 

applicable to naturally occurring small molecules (such as metabolites). This could prove 
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highly informative and aid in the difficult task of mapping the complex interactions of 

natural products within the cell.  

 In developing this improved DARTS platform, it is important to address potential 

limitations of the system. One fundamental limitation of DARTS is that the drug target 

must be susceptible to proteolysis and there is evidence that select groups of proteins 

have evolved considerable proteolytic resistance due to their importance under stressed 

conditions [29]. However, while a protein may be resistant to one or two proteases this is 

likely less of an issue when many proteases are used together. Thus a commercially 

available mixture of proteases, pronase (Roche), will be utilized in future experiments. 

Pronase contains both endo- and exo-proteases and is able to digest both folded and 

unfolded proteins. Since pronase is able to break down virtually all proteins into individual 

amino acids when at high enough concentrations, highly protease resistant proteins 

should not be an issue. This should allow for a more even level of proteolysis across the 

proteome. It is still conceivable, however, that some proteins will be completely degraded 

before others have undergone any proteolysis. This could necessitate using multiple 

concentrations of protease in each analysis. 

 Another possible concern is that small-molecule binding will alter non-target 

proteins’ susceptibility to proteolysis if they are part of a complex that contains the target. 

For example, it is conceivable that if drug binding causes a protein complex to 

disassociate it could render the individual components of that complex more susceptible 

to proteolysis. This is not necessarily a disadvantage, however, as it could provide details 

on protein complex formation and disassociation during drug binding. It may complicate 
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data interpretation, but as long as the difference between experimental and control 

samples are consistent, the results could provide detail on protein interaction pathways. 

 There is also considerable evidence that the in vivo stability of proteins is highly 

variable upon drug binding. Indeed, both increases and decreases in susceptibility to 

proteolysis have been observed upon drug binding for target proteins in cells [30, 31]. 

Once again, this is not necessarily a disadvantage as a small molecule that destabilizes 

a protein would just as readily be identified by DARTS as a small molecule that stabilizes 

a protein. It is conceivable that this would even provide some insight into the molecular 

mechanism of the drug molecule.  

 

  



15 

1.5 CONCLUSION 

 

 In this chapter, the limitations of current drug target identification methods, the 

promising early DARTS development, and potential alternatives and improvements to our 

system have been discussed. The development of useful therapeutics is expensive, time 

consuming, technically challenging, and often hampered by an incomplete understand of 

the biology involved. Current methods for drug target identification are limited by the 

necessity to modify each new molecule individually or the reliance on measurable biologic 

responses. The initial development of the DARTS protocol suggests that it may overcome 

these challenges and thus warrants further development. 

 With future improvements to the DARTS method, specifically by coupling it with 

mass spectrometry, we hope to expand scientific understanding in at least two major 

areas. First, we aim to radically change the way we study metabolite interactions within 

the cell. Since DARTS does not require the modification of small-molecules, it may be 

possible to systematically map the complex network of protein-metabolite interactions 

within the cell for the first time. In so doing, we can expand our understanding of the 

regulatory roles that metabolites and natural products have within the cell and apply this 

knowledge to better understand the root causes of disease. As with other global mapping 

projects like genome sequencing or proteome characterization, a cell-wide protein-

metabolite interaction network will provide a wealth of information with immediate benefits 

to biology and medicine. 

 The other major application of our approach is, of course, drug discovery. With the 

rapid expansion and enormous output of molecular library screening centers, we now 
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know of hundreds of thousands of bioactive small molecules that are potentially useful as 

therapeutics. However, the vast majority of these compounds are not well characterized 

and developing new assays to elucidate their protein target or pathway is challenging and 

time consuming. While there exist methods for activity-based protein profiling that can be 

used to probe enzyme classes [32], these methods are limited to fairly small portions of 

the proteome. Thus, there is currently an unmet need for a universally-applicable 

proteome-wide drug target identification system. Our strategy can be used in combination 

with these vast small-molecule libraries to screen potentially useful compounds for 

interactions within the cell. Since DARTS functions independent of biology and without 

any prior knowledge of protein targets, it can be directly applied to the screening of novel 

molecules without having to design, develop or implement a new assay. Therefore, this 

technique could allow drug screening to begin as soon as a molecule is implicated as a 

potential therapeutic.  

 We also hope to greatly expand the limited number of useful drug targets from the 

300-400 available at present [1]. By investigating the protein targets of both naturally 

occurring molecules and novel therapeutics, it should be possible to identify new 

pathways that are well-suited to drug development. To achieve these goals, however, 

further development of our DARTS system by combining it with mass spectrometry will 

be necessary. Specifically we hope to increase the sensitivity of the platform (and thereby 

increase our ability to detect both proteolysis and lower abundance proteins) as well as 

improve quantification and data analysis. Coupling DARTS to mass spectrometry could 

allow for the unbiased analysis of therapeutic protein targets across multiple proteomes 

in ways no other tool has been able to achieve.  
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1.6 FIGURES 

 

Figure 1-1: Scheme for DARTS A collection of protein (e.g. a cell lysate) is split into two 

fractions one of which is treated with a small molecule (e.g. drug) and the other receives 

an equal amount of solvent and serves as a control. The samples are allowed to incubate 

and then are treated with a protease. The control and treated samples are compared and 

proteins protected from proteolysis in the treated sample are isolated and identified [8]. 
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Figure 1-2: DARTS proof-of-principle using FKBP12. (Top) Structures of rapamycin 

and FK506. (Bottom) Human FKBP12 protein was incubated with the indicated 

compounds and digested with subtilisin. Similar results were obtained under two arbitrary 

proteolysis conditions tested [8]. 
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Figure 1-3: DARTS using whole-cell lysate. (A) Intact human Jurkat cells were treated 

with didemnin B (DB) (1µg/mL) or DMSO and lysates were subjected to thermolysin 

digestion and Coomassie staining. (B) Enrichment of EF1A isoforms in the protected band 

(red dots) from (A) revealed by mass spectrometry. Red, protein enriched > 2-fold with p-

value < 0.001; green, protein depleted > 2-fold with p-value < 0.001; blue, unchanged 

protein. (C) Intact human Jurkat cells were treated with DMSO or DB (0.1, 1, 10, 100, or 

1000 ng/mL), and lysates were subjected to thermolysin digestion and western blotting. 

GAPDH is resistant to thermolysin under these conditions and served as a loading 

indicator [8]. 
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CHAPTER 2 : A LC-MS PLATFORM FOR IDENTIFYING PROTEIN TARGETS OF 

SMALL-MOLECULE BINDING RELEVANT TO DISEASE AND METABOLISM 

 

2.1 INTRODUCTION 

 

 As described in CHAPTER 1, the original DARTS protocol used one-dimensional 

SDS-PAGE to detect changes in protease susceptibility [1]. However, for complex 

mixtures of proteins, such as whole cell lysates, it can be difficult or impossible to discern 

changes in protein abundance from a gel. This is especially difficult with lower abundance 

proteins or for proteins that are only partially protected from proteolysis. To improve the 

method we pursued a strategy that coupled gel-free protein fractionation with LC-MS/MS 

(liquid chromatography-tandem mass spectrometry). We expect that this method can 

provide higher sensitivity and throughput while reducing sample variability and subjective 

data analysis. In the protocol detailed in this chapter, each protein sample is incubated 

either in the presence or absence of a small molecule before being partially digested with 

pronase and fractionated based on molecular weight (MW). Each molecular weight 

fraction is then digested to completion with trypsin and analyzed by LC-MS/MS to identify 

and quantify the proteins/peptides present (Figure 2-1). Identified proteins that underwent 

different levels of pronase digestion between the control and experimental sample are 

determined based on the total amount of protein in a given molecular weight fraction 

and/or the difference in size of a particular protein’s fragments.  

 Our new DARTS-MS platform replaces SDS-PAGE with in-solution molecular 

weight fractionation and shotgun LC-MS/MS. The protein fractionation is accomplished 
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using a Gel Elution Liquid Fraction Entrapment Electrophoresis system (GelFree 8100, 

Protein Discovery/Expedeon) [2]. Each molecular weight fraction is completely digested 

with trypsin using our modified eFASP (enhanced Filter-Aided Sample Preparation) 

protocol [3]. The digested peptides are purified and desalted using C18 StageTips before 

being measured by LC-MS/MS using a Thermo EASY-nLC 1000 attached to a Thermo 

Q-Exactive Orbitrap instrument (top-10 data dependent acquisition; Acclaim PepMap 

RSLC Nano C18 column, 2-hr gradient). Proteins with different levels of digestion 

between the small-molecule protected sample and the control are determined and 

visualized using Protomap (Protein Topography and Migration Analysis Platform) [4]. The 

raw MS data can be searched with any proteomic search algorithm (e.g. SEQUEST, 

Mascot, or ProLuCID) and computer scripts are used to convert the searched MS data 

into a form Protomap can read. Statistics built in Protomap uses two-tailed homoscedastic 

t-test to determine p-values (Figure 2-2). 

 With this approach we readily rediscovered that translation elongation factor 1 

alpha (EF1A), a known target of depsipeptide didemnin B (DB), is specifically protected 

by DB (Figure 2-3 A). In addition, we found that five other proteins of lesser abundance 

are also protected by DB (Figure 2-3 B) that were missed in previous affinity 

chromatography and SDS-PAGE DARTS studies [1, 5]. As described in the rest of this 

chapter, we are continuing to refine the experimental platform outlined in Figure 2-1. 

Continuing development will improve throughput, sensitivity, and robustness, while 

reducing experimental variability and false positives/negatives.  
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2.2 DARTS-MS PROTOCOL 

 

 The DARTS-MS protocol is applicable to a wide range of small molecules and 

systems and, while the procedure is fairly standardized, there are some initial decisions 

that need to be made. One of the first should be deciding the source of the protein. Since 

DARTS-MS depends only on the interaction of the drug and drug target, any collection of 

proteins that contains the drug target should suffice. We have successfully used DARTS-

MS on lysates from a number of mammalian cell lines including Jurkat, HeLa, and 

HEK293. Another consideration is the concentration of the small molecule. While, in 

general, we try to use physiologically relevant concentrations of the small molecule, 

DARTS-MS is applicable to any small molecule that binds to a protein target and thus, in 

many cases, little or no dosage information may be available. In these cases, we 

recommend using fairly high concentrations of the small molecule (as much as an order 

of magnitude above the estimated target binding affinity) to insure maximum levels of 

protection of the drug target. 

 The type of protease used in the DARTS-MS reaction is another important 

consideration. The early DARTS development described in CHAPTER 1 used primarily 

subtilisin or thermolysin. However, we have found that any single protease is not well 

suited to a whole-cell lysate DARTS-MS experiment. For example, although thermolysin 

is a fairly non-specific protease, it is only efficient at digesting unfolded proteins [6]. 

Furthermore, when considering the entire proteome, there are frequently a number of 

proteins that are resistant to any one protease (e.g. GAPDH is highly resistant to 

thermolysin). Thus, under most circumstances when looking at a whole-cell lysate or 
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investigating a novel small molecule, we recommend the use of pronase. Pronase is a 

commercially available mixture of many different proteases that is effective on a wide 

variety of substrates and on both folded and unfolded proteins. 

 One additional consideration for DARTS-MS is the concentration of protease. 

When using pronase, we have found that nearly all proteins are partially to completely 

digested in 30 minutes when using a 1:100 to 1:10,000 pronase to protein ratio (weight 

to weight). However, while some optimization may be required for a particular protein of 

interest, when performing DARTS-MS it is generally recommended to use a high 

concentration of pronase (i.e. between 1:100 and 1:1000). This will insure that all proteins 

are partially digested and easily separated during the gel-free fractionation step. 

Furthermore, while early DARTS experiments often relied on Western blotting to identify 

a protein target and thus may require a relatively intact protein for antibody recognition, 

this is not a concern with mass spectrometry as fully digested proteins can still be readily 

identified.  

 Finally, the fractionation step must be considered with DARTS-MS. While it is 

possible to directly analyze DARTS samples by LC-MS/MS, it is usually advantageous to 

fractionate first. The reason for this is described in Figure 2-4. Essentially, if DARTS 

samples are directly analyzed by LC-MS/MS, protein targets will only be identified if a 

large proportion of the protein is degraded into very small pieces and filtered away prior 

to LC-MS/MS analysis. In this situation, there will be a substantial difference in protein 

concentration between the compound-containing sample and the control sample (Figure 

2-4 scenario A). However, if there is only a limited amount of proteolysis, a large portion 

of the protein will remain intact, and thus will not be filtered out prior to LC-MS/MS 
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analysis. This will result in a similar abundance of the target protein in both the compound-

containing sample and the control sample (Figure 2-4 scenario B). While there is still 

considerable protection from proteolysis in this case, as indicated by the reduction in full 

length protein in the control sample, this difference is only detectable if the samples are 

first fractionated by molecular weight. Thus, in order to avoid missing potential target 

proteins, we highly recommend a system that separates samples by molecular weight as 

well as determining abundance and identity of the protein. In this protocol we utilize an 

in-solution molecular weight-based fractionation system called GelFree (Protein 

Discovery, Inc.). The GelFree fractionation system allows the separation of complex 

proteomic mixtures of proteins and peptides into discrete molecular weight ranges. When 

combined with the DARTS-MS protocol, this fractionation allows for the identification of 

protein targets even if the total abundance of protein is unchanged between the 

compound-containing sample and the control sample. This has the advantage of 

increasing the sensitivity of the assay as well as reducing the number of false negatives.  

 After the initial decisions regarding proteins, small molecules, proteases and 

fractionation have been made, a standardized DARTS-MS protocol can be followed. This 

will involve collecting and lysing cells, quantifying the protein concentration in the lysate, 

incubating the lysates with the compound of interest or the negative control, performing 

a limited proteolysis, fractionating the lysates with the gel-free fractionation system, 

performing an addition trypsin digestion and finally analyzing the samples by LC-MS/MS 

(Figure 2-1). Many general protocols for DARTS have been described previously [1, 7, 

8]. However, the specific methods used in the subsequent chapters and described here 

are primarily from Lomenick et al. 2013 [7]. The following protocol is split into two parts; 
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the first detailing the DARTS reaction and the second describing the fractionation and LC-

MS/MS analysis. 

 

Part 1: DARTS Reaction 

 

Materials 

 

M-PER lysis buffer (Pierce cat. no. 78501) 

20x Protease inhibitor solution (one Complete Mini Tablet [Roche, cat. no. 

11836153001] in 0.5 mL dH2O). 

Phosphatase inhibitor solutions (100 mM β-pyrophosphate, 50 mM Sodium 

Pyrophosphate, 200 mM Sodium Vanadate, and 1 M Sodium Fluoride) 

Cell culture in logarithmic growth phase (up to 70–80% confluent) 

Phosphate Buffered Saline (PBS) 

Cell scraper (such as Fisher cat. no. 08-100-241) 

Refrigerated centrifuge capable of 18,000 rcf (such as Beckman Microfuge 22R) 

10x TNC Buffer (500 mM Tris-HCl (pH 8.0), 500 mM NaCl, 100 mM CaCl2) 

BCA Protein Concentration Assay (Pierce cat. no. 23225 or similar assay) 

100x stock solution of small molecule(s) in vehicle of choice 

Corresponding vehicle 

Pronase stock solution (Roche cat. no. 10165921001 dissolved in dH2O to a final 

concentration of 10 mg/mL) 

1x TNC Buffer (dilute 10x TNC Buffer 10-fold in dH2O) 
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Collect and Lyse Cells 

 

1. Prepare 1 mL of M-PER lysis buffer by mixing 883 μL M-PER, 10 μL 100 mM β-

pyrophosphate, 50 μL 50 mM Sodium Pyrophosphate, 5 μL 200 mM Sodium 

Vanadate, 2 μL 1 M Sodium Fluoride, and 50 μL 20x Protease inhibitor solution on 

ice. 

 

For DARTS experiments with mammalian cells we typically lyse using the 

commercial M-PER buffer, which has worked well for a variety of cell lines and 

small molecule-protein pairs. However, it is not necessary to use M-PER, as 

DARTS can be successfully performed with a variety of gentle, non-denaturing 

lysis buffers (e.g. 0.2 - 1% Triton X-100, NP-40). However, harsh, denaturing lysis 

buffers like RIPA (radio-immuno-precipitation assay) buffer should be avoided for 

DARTS, as most proteins must retain their native complexes and/or structures in 

order to bind ligands. The exact protease and phosphatase inhibitors used are also 

not typically critical, and multiple companies sell inhibitor cocktails that are similar 

in composition and could be used instead of the individual ones listed here. These 

inhibitors will not significantly affect pronase (nor thermolysin or subtilisin), which 

are added in excess during the ensuing DARTS reactions. Whether or not adding 

phosphatase inhibitors is crucial for DARTS has not been tested.  
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2. Remove the growth medium from a single 10 cm dish of cells and wash the cells 

once with 1 mL cold PBS. 

 

If cells that grow in suspension will be used, simply pellet the cells by centrifuging 

at 1000 rcf for 10 minutes at 4°C. After centrifuging, remove the growth medium, 

resuspend the cells in M-PER lysis buffer, and then proceed to step 4 of this 

protocol. For Jurkat cells, 3 x 107 cells lysed in 600 μL M-PER will typically yield 

soluble lysates of approximately 5 μg protein/μL. 

 

3. Apply 600 μL cold M-PER lysis buffer (with added protease and phosphatase 

inhibitors) onto the cells and collect the cells with a cell scraper (by holding the 

plate at an angle and gently scraping from top to bottom). 

4. Transfer the M-PER/lysing cells into a 1.5 mL tube pre-chilled on ice, mix it well by 

pipetting up and down several times, and incubate the tube on ice for 10 minutes. 

 

Upon completion of the incubation the cells will be completely lysed open and 

soluble proteins will be extracted into the M-PER solution. You should notice a 

white, cloudy material floating within the solution, which is primarily DNA. This 

material must first be separated from the soluble proteins before performing 

DARTS.  
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Prepare Cell Lysates for DARTS Experiment 

 

5. Centrifuge the tube at 18,000 x g for 10 minutes at 4°C, best in a refrigerated 

centrifuge (e.g., Beckman Coulter Microfuge 22R). 

6. Transfer 600 μL of the supernatant into a new 1.5 mL tube and discard the pellet. 

 

The pellet contains the DNA and some other insoluble materials from the cell. The 

supernatant contains the soluble proteins from the cytoplasm, nucleus, 

mitochondria, and other cellular compartments.  

 

7. Add 66.7 μL 10x TNC Buffer to the protein lysates and mix well. 

 

DARTS with pronase works with or without adding the TNC buffer (although we 

have not done a side-by-side comparison). In our earlier DARTS experiments with 

thermolysin the TNC buffer was added to ensure that there was enough Ca2+ for 

thermolysin to be fully active, given that the exact composition of M-PER is 

unknown and that most common lysis buffers do not contain Ca2+. 

 

8. Measure the protein concentration of the lysates using the BCA, Bradford or other 

assay, according to the manufacturer’s instructions. 

 

We routinely use the BCA protein concentration assay, which is not affected by the 

M-PER or TNC buffers. The exact protein concentration is not critical, but DARTS 
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may not work as well if the protein is too dilute. We find that an optimal protein 

concentration for DARTS may be between 4-6 μg/μL, though we have also used 2 

μg/μL with good results (lower concentrations have not been tested extensively). 

The amount of lysis buffer and cells used in this protocol should result in lysates 

of approximately 5 μg/μL. 

 

Although the exact protein concentration does not appear to be critical, the use of 

a fixed protein concentration in this protocol is primarily to standardize the protease 

amount. We initially optimized the amount of proteolysis for specific proteins 

(wherein 50–80% of the protein of interest is digested) based on the ratio of 

protease to protein. However, the amount of proteolysis in a sample depends on 

a multitude of factors, including the concentration of the protein sample, the 

concentration of the protease, the buffer components, and the time of proteolysis. 

Therefore, two samples with different protein concentrations but digested with the 

same protease to protein ratio will not be digested equally because both the protein 

and the protease concentrations will be different. 

 

9. Split the lysates into two samples by transferring 297 μL into each of two 1.5 mL 

tubes. 

 

At this point the lysates should be allowed to warm to room temperature. Some 

small molecules may have low solubility in aqueous solution and will be more 

prone to precipitate at lower temperatures. Moreover, hydrophobic interactions are 
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destabilized at low temperatures, and binding kinetics should be faster at the 

higher temperature. The rest of the experiment could also be performed at 

physiological temperature, but this is not necessary. 

 

Incubate protein lysates with the small molecule 

 

10. Add into one tube 3 μL vehicle, and into the other tube 3 μL small molecule at 100x 

the final concentration for a 1:100 dilution. 

 

The small molecule stock solution does not have to be exactly 100x, but, if using 

DMSO as a vehicle, we advise that the final DMSO concentration in the lysates be 

kept low, around 1-2%, as higher concentrations may interfere with binding and 

proteolysis. We also prefer to not pipet volumes less than 1 μL, as the chance of 

significant pipetting error becomes greater. Therefore, do not use a small molecule 

stock solution that is greater than 300x directly (dilute it first), unless the volume of 

lysates is also larger. 

 

11. Mix the samples immediately by gently flicking the tubes with your finger several 

times, spin the tubes briefly in a microfuge to bring all the liquid to the bottom of 

the tubes, and allow them to incubate at room temperature for 1 hour (or longer if 

determined necessary from pilot studies). 
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It is critical that you mix the samples thoroughly but gently, to ensure that the small 

molecule/protein solution becomes homogeneous and binding equilibrium is 

reached. Furthermore, it is essential that you do not vortex or use any other harsh 

mixing method on any sample that contains protein! This will cause many proteins 

to become denatured and/or aggregated. 

 

Preparation for proteolysis 

 

12. Thaw one aliquot of 10 mg/mL pronase quickly and place on ice. 

13. Dilute pronase to 1.25 mg/mL by mixing 12.5 μL pronase with 87.5 μL cold 1x TNC 

Buffer, which will serve as the 1:100 pronase stock solution. 

 

It is essential to keep all protease solutions on ice at all times to prevent them from 

starting to digest themselves. The 1.25 mg/mL pronase solution will be the highest 

concentration used in this experiment. The pronase stock solutions prepared in 

this and the following step are calculated for lysates of 5 μg protein/μL, and will 

need to be modified if the protein concentration is significantly different.  

 

Pronase dilutions of 1:300 or 1:1000 can also be used if subsequent analysis 

indicates a 1:100 stock is too concentrated. 
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Perform proteolysis 

 

14. Prepare aliquots from both protein samples (the compound-treated sample and 

control sample), each with 50 μL, and save the remaining 50 μL of each sample 

as a non-digested control sample. 

15. Start a timer and immediately add 2 μL 1:100 pronase solution to one aliquot of 

compound-treated sample, mix well, and incubate at room temperature. 

16. At exactly 1 minute after starting the first digest, add 2 μL 1:100 pronase solution 

to one aliquot of the control sample, mix well, and incubate at room temperature. 

17. After 30 minutes stop the digestion of the first aliquot began by adding 3 μL cold 

20x protease inhibitor solution, mixing well, and placing on ice. 

18. Stop all the remaining digestions in the order they were started in 1-minute 

intervals by adding 3 μL cold 20x protease inhibitor solution to each, mixing well, 

and placing on ice. 

 

Part 2: Fractionation and Mass Spectrometry 

 

Materials 

 

1M dithiothreitol (DTT) 

Zeba Spin Desalting Columns, 7K MWCO, 0.5 ml (Thermo Scientific cat. no. 

89882) 

GelFree 8100 Fractionation Station (Protein Discovery) 
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10% Tris-Acetate Cartridge Kit (Protein Discovery cat. no. 42105) 

 

1. Perform DARTS for the small molecule of interest using pronase to protein ratios 

of 1:300 or 1:100. 

2. Desalt 200 μg aliquots from each DARTS sample with Zeba Spin Desalting 

Columns according to the directions provided by Thermo Scientific. 

 

If SILAC or another stable isotope labeling method will be used for quantitative 

comparison, combine 100 μg labeled protein from the compound-treated sample 

and 100 μg labeled protein from the control sample into one and process as a 

single sample throughout this protocol. 

 

3. Prepare the samples for fractionation by bringing their total volumes up to 112 μL 

with dH2O, adding 8 μL 1M DTT and 30 μL 5x sample buffer (provided in cartridge 

kit), mixing, and heating to 50°C for 10 minutes. 

4. Allow the samples to cool to room temperature and load each one into an individual 

lane of a 10% Tris-Acetate cartridge. 

5. Separate the samples into a desired number of fractions according to the 

instructions provided by Protein Discovery. 

 

The GelFree system allows complete user control over how many fractions can be 

collected and to what molecular weight ranges those fractions correspond. We 

recommend initially using the general fractionation method provided with the 
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cartridge kit, which will yield 12 evenly spread fractions of proteins ranging in size 

from about 5 to 100 kDa. If desired, variations from this method can be tested on 

a single DARTS sample and the fractions analyzed by traditional SDS-PAGE and 

silver staining to determine suitability prior to mass spectrometry analysis. 

 

6. Prepare the fractions for mass spectrometry analysis by alkylation and trypsin 

digestion using the enhanced Filter-Aided Sample Preparation (eFASP) protocol 

[3] (see below for detailed protocol). 

 

FASP/eFASP is recommended because it is a robust, efficient method for 

preparing SDS-containing samples for mass spectrometry. Alternatively, the 

fractions can be TCA or acetone precipitated and in-solution reduced, alkylated, 

and digested, but it is critical that the preparation method used removes the SDS 

from the samples prior to mass spectrometry analysis. 

 

Following is a detailed outline of the eFASP digestion and cleanup procedure used in 

processing the DARTS-MS samples.  

 

1. Prepare 10 mL 8M Urea in 0.1M Tris-HCl pH 8.5 

2. Add 200 μl 8M Urea/0.1M Tris pH 8.5 into a 5 kDa MW-cutoff column 

3. Add samples into separate 5 kDa MW-cutoff columns (up to 200 μl) 

4. Centrifuge at 14,000 g until about 5 μl remains 

5. Add 200 μl 8M Urea/0.1M Tris pH 8.5 into each 5 kDa MW-cutoff column 
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6. Centrifuge as before down to ~5 μl  

7. Prepare 100mM Iodoacetamide in 8M Urea/0.1M Tris pH 8.5 

8. Discard flow through and add 100 μl 100mM Iodoacetamide in 8M Urea/0.1M Tris 

pH 8.5 to each sample 

9. Mix samples in thermomixer at 600 rpm for 1 minute 

10. Incubate samples for 5-10 minutes in the dark at room temp. without mixing 

11. Centrifuge samples at 14,000 g for 20 minutes 

12. Prepare 6 mL 8M Urea in 0.1M Tris-HCl pH 8.0  

13. Discard flow through and add 100 μl 8M Urea/0.1M Tris pH 8.0 to each sample 

14. Centrifuge samples at 14,000 g down to ~5 μl 

15. Repeat this wash step twice with 100 μl each time 

16. Prepare new collection tubes for each sample for tryptic digest 

17. Transfer filters to new collection tubes and bring the total volume up to 40 μl with 

8M Urea/0.1M Tris pH 8.0 

18. Mix in thermomixer at 600 rpm for 1 minute 

19. Add 125 μl 50mM ammonium bicarbonate containing 1:100 Trypsin  

20. Mix samples immediately in thermomixer for 1 minute at 600 rpm 

21. Incubate digestions 4 hour to overnight at room temp or 37°C 

22. Centrifuge samples for 20 minutes at 14,000 g 

23. Add 50 μl 0.5M NaCl and repeat centrifugation 

24. Discard filters and add 5 μl 5% TFA to each eluate 

25. Proceed to Desalting Peptides Protocol or store samples at -20°C 
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Desalting Peptides Protocol using C18 StageTip 

Tip packing material: Empore C18 90 mm Extraction Disc, Model 2315 

Tip Adaptors: Protea SpinTip Adaptors (SP-990-8) 

 

1. Dry down the sample in a speedvac, then resuspend in 100 µL loading buffer (0.5% 

HOAc), check to make sure the sample is acidic (pH 3 or less) and add more HOAc 

if needed. 

2. Prepare the C18/C18 StageTips by packing 200-µL Eppendorf tips with 2 layers of 

Empore C18 (maximum binding capacity for a piece of membrane is ~20 ug). 

3. Condition the C18/C18 tips as follows: 

a. Add 100-µL of 100% MeOH and spin at 2k x g for 25-30 seconds (~10-

µL should remain). Do not let the membrane dry out after this point 

b. Add 100-µL of C18 Elution buffer (80% ACN/0.5% HOAc) to remove 

contaminants on C18 and spin at 2k x g for 25-30 seconds (~10-µL 

should remain) 

c. Add 100-µL of Loading buffer (0.5% HOAc), spin at 2k x g for 25-30 

seconds (~10-µL should remain) 

4. Transfer your peptide sample to the conditioned C18/C18 SpinTip. spin and reload 

the filtrate onto the tip 

5. Add 100-µL of Loading buffer and spin at 2K x g (~30 seconds) to wash and 

transfer the StageTip to a fresh tube. 

6. Add 40-µL of C-18 Elution buffer (80% ACN/0.5%HOAc) and collect the flow 

through 
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7. Dry down samples in speedvac and resuspend in 25 µL of 1% acetonitrile/0.1% 

formic acid for MS analysis. 

 

Perform LC-MS/MS analysis of the fractions. 

For most of the LC-MS/MS analyses in the subsequent chapters the following 

equipment and settings were used: 

Thermo Easy nano-LC: 

Sample volume: 2 µL 

Loading volume: 6 µL 

Gradient: Start at 5% B and go to 40% B over 2 hours then go to 100% B 

over 10 minutes and stay at 100% B for 10 minutes. Total run time 

140 minutes. 

LC flow rate: 300 nL/minute 

Solvent A: Water, 0.1% formic acid 

Solvent B: Acetonitrile, 0.1% formic acid 

Pre-column: Acclaim PepMap RSLC Nano-Trap Column 

Particle Size: 3 µm 

Pore Size: 100 Å 

Stationary Phase: C18 

Length: 20 mm 

Diameter: 0.075mm 

Analytical column: Acclaim PepMap RSLC Nano 

Particle Size: 2 µm 
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Pore Size: 100 Å 

Stationary Phase: C18 

Length: 250 mm 

Column i.d.: 75 µm 

Thermo Q-Exactive q-orbitrap: 

Top-10 dds 

Dynamic exclusion time: 30 s 

Polarity: Positive 

Full MS resolution: 70K 

Full MS AGC target: 1e6 

Full MS Scan range: 200-2000 m/z 

MS2 resolution: 17.5K 

MS2 AGC target: 2e5 

 

 

Raw mass spectrometry data was extracted with either Proteome Discoverer 1.4 or 

RawXtract version 1.9. The MS2 files were searched against either a human or mouse 

Uniprot database (downloaded January 2015 and May 2015 respectively) using 

SEQUEST, Mascot, or ProLuCID search algorithms. Search results were filtered with 

DTASelect for a false positive rate of less than 5%. The data from all fractions was 

compared using Protomap [4]. 
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2.3 CONCLUSION 

 

 DARTS-MS combines the advantages that our previous DARTS protocol has over 

existing affinity and non-affinity protein target identification methods while also providing 

higher sensitivity and analytical rigor. The method still does not require the modification 

or immobilization of the small molecule or target and performs all reactions under native, 

physiologically relevant conditions. Additionally, it provides an unbiased approach to 

identify all small-molecule binders within the proteome including both on-target and off-

target interactions. Whereas previous versions of the DARTS protocol relied on methods 

with low sensitivity and qualitative results, such as SDS-PAGE, DARTS-MS can 

potentially delve much deeper into the proteome and identify small-molecule targets with 

very low abundance while also providing quantitative data to assist analysis. The 

protocols detailed in this chapter are intended to provide enough detail for replication in 

any well-equipped laboratory. While adaptation of the protocol may occasionally be 

necessary, the preceding methods have been well optimized for most systems. The 

following two chapters detail the use of DARTS-MS on a wide variety of small molecules 

in both whole cell lysate and subcellular fractions.  
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2.4 FIGURES 

 

 

Figure 2-1: Enhanced DARTS-MS platform. A collection of protein (e.g. a cell lysate) is 

split into two fractions one of which is treated with a small molecule (e.g. drug) and the 

other receives an equal amount of solvent and serves as a control. The samples are 

allowed to incubate and then undergo a limited proteolysis. Proteins/peptides are 

separated according to molecular weight using gel-free fractionation. Each molecular 

weight fraction is digested completely with trypsin and subjected to LC-MS/MS. The 

control and treated samples are compared and proteins protected from proteolysis in the 

treated sample are identified. 
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Figure 2-2: Protomap analysis. Samples are subjected to limited proteolysis and then 

are fractionated according to molecular weight. Each molecular weight fractionation is 

digested completely by trypsin and measured by LC-MS/MS. Protomap combines 

information from the fractionation and LC-MS/MS identification to create Peptographs. 

These compare peptides for a particular protein from the drug-treated sample (red) and 

control sample (blue). In the example shown, the protein’s tryptic peptides are observed 

in a higher molecular weight fraction in the drug treated sample than the control sample; 

indicating that the protein is protected from proteolysis in the presence of the drug and 

thus is likely to bind to the drug [4]. 
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Figure 2-3: Target identification using Gel-Free DARTS-MS. (A) Proof-of principle: 

rediscovery of EF1A1 as a target of didemnin B (DB). Jurkat cell lysates were digested 

with pronase in the presence of 1% DMSO, 10 µg/mL DB, or a mixture of random 

compounds (RC). The lysates were analyzed with Western blotting (I) or LC-MS/MS (II), 

demonstrating that EF1A1 (but not GAPDH control) is specifically protected by DB (blue). 

For LC-MS/MS, each sample was separated into 17 liquid fractions according to 

molecular weight (MW) using the GelFree8100 system and analyzed with LC-MS/MS. (B) 

Discovery of additional proteins of lower abundance that are specifically protected by DB. 

Proteins 1-3 correspond to CCT3, CCT5 and CCT7 respectively from the TCP1 complex. 
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Figure 2-4: DARTS target identification by GelFree fractionation vs. whole-sample 

shotgun MS. The starting amount of target protein is equivalent in aliquots of lysate 

containing and lacking the small molecule. Compound binding causes differential 

proteolysis of the target protein in DARTS. In Scenario A, the target protein is nearly 

completely digested in the absence of compound, whereas most of the target protein is 

undigested in the presence of compound. Both GelFree fractionation and whole sample 

shotgun MS analysis are able to identify the target protein here due to its depletion from 

the control sample. In Scenario B, however, the target protein is only partially digested in 

the control sample. Here the total amount of target protein is not significantly different 

between the compound-treated and control samples despite clear protection from 
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proteolysis by the compound. While whole sample shotgun MS is unable to identify the 

target protein in this case, the GelFree fractionation approach that takes molecular weight 

into consideration can identify the target protein based upon its differently-sized 

fragments in the two samples [7]. 
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CHAPTER 3 : WHOLE CELL METABOLITE STUDY WITH DARTS-MS 

 

3.1 INTRODUCTION 

 

 One of the motivations for developing the DARTS-MS (drug affinity responsive 

target stability-mass spectrometry) protocol was to have a better tool for identifying and 

characterizing the interactions of metabolites within the cell. Although it is well accepted 

that metabolites have a vast array of functions within the cell, including regulation of 

enzymatic activity, post-translational modifications and gene expression, it is equally 

apparent that we are far from understanding all of the interactions of even common 

metabolites. Furthermore, while some areas, such as cancer research, emphasize the 

importance of metabolomics, it is not generally applied to the area of aging research [1-

5]. While aging is an extraordinarily complex process, it has been demonstrated that 

certain genetic mutations and drugs can markedly extend the lifespan of many model 

organisms [6, 7]. This result coupled with the importance of aging to human health and 

disease, offers a tantalizing possibility of improving the treatment of age-related illnesses 

and our general understanding of the aging process.  

 While many genes have been found that regulate aging and can affect lifespan, 

there are relatively few small molecules that are known to be directly involved in the 

regulation of aging. There are even fewer such molecules that are well characterized and 

have known molecular targets or mechanisms. However, it was recently discovered that 

the naturally occurring metabolite α-ketoglutarate (α-KG) has significant pro-longevity 

effect in C. elegans (Figure 3-1). Previous work with DARTS suggests that ATP synthase 
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subunit beta is directly bound by α-KG [8]. This in turn, may inhibit ATP synthase and 

reduce cellular respiration, thereby reducing oxidative stress on the cell and increasing 

lifespan. However, further analysis of the pathway is warranted as it may reveal important 

mechanisms or therapeutically amenable targets. 

 ATP synthase is the primary energy-producing enzyme in the cell and is highly 

conserved across species [9, 10]. While the total suppression of the mitochondrial 

respiratory chain is detrimental, a partial suppression can have health benefits. In C. 

elegans, for example, deficiencies in the mitochondrial electron transport chain due to 

mutation or RNAi knockdown result in longer lives than control organisms [11-14]. The 

numerous parallels between α-KG treatment and ATP synthase knockdown, in addition 

to the identification of ATP synthase subunit beta as a binding protein of α-KG, have led 

to the suggestion that inhibition of ATP synthase is the primary cause of lifespan 

extension in the presence of α-KG [15]. However, there are many other α-KG targets in 

the cell. HSPD1 (60 kDa heat shock protein) and PKM2 (Pyruvate kinase isozymes 

M1/M2) have both been found to interact with α-KG by DARTS and are both implicated 

in aging-related illnesses. To better understand the regulatory role of α-KG within the cell 

we will use DARTS-MS to identify additional binding proteins that may play a role in 

lifespan extension. 

 Increased levels of α-KG have been reported in numerous starved animals 

(including C. elegans) and in exercising humans [16-19]. These increased levels of α-KG 

are generally explained “by starvation-based anaplerotic gluconeogenesis, which 

activates glutamate-linked transaminases in the liver to provide carbon derived from 

amino acid catabolism” [15]. It seems likely that α-KG is one of the key metabolites 
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responsible for lifespan extension during dietary restriction. However, α-KG may not be 

unique in this regard. It is possible that other α-keto acids produced during amino acid 

catabolism are involved in lifespan extension during dietary restriction. In this chapter, we 

will apply our improved DARTS-MS protocol to further explore the role of α-KG as well as 

the structurally similar α-ketobutyric acid (α-KB) and α-ketoisocaproic acid (α-KIC), two 

potentially important endogenous α-keto acids that are not well studied (Figure 3-2). 

 Dietary restriction, also known as calorie restriction, has been shown to extend 

lifespan and reduce the impact of age-related illnesses in a diverse group of organisms 

for nearly a century [20-22]. However, the mechanisms linking dietary restriction and 

longevity are still incompletely understood. Mapping the interactions of metabolites 

implicated in dietary restriction could expand this understanding and provide potential 

avenues for therapeutic development. Since aging is one of the primary risk factors in 

many common fatal illnesses (including heart disease, cancer, diabetes, and 

neurodegenerative disorders) it is an important area of research and one in need of new 

tools [23-27]. Utilizing DARTS-MS to investigate aging-related metabolites is a unique 

strategy that could uncover fruitful areas for future research into aging or the treatment 

and prevention of human diseases. 
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3.2 α-KETOGLUTARIC ACID 

 

 As discussed in the previous section, α-ketoglutaric acid (α-KG) is a naturally 

occurring metabolite involved in many cellular processes including the Krebs cycle and 

amino acid synthesis. It is also implicated in life-span extension and is thus a small 

molecule of great interest. However, given the large number of interactions α-KG has 

within the cell, it is not amenable to traditional target identification strategies. By using 

DARTS-MS we hope to map α-KG interactions, both novel and previously confirmed, 

within the cell.  

 The protocol employed is described in detail in CHAPTER 2. Briefly, Human 

Embryonic Kidney cells (HEK293) were grown, lysed, incubated with 100 µM α-KG, 

partially digest with pronase, fractionated by molecular weight, digested with trypsin and 

analyzed by LC-MS/MS. The raw MS data was analyzed with SEQUEST and Protomap. 

The data was then organized into “peptographs” that display the sequence coverage for 

a particular protein on the horizontal axis (from N-terminus on the left to C-terminus on 

the right) while migration of the partially digested proteins is shown on the vertical axis 

(with high molecular weight fractions on top and low molecular weight fractions on the 

bottom). The peptographs also display the average number of spectral counts for the 

particular protein in each size exclusion fraction. Potential binding targets are identified 

by changes in proteolytic cleavage as indicated by shifts in migration from higher to lower 

molecular weight species between the experimental and control samples. 

 Figure 3-3 is a peptograph for the protein prolyl 3-hydroxylase. In this case, we 

can see that the majority of peptides from the α-KG containing samples are found in 
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higher molecular weight fractions than the control samples. Thus it appears that α-KG is 

protecting the protein prolyl 3-hydroxylase from proteolysis. In fact, prolyl 3-hydroxylase 

is a known target of α-KG so this is an expected result. However, we also noticed that not 

all targets of α-KG are protected from proteolysis. In Figure 3-4, for example, we see the 

peptograph of transferrin receptor protein 1 and, in this case, the majority of peptides from 

the control samples are found in higher molecular weight fractions than the peptides from 

the α-KG containing samples. This would suggest that α-KG is rendering transferrin 

receptor protein 1 more susceptible to proteolysis. One possible explanation for this 

observation is that α-KG is disrupting a complex of proteins making the individual subunits 

of that complex more susceptible to proteolysis. Another possibility is that the 

conformation of the individual protein becomes more exposed and thus more susceptible 

to proteolysis. It is worth noting however, that the vast majority of proteins in our samples 

are not made more resistant or sensitive to proteolysis in the presence of α-KG. Figure 

3-5 shows the peptograph for glucose-6-phosphate isomerase, and based on the results, 

it appears this protein is not impacted by the presence or absence of α-KG. Instead we 

see a fairly even distribution of partially digested glucose-6-phosphate isomerase 

fragments from both the control and α-KG containing samples. 

 There were approximately 4000 proteins in total considered in the α-KG 

experiment. While, there were many more proteins detected across all samples, we only 

considered those that had high quality spectra and confident protein IDs (false positive 

rate <5%). Furthermore, in order for the Protomap analysis to have a high degree of 

statistical confidence, it was necessary to collect many spectra (at least 10 spectra per 

protein per sample). This is to insure that we can confidently assign the molecular weight 
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fraction to which a protein localizes. Indeed, as long as we can accurately measure a 

difference between the average fraction of a protein in the control sample and the 

experimental sample, this is sufficient to infer protection or sensitization to proteolysis. As 

a result, the exact quantification of protein is unnecessary for DARTS-MS to identify 

small-molecule targets (assuming the starting conditions are the same between the 

control and experimental samples). Quantification will be discussed in more detail in 

CHAPTER 5. 

 There were 151 proteins detected that had significant differences in migration 

between the α-KG and control samples (see Figure 3-6 for an overview of the dataset 

and Table 3-1 for a complete list of proteins). While this is a large number of putative 

targets, it is worth noting that α-KG is a highly promiscuous molecule involved in 

numerous cellular processes. Indeed, based on current literature, there are more than 

120 confirmed or suspected targets of α-KG (Table 3-2). Of these known targets, nearly 

30 were detected with enough confidence to be analyzed by Protomap (Table 3-3). All 

but three of the detected protein targets had significant differences between the α-KG and 

control samples. To put this in context, less than 4% of all proteins detected differed 

significantly between the experimental and control samples but nearly 90% of expected 

α-KG protein targets differed significantly between the control and experimental samples. 

This is an important result as it indicates a fairly low false negative rate for this analysis. 

Determining the false positive rate is not possible for this analysis as α-KG has many 

potential targets within the cell most of which have not been confirmed. However, the 

false positive rate will be investigated in CHAPTER 4. 
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 The validation of the putative α-KG targets identified in this study as well as 

determining their underlying biological significance is an ongoing project. However, the 

use of DARTS-MS to characterize additional metabolites with similar anti-aging activity 

could help identify networks of proteins related to aging as well as conserved 

pharmacologically amenable targets. Two metabolites structurally similar to α-KG, α-

ketobutyric acid (α-KB) and α-ketoisocaproic acid (α-KIC), will be examined in the 

following sections. 
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3.3 α-KETOBUTYRIC ACID 

 

 Like α-ketoglutaric acid (α-KG), α-ketobutyric acid (α-KB) is a naturally occurring 

metabolite that forms during amino acid catabolism. Given the similarity in structure and 

origin of the two molecules, α-KB seems a logical compound to test for a possible role in 

lifespan extension or dietary restriction. Indeed, there is already some evidence to 

suggest that α-KB is involved. For instance, α-KB levels are reported to be elevated in 

long-lived, but not short-lived, C. elegans mutants that have a partial disruption in the 

mitochondrial electron transport chain [28]. Preliminary results from a separate ongoing 

study indicate that supplementation with α-KB can delay or even reverse certain aging 

related phenotypes, including hair loss and cataracts, in aged mice (Figure 3-7). This 

indicates not only possible anti-aging effects of α-KB but also suggests that these effects 

could be conserved in mammals. If this is the case, α-KB could prove a more effective 

therapeutic than α-KG, since α-KB is naturally membrane-permeable whereas α-KG is 

transported slowly across plasma or mitochondrial membranes and is not readily 

permeable. Given the potential importance of α-KB and its similarity to α-KG, we have 

used DARTS-MS to help identify targets of α-KB and better understand its mechanism of 

action. As with α-KG, modification of the α-KB molecule would likely alter its binding 

affinity making DARTS-MS the ideal platform for target identification. 

 The protocol employed is described in detail in CHAPTER 2. Briefly, Human 

Embryonic Kidney cells (HEK293) were grown, lysed, incubated with 100 µM α-KB, 

partially digest with pronase, fractionated by molecular weight, digested with trypsin and 

analyzed by LC-MS/MS. The raw MS data was analyzed with SEQUEST and Protomap. 
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Potential binding targets are identified by changes in proteolytic cleavage as indicated by 

shifts in migration from higher to lower molecular weight species between the 

experimental and control samples. 

 There were around 4000 proteins detected in the α-KB experiment and 37 proteins 

detected that had significant differences in migration between the α-KB and control 

samples (see Figure 3-8 for an overview of the dataset and Table 3-4 for a complete list 

of proteins). There are not many proteins known to interact with α-KB (Table 3-5) and, 

unfortunately, none of the known targets were detected in this analysis. While α-KB is 

structurally similar to α-KG, α-KB is a much less polar compound due to the single 

carboxylic acid group. It is, therefore, not unreasonable to expect that α-KB will have 

substantially different target proteins than α-KG. Indeed the results suggest that α-KB has 

many fewer protein targets than α-KG. Given the many cellular processes that α-KG is 

involved with and the relatively few known targets of α-KB this is not surprising, however, 

there is still some overlap. Approximately one third of the protein targets of α-KB are also 

targets of α-KG (Table 3-6). Although assigning biological function to these interactions 

is beyond the scope of DARTS-MS, identifying and mapping out these networks of 

metabolite interactions is an important first step towards understanding their role in 

human health and aging. 
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3.4 α-KETOISOCAPROIC ACID 

 

 Like α-ketoglutaric acid (α-KG) and α-ketobutyric acid (α-KB), α-ketoisocaproic 

acid (α-KIC) can be produced from the catabolism of amino acids under specific 

physiological states. All three compounds also have structural similarities (Figure 3-2). α-

KIC is known to be an intermediate in metabolism of leucine and has been used as an 

athletic supplement [29]. However, relatively little is known regarding its interactions 

within the cell. 

 The protocol employed is described in detail in CHAPTER 2. Briefly, Human 

Embryonic Kidney cells (HEK293) were grown, lysed, incubated with 100 µM α-KIC, 

partially digest with pronase, fractionated by molecular weight, digested with trypsin and 

analyzed by LC-MS/MS. The raw MS data was analyzed with SEQUEST and Protomap. 

Potential binding targets are identified by changes in proteolytic cleavage as indicated by 

shifts in migration from higher to lower molecular weight species between the 

experimental and control samples. 

 There were around 4000 proteins detected in the α-KIC experiment and 112 

proteins detected that had significant differences in migration between the α-KIC and 

control samples (see Figure 3-9 for an overview of the dataset and Table 3-7 for a 

complete list of proteins). Many of the detected proteins are directly involved in branched 

amino acid synthesis, which is in keeping with previous results. However, given the 

number of putative interactions, α-KIC may serve direct or related regulatory roles. 
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3.5 FIGURES 

 

 

 

Figure 3-1: Lifespan screen identifies anti-aging metabolites. In order to gain insight 

into the regulation of aging by endogenous small molecules, the Huang lab screened 

normal metabolites and aberrant disease associated metabolites for their effects on adult 

lifespan of C. elegans. Molecules that exhibited pro-longevity effects from the screen 

include pyruvate, which was reported recently [30] and α-KG and succinate, whose 

effects on lifespan were not known previously. (Top) In particular, α-KG extended the 
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adult lifespan of C. elegans by ~50%, and also delayed the age dependent decline in 

mobility and youthfulness. (Bottom) α-KB and α-KIC were similarly effective at extending 

lifespan. 
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Figure 3-2: The structures of metabolites are depicted (α-KIC) α-ketoisocaproic acid 

(α-KG) α-ketoglutaric acid, and (α-KB) α-ketobutyric acid  
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Figure 3-3: Results for prolyl 3-hydroxylase in α-KG DARTS-MS experiments All 

detected peptides related to prolyl 3-hydroxylase in the α-KG DARTS-MS experiments 

were integrated into peptographs using Protomap. In the left panel, sequence coverage 

for the protein is shown on the horizontal axis (from N-terminus on the left to C-terminus 

on the right) while migration of the partially digested proteins is shown on the vertical axis 

(with high MW on top and low MW on the bottom). The right panel shows the average 

number of spectral counts for the particular protein in each size exclusion fraction. 

Potential binding targets are identified by changes in proteolytic cleavage as indicated by 

shifts in migration from higher to lower MW species between the experimental (blue) and 

control (red) samples (purple is the overlap of both samples). In this case, it appears that 

α-KG is protecting the protein from proteolysis. 
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Figure 3-4: Results for transferrin receptor protein 1 in α-KG DARTS-MS 

experiments All detected peptides related to transferrin receptor protein 1 in the α-KG 

DARTS-MS experiments were integrated into peptographs using Protomap. In the left 

panel, sequence coverage for the protein is shown on the horizontal axis (from N-terminus 

on the left to C-terminus on the right) while migration of the partially digested proteins is 

shown on the vertical axis (with high MW on top and low MW on the bottom). The right 

panel shows the average number of spectral counts for the particular protein in each size 

exclusion fraction. Potential binding targets are identified by changes in proteolytic 

cleavage as indicated by shifts in migration from higher to lower MW species between the 

experimental (blue) and control (red) samples (purple is the overlap of both samples). In 

this case, it appears that α-KG is sensitizing the protein to proteolysis. 
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Figure 3-5: Results for glucose-6-phosphate isomerase in α-KG DARTS-MS 

experiments All detected peptides related to glucose-6-phosphate isomerase in the α-

KG DARTS-MS experiments were integrated into peptographs using Protomap. In the left 

panel, sequence coverage for the protein is shown on the horizontal axis (from N-terminus 

on the left to C-terminus on the right) while migration of the partially digested proteins is 

shown on the vertical axis (with high MW on top and low MW on the bottom). The right 

panel shows the average number of spectral counts for the particular protein in each size 

exclusion fraction. Potential binding targets are identified by changes in proteolytic 

cleavage as indicated by shifts in migration from higher to lower MW species between the 

experimental (blue) and control (red) samples (purple is the overlap of both samples). In 

this case, it appears that α-KG has no impact on the protein’s sensitivity to proteolysis. 
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Figure 3-6: Shifts in molecular weight (MW) between α-KG and control samples 

indicating possible molecular targets. Each spot on the above plot represents a protein 

detected in both the experimental and control dataset. Red-spots with lines indicate 

proteins that have been protected from proteolysis by α-KG as evidenced by a shift in 

migration between control and experimental samples. Blue-spots with lines indicate 

proteins with an increased sensitivity to proteolysis. The size of the line indicating the 

magnitude of the shift. Black spots indicate no change in migration 
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Figure 3-7: α-KB treated mice. Old C57BL/6 mice revert to younger appearance when 

supplemented with α-KB. 
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Figure 3-8: Shifts in molecular weight (MW) between α-KB and control samples 

indicating possible molecular targets. Each spot on the above plot represents a protein 

detected in both the experimental and control dataset. Red-spots with lines indicate 

proteins that have been protected from proteolysis by α-KB as evidenced by a shift in 

migration between control and experimental samples. Blue-spots with lines indicate 

proteins with an increased sensitivity to proteolysis. The size of the line indicating the 

magnitude of the shift. Black spots indicate no change in migration 
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Figure 3-9: Shifts in molecular weight (MW) between α-KIC and control samples 

indicating possible molecular targets. Each spot on the above plot represents a protein 

detected in both the experimental and control dataset. Red-spots with lines indicate 

proteins that have been protected from proteolysis by α-KIC as evidenced by a shift in 

migration between control and experimental samples. Blue-spots with lines indicate 

proteins with an increased sensitivity to proteolysis. The size of the line indicating the 

magnitude of the shift. Black spots indicate no change in migration 
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3.6 TABLES 

 

Table 3-1: Putative targets of α-KG based on shifts in migration. Each protein in the 

following table had a statistically significant difference between the α-KG samples and 

the control samples. The absolute value of the distance corresponds to the difference in 

average MW fraction between the experimental and control samples. Negative distances 

indicates a sensitization to proteolysis in the presence of the small molecule while a 

positive value corresponds to a protection from proteolysis. 

Protein Distance 
ACACA Acetyl-CoA carboxylase 1 1.7 
ACO2 Aconitate hydratase, mitochondrial -1.1 
ACTL6A Actin-like protein 6A 1.6 
ACTN3 Alpha-actinin-3 -1.1 
ACTR1B Beta-centractin 1.1 
AHSG Alpha-2-HS-glycoprotein 1 
AIFM1 Apoptosis-inducing factor 1, mitochondrial 1.1 
AK1 Adenylate kinase isoenzyme 1 1.1 
ANP32E Acidic leucine-rich nuclear phosphoprotein 32 family 

member E  
1 

AP2A1 AP-2 complex subunit alpha-1  1.1 
ARF1 ADP-ribosylation factor 1 1 
ARHGEF1 Rho guanine nucleotide exchange factor 1 1.3 
ATP5O ATP synthase subunit O, mitochondrial 1.3 
BCAT1 Branched-chain-amino-acid aminotransferase, cytosolic 1 
BCAT2 Branched-chain-amino-acid aminotransferase, mitochondrial 1 
CACYBP Calcyclin-binding protein 1.1 
CFL2 Cofilin-2 1.4 
COPB1 Coatomer subunit beta 1 
COPG1 Coatomer subunit gamma-1 1.3 
COPS2 COP9 signalosome complex subunit 2 2.2 
COPS3 COP9 signalosome complex subunit 3 1.2 
CRKL Crk-like protein 1.4 
CTSD Cathepsin D 1 
CXADR Coxsackievirus and adenovirus receptor  1.3 
DDX17 Probable ATP-dependent RNA helicase DDX17 1.1 
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Protein Distance 
DHFR Dihydrofolate reductase 1 
DNAJA2 DnaJ homolog subfamily A member 2 1.3 
DNAJB11 DnaJ homolog subfamily B member 11 1.1 
EIF3D Eukaryotic translation initiation factor 3 subunit D 1.4 
EIF3K Eukaryotic translation initiation factor 3 subunit K  1.2 
EIF4B Eukaryotic translation initiation factor 4B 1.1 
EIF5B Eukaryotic translation initiation factor 5B 1 
EPPK1 Epiplakin 1.1 
ERLIN2 Erlin-2 1.2 
ERP29 Endoplasmic reticulum resident protein 29 1.1 
FKBP10 Peptidyl-prolyl cis-trans isomerase FKBP10  2 
FKBP14 Peptidyl-prolyl cis-trans isomerase FKBP14 1.1 
FTO Alpha-ketoglutarate-dependent dioxygenase FTO 1 
GAMT Guanidinoacetate N-methyltransferase 1.1 
GBAS Protein NipSnap homolog 2 1.3 
GBE1 1,4-alpha-glucan-branching enzyme  1.4 
GLRX3 Glutaredoxin-3 1.3 
GPD2 Glycerol-3-phosphate dehydrogenase, mitochondrial  1.6 
GNA14 Guanine nucleotide-binding protein subunit alpha-14  1.8 
GNS N-acetylglucosamine-6-sulfatase  1.1 
GPD2 Glycerol-3-phosphate dehydrogenase, mitochondrial 1.2 
HADH Hydroxyacyl-coenzyme A dehydrogenase, mitochondrial  1.1 
HEBP1 Heme-binding protein 1 1 
HIBADH 3-hydroxyisobutyrate dehydrogenase, mitochondrial  1.1 
HLA-A HLA class I histocompatibility antigen, A-2 alpha chain  -1 
HMGB1 High mobility group protein B1 1 
IDH1 Isocitrate dehydrogenase [NADP] cytoplasmic  1 
IDH3A Isocitrate dehydrogenase [NAD] subunit alpha, mitochondrial 1 
IDH3B Isocitrate dehydrogenase [NAD] subunit beta, mitochondrial 1 
IGF2BP1 Insulin-like growth factor 2 mRNA-binding protein 1 1 
IGF2BP3 Insulin-like growth factor 2 mRNA-binding protein 3 1.1 
KDM3B Lysine-specific demethylase 3B  1 
KDM6B Lysine-specific demethylase 6B  1 
KRT14 Keratin, type I cytoskeletal 14  -2 
KRT5 Keratin, type II cytoskeletal 5  1.2 
LAMB1 Laminin subunit beta-1 1.2 
LEPRE1 Prolyl 3-hydroxylase 1 2.1 
LRPPRC Leucine-rich PPR motif-containing protein, mitochondrial 1 
MAT2A S-adenosylmethionine synthase isoform type-2  -1.1 
MCM4 DNA replication licensing factor MCM4  1.2 
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Protein Distance 
MCM5 DNA replication licensing factor MCM5  1.6 
MCM7 DNA replication licensing factor MCM7  1 
MLLT4 Afadin 1.4 
MYO6 Unconventional myosin-VI -1.1 
NASP Nuclear autoantigenic sperm protein  1.2 
NCAPD2 Condensin complex subunit 1  1.2 
NRD1 Nardilysin 2.5 
NUDT5 ADP-sugar pyrophosphatase 1.2 
OGDH 2-oxoglutarate dehydrogenase, mitochondrial  1 
OGFOD1 2-oxoglutarate and iron-dependent oxygenase domain-

containing protein 1 
1 

OGT UDP-N-acetylglucosamine--pe 1 
OSGEP Probable tRNA threonylcarba 1.4 
OTUB1 Ubiquitin thioesterase OTU 1.2 
P4HA1 Prolyl 4-hydroxylase subunit alpha-1 1 
P4HA2 Prolyl 4-hydroxylase subunit alpha-2  1 
PABPC4 Polyadenylate-binding protein 4  -1.2 
PEPD Xaa-Pro dipeptidase -1.1 
PGP Phosphoglycolate phosphatase 1.2 
PHF2 Lysine-specific demethylase PHF2  1 
PHGDH D-3-phosphoglycerate dehydrogenase  1 
PLEC Plectin 1 
PLOD1 Procollagen-lysine,2-oxoglutarate 5-dioxygenase 1 1 
PLOD2 Procollagen-lysine,2-oxoglutarate 5-dioxygenase 2 1.1 
PLOD3 Procollagen-lysine,2-oxoglutarate 5-dioxygenase 3 1 
PPIB Peptidyl-prolyl cis-trans isomerase B  1.6 
PPP2R4 Serine/threonine-protein phosphatase 2A activator 1.4 
PPP2R5C Serine/threonine-protein phosphatase 2A 56 kDa 

regulatory subunit gamma isoform  
-1.1 

PPP4R1 Serine/threonine-protein phosphatase 4 regulatory subunit 1  1.4 
PPP5C Serine/threonine-protein phosphatase 5  1 
PRDX6 Peroxiredoxin-6 1.1 
PRPS1 Ribose-phosphate pyrophosphokinase 1  1.9 
PRPS2 Ribose-phosphate pyrophosphokinase 2  -1 
PSAT1 Phosphoserine aminotransferase 1 
PSMA1 Proteasome subunit alpha type-1  1.5 
PSMA5 Proteasome subunit alpha type-5  1.6 
PSMD11 26S proteasome non-ATPase regulatory subunit 11 1.1 
PTPLAD1 3-hydroxyacyl-CoA dehydratase 3  1.7 
PTPN11 Tyrosine-protein phosphatase non-receptor type 11  1 
RAC1 Ras-related C3 botulinum toxin substrate 1  1.2 
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Protein Distance 
RANBP1 Ran-specific GTPase-activating protein  1.1 
RBBP4 Histone-binding protein RBBP4  1.3 
RCN2 Reticulocalbin-2 1 
RPA2 Replication protein A 32 kDa subunit  1.2 
RPL12 60S ribosomal protein L12 1.5 
RPL21 60S ribosomal protein L21 1.5 
RPL27A 60S ribosomal protein L27a 1.3 
RPL5 60S ribosomal protein L5 1.1 
RPL7A 60S ribosomal protein L7a 1.6 
RPLP0 60S acidic ribosomal protein P0  1 
RPLP2 60S acidic ribosomal protein P2  1.4 
RPS13 40S ribosomal protein S13  1 
RPS17L 40S ribosomal protein S17-like  1.4 
RPS2 40S ribosomal protein S2 1 
RPS5 40S ribosomal protein S5 1 
RPS6 40S ribosomal protein S6 -1.1 
RRM2B Ribonucleoside-diphosphate reductase subunit M2 B 1.2 
RRP12 RRP12-like protein 1.5 
SCRIB Protein scribble homolog  1.7 
SEC23B Protein transport protein Sec23B  1.3 
SEC24A Protein transport protein Sec24A 1 
SERPINB6 Serpin B6 1.1 
SERPINH1 Serpin H1 1.8 
SET Protein SET 1.4 
SF3A1 Splicing factor 3A subunit 1  1.4 
SKP1 S-phase kinase-associated protein 1  1 
SMC2 Structural maintenance of chromosomes protein 2  1 
SNRPA1 U2 small nuclear ribonucleoprotein A'  1.5 
SOD1 Superoxide dismutase [Cu-Zn]  1 
SRM Spermidine synthase 1.2 
SRP68 Signal recognition particle 68 kDa protein  1 
SRSF3 Serine/arginine-rich splicing factor 3  1 
Signal transducer and activator of transcription 1-alpha/beta 1.4 
TFRC Transferrin receptor protein 1  -1.7 
TMX3 Protein disulfide-isomerase TMX3  1 
TNPO1 Transportin-1 1.6 
TPM3 Tropomyosin alpha-3 chain -1 
Tubulin--tyrosine ligase-like protein 12  1.1 
TUBA8 Tubulin alpha-8 chain 1.7 
TUBB6 Tubulin beta-6 chain 1.3 
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Protein Distance 
U2AF2 Splicing factor U2AF 65 kDa subunit  1 
UBA2 SUMO-activating enzyme subunit 2 1.1 
UBC Polyubiquitin-C -1.1 
UBE2N Ubiquitin-conjugating enzyme E2 N  1 
UBR4 E3 ubiquitin-protein ligase UBR4  1.2 
USP15 Ubiquitin carboxyl-terminal hydrolase 15  1.4 
XPNPEP1 Xaa-Pro aminopeptidase 1  1.1 

 
  



77 

Table 3-2: Known targets of α-KG Previously elucidated targets of α-KG 

Protein names Gene names 
Kynurenine/alpha-aminoadipate aminotransferase, 

mitochondrial (KAT/AadAT) (2-aminoadipate 
aminotransferase) (2-aminoadipate 
transaminase) (EC 2.6.1.39) (Alpha-
aminoadipate aminotransferase) (AadAT) 
(Kynurenine aminotransferase II) (Kynurenine--
oxoglutarate aminotransferase II) (Kynurenine--
oxoglutarate transaminase 2) (EC 2.6.1.7) 
(Kynurenine--oxoglutarate transaminase II) 

AADAT KAT2 

Alpha-aminoadipic semialdehyde synthase, 
mitochondrial (LKR/SDH) [Includes: Lysine 
ketoglutarate reductase (LKR) (LOR) (EC 
1.5.1.8); Saccharopine dehydrogenase (SDH) 
(EC 1.5.1.9)] 

AASS 

4-aminobutyrate aminotransferase, mitochondrial (EC 
2.6.1.19) ((S)-3-amino-2-methylpropionate 
transaminase) (EC 2.6.1.22) (GABA 
aminotransferase) (GABA-AT) (Gamma-amino-
N-butyrate transaminase) (GABA transaminase) 
(GABA-T) (L-AIBAT) 

ABAT GABAT 

Hydroxyacid-oxoacid transhydrogenase, mitochondrial 
(HOT) (EC 1.1.99.24) (Alcohol dehydrogenase 
iron-containing protein 1) (ADHFe1) (Fe-
containing alcohol dehydrogenase) 

ADHFE1 HMFT2263 

Alkylated DNA repair protein alkB homolog 1 (EC 
1.14.11.33) (Alpha-ketoglutarate-dependent 
dioxygenase ABH1) (DNA lyase ABH1) (EC 
4.2.99.18) (DNA oxidative demethylase 
ALKBH1) 

ALKBH1 ABH ABH1 
ALKBH 

Alpha-ketoglutarate-dependent dioxygenase alkB 
homolog 2 (EC 1.14.11.33) (Alkylated DNA 
repair protein alkB homolog 2) (DNA oxidative 
demethylase ALKBH2) (Oxy DC1) 

ALKBH2 ABH2 

Alpha-ketoglutarate-dependent dioxygenase alkB 
homolog 3 (EC 1.14.11.-) (Alkylated DNA repair 
protein alkB homolog 3) (DEPC-1) (Prostate 
cancer antigen 1) 

ALKBH3 ABH3 DEPC1 

Alpha-ketoglutarate-dependent dioxygenase alkB 
homolog 4 (EC 1.14.11.-) (Alkylated DNA repair 
protein alkB homolog 4) 

ALKBH4 ABH4 

RNA demethylase ALKBH5 (EC 1.14.11.-) (Alkylated 
DNA repair protein alkB homolog 5) (Alpha-

ALKBH5 ABH5 OFOXD1 
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Protein names Gene names 
ketoglutarate-dependent dioxygenase alkB 
homolog 5) 

Alpha-ketoglutarate-dependent dioxygenase alkB 
homolog 6 (EC 1.14.11.-) (Alkylated DNA repair 
protein alkB homolog 6) 

ALKBH6 ABH6 

Alpha-ketoglutarate-dependent dioxygenase alkB 
homolog 7, mitochondrial (EC 1.14.11.-) 
(Alkylated DNA repair protein alkB homolog 7) 
(Spermatogenesis cell proliferation-related 
protein) (Spermatogenesis-associated protein 
11) 

ALKBH7 ABH7 SPATA11 
UNQ6002/PRO3456
4 

Alkylated DNA repair protein alkB homolog 8 (EC 
1.14.11.-) (Probable alpha-ketoglutarate-
dependent dioxygenase ABH8) (S-adenosyl-L-
methionine-dependent tRNA methyltransferase 
ABH8) (tRNA (carboxymethyluridine(34)-5-O)-
methyltransferase ABH8) (EC 2.1.1.229) 

ALKBH8 ABH8 

Aspartyl/asparaginyl beta-hydroxylase (EC 1.14.11.16) 
(Aspartate beta-hydroxylase) (ASP beta-
hydroxylase) (Peptide-aspartate beta-
dioxygenase) 

ASPH BAH 

Aspartate beta-hydroxylase domain-containing protein 
1 (EC 1.14.11.-) 

ASPHD1 

Aspartate beta-hydroxylase domain-containing protein 
2 (EC 1.14.11.-) 

ASPHD2 

Gamma-butyrobetaine dioxygenase (EC 1.14.11.1) 
(Gamma-butyrobetaine hydroxylase) (Gamma-
BBH) (Gamma-butyrobetaine,2-oxoglutarate 
dioxygenase) 

BBOX1 BBH BBOX 

Branched-chain-amino-acid aminotransferase, cytosolic 
(BCAT(c)) (EC 2.6.1.42) (Protein ECA39) 

BCAT1 BCT1 ECA39 

Branched-chain-amino-acid aminotransferase, 
mitochondrial (BCAT(m)) (EC 2.6.1.42) 
(Placental protein 18) (PP18) 

BCAT2 BCATM BCT2 
ECA40 

Complement C1r subcomponent (EC 3.4.21.41) 
(Complement component 1 subcomponent r) 
[Cleaved into: Complement C1r subcomponent 
heavy chain; Complement C1r subcomponent 
light chain] 

C1R 

Complement C1s subcomponent (EC 3.4.21.42) (C1 
esterase) (Complement component 1 
subcomponent s) [Cleaved into: Complement 
C1s subcomponent heavy chain; Complement 
C1s subcomponent light chain] 

C1S 
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Protein names Gene names 
Kynurenine--oxoglutarate transaminase 1 (EC 2.6.1.7) 

(Cysteine-S-conjugate beta-lyase) (EC 4.4.1.13) 
(Glutamine transaminase K) (GTK) (Glutamine--
phenylpyruvate transaminase) (EC 2.6.1.64) 
(Kynurenine aminotransferase I) (KATI) 
(Kynurenine--oxoglutarate transaminase I) 

CCBL1 

Kynurenine--oxoglutarate transaminase 3 (EC 2.6.1.7) 
(Cysteine-S-conjugate beta-lyase 2) (EC 
4.4.1.13) (Kynurenine aminotransferase III) 
(KATIII) (Kynurenine--glyoxylate transaminase) 
(EC 2.6.1.63) (Kynurenine--oxoglutarate 
transaminase III) 

CCBL2 KAT3 

Cadherin EGF LAG seven-pass G-type receptor 1 
(Cadherin family member 9) (Flamingo homolog 
2) (hFmi2) 

CELSR1 CDHF9 FMI2 

Cadherin EGF LAG seven-pass G-type receptor 2 
(Cadherin family member 10) (Epidermal growth 
factor-like protein 2) (EGF-like protein 2) 
(Flamingo homolog 3) (Multiple epidermal 
growth factor-like domains protein 3) (Multiple 
EGF-like domains protein 3) 

CELSR2 CDHF10 EGFL2 
KIAA0279 MEGF3 

D-2-hydroxyglutarate dehydrogenase, mitochondrial 
(EC 1.1.99.-) 

D2HGDH D2HGD 

Lipoamide acyltransferase component of branched-
chain alpha-keto acid dehydrogenase complex, 
mitochondrial 

DBT 

Probable 2-oxoglutarate dehydrogenase E1 component 
DHKTD1, mitochondrial (EC 1.2.4.2) 
(Dehydrogenase E1 and transketolase domain-
containing protein 1) 

DHTKD1 KIAA1630 

Dihydrolipoyllysine-residue succinyltransferase 
component of 2-oxoglutarate dehydrogenase 
complex, mitochondrial (EC 2.3.1.61) (2-
oxoglutarate dehydrogenase complex 
component E2) (OGDC-E2) (Dihydrolipoamide 
succinyltransferase component of 2-oxoglutarate 
dehydrogenase complex) (E2K) 

DLST DLTS 

Egl nine homolog 1 (EC 1.14.11.29) (Hypoxia-inducible 
factor prolyl hydroxylase 2) (HIF-PH2) (HIF-
prolyl hydroxylase 2) (HPH-2) (Prolyl 
hydroxylase domain-containing protein 2) 
(PHD2) (SM-20) 

EGLN1 C1orf12 PNAS-118 
PNAS-137 

Egl nine homolog 2 (EC 1.14.11.29) (Estrogen-induced 
tag 6) (HPH-3) (Hypoxia-inducible factor prolyl 
hydroxylase 1) (HIF-PH1) (HIF-prolyl 

EGLN2 EIT6 
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Protein names Gene names 
hydroxylase 1) (HPH-1) (Prolyl hydroxylase 
domain-containing protein 1) (PHD1) 

Egl nine homolog 3 (EC 1.14.11.29) (HPH-1) (Hypoxia-
inducible factor prolyl hydroxylase 3) (HIF-PH3) 
(HIF-prolyl hydroxylase 3) (HPH-3) (Prolyl 
hydroxylase domain-containing protein 3) 
(PHD3) 

EGLN3 

Endothelial PAS domain-containing protein 1 (EPAS-1) 
(Basic-helix-loop-helix-PAS protein MOP2) 
(Class E basic helix-loop-helix protein 73) 
(bHLHe73) (HIF-1-alpha-like factor) (HLF) 
(Hypoxia-inducible factor 2-alpha) (HIF-2-alpha) 
(HIF2-alpha) (Member of PAS protein 2) (PAS 
domain-containing protein 2) 

EPAS1 BHLHE73 HIF2A 
MOP2 PASD2 

Coagulation factor X (EC 3.4.21.6) (Stuart factor) 
(Stuart-Prower factor) [Cleaved into: Factor X 
light chain; Factor X heavy chain; Activated 
factor Xa heavy chain] 

F10 

Coagulation factor VII (EC 3.4.21.21) (Proconvertin) 
(Serum prothrombin conversion accelerator) 
(SPCA) (Eptacog alfa) [Cleaved into: Factor VII 
light chain; Factor VII heavy chain] 

F7 

Coagulation factor IX (EC 3.4.21.22) (Christmas factor) 
(Plasma thromboplastin component) (PTC) 
[Cleaved into: Coagulation factor IXa light chain; 
Coagulation factor IXa heavy chain] 

F9 

Alpha-ketoglutarate-dependent dioxygenase FTO (EC 
1.14.11.-) (Fat mass and obesity-associated 
protein) 

FTO KIAA1752 

Growth hormone receptor (GH receptor) (Somatotropin 
receptor) [Cleaved into: Growth hormone-
binding protein (GH-binding protein) (GHBP) 
(Serum-binding protein)] 

GHR 

Glutamate dehydrogenase 1, mitochondrial (GDH 1) 
(EC 1.4.1.3) 

GLUD1 GLUD 

Glutamate dehydrogenase 2, mitochondrial (GDH 2) 
(EC 1.4.1.3) 

GLUD2 GLUDP1 

Aspartate aminotransferase, cytoplasmic (cAspAT) (EC 
2.6.1.1) (EC 2.6.1.3) (Cysteine 
aminotransferase, cytoplasmic) (Cysteine 
transaminase, cytoplasmic) (cCAT) (Glutamate 
oxaloacetate transaminase 1) (Transaminase A) 

GOT1 

Putative aspartate aminotransferase, cytoplasmic 2 
(EC 2.6.1.-) (Glutamate oxaloacetate 

GOT1L1 
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Protein names Gene names 
transaminase 1-like protein 1) (Transaminase A-
like protein 1) 

Aspartate aminotransferase, mitochondrial (mAspAT) 
(EC 2.6.1.1) (EC 2.6.1.7) (Fatty acid-binding 
protein) (FABP-1) (Glutamate oxaloacetate 
transaminase 2) (Kynurenine aminotransferase 
4) (Kynurenine aminotransferase IV) 
(Kynurenine--oxoglutarate transaminase 4) 
(Kynurenine--oxoglutarate transaminase IV) 
(Plasma membrane-associated fatty acid-
binding protein) (FABPpm) (Transaminase A) 

GOT2 

Alanine aminotransferase 1 (ALT1) (EC 2.6.1.2) 
(Glutamate pyruvate transaminase 1) (GPT 1) 
(Glutamic--alanine transaminase 1) (Glutamic--
pyruvic transaminase 1) 

GPT AAT1 GPT1 

Alanine aminotransferase 2 (ALT2) (EC 2.6.1.2) 
(Glutamate pyruvate transaminase 2) (GPT 2) 
(Glutamic--alanine transaminase 2) (Glutamic--
pyruvic transaminase 2) 

GPT2 AAT2 ALT2 

Hypoxia-inducible factor 1-alpha (HIF-1-alpha) (HIF1-
alpha) (ARNT-interacting protein) (Basic-helix-
loop-helix-PAS protein MOP1) (Class E basic 
helix-loop-helix protein 78) (bHLHe78) (Member 
of PAS protein 1) (PAS domain-containing 
protein 8) 

HIF1A BHLHE78 MOP1 
PASD8 

Hypoxia-inducible factor 1-alpha inhibitor (EC 
1.14.11.30) (EC 1.14.11.n4) (Factor inhibiting 
HIF-1) (FIH-1) (Hypoxia-inducible factor 
asparagine hydroxylase) 

HIF1AN FIH1 

4-hydroxy-2-oxoglutarate aldolase, mitochondrial (EC 
4.1.3.16) (Dihydrodipicolinate synthase-like) 
(DHDPS-like protein) (Probable 2-keto-4-
hydroxyglutarate aldolase) (Probable KHG-
aldolase) (Protein 569272) 

HOGA1 C10orf65 DHDPSL 

Lysine-specific demethylase hairless (EC 1.14.11.-) HR 
Isocitrate dehydrogenase [NADP] cytoplasmic (IDH) 

(EC 1.1.1.42) (Cytosolic NADP-isocitrate 
dehydrogenase) (IDP) (NADP(+)-specific ICDH) 
(Oxalosuccinate decarboxylase) 

IDH1 PICD 

Isocitrate dehydrogenase [NADP], mitochondrial (IDH) 
(EC 1.1.1.42) (ICD-M) (IDP) (NADP(+)-specific 
ICDH) (Oxalosuccinate decarboxylase) 

IDH2 

Isocitrate dehydrogenase [NAD] subunit alpha, 
mitochondrial (EC 1.1.1.41) (Isocitric 

IDH3A 
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Protein names Gene names 
dehydrogenase subunit alpha) (NAD(+)-specific 
ICDH subunit alpha) 

Isocitrate dehydrogenase [NAD] subunit beta, 
mitochondrial (EC 1.1.1.41) (Isocitric 
dehydrogenase subunit beta) (NAD(+)-specific 
ICDH subunit beta) 

IDH3B 

Isocitrate dehydrogenase [NAD] subunit gamma, 
mitochondrial (EC 1.1.1.41) (Isocitric 
dehydrogenase subunit gamma) (NAD(+)-
specific ICDH subunit gamma) 

IDH3G 

Probable JmjC domain-containing histone 
demethylation protein 2C (EC 1.14.11.-) 
(Jumonji domain-containing protein 1C) (Thyroid 
receptor-interacting protein 8) (TR-interacting 
protein 8) (TRIP-8) 

JMJD1C JHDM2C 
KIAA1380 TRIP8 

Bifunctional arginine demethylase and lysyl-
hydroxylase JMJD6 (EC 1.14.11.-) (Histone 
arginine demethylase JMJD6) (JmjC domain-
containing protein 6) (Jumonji domain-containing 
protein 6) (Lysyl-hydroxylase JMJD6) (Peptide-
lysine 5-dioxygenase JMJD6) 
(Phosphatidylserine receptor) (Protein PTDSR) 

JMJD6 KIAA0585 PTDSR 

Lysine-specific demethylase 2A (EC 1.14.11.27) 
(CXXC-type zinc finger protein 8) (F-box and 
leucine-rich repeat protein 11) (F-box protein 
FBL7) (F-box protein Lilina) (F-box/LRR-repeat 
protein 11) (JmjC domain-containing histone 
demethylation protein 1A) ([Histone-H3]-lysine-
36 demethylase 1A) 

KDM2A CXXC8 FBL7 
FBXL11 JHDM1A 
KIAA1004 

Lysine-specific demethylase 2B (EC 1.14.11.27) 
(CXXC-type zinc finger protein 2) (F-box and 
leucine-rich repeat protein 10) (F-box protein 
FBL10) (F-box/LRR-repeat protein 10) (JmjC 
domain-containing histone demethylation protein 
1B) (Jumonji domain-containing EMSY-
interactor methyltransferase motif protein) 
(Protein JEMMA) (Protein-containing CXXC 
domain 2) ([Histone-H3]-lysine-36 demethylase 
1B) 

KDM2B CXXC2 FBL10 
FBXL10 JHDM1B 
PCCX2 

Lysine-specific demethylase 3A (EC 1.14.11.-) (JmjC 
domain-containing histone demethylation protein 
2A) (Jumonji domain-containing protein 1A) 

KDM3A JHDM2A JMJD1 
JMJD1A KIAA0742 
TSGA 

Lysine-specific demethylase 3B (EC 1.14.11.-) (JmjC 
domain-containing histone demethylation protein 

KDM3B C5orf7 JHDM2B 
JMJD1B KIAA1082 
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Protein names Gene names 
2B) (Jumonji domain-containing protein 1B) 
(Nuclear protein 5qNCA) 

Lysine-specific demethylase 4A (EC 1.14.11.-) (JmjC 
domain-containing histone demethylation protein 
3A) (Jumonji domain-containing protein 2A) 

KDM4A JHDM3A JMJD2 
JMJD2A KIAA0677 

Lysine-specific demethylase 4B (EC 1.14.11.-) (JmjC 
domain-containing histone demethylation protein 
3B) (Jumonji domain-containing protein 2B) 

KDM4B JHDM3B JMJD2B 
KIAA0876 

Lysine-specific demethylase 4C (EC 1.14.11.-) (Gene 
amplified in squamous cell carcinoma 1 protein) 
(GASC-1 protein) (JmjC domain-containing 
histone demethylation protein 3C) (Jumonji 
domain-containing protein 2C) 

KDM4C GASC1 JHDM3C 
JMJD2C KIAA0780 

Lysine-specific demethylase 4D (EC 1.14.11.-) (JmjC 
domain-containing histone demethylation protein 
3D) (Jumonji domain-containing protein 2D) 

KDM4D JHDM3D JMJD2D 

Lysine-specific demethylase 4E (EC 1.14.11.-) 
(KDM4D-like protein) (Lysine-specific 
demethylase 4D-like) 

KDM4E KDM4DL 

Lysine-specific demethylase 5A (EC 1.14.11.-) (Histone 
demethylase JARID1A) (Jumonji/ARID domain-
containing protein 1A) (Retinoblastoma-binding 
protein 2) (RBBP-2) 

KDM5A JARID1A RBBP2 
RBP2 

Lysine-specific demethylase 5B (EC 1.14.11.-) 
(Cancer/testis antigen 31) (CT31) (Histone 
demethylase JARID1B) (Jumonji/ARID domain-
containing protein 1B) (PLU-1) (Retinoblastoma-
binding protein 2 homolog 1) (RBP2-H1) 

KDM5B JARID1B PLU1 
RBBP2H1 

Lysine-specific demethylase 5C (EC 1.14.11.-) (Histone 
demethylase JARID1C) (Jumonji/ARID domain-
containing protein 1C) (Protein SmcX) (Protein 
Xe169) 

KDM5C DXS1272E 
JARID1C SMCX 
XE169 

Lysine-specific demethylase 5D (EC 1.14.11.-) 
(Histocompatibility Y antigen) (H-Y) (Histone 
demethylase JARID1D) (Jumonji/ARID domain-
containing protein 1D) (Protein SmcY) 

KDM5D HY HYA JARID1D 
KIAA0234 SMCY 

Lysine-specific demethylase 6A (EC 1.14.11.-) (Histone 
demethylase UTX) (Ubiquitously-transcribed 
TPR protein on the X chromosome) 
(Ubiquitously-transcribed X chromosome 
tetratricopeptide repeat protein) 

KDM6A UTX 

Lysine-specific demethylase 6B (EC 1.14.11.-) (JmjC 
domain-containing protein 3) (Jumonji domain-
containing protein 3) (Lysine demethylase 6B) 

KDM6B JMJD3 KIAA0346 
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Protein names Gene names 
Lysine-specific demethylase 7A (EC 1.14.11.-) (JmjC 

domain-containing histone demethylation protein 
1D) (Lysine-specific demethylase 7) 

KDM7A JHDM1D KDM7 
KIAA1718 

Lysine-specific demethylase 8 (EC 1.14.11.27) (JmjC 
domain-containing protein 5) (Jumonji domain-
containing protein 5) 

KDM8 JMJD5 

L-2-hydroxyglutarate dehydrogenase, mitochondrial 
(EC 1.1.99.2) (Duranin) 

L2HGDH C14orf160 

Prolyl 3-hydroxylase 1 (EC 1.14.11.7) (Growth 
suppressor 1) (Leucine- and proline-enriched 
proteoglycan 1) (Leprecan-1) 

LEPRE1 GROS1 P3H1 
PSEC0109 

Prolyl 3-hydroxylase 2 (EC 1.14.11.7) (Leprecan-like 
protein 1) (Myxoid liposarcoma-associated 
protein 4) 

LEPREL1 MLAT4 P3H2 

Prolyl 3-hydroxylase 3 (EC 1.14.11.7) (Leprecan-like 
protein 2) (Protein B) 

LEPREL2 P3H3 

Latent-transforming growth factor beta-binding protein 
1 (LTBP-1) (Transforming growth factor beta-1-
binding protein 1) (TGF-beta1-BP-1) 

LTBP1 

Mannan-binding lectin serine protease 1 (EC 3.4.21.-) 
(Complement factor MASP-3) (Complement-
activating component of Ra-reactive factor) 
(Mannose-binding lectin-associated serine 
protease 1) (MASP-1) (Mannose-binding 
protein-associated serine protease) (Ra-reactive 
factor serine protease p100) (RaRF) (Serine 
protease 5) [Cleaved into: Mannan-binding lectin 
serine protease 1 heavy chain; Mannan-binding 
lectin serine protease 1 light chain] 

MASP1 CRARF CRARF1 
PRSS5 

Mannan-binding lectin serine protease 2 (EC 
3.4.21.104) (MBL-associated serine protease 2) 
(Mannose-binding protein-associated serine 
protease 2) (MASP-2) [Cleaved into: Mannan-
binding lectin serine protease 2 A chain; 
Mannan-binding lectin serine protease 2 B 
chain] 

MASP2 

Bifunctional lysine-specific demethylase and histidyl-
hydroxylase MINA (EC 1.14.11.-) (60S 
ribosomal protein L27a histidine hydroxylase) 
(Histone lysine demethylase MINA) (MYC-
induced nuclear antigen) (Mineral dust-induced 
gene protein) (Nucleolar protein 52) (Ribosomal 
oxygenase MINA) (ROX) 

MINA MDIG MINA53 NO52 

Nuclear factor NF-kappa-B p105 subunit (DNA-binding 
factor KBF1) (EBP-1) (Nuclear factor of kappa 

NFKB1 
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Protein names Gene names 
light polypeptide gene enhancer in B-cells 1) 
[Cleaved into: Nuclear factor NF-kappa-B p50 
subunit] 

Bifunctional lysine-specific demethylase and histidyl-
hydroxylase NO66 (EC 1.14.11.-) (EC 
1.14.11.27) (60S ribosomal protein L8 histidine 
hydroxylase) (Histone lysine demethylase 
NO66) (Myc-associated protein with JmjC 
domain) (Nucleolar protein 66) (hsNO66) 
(Ribosomal oxygenase NO66) (ROX) 

NO66 C14orf169 MAPJD 

2-oxoglutarate dehydrogenase, mitochondrial (EC 
1.2.4.2) (2-oxoglutarate dehydrogenase complex 
component E1) (OGDC-E1) (Alpha-ketoglutarate 
dehydrogenase) 

OGDH 

2-oxoglutarate dehydrogenase-like, mitochondrial (EC 
1.2.4.-) (2-oxoglutarate dehydrogenase complex 
component E1-like) (OGDC-E1-like) (Alpha-
ketoglutarate dehydrogenase-like) 

OGDHL KIAA1290 

Prolyl 3-hydroxylase OGFOD1 (EC 1.14.11.-) (2-
oxoglutarate and iron-dependent oxygenase 
domain-containing protein 1) (Termination and 
polyadenylation 1 homolog) 

OGFOD1 KIAA1612 TPA1 

2-oxoglutarate and iron-dependent oxygenase domain-
containing protein 2 (EC 1.14.11.-) 

OGFOD2 

2-oxoglutarate and iron-dependent oxygenase domain-
containing protein 3 (EC 1.14.11.-) 

OGFOD3 C17orf101 

2-oxoglutarate receptor 1 (Alpha-ketoglutarate receptor 
1) (G-protein coupled receptor 80) (G-protein 
coupled receptor 99) (P2Y purinoceptor 15) 
(P2Y15) (P2Y-like GPCR) (P2Y-like nucleotide 
receptor) 

OXGR1 GPR80 GPR99 
P2RY15 P2Y15 

Prolyl 4-hydroxylase subunit alpha-1 (4-PH alpha-1) 
(EC 1.14.11.2) (Procollagen-proline,2-
oxoglutarate-4-dioxygenase subunit alpha-1) 

P4HA1 P4HA 

Prolyl 4-hydroxylase subunit alpha-2 (4-PH alpha-2) 
(EC 1.14.11.2) (Procollagen-proline,2-
oxoglutarate-4-dioxygenase subunit alpha-2) 

P4HA2 UNQ290/PRO330 

Prolyl 4-hydroxylase subunit alpha-3 (4-PH alpha-3) 
(EC 1.14.11.2) (Procollagen-proline,2-
oxoglutarate-4-dioxygenase subunit alpha-3) 

P4HA3 UNQ711/PRO1374 

Protein disulfide-isomerase P4HB 
Transmembrane prolyl 4-hydroxylase (P4H-TM) (EC 

1.14.11.-) (Hypoxia-inducible factor prolyl 
hydroxylase 4) (HIF-PH4) (HIF-prolyl 
hydroxylase 4) (HPH-4) 

P4HTM PH4 



86 

Protein names Gene names 
Lysine-specific demethylase PHF2 (EC 1.14.11.-) 

(GRC5) (PHD finger protein 2) 
PHF2 KIAA0662 

Histone lysine demethylase PHF8 (EC 1.14.11.27) 
(PHD finger protein 8) 

PHF8 KIAA1111 ZNF422 

D-3-phosphoglycerate dehydrogenase (3-PGDH) (EC 
1.1.1.95) 

PHGDH PGDH3 

Phytanoyl-CoA dioxygenase, peroxisomal (EC 
1.14.11.18) (Phytanic acid oxidase) (Phytanoyl-
CoA alpha-hydroxylase) (PhyH) 

PHYH PAHX 

Phytanoyl-CoA dioxygenase domain-containing protein 
1 

PHYHD1 

Procollagen-lysine,2-oxoglutarate 5-dioxygenase 1 (EC 
1.14.11.4) (Lysyl hydroxylase 1) (LH1) 

PLOD1 LLH PLOD 

Procollagen-lysine,2-oxoglutarate 5-dioxygenase 2 (EC 
1.14.11.4) (Lysyl hydroxylase 2) (LH2) 

PLOD2 

Procollagen-lysine,2-oxoglutarate 5-dioxygenase 3 (EC 
1.14.11.4) (Lysyl hydroxylase 3) (LH3) 

PLOD3 

Vitamin K-dependent protein C (EC 3.4.21.69) 
(Anticoagulant protein C) (Autoprothrombin IIA) 
(Blood coagulation factor XIV) [Cleaved into: 
Vitamin K-dependent protein C light chain; 
Vitamin K-dependent protein C heavy chain; 
Activation peptide] 

PROC 

Vitamin K-dependent protein S PROS1 PROS 
Vitamin K-dependent protein Z PROZ 
Phosphoserine aminotransferase (EC 2.6.1.52) 

(Phosphohydroxythreonine aminotransferase) 
(PSAT) 

PSAT1 PSA 

Mitochondrial 2-oxoglutarate/malate carrier protein 
(OGCP) (Solute carrier family 25 member 11) 

SLC25A11 SLC20A4 

Mitochondrial 2-oxodicarboxylate carrier (Solute carrier 
family 25 member 21) 

SLC25A21 ODC 

Solute carrier family 25 member 39 
SLC25A39 CGI-69 

PRO2163 
Signal transducer and activator of transcription 5A STAT5A STAT5 
Signal transducer and activator of transcription 5B STAT5B 
Tyrosine aminotransferase (TAT) (EC 2.6.1.5) (L-

tyrosine:2-oxoglutarate aminotransferase) 
TAT 

Methylcytosine dioxygenase TET1 (EC 1.14.11.n2) 
(CXXC-type zinc finger protein 6) (Leukemia-
associated protein with a CXXC domain) (Ten-
eleven translocation 1 gene protein) 

TET1 CXXC6 KIAA1676 
LCX 

Methylcytosine dioxygenase TET2 (EC 1.14.11.n2) TET2 KIAA1546 Nbla00191 
Methylcytosine dioxygenase TET3 (EC 1.14.11.n2) TET3 KIAA0401 
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Thrombomodulin (TM) (Fetomodulin) (CD antigen 

CD141) 
THBD THRM 

Trimethyllysine dioxygenase, mitochondrial (EC 
1.14.11.8) (Epsilon-trimethyllysine 2-
oxoglutarate dioxygenase) (Epsilon-
trimethyllysine hydroxylase) (TML hydroxylase) 
(TML-alpha-ketoglutarate dioxygenase) (TML 
dioxygenase) (TMLD) 

TMLHE TMLH 

Tankyrase-2 (TANK2) (EC 2.4.2.30) (ADP-
ribosyltransferase diphtheria toxin-like 6) 
(ARTD6) (Poly [ADP-ribose] polymerase 5B) 
(TNKS-2) (TRF1-interacting ankyrin-related 
ADP-ribose polymerase 2) (Tankyrase II) 
(Tankyrase-like protein) (Tankyrase-related 
protein) 

TNKS2 PARP5B TANK2 
TNKL 

tRNA wybutosine-synthesizing protein 5 (hTYW5) (EC 
1.14.11.42) (tRNA(Phe) (7-(3-amino-3-
carboxypropyl)wyosine(37)-C(2))-hydroxylase) 

TYW5 C2orf60 

Histone demethylase UTY (EC 1.14.11.-) (Ubiquitously-
transcribed TPR protein on the Y chromosome) 
(Ubiquitously-transcribed Y chromosome 
tetratricopeptide repeat protein) 

UTY 
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Table 3-3: Known targets of α-KG detected All detected proteins from our DARTS-MS 

analysis that are thought to directly interact with α-KG. All but three have a noticeable 

difference between the control sample and α-KG containing sample. 

Protein Protection 
Branched-chain-amino-acid aminotransferase, cytosolic Slightly protected 
Branched-chain-amino-acid aminotransferase, mitochondrial Slightly protected 
Alpha-ketoglutarate-dependent dioxygenase FTO  Protected 
Isocitrate dehydrogenase [NADP] cytoplasmic Protected 
Isocitrate dehydrogenase [NAD] subunit alpha, mitochondrial Protected 
Isocitrate dehydrogenase [NAD] subunit beta, mitochondrial  Protected 
Lysine-specific demethylase 3B (EC 1.14.11.-) Migration change 
Lysine-specific demethylase 6B (EC 1.14.11.-)  Migration change 
Prolyl 3-hydroxylase 1 (EC 1.14.11.7)  Protected 
2-oxoglutarate dehydrogenase, mitochondrial (EC 1.2.4.2) Protected 
Prolyl 3-hydroxylase OGFOD1 (EC 1.14.11.-) Protected 
Prolyl 4-hydroxylase subunit alpha-1 (4-PH alpha-1) Slightly protected 
Prolyl 4-hydroxylase subunit alpha-2 (4-PH alpha-2) Migration change 
Protein disulfide-isomerase Slightly changed 
Lysine-specific demethylase PHF2  Slightly protected 
D-3-phosphoglycerate dehydrogenase (3-PGDH) Protected 
Procollagen-lysine,2-oxoglutarate 5-dioxygenase 1  Migration change 
Procollagen-lysine,2-oxoglutarate 5-dioxygenase 2 Sensitized 
Procollagen-lysine,2-oxoglutarate 5-dioxygenase 3 Slightly protected 
Phosphoserine aminotransferase  Protected 
Glutamate dehydrogenase 1, mitochondrial Unchanged 
Aspartate aminotransferase, cytoplasmic Unchanged 
Aspartate aminotransferase, mitochondrial Unchanged 
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Table 3-4: Putative targets of α-KB based on shifts in migration. Each protein in the 

following table had a statistically significant difference between the α-KB samples and the 

control samples. The absolute value of the distance corresponds to the difference in 

average MW fraction between the experimental and control samples. Negative distances 

indicates a sensitization to proteolysis in the presence of the small molecule while a 

positive value corresponds to a protection from proteolysis. 

Protein Distance 
ACTN3 Alpha-actinin-3 1.6 
AHSG Alpha-2-HS-glycoprotein 1.4 
ALKBH7 Probable alpha-ketoglutarate-dependent dioxygenase 

ABH7 
1 

ARHGAP1 Rho GTPase-activating protein 1  1.1 
BCAT1 Branched-chain-amino-acid aminotransferase, cytosolic 1 
CKAP4 Cytoskeleton-associated protein 4  1.2 
CUL4B Cullin-4B 1 
DNAJC7 DnaJ homolog subfamily C member 7  -1.1 
FKBP10 Peptidyl-prolyl cis-trans isomerase FKBP10  1.8 
GNA14 Guanine nucleotide-binding protein subunit alpha-14 1.6 
GNAS Guanine nucleotide-binding protein G(s) subunit alpha 

isoforms short  
1 

HEPHL1 Hephaestin-like protein 1  -1.2 
IDH3B Isocitrate dehydrogenase [NAD] subunit beta, mitochondrial 1 
IGF2R Cation-independent mannose-6-phosphate receptor 1.2 
ILVBL Acetolactate synthase-like protein  1.5 
KDM3B Lysine-specific demethylase 3B 1 
Keratin, type I cytoskeletal 14  -1 
LEPRE1 Prolyl 3-hydroxylase 1 1 
NAA25 N-alpha-acetyltransferase 25, NatB auxiliary subunit 1.1 
NAP1L1 Nucleosome assembly protein 1-like 1  1.3 
NME1 Nucleoside diphosphate kinase A  -1 
P4HA1 Prolyl 4-hydroxylase subunit alpha-1  1 
PHGDH D-3-phosphoglycerate dehydrogenase  1 
PLOD1 Procollagen-lysine,2-oxoglutarate 5-dioxygenase 1 1 
PLOD2 Procollagen-lysine,2-oxoglutarate 5-dioxygenase 2 1 
POTEE POTE ankyrin domain family member E  1 
PPM1G Protein phosphatase 1G -1.4 
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Protein Distance 
PPP2CA Serine/threonine-protein phosphatase 2A catalytic subunit 

alpha isoform  
-1.4 

PSAT1 Phosphoserine aminotransferase 1 
RARS Arginine--tRNA ligase, cytoplasmic  -1 
RPLP0 60S acidic ribosomal protein P0  1.3 
SERPINB6 Serpin B6 1.3 
SPR Sepiapterin reductase 1.1 
ST13 Hsc70-interacting protein 1.2 
TMX3 Protein disulfide-isomerase TMX3 1 
TNPO3 Transportin-3 -1 
UTRN Utrophin -1.5 
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Table 3-5: Known targets of α-KB Previously elucidated targets of α-KB 

Protein names Gene names 
2-oxoisovalerate dehydrogenase subunit alpha, mitochondrial 

(EC 1.2.4.4) (Branched-chain alpha-keto acid 
dehydrogenase E1 component alpha chain) 
(BCKDE1A) (BCKDH E1-alpha) 

BCKDHA 

2-oxoisovalerate dehydrogenase subunit beta, mitochondrial 
(EC 1.2.4.4) (Branched-chain alpha-keto acid 
dehydrogenase E1 component beta chain) (BCKDE1B) 
(BCKDH E1-beta) 

BCKDHB 

[3-methyl-2-oxobutanoate dehydrogenase [lipoamide]] kinase, 
mitochondrial (EC 2.7.11.4) (Branched-chain alpha-
ketoacid dehydrogenase kinase) (BCKD-kinase) 
(BCKDHKIN) 

BCKDK 

Cystathionine gamma-lyase (EC 4.4.1.1) (Cysteine-protein 
sulfhydrase) (Gamma-cystathionase) 

CTH 

L-serine dehydratase/L-threonine deaminase (SDH) (EC 
4.3.1.17) (L-serine deaminase) (L-threonine 
dehydratase) (TDH) (EC 4.3.1.19) 

SDS SDH 

Serine dehydratase-like (L-serine deaminase) (L-serine 
dehydratase/L-threonine deaminase) (L-threonine 
dehydratase) (TDH) (EC 4.3.1.19) (Serine dehydratase 
2) (SDH 2) (EC 4.3.1.17) 

SDSL 

Threonine synthase-like 2 THNSL2 
Lipoamide acyltransferase component of branched-chain 

alpha-keto acid dehydrogenase complex, mitochondrial 
DBT 
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Table 3-6: Protein targets of α-KG and α-KB Putative targets identified in both α-KG 

and α-KG DARTS-MS experiments. 

BCAT1 Branched-chain-amino-acid aminotransferase, cytosolic 
IDH3B Isocitrate dehydrogenase [NAD] subunit beta, mitochondrial 
KDM3B Lysine-specific demethylase 3B 
LEPRE1 Prolyl 3-hydroxylase 1 
P4HA1 Prolyl 4-hydroxylase subunit alpha-1 
PHGDH D-3-phosphoglycerate 
PLOD1 Procollagen-lysine,2-oxoglutarate 5-dioxygenase 1 
PLOD2 Procollagen-lysine,2-oxoglutarate 5-dioxygenase 2 
PSAT1 Phosphoserine aminotransferase 
TMX3 Protein disulfide-isomerase TMX3 
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Table 3-7: Putative targets of α-KIC based on shifts in migration. Each protein in the 

following table had a statistically significant difference between the α-KIC samples and 

the control samples. The absolute value of the distance corresponds to the difference in 

average MW fraction between the experimental and control samples. Negative distances 

indicates a sensitization to proteolysis in the presence of the small molecule while a 

positive value corresponds to a protection from proteolysis. 

Protein  Distance 
40S ribosomal protein S17-like 1.3 
40S ribosomal protein S20 -1.4 
60S acidic ribosomal protein P2 -2.1 
Activated RNA polymerase II transcriptional coactivator p15 2 
Acyl-CoA dehydrogenase family member 11 1.1 
Alpha-ketoglutarate-dependent dioxygenase alkB homolog 2 1.9 
Antigen KI-67 1.9 
Antithrombin-III 1.3 
Apoptotic protease-activating factor 1 1.7 
Arginine and glutamate-rich protein 1 1.1 
Bromodomain and WD repeat-containing protein 3 2 
cAMP-dependent protein kinase type II-alpha regulatory subunit  -1.1 
Caspase-8 2.6 
Cell adhesion molecule 1 1.2 
Centromere protein F 2.7 
Centrosomal protein of 290 kDa 1.2 
Centrosome-associated protein 350 1.1 
Chloride intracellular channel protein 2 1.6 
Chromodomain-helicase-DNA-binding protein 7 2.2 
Chromodomain-helicase-DNA-binding protein 9 1.3 
CLIP-associating protein 1 1 
Coiled-coil domain-containing protein 141 2.3 
Coiled-coil domain-containing protein 150 1.7 
Condensin complex subunit 3 1.3 
Creatine kinase S-type, mitochondrial 1.9 
DBF4-type zinc finger-containing protein 2 1.9 
DNA-(apurinic or apyrimidinic site) lyase 1 
Dynein heavy chain 10, axonemal 1.2 
Dynein heavy chain 12, axonemal 1.1 
Dynein heavy chain 14, axonemal -2.4 
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Protein  Distance 
Dynein heavy chain 17, axonemal 1.6 
Dynein heavy chain 2, axonemal 4 
Dynein heavy chain 3, axonemal 1.3 
Dynein heavy chain 9, axonemal 1.6 
E3 SUMO-protein ligase RanBP2 1.8 
E3 ubiquitin-protein ligase DZIP3 1.2 
E3 ubiquitin-protein ligase HERC2 1.1 
E3 ubiquitin-protein ligase TRIP12 1 
Exportin-T -1 
FERM and PDZ domain-containing protein 3 1.3 
Fructose-bisphosphate aldolase B 1.4 
Glial fibrillary acidic protein 1.9 
Glutamate--cysteine ligase catalytic subunit 1 
Golgin subfamily A member 4 1 
GTPase-activating protein and VPS9 domain-containing protein 1 1.1 
Guanine nucleotide-binding protein subunit alpha-13 1.1 
Helicase ARIP4 1.2 
Heterogeneous nuclear ribonucleoprotein U 1 
Histone-lysine N-methyltransferase 2A 1.8 
Inositol 1,4,5-trisphosphate receptor type 1 1 
Kinesin-like protein KIF21B 1 
Liprin-alpha-1 2.2 
Metal-response element-binding transcription factor 2 5 
Multiple PDZ domain protein -1.8 
Myb-binding protein 1A -1.2 
Myotubularin-related protein 5 1.1 
NAD-dependent protein deacetylase sirtuin-3, mitochondrial 2.8 
Nesprin-2 1.5 
Nuclease-sensitive element-binding protein 1 1.3 
Obscurin 1.9 
Peptidyl-prolyl cis-trans isomerase FKBP3 1.5 
Phosphoserine phosphatase 1 
Plasma membrane calcium-transporting ATPase 2 1.1 
Platelet-activating factor acetylhydrolase IB subunit alpha 1.5 
Polyadenylate-binding protein 4-like 1.2 
Polycystic kidney disease and receptor for egg jelly-related protein  1.8 
Potassium-transporting ATPase alpha chain 1 1.2 
Prefoldin subunit 2 -1.3 
Probable G-protein coupled receptor 158 3.4 
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Protein  Distance 
Probable tRNA N6-adenosine threonylcarbamoyltransferase, 

mitochondrial  
2 

Protein dopey-1 1 
Protein strawberry notch homolog 2 -1.3 
Putative serine/threonine-protein phosphatase 4 regulatory subunit 1-like  1.1 
Putative RNA-binding protein Luc7-like 2 1.2 
Putative serine/threonine-protein phosphatase 4 regulatory subunit 1-like  -1.3 
Ral GTPase-activating protein subunit alpha-2 1 
Ras and Rab interactor 2 2.1 
RasGAP-activating-like protein 1 1.1 
Ras-related C3 botulinum toxin substrate 3 1.7 
Ras-related protein Rab-11B 1.4 
Replication protein A 70 kDa DNA-binding subunit -1.1 
Rotatin 1.4 
Ryanodine receptor 1 1.5 
Sarcoplasmic/endoplasmic reticulum calcium ATPase 3 -2 
Scaffold attachment factor B1 3 
Serine/threonine-protein phosphatase 5 1.1 
Serrate RNA effector molecule homolog 1.1 
Sodium channel protein type 11 subunit alpha 1.2 
Spermatid perinuclear RNA-binding protein 1.5 
Stabilin-1 1.7 
Sterile alpha motif domain-containing protein 9 1.1 
Sterol regulatory element-binding protein 1 1.3 
Succinate-semialdehyde dehydrogenase, mitochondrial 1 
TAR DNA-binding protein 43 -1 
Threonine aspartase 1 1.5 
Tight junction protein ZO-2 1 
TRAF2 and NCK-interacting protein kinase 1.1 
Transcription initiation factor TFIID subunit 1-like  1.1 
Transformation/transcription domain-associated protein 1.9 
Tropomyosin alpha-3 chain 1.2 
Tropomyosin beta chain 1.2 
Tubulin polyglutamylase TTLL7 1.6 
Ubiquitin-60S ribosomal protein L40 1.1 
Uncharacterized protein KIAA1614 -1.1 
Usher syndrome type-1G protein 1.2 
UV excision repair protein RAD23 homolog A 3 
Volume-regulated anion channel subunit LRRC8C 1.1 
von Willebrand factor A domain-containing protein 3B 1.1 
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Protein  Distance 
WASP homolog-associated protein with actin, membranes and 

microtubules  
1.4 

Xin actin-binding repeat-containing protein 2 -2.2 
Zinc finger protein 605 1.5 
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CHAPTER 4 : MITOCHONDRIA STUDY WITH DARTS-MS 

 

4.1 INTRODUCTION 

 

 Our preliminary whole cell DARTS-MS analysis of α-ketoglutaric acid (α-KG) 

identified over 100 putative, previously unknown targets of α-KG, which is a full order of 

magnitude improvement over our previous gel-based DARTS analysis. However, the 

study was still limited to relatively high abundance cytosolic proteins. Therefore, to better 

understand the role of metabolites within the cell and improve the depth of our assay, we 

utilized subcellular fractionation in our next round of experiments. Given the widely 

divergent abundances of proteins within the cell, and especially within organelles, it may 

frequently be necessary to perform multiple subcellular DARTS-MS analyses (e.g. on 

mitochondrial, nuclear, and membrane extracts) in addition to whole-cell analyses. 

Although as LC-MS/MS techniques become faster and more sensitive this may be less 

of an issue. For now, subcellular fractionation should allow us to analyze binding to many 

proteins that were not identified in our preliminary study of cytosolic proteins and enable 

more detailed mapping of the metabolite-protein interaction network.  

 In this chapter, we will examine the interactions of several small molecules with 

proteins in mice liver-cell mitochondria. This will include the naturally occurring metabolite 

α-ketobutyric acid (α-KB) that was discussed in CHAPTER 3 and that has been implicated 

in lifespan extension (Figure 3-1, Figure 3-7). If α-KB is involved in the dietary restriction 

pathway, then, given the relatively few interactions observed in the whole-cell study and 

the fact that α-KB is naturally membrane permeable, it seems reasonable that we might 
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identify some of the key metabolite-protein interactions within the mitochondria. We will 

also investigate the antidiabetic medication metformin, whose interactions are not fully 

understood but are thought to occur primarily within the mitochondria [1]. It is well 

established that metformin decreases liver glucose production while increasing insulin-

sensitivity but, despite being discovered nearly a century ago, the specific molecular 

target of metformin remains elusive. Lastly, we will examine the pesticide rotenone which 

is known to interact with complex I of the electron transport chain (ETC) in the 

mitochondria [2]. Rotenone is believed to be highly specific and will serve as a sort of 

control small molecule with a known target for comparison with our other analyses.  

 The three small molecules investigated in this chapter are structurally distinct 

(Figure 4-1) and are presumed to have widely varying specificities and mechanisms of 

action. However, they are all thought to directly target proteins associated with the 

mitochondria. By focusing on this smaller portion of the cell’s proteins we hope to optimize 

our experimental procedures and demonstrate that the DARTS-MS platform is a powerful 

method for discovering new protein targets and regulatory functions across a diverse 

array of small molecules and systems 
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4.2 α-KETOBUTYRIC ACID 

 

 As discussed in CHAPTER 3, α-ketobutyrate (α-KB) is an endogenous metabolite 

that has been found to extend lifespan in adult C. elegans by nearly 50%, which is on the 

same order as the protection afforded by α-KG (Figure 3-1). It also appears that 

supplementation with α-KB can delay or even reverse certain aging related phenotypes, 

including hair loss and cataracts, in aged mice suggesting that the effects are conserved 

in mammals (Figure 3-7). Since α-KB is transported to the mitochondria following its 

production in the cell, it is reasonable to expect that many of its targets are mitochondrial 

proteins. Given these results and the apparent similarity between α-KB and α-KG, we will 

investigate the targets of α-KB within the mitochondria and try to identify any underlying 

mechanisms or relation to dietary restriction.  

 The protocol employed is described in detail in CHAPTER 2. Briefly, mitochondria 

were extracted from mouse liver, lysed, incubated with 100 µM α-KB, partially digest with 

pronase, fractionated by molecular weight, digested with trypsin and analyzed by LC-

MS/MS. The raw MS data was analyzed with SEQUEST, Mascot, and Protomap. 

Potential binding targets are identified by changes in proteolytic cleavage as indicated by 

shifts in migration from higher to lower molecular weight species between the 

experimental and control samples. 

 There were around 1500 proteins detected in the α-KB experiment and 24 proteins 

detected that had significant differences in migration between the α-KB and control 

samples (see Figure 4-2 for an overview of the dataset and Table 4-1 for a complete list 

of proteins). It is worth noting that many more proteins were detected in this dataset than 
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anticipated. While it is possible that all proteins detected are localized to the mitochondria, 

it is likely that we are also detecting some cytosolic proteins. This should not seriously 

impact the results as long as the control and experimental samples are consistent. 

DARTS-MS is designed to work with any collection of protein, sub-cellular fractionation 

was employed in this study in order to help detect lower abundance proteins localized to 

the region of interest. As a result, cytosolic proteins may reduce our ability to detect other 

proteins of interest but should not invalidate any results obtained.  

 Since many intermediate metabolites serve a regulatory role in the cell, such as 

modifying the rate of metabolic enzymes in the same or related pathways, one might 

expect that α-KB will bind or modify the function of metabolic enzymes involved in amino 

acid synthesis or catabolism. However, many of the proteins detected do not seem to be 

directly related to this function. Another possibility, given its implication in longevity, is that 

α-KB directly interacts with proteins known to be involved in dietary restriction. Again, this 

does not immediately seem to be the case. It is certainly possible that the list of α-KB 

targets includes proteins that are not yet known to play a direct role in aging. It is also 

possible that the interactions are several steps removed from direct targets of aging and 

that multiple α-KB targets are required for its effect. Given the uncertainty of function, it 

may be necessary to test all possible modulations of α-KB interactions (e.g. by RNAi 

knockdown experiments with C. elegans). This is not an unreasonable result as many 

important regulator metabolites affect many different targets within the cell. Acetyl 

coenzyme A, for example, is used as a co-substrate in myriad biological processes and 

also serves as an allosteric regulator of numerous proteins. Thus, while our DARTS-MS 

analysis cannot directly uncover the biologically relevant effectors of α-KB, it is an 
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important first step in the proteome-wide characterization of α-KB targets and is crucial 

for expanding our understanding of the metabolite interaction network. 
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4.3 METFORMIN 

 

 Metformin is an antidiabetic medication that suppresses hepatic glucose 

production while increasing insulin sensitivity. Although it has been used in humans for 

over 50 years the mechanism of action is poorly understood [3]. Many possible protein 

targets have been suggested including complex I of the mitochondrial electron transport 

chain, AMP-activated protein kinase (AMPK), cAMP-dependent protein kinase, and 

glycerophosphate dehydrogenase [1, 4, 5]. In all cases metformin is thought to directly 

interact with mitochondrial proteins. In this study we used DARTS-MS to identify 

metformin protein targets and help uncover the underlying mechanism. 

 The protocol employed is described in detail in CHAPTER 2. Briefly, mitochondria 

were extracted from mouse liver, lysed, incubated with 10 µM metformin, partially digest 

with pronase, fractionated by molecular weight, digested with trypsin and analyzed by LC-

MS/MS. The raw MS data was analyzed with SEQUEST, Mascot, and Protomap. The 

data was then organized into “peptographs” that display the sequence coverage for a 

particular protein on the horizontal axis (from N-terminus on the left to C-terminus on the 

right) while migration of the partially digested proteins is shown on the vertical axis (with 

high molecular weight on top and low molecular weight on the bottom). The peptographs 

also display the average number of spectral counts for the particular protein in each size 

exclusion fraction. Potential binding targets are identified by changes in proteolytic 

cleavage as indicated by shifts in migration from higher to lower molecular weight species 

between the experimental and control samples. 
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 There were around 1500 proteins detected in the metformin experiment and 21 

proteins detected that had significant differences in migration between the metformin and 

control samples (see Figure 4-3 for an overview of the dataset and Table 4-2 for a 

complete list of proteins). Based on the results, it does not appear that metformin directly 

interacts with either complex 1 or AMP-activated protein kinase. Although not all subunits 

for both proteins were detected, there was no significant difference between the control 

and metformin containing sample for the approximately 30 different subunits detected. 

Although detected, there was insufficient data to determine if cAMP-dependent protein 

kinase was effected by metformin. However, glycerophosphate dehydrogenase (glycerol-

3-phosphate dehydrogenase) appears to be rendered more susceptible to proteolysis in 

the presence of metformin (Figure 4-4), which is in agreement with recent results in the 

literature [4]. Many of the other metformin targets seem unrelated to its therapeutic 

function. This does not mean that the results are necessarily spurious, however, as 

Metformin is not known to be a highly specific small molecule and may interact with many 

other targets beyond those that are therapeutically relevant. However, determining the 

biological significance of these targets, if there is any, will require addition analysis. 
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4.4 ROTENONE 

 

 The final small molecule analyzed in the mitochondrial study was rotenone. 

Rotenone is a pesticide that is known to directly bind to iron-sulfur centers in complex I 

[2]. The protocol employed is described in detail in CHAPTER 2. Briefly, mouse 

mitochondria were extracted, lysed, incubated with 10 µM rotenone, partially digest with 

pronase, fractionated by molecular weight, digested with trypsin and analyzed by LC-

MS/MS. The raw MS data was analyzed with SEQUEST, Mascot, and Protomap. 

Potential binding targets are identified by changes in proteolytic cleavage as indicated by 

shifts in migration from higher to lower molecular weight species between the 

experimental and control samples. 

 There were around 1500 proteins detected in the rotenone experiment and 8 

proteins detected that had significant differences in migration between the rotenone and 

control samples (see Figure 4-5 for an overview of the dataset and Table 4-3 for a 

complete list of proteins). Based on the results, rotenone was found to interact with 

complex I as expected. However, rotenone also seems to interact with metal binding 

proteins. For example, both hemoglobin and cytochrome b5 have bound iron co-factors, 

while isocitrate dehydrogenase [NAD] subunit gamma 1, binds magnesium or 

manganese. Another of the results, Putative transferase CAF17 homolog, is involved in 

“the maturation of mitochondrial 4Fe-4S proteins functioning late in the iron-sulfur cluster 

assembly pathway” [6]. This is not necessarily surprising as rotenone is known to inhibit 

the electron transfer within complex I at the terminal iron-sulfur cluster [7]. Therefore, it is 

possible that rotenone has a particular affinity for iron-containing proteins. However, 
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further characterization would be required to confirm these results. Regardless of these 

potential interactions, it is clear that rotenone is highly specific especially when compared 

to promiscuous natural metabolites like α-KG. Indeed, DARTS-MS detected only eight 

putative targets, out of 1500 possible targets, demonstrating a highly selective analysis.  
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4.5 FIGURES 

 

 

Figure 4-1: The structures of small molecules in mitochondria study are depicted 

(A) Rotenone, (B) α-ketobutyric acid [α-KB], and (C) Metformin  
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Figure 4-2: Shifts in molecular weight (MW) between α-KB and control samples 

indicating possible molecular targets. Each spot on the above plot represents a protein 

detected in both the experimental and control dataset. Red-spots with lines indicate 

proteins that have been protected from proteolysis by α-KB as evidenced by a shift in 

migration between control and experimental samples. Blue-spots with lines indicate 

proteins with an increased sensitivity to proteolysis. The size of the line indicating the 

magnitude of the shift. Black spots indicate no change in migration 
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Figure 4-3: Shifts in molecular weight (MW) between metformin and control 

samples indicating possible molecular targets. Each spot on the above plot 

represents a protein detected in both the experimental and control dataset. Red-spots 

with lines indicate proteins that have been protected from proteolysis by metformin as 

evidenced by a shift in migration between control and experimental samples. Blue-spots 

with lines indicate proteins with an increased sensitivity to proteolysis. The size of the line 

indicating the magnitude of the shift. Black spots indicate no change in migration 
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Figure 4-4: Results for glycerol-3-phosphate dehydrogenase in metformin DARTS-

MS experiments All detected peptides related to glycerol-3-phosphate dehydrogenase 

in the metformin DARTS-MS experiments were integrated into peptographs using 

Protomap. In the left panel, sequence coverage for the protein is shown on the horizontal 

axis (from N-terminus on the left to C-terminus on the right) while migration of the partially 

digested proteins is shown on the vertical axis (with high MW on top and low MW on the 

bottom). The right panel shows the average number of spectral counts for the particular 

protein in each size exclusion fraction. Potential binding targets are identified by changes 

in proteolytic cleavage as indicated by shifts in migration from higher to lower MW species 

between the experimental (blue) and control (red) samples (purple is the overlap of both 

samples). In this case, it appears that metformin is sensitizing the protein to proteolysis. 
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Figure 4-5: Shifts in molecular weight (MW) between rotenone and control samples 

indicating possible molecular targets. Each spot on the above plot represents a protein 

detected in both the experimental and control dataset. Red-spots with lines indicate 

proteins that have been protected from proteolysis by rotenone as evidenced by a shift in 

migration between control and experimental samples. Blue-spots with lines indicate 

proteins with an increased sensitivity to proteolysis. The size of the line indicating the 

magnitude of the shift. Black spots indicate no change in migration 
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4.6 TABLES 

 

Table 4-1: Putative targets of α-KB based on shifts in migration. Each protein in the 

following table had a statistically significant difference between the α-KB samples and the 

control samples. The absolute value of the distance corresponds to the difference in 

average MW fraction between the experimental and control samples. Negative distances 

indicates a sensitization to proteolysis in the presence of the small molecule while a 

positive value corresponds to a protection from proteolysis. 

Protein  Distance 
Carbonic anhydrase 5A, mitochondrial -1 
Chromodomain-helicase-DNA-binding protein 6 1 
Cilia- and flagella-associated protein 74 -1 
Desmoplakin 1 
FERM domain-containing protein 4B 1.3 
Fibroblast growth factor receptor 4 -1 
Forkhead-associated domain-containing protein 1 -1 
G patch domain-containing protein 8 -1.6 
GDH/6PGL endoplasmic bifunctional protein 1 
Interferon regulatory factor 7 -1.3 
Kinesin-like protein KIF2C -1.7 
Major urinary protein 1 -1.1 
Microtubule-associated serine/threonine-protein kinase 2 1.1 
Nesprin-3 1 
Partitioning defective 3 homolog -1.1 
Phosphatidylinositol 3,4,5-trisphosphate-dependent Rac exchanger 1 

protein  
1 

Potassium voltage-gated channel subfamily H member 1 1.3 
Protein CASP -1.2 
STE20/SPS1-related proline-alanine-rich protein kinase -1.1 
Syntaxin-binding protein 3 -1 
Thioredoxin-dependent peroxide reductase, mitochondrial -1.1 
Transcription initiation factor TFIID subunit 1 -1.2 
Zinc finger and SCAN domain-containing protein 10 -1.1 
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Table 4-2: Putative targets of metformin based on shifts in migration. Each protein 

in the following table had a statistically significant difference between the metformin 

samples and the control samples. The absolute value of the distance corresponds to the 

difference in average MW fraction between the experimental and control samples. 

Negative distances indicates a sensitization to proteolysis in the presence of the small 

molecule while a positive value corresponds to a protection from proteolysis. 

Protein  Distance 
Actin, aortic smooth muscle 1.2 
Ankyrin repeat domain-containing protein 17 1.9 
ATP-binding cassette sub-family A member 7 1 
Beta-actin-like protein 2 1.2 
Chromodomain-helicase-DNA-binding protein 7 1.9 
Cilia- and flagella-associated protein 36 1 
Death-inducer obliterator 1 1 
DNA polymerase delta catalytic subunit -1 
E3 ubiquitin-protein ligase HUWE1 -1.2 
FERM domain-containing protein 4B 1.6 
Glucosylceramidase 1.1 
Glycerol-3-phosphate dehydrogenase, mitochondrial -1 
Kinesin-like protein KIF2C -1.1 
Nesprin-3 1.4 
Potassium voltage-gated channel subfamily H member 1 1 
Probable carboxypeptidase PM20D1 1 
Protein TALPID3 2.2 
SAGA-associated factor 29 homolog 1.3 
Transforming acidic coiled-coil-containing protein 2 1 
UDP-glucuronosyltransferase 1-2 1 
Xin actin-binding repeat-containing protein 2 1 
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Table 4-3: Putative targets of rotenone based on shifts in migration. Each protein in 

the following table had a statistically significant difference between the rotenone samples 

and the control samples. The value of the fold change corresponds to the difference in 

average MW fraction between the experimental and control samples. Values less than 

one indicates a sensitization to proteolysis in the presence of the small molecule while 

values greater than one corresponds to a protection from proteolysis. 

Protein  Fold Change  
Cytochrome b5  0.13 
Cytochrome c oxidase subunit 4 isoform 1, mitochondrial  0.16 
Hemoglobin subunit alpha  0.25 
Isocitrate dehydrogenase [NAD] subunit gamma 1, mitochondrial 0.11 
NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 9 0.08 
Putative transferase CAF17 homolog, mitochondrial  0.23 
Serine/threonine-protein kinase SMG1  0.21 
Stabilin-2  10.80 
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CHAPTER 5 : CONCLUSIONS AND FUTURE DIRECTIONS FOR DARTS-MS  

 

5.1 CONCLUSION 

 

 While DARTS-MS is still a method in development, the addition of gel-free protein 

fractionation and LC-MS/MS to the original DARTS protocol has resulted in significant 

improvements to the sensitive and adaptability of the analytical platform. The results 

detailed in this dissertation clearly indicate that DARTS-MS is a useful tool for elucidating 

the molecular targets of small molecules with biological and medical significance. We 

have looked at the current limitation in drug target identification and the early development 

of DARTS in CHAPTER 1. We have seen how affinity-based target identification methods 

require a derivative small-molecule with unchanged bioactivity and binding specificity 

while affinity-based target identification methods require a measurable biological 

response. DARTS was developed to overcome these limitations and early results show 

promise. In particular we saw that immunophilin protein FKBP12 is selectively protected 

from proteolysis in the presence of rapamycin and FK506 while EF-1 alpha is protected 

in the presence of didemnin B. 

 These early experiments were limited to highly abundant proteins, however, and a 

more sensitive protocol was developed and detailed in CHAPTER 2. By replacing the 

one-dimensional gel readout with gel-free fractionation and LC-MS/MS analysis, 

significant improvements to the platform were possible. These improvements were 

demonstrated in CHAPTER 3 where we examined whole cell lysates for interactions with 

several aging-related metabolites. We detected over 100 putative, previously unknown 
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targets of α-KG (an order of magnitude improvement over the previous DARTS platform) 

and reaffirmed dozens of known targets. We also expanded the known protein-metabolite 

interaction network by investigating other α-keto acids implicated in longevity and 

detected significant overlap in the protein targets of these natural products. 

 In addition to improvements in sensitivity, we demonstrated the diverse utility of 

DARTS-MS in CHAPTER 4. We analyzed the pesticide rotenone and reaffirmed its 

interaction with complex I of the electron transport chain (ETC) in the mitochondria. We 

also investigated the antidiabetic medication Metformin, and identified several potentially 

biologically relevant targets including mitochondrial glycerophosphate dehydrogenase. 

By using subcellular fractionation, we were able to delve deeper into the proteome and 

identify more targets of α-KB that could be responsible for its pro-longevity effects in C. 

elegans and mice. 

 It is clear, however, that DARTS-MS can be applied to areas beyond the aging 

related metabolites and the drugs and pesticides detailed here. It is intended to be a 

general method for the efficient identification of protein targets of small molecules. Most 

drugs produce a biological response from binding to one or more proteins, thus 

developing methods to detect these protein targets is an area of intense research. 

However, the detection of small-molecule protein targets remains a daunting task due to 

the enormous diversity in structure, activity and mechanism of action of small molecules. 

We believe that DARTS-MS can make a significant impact in this area. Since DARTS-

MS can be performed with native proteins under physiological conditions, it is not 

necessary to create small molecule derivatives or modify targets. The method is also 

completely unbiased and thus useful for identifying both on and off-target interactions, as 
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any interaction between the small molecule and target can be detected. Thus DARTS-

MS has the potential to rapidly and accurately identify the molecular targets of novel 

therapeutic compounds as well as expand our understanding of the complex interactions 

of natural products. We have demonstrated that the system is useful for a wide array of 

small molecules, from highly promiscuous natural metabolites, to highly specific 

pesticides, to many drugs of varying specificity. As with any new protocol, however, there 

are areas that can be improved and the rest of this chapter will focus on potentially fruitful 

areas for future DARTS-MS experiments. 
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5.2 QUANTIFICATION 

 

 While strictly speaking quantification is not necessary for DARTS-MS to identify 

the protein targets of small molecules, there are numerous potential advantages. Most 

notably quantification could be used to decrease sample variability and increase analysis 

sensitivity. Many current quantitative proteomics strategies utilize stable-isotope labeling 

for this purpose, generally by combing samples from different conditions with 

differentiating mass labels allowing them to be run as a single sample. Although there are 

many possible stable-isotope labeling approaches that could be useful in combination 

with DARTS-MS, one of the most promising is Stable Isotope Labeling of Amino acids in 

Cell culture (SILAC) [1]. 

 SILAC utilizes cells grown under two different conditions, a “light” unlabeled culture 

and “heavy” labeled culture. The two cultures are identical except that the heavy culture 

is grown in the presence of one or two isotopically labeled amino acids (e.g. 13C labeled 

L-Lysine and L-Arginine). As proteins are synthesized, the heavy labeled amino acids are 

incorporated into proteins and, after several generations, all of a particular amino acid are 

replaced with its heavy labeled equivalent. Although the heavy labels do not affect the 

biology within the cell (or downstream procedures such as proteolysis, fractionation, or 

chromatography), they are readily distinguishable by mass spectrometry. Thus light and 

heavy labeled samples can be combined reducing the number of samples to prepare and 

analyze by 50% well as reducing the sample variability introduced by downstream 

procedures. Since the control and experimental samples are combined and only 

distinguishable by the heavy labeled amino acid, it is necessary to choose a labeled 
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amino acid that is present in every peptide (for example all tryptic or semi-tryptic peptides 

will have at least one lysine or arginine). 

 In addition to reducing sample variability and preparation time, SILAC would 

increase the number of proteins we can consider in our analysis. Currently DARTS-MS 

requires a high number of spectra per protein in order to establish a statistically confident 

measure of the molecular weight fraction in which a given protein elutes. This requires a 

tradeoff between identifying more proteins and collecting a sufficient number of spectra 

for proteins already identified. As a result, many proteins, including potential targets, are 

not considered in our data analysis because changes in the migration pattern between 

molecular weight fractions cannot be determined with statistical confidence. For example, 

the known α-KG binding proteins α-KG-dependent dioxygenase FTO (FTO), isocitrate 

dehydrogenase subunit beta (IDH3B), and D-3-phosphoglycerate dehydrogenase 

(PHGDH), all appear to be strongly protected in the presence of α-KG but fail to meet the 

significance cutoff (p < 0.05) in Protomap (Figure 5-1). Implementation of SILAC with 

DARTS-MS would allow for the relative quantitation of all proteins allowing for the direct 

comparison between experimental and control samples. This would eliminate the need 

for collecting spectra beyond those required to identify the protein and allow us to set 

much more stringent exclusion criteria for spectra previously detected. 

 Alternatively, one could use an N-terminal tag to quantify protein abundances. As 

in the normal DARTS-MS protocol, the experimental and control samples would be 

subjected to a limited proteolysis. Subsequently the N-termini of the proteins and 

fragments would be tagged with an isotope-labeled NHS-biotin tag (with a light isotope 

tag for the control sample and a heavy isotope tag for the drug sample). The samples 
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could then be combined and the isotope-labeled peptides could be recovered via a 

streptavidin column and digested with trypsin before LC-MS/MS analysis. The peak areas 

for the light and heavy isotope labels could then be compared with significant differences 

representing possible drug targets. 

 Another potentially advantageous addition to our current DARTS-MS platform that 

doesn’t require stable-isotope labeling would be the use of data-independent acquisition 

(DIA) strategies. The MSE data-independent scanning mode allows precursor and product 

ion data to be measured concurrently by alternating between low and high energies in the 

collision cells of tandem mass spectrometers [2, 3]. The data is deconvoluted into 

separate spectra (one for the precursor and another for the resulting product) and are 

assigned to the corresponding chromatographic retention time. This data can then be 

searched in a database and should provide higher sensitivity for low abundance proteins. 

This can also be coupled with traveling wave ion-mobility separation (IMS) that allows for 

increased selectivity of precursor- to product-ion alignment [4, 5]. 
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5.3 OPTIMIZATION OF SAMPLE PREPARATION 

 

 To date, in the DARTS-MS procedure, most of the following are potentially variable 

or chosen somewhat empirically based on our previous results: small molecule (drug) 

concentration, protease concentration, the type of protease or mixture of proteases, 

protease incubation time, protease incubation conditions, source protein concentration, 

and the number of fractions during the gel-free fractionation step. While the technique is 

useful as is, it would be worthwhile to use a well-characterized model system (e.g., cell 

lysate from E. coli) to establish optimized procedures for DARTS-MS to maximize 

reproducibility for robust and unbiased results and to aid adoption in other labs. For 

example, as a first test, an E. coli lysate could be spiked with a known concentration of 

an exogenous target protein (e.g., human carbonic anhydrase). The small molecule 

should be a highly specific inhibitor of the exogenous target protein (although it may be 

interesting to look for off-target effects as well). Once a standard system is set up, one 

could run further optimization experiments using the same cell lysate, exogenous protein 

and small molecule, but varying (1) small molecule concentration, (2) the type of protease, 

and (3) protease concentration. One could also vary the amount of exogenous protein 

added to the sample to address the issue of sensitivity for low abundance proteins. 

Following standard rigorous experimental design principles, all analyses should be 

performed with technical and sample triplicate measurements to ensure robust and 

statistically relevant data.  
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1. The starting small molecule concentration should be based on physiologically relevant 

conditions, i.e., if a metabolite and the concentration one would expect to see in the cell 

in vivo. Assuming reasonable results at physiologically relevant conditions can be 

obtained, one could test other likely dosages (e.g., acute vs. chronic use, overdose, etc.).  

 

2. Based on our results, pronase appears to be the most useful protease for DARTS-MS, 

although other protease mixtures have not been studied extensively. Given that pronase 

is able to break down virtually all proteins into individual amino acids at sufficiently high 

concentrations, it removes the potentially fundamental limitation of protease sensitivity 

from DARTS-MS. However, there are potential advantages in having a less effective 

protease since we are interested in protection from proteolysis and a fully proteolyzed 

sample will not have that information. Obvious potential candidates are trypsin and Lys-

C (and Arg-N and Lys-N). Both are highly specific, commercially available and compatible 

with MS/MS (and database searching). It may be worthwhile to develop alternatives with 

these proteases to make the DARTS-MS protocol more adaptable.  

 

3. Typical protease concentrations for a DARTS-MS reaction are between 1:100 and 

1:1000 (protease to sample protein by weight). Optimizing protease concentrations could 

be achieved by running a serial dilution of the protease. For example, running the reaction 

at protease concentrations of 1:30, 1:100, 1:300, 1:1000, and 1:3000. Ideally, these 

concentrations would be tested with multiple small molecule concentrations. The small 

molecule should at least be concentrated enough to have a noticeable amount of 

protection at most of the protease concentrations.  
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 Other sample preparation related procedures to be optimized include 

accommodation for membrane protein fractions, as membrane proteins represents 60% 

of the known existing and future drug targets [6]. The DARTS-MS sample processing 

procedure should have no difficulties to address membrane proteins; we envision 

detergents common to membrane proteomics studies, such as NP-40 (nonyl 

phenoxypolyethoxylethanol), would be added for solubilization prior to cell lysis.  
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5.4 FIGURES 

 

 

Figure 5-1: Gel-Free DARTS and spectral counting. Protomap analysis did not detect 

a significant difference for the known α-KG binding proteins α-KG-dependent 

dioxygenase FTO (FTO), isocitrate dehydrogenase subunit beta (IDH3B), and D-3-

phosphoglycerate dehydrogenase (PHGDH) even though they appear to be highly 

protected.  
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APPENDIX 1 : STRUCTURE OF TETRAHYMENA TELOMERASE REVEALS 

PREVIOUSLY UNKNOWN SUBUNITS, FUNCTIONS, AND INTERACTIONS 

 

INTRODUCTION 

 

 The appendix includes several projects that I was involved with that are not directly 

related to the main thesis. The first is a reprint with permission of the publication “Structure 

of Tetrahymena telomerase reveals previously unknown subunits, functions, and 

interactions” from Science October 30, 2015, Vol. 350, Issue 6260, for which I was a 

contributing author. This project is primarily the work of postdocs and graduate students 

in Dr. Juli Feigon’s lab, however, I was personally responsible for the all mass 

spectrometry involved including preparation of the samples, running of the 

instrumentation and analysis/interpretation of the data. 
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APPENDIX 2 : CHARACTERIZED POST-TRANSLATIONAL PROTEOLYSIS 

THROUGH DEVELOPMENT OF NEW N-TERMINAL LABELING TECHNIQUES 

 

INTRODUCTION 

 

 Protein post-translational degradation (i.e., the “degradome”) is an important 

process in a variety of diseases, such as cancer [1]. Current study of the degradome is 

often limited by the speed and capabilities of sequencing techniques. In particular, the 

identification of products from protein degradation can be enhanced by targeted analysis 

of the N-terminal sequence, but the N-terminus of the protein is frequently not detectable 

or difficult to characterize with current high-throughput sequencing techniques. Defining 

the amino termini of proteins at the proteome level is of paramount importance as it 

frequently determines cellular localization, activity and turn-over rate [2]. Furthermore, 

information on the N-terminus of proteins would aid tremendously in genome annotation 

and potentially disease biomarker identification. 

 In addition, we are using these techniques to better understanding proteolysis-

induced degradation of proteins, such as astrocyte-specific glial fibrillary acidic protein 

(GFAP), found in cerebral spinal cord fluid (CSF) from patients with traumatic brain injury 

(TBI) [3]. GFAP is a cytoskeletal protein specifically expressed in astrocytes. It is believed 

that astrocyte injury may induce cleavage of cellular proteins through activation of 

caspases and other proteolytic enzymes. 
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PROCEDURE AND RESULTS 

 

 Two strategies with MS detection are utilized to investigate N-terminal labeling for 

biomarker characterization. The first is reductive glutaraldehydation in which 

glutaraldehyde is used to selectively modify amino groups on free N-termini [4]. This type 

of label also modifies free lysine residues. Here we compare it to a second labeling 

strategy that involves the addition of a thiol group at the N-terminus [5]. The thiol is used 

to bind the N-terminal peptide to a resin and pull it out of solution, thereby selecting only 

the peptides of interest. Together these techniques can be used in biomarker discovery 

projects, as well as serving as an important tool to address questions in biology [6, 7]. 

After labeling, samples were digested with trypsin and run on a Q-Exactive Orbitrap mass 

spectrometer. Undigested samples and affinity purified samples were also run on a 

Voyager-DE-STR MALDI-TOF instrument. 

 Proteins are often post-translationally modified as a result of proteolysis, yielding 

truncated products on both the N- and C-termini of the original protein. For certain disease 

models, the identification of protein truncation products may be a viable and selective 

biomarker. By labeling the N-terminus of such proteins, these protein fragments are more 

detectable via MS. A glutaraldehyde N-terminal tag aids MS detection by improving 

ionization of the peptide (and thereby increasing its signal in the MS) while the addition 

of a thiol tag allows for the isolation of N-terminal fragments (thereby removing 

background noise and increasing abundance of relevant peptides). Preliminary data, 

utilizing both MALDI-TOF and hybrid quadrupole-Orbitrap (Q-Exactive) instruments, have 

demonstrated efficient labeling of several test proteins and protein fragments. 
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Additionally, short (10-15 aa) peptide sequences have been successfully labeled and 

analyzed. Furthermore, glutaraldehyde labeled peptides have more N-terminal 

fragments, especially a- and b-ions, and an increased number of multiply charged ions 

(Appendix Figure 2-1). 

 The addition of a thiol tag has also been shown to improve sequence coverage of 

the N-terminus of proteins and protein fragments as it allows for the isolation of N-terminal 

peptides (thereby removing background noise and increasing abundance of relevant 

peptides). We conclude that both reductive glutaraldehydation and reactive thiol labeling 

techniques increase the rate of detection of the N-terminus of proteins and potentially 

proteolysis sites, but do not improve sequence coverage in other areas (Appendix Figure 

2-2). Currently, the same techniques are being applied to biology projects to aid in 

genome annotation and other projects related to human diseases. 
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FIGURES 

 

 

Appendix Figure 2-1: LC-MS/MS of a typical peptide modified with a N-terminal 

glutaraldehyde.  A peptide identified in both unlabeled [A] and labeled [B] protein 

mixtures. The N-terminal residues in the labeled sample have been modified with a 

glutaraldehyde. This causes an increased abundance of N-terminal fragments, including 

a-ions, increased number of multiply charged ions and, in some cases, increased peak 

intensity. The peptide shown is from the C-terminus of lysozyme. 
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Unlabeled protein in complex mixture (63.6% coverage) 

 
Labeled protein in complex mixture (71.3% coverage) 

 
 
Appendix Figure 2-2: Improvement in sequence coverage due to N-terminal 

labeling. Both labeling strategies typically only improve sequence coverage at N-termini. 

Lysozyme detected in complex sample mixtures (labeled and unlabeled) is shown here. 

Average sequence coverage from 3 independent runs. 
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APPENDIX 3 : IMPROVEMENTS IN LC-ESI-MS OF LARGE INTACT PROTEINS BY 

ADDITION OF VARIOUS SUPERCHARGING AGENTS AS MOBILE PHASE 

ADDITIVES 

 

INTRODUCTION 

 

 The use of trifluoroacetic acid (TFA) as an ion pairing agent provides superior 

chromatographic resolving power, but it can reduce ESI-MS sensitivity for on-line LC-MS. 

However, we have found that addition of some supercharging reagents to the mobile 

phase can rescue the loss of sensitivity from using TFA as an ion pairing agent [1]. 

Chromatographic performance for protein and peptide separations can be maintained, 

and LC-MS sensitivity is increased.  

 Supercharging in general has many advantages [2-4]. Multiple charging of 

molecules extends the effective mass range of the mass analyzer in direct proportion to 

the number of charges per ion. Furthermore, multiply charged ions with lower mass-to-

charge (m/z) values are easier to detect than singly charged ions of the same mass. 

Putting more charges on proteins and peptides not only reduces the m/z requirement of 

the mass analyzer but also results in more efficient dissociation and sequence coverage 

in tandem (MS/MS) mode. In this study, we also investigate the role of Brønsted basicity 

(solution phase basicity) on the charge state distributions of proteins eluted with 0.1% 

TFA or 0.1% formic acid mobile phases, and to see whether adding particular 

supercharging reagents will rescue the TFA-suppressed ionization. 
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PROCEDURES 

 

 For LC-MS experiments, protein solutions (0.6-17 µM) were injected into an Agilent 

C3 column (pore size 300 Å) with dimensions 2.1 mm x 150 mm. LC-MS analysis was 

performed on an Agilent 1200 LC-System connected on-line with an Agilent 6220 ESI-

TOF mass spectrometer (Santa Clara, CA). All mass spectra were acquired in positive 

(+ESI) mode. Solvent A was either 0.1% TFA or 0.1% formic acid in water. Solvent B was 

90% acetonitrile (ACN) containing either 0.1% TFA or 0.1% formic acid and water. The 

flow rate was 200 µl/min. Supercharging reagents (0.1%, v/v) were added to both 

aqueous and organic components of the mobile phase containing either 0.1% TFA or 

0.1% formic acid.  

 Pyrazole experiments were performed on a Waters Synapt G2-Si equipped with 

nanoESI. Myoglobin (10µM) mixed with varying concentrations (w/v) of substituted 

pyrazoles was prepared in 1:1 CH3CN:H2O (v:v) with TFA or formic acid. All samples 

were sprayed with metalcoated borosilicate capillaries (Au/Pd-coated, 1µm i.d.) with flow 

rates between 10-40nL/min.  

 

RESULTS 

 

 Adding supercharging reagents to the LC mobile phase can increase the 

chromatographic plate number and improve the peak shape of proteins such as 8 kDa 

ubiquitin, 13-14 kDa lysozyme and ribonuclease A, and 29 kDa carbonic anhydride. 

Previously, we reported on the success of using supercharging reagents such as 
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propylene carbonate (PC), 3-nitrophenethylalcohol (NPEA), 2-methyl-2-oxazoline (MOZ), 

methyl methanesulfonate (MMS), N,N,N’N’tetraethylsulfamide (TES), and m-nitro benzyl 

alcohol (m-NBA) for protein LC-MS with 0.1% TFA in the mobile phase (relative to using 

formic acid). The increase in protein charge was observed in mobile phases containing 

both formic acid and TFA, but there was a marked increase in the observed total ion 

chromatogram (TIC) signal in the presence of supercharging reagents, especially in the 

presence of TFA. The suppression of ionization generally observed in the presence of 

TFA was partially rescued in the presence of supercharging reagents, with the added 

benefit of improved separation efficiency, or plate number (N), and a lowering of the limit 

of detection for proteins (Appendix Figure 3-1).  

 We are probing the mechanism of supercharging [4]. If charge allocation in + ion 

mode ESI is viewed as a competition between depositing protons on solvent clusters 

versus analyte, then additives that reduce the ability of solvent and other solution 

components to accept protons should increase analyte charge. The idea predicts that 

adding involatile, very weak Brønsted bases to ESI solutions will increase charge. 

Previous results [1] followed those predictions. Pyrazole compounds of varying basicity 

(5-nitropyrazole, 1-nitropyrazole, 4-nitropyrazole, phenylpyrazole, and pyrazole) were 

compared for their ability to supercharge in the presence of either 0.1% trifluoroacetic 

acid (TFA) or 0.1% formic acid. The substituted pyrazoles that are less basic than H2O 

(pKBH+ below ca. -1.7) increase analyte charge, consistent with the idea that increased 

analyte charging arises from less charge lost to solvent because the supercharger 

disrupts solvent H-bonding (reduces “solvent” basicity). However, it is not yet apparent if 

substituted pyrazoles will rescue ion suppression caused by TFA.  
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FIGURES 

 

 

Appendix Figure 3-1: LC-MS of protein mixture containing (1) 17 µM RNase A, (2) 13 

µM ubiquitin, (3) 7.7 µM lysozyme, (4) 15 µM BSA, (5) 6.5 µM myoglobin, and (6) 7.6 µM 

carbonic anhydrase with 0.1% TFA and (a) 0.1% m-NBA and 0.1% 3-NPEA, and (b) 0.1% 

MOZ and 0.1% TES. No supercharging agent was added to the measurements 

represented by the bottom trace in both (a) and (b). 
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Appendix Figure 3-2: Spectra of myoglobin with related pyrazole compounds: 
samples contain 10 µM myoglobin in 50% ACN with 0.1% TFA supplemented with: [A] 
0.2% (w/v) 5-nitropyrazole (pKBH+= -4.66), [B] 0.2% (w/v) 1-nitropyrazole (pKBH+= -4.21), 
[C] 0.2% (w/v) 4-nitropyrazole (pKBH+= -2.0), [D] 0.2% (w/v) Phenylpyrazole (pKBH+= 0.43), 
[E] 0.2% (w/v) Pyrazole (pKBH+= 2.5), [F] Control. 
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