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ABSTRACT OF THE DISSERTATION 

Understanding of the Structure-Function Relationship of Tumor-Relevant IDH1 Mutants: A 

Kinetic Investigation 

by 

Diego Enrique Domingo Avellaneda Matteo 

Doctor of Philosophy in Chemistry 

 

University of California San Diego, 2020 

San Diego State University, 2020 

 

Professor Christal D. Sohl, Chair 

 Changes in cancer cell metabolism were first described by Otto Warburg in the early 1900s, 

but it was not until relatively recently that specific metabolic enzymes were shown to drive 

tumorigenesis and tumor growth. An example of a metabolic enzyme driving tumor formation is 

isocitrate dehydrogenase 1. Mutations in isocitrate dehydrogenase 1 (IDH1), more specificly at 

residue 132, were first linked to brain cancer in 2008. IDH1 is responsible for converting isocitrate 

and NADP+ to α-ketoglutarate (αKG) and NADPH. The latter two metabolites are crucial for many 
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metabolic cell processes. However, when IDH1 is mutated, this enzyme cannot perform its normal 

catalysis, but instead gains a neomorphic activity of converting αKG to D-2-hydroxyglutarte 

(D2HG), depleting NADPH. D2HG promotes oncogenesis by inhibiting αKG -dependent 

enzymes, including those involved in gene regulation. The goal of this dissertation is to understand 

the structure-function relationship of tumor-relevant IDH1 mutants using, kinetic and other 

biophysical methods. 

 Steady-state kinetics was used to characterize the catalytic profile of several tumor-relevant 

and experimental IDH1 mutants. These mutants had a wide range in catalytic efficiency, providing 

a foundation for predicting disease severity depending on the mutant seen in patients. Inhibition 

studies revealed that small molecule inhibitor affinity varied widely among mutant IDH1 forms, 

providing a solid foundation for predicting how patients may respond to therapeutics as well as 

possible resistance mutation that may arise from targeted therapy. Lastly, a comprehensive 

catalytic cycle for D2HG production by tumor-relevant IDH1 mutants was established using pre-

steady-state kinetics as well as biochemical and biophysical methodologies. This work determined 

a wide variation in intrinsic rate constants associated to substrate binding, thus revealing key 

kinetic features driving the neomorphic reaction. This highlighted kinetic features that may help 

explain the mechanistic differences observed among IDH1 mutants. 
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1.  Introduction 

1.1. What is cancer? 

Cancer is a disease associated to the second leading cause of death worldwide1. In 2014, 

the number of patients with cancer in the United States was over a million people, with over five 

hundred thousand deaths2. Cancer is the uncontrolled growth of cells due to accumulation of 

genetic alterations throughout the genome, leading to the formation of tumors. A cancerous tumor 

is complex in terms of its cellular composition and heterogeneous nature. Tumor heterogeneity 

arises from a variety of genetic alterations including random mutations3, and as well as from 

differences in the tumor microenvironment4. The tumor microenvironment is made up with 

interactions between malignant and non-malignant cells5, with constant communication driven by 

cytokines, growth factors, and components of the immune system (Figure 1), and can include 

changes in intracellular and extracellular pH, oxygen levels, and other physical features that can 

drive tumor growth and metastasis5-7. Moreover, tumor heterogeneity leads to therapeutic 

challenges since a tumor is made up of difference types of cells that may respond differently to 

drugs. Although tumor heterogeneity is an important issue, cancer researchers, throughout time, 

have established key tumorigenic characteristics that all cancers do in order to survive, the 

hallmarks of cancer. 
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1.2.The Hallmarks of Cancer 

There are ten hallmarks of cancer, including cancer metabolism, that have been described8, 

9. These hallmarks are important for cancer cells to grow uncontrolled as well as to metastasize to 

other organs, and have allowed cancer researchers to have a better understanding of cancer 

biology8. The original hallmarks of cancer are the ability to evade cell death, sustain proliferative 

signaling, evade growth suppressors, activate invasion and metastasis, enable replicative 

immortality, and induce angiogenesis8. There have been great advances in each of these hallmarks 

of cancer, allowing researchers to explain many phenomena associated with this complex disease.  

 

Figure 1. A cartoon representation of a tumor microenvironment. A cancerous tumor is complex consisting of cancerous and 

non-cancerous cells. Immune cells produce cytokines which are involved in inflammation. The tumor creates blood vessels to 

fulfill their metabolic needs and to be able to metastasize. This Figure was created in biorender.com 
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The emerging hallmarks of cancer are the ability to deregulate cellular energetics (cancer 

metabolism) as well as avoid immune destruction8. Alterations in cellular metabolism allow 

malignant cells to find ways to satisfy energetic needs during fast and uncontrolled growth. Many 

metabolic pathways may be upregulated while others are downregulated or even completely shut 

down. Therefore, a deeper understanding of the metabolic shifts that cancer cells employ allows 

researcher to widen their knowledge of cancer biology, ultimately identifying new pathways to 

target therapeutically.  

1.3. Cancer Metabolism 

Cells gain their energy by metabolizing various nutrients through many pathways. For 

example, when glucose enters the cell, it goes through glycolysis, a ten-step metabolic pathway. 

During this process, glucose gets catabolized to two pyruvate molecules and a net gain of two ATP 

molecules and one NADH molecule that is required for the electron transport chain and oxidative 

phosphorylation. In aerobic conditions, pyruvate is taken into the TCA cycle to produce electron-

carrying molecules such as NADH and FADH2. These molecules carry electrons through different 

enzymatic complexes to produce ATP, while oxygen is converted to water. Glycolysis is a 

cytosolic process while the TCA cycle and electron transport chain reaction happen in the 

mitochondria (Figure 2). The largest source of energy produced within these metabolic processes 

are via the TCA cycle and the electron transport chain during oxidative phosphorylation.  

When cells become cancerous, they undergo shifts in metabolic processes. Otto Warburg 

was the first to describe changes in cancer cell metabolism a century ago10. He found that cancer 

cells shift their main energy from the electron transport chain and oxidative phosphorylation to 

glycolysis even under aerobic conditions10, 11. This is known as aerobic glycolysis, or the Warburg 
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effect. While Warburg initially postulated that such metabolic rewiring was due to mitochondrial 

defects, we now know this is usually not the case. 

A reliance on glycolysis allows down-regulation of the TCA cycle since the demands of 

those electron carrier molecules is less. Glycolysis is in turn upregulated to meet energy demand. 

Since the amount of NAD+ is reduced but is still required for glycolysis, lactate dehydrogenase 

can convert pyruvate and NADH to lactate and NAD+ (Figure 2) to fulfill this need. The production 

of NAD+ by lactate dehydrogenase is crucial to keep glycolysis running. Interestingly, the Warburg 

effect is not the only example of metabolic alterations found in cancer; other metabolic enzymes 

have been linked to alterations in enzymatic activity. Isocitrate dehydrogenase 1 (IDH1) is an 

example where a point mutation facilitates a change in metabolism. IDH1 will be described in 

detail throughout this dissertation.  

 

Figure 2. A cartoon representation of different metabolic pathways in the cell. During the Warburg effect, the TCA cycle is 

downregulated while glycolysis is upregulated. Lactate dehydrogenase converts pyruvate to lactate by taking intracellular NADH 

to produce NAD+ required for glycolysis. This Figure was created in biorander.com 
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1.4.The Discovery of IDH1 Mutations in Gliomas 

Gliomas are the most common as well as the deadliest type of brain cancer12, with 

glioblastoma multiforme (GBM) serving as the most aggressive and lethal form of glioma13. 

Moreover, the average survival rate of patients harboring GBMs is 15 months14. Parsons and 

colleagues performed an extensive sequencing of over 20,000 protein-encoding genes in patients 

with gliomas12. They found that IDH1 mutations were very common in patients with GBMs12, 

with those patients having longer survival rates than those with WT IDH112. This observation and 

the importance of targeting IDH1 mutations with therapeutics is still under study; however, 

molecular mechanisms be described in detail later in this dissertation. Later that same year, Balss 

and colleagues further characteried the specific mutation in the IDH1 gene15.  

1.5. Incidence of IDH1 Mutations in Cancer 

Soon after Parsons and colleagues discovered that the IDH1 gene was mutated in high 

frequencies in patients harboring GBMs12, deeper details about these mutations were discovered15. 

Balss and colleagues found that mutations in the IDH1 protein sequence affected a particular 

amino acid R13215. This residue is important since it coordinates the carboxylate at carbon three 

of the substrate isocitrate (ICT)15, 16. The frequency in which mutations at R132 were found in 

gliomas were as high as 80%, and over 88% in more advanced secondary glioblastomas (grade IV 

secondary glioma)15, 17. In gliomas, the most common IDH1 mutation is R132H, followed by 

R132C, R132S, R132G, R132L, and R132V15. Although IDH1 mutations are primarily seen in 

gliomas, other cancers such as chondrosarcomas and acute myeloid leukemias (AML) have also 

been found to have IDH1 mutations18. However, in AML, the most common IDH1 mutant is 

R132C IDH118. In another study including a small sample size of chondrosarcoma tumors, half of 

the patients had showed IDH1 mutations, including R132C and R132Q19, the latter of which will 
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be described in detail in this dissertation. The high frequency of mutations as well as the diversity 

of the R132 mutants intrigued the scientific community and has become a hot area of study in 

cancer research.  

1.6. IDH1 Activity and Function 

The family of isocitrate dehydrogenases have three isoforms (IDH1, IDH2, and IDH3) 

(Figure 2). IDH1 and IDH2 are homodimeric metabolic enzymes responsible for the reversible-

NADP+-and Mg2+-dependent oxidative decarboxylation of ICT to α-ketoglutarate (αKG) in the 

cytosol and peroxisomes of the cell16, 20 (Figures 2, 3A, 4A). IDH2 catalyzes the same reaction as 

IDH1 with the same co-factors, but it is located in the mitochondria and is also linked to cancer 

(Figure 2)21. Although IDH3 performs the same chemistry, it is a tetrameric NAD+-dependent 

enzyme that catalyzes this reaction non-reversibly (Figure 2). Likely, due to its critical role in the 

TCA cycle, mutations in this enzyme have not been linked to cancer. IDH2 and IDH3 will not be 

described in detail in this dissertation.  

The reaction that IDH1 catalyzes yields important metabolic intermediates involved in 

other metabolic pathways and gene regulation. NADPH is essential for many metabolic processes 

such as lipid biosynthesis as well as mitigating reactive oxygen species by the regeneration of 

oxidized glutathione (Figure 2)22. αKG is used in the TCA cycle by αKG dehydrogenase to yield 

electron carriers that are crucial for production of ATP in the electron transport chain (Figure 2). 

Moreover, many αKG-dependent enzymes are involved in DNA repair and DNA and histone 

demethylation, such as methylcytosine dioxygenases and JmjC lysine demthylases23-25. Due to the 

loss of normal activity observed upon acquisition of point mutations at residue R132, IDH1 could 
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be considered a tumor suppressor gene. However, in 2009, Dang and colleagues discovered a novel 

effect of mutations in IDH126 and that changed the way we describe its role in cancer.  

 

IDH1 mutations are found heterozygously in patients27, and it is postulated that mutant 

IDH1 forms heterodimers of a WT and mutant monomer17, 27. When R132 is mutated, IDH1 loses 

its ability to convert ICT to αKG, and hence it was initially labeled as a tumor suppressor gene28. 

Surprisingly, R132 IDH1 mutants also gain a neomorphic reaction: the NADPH-and Mg2+-

dependent reduction of αKG to form D-2-hydroxyglutarate (D2HG) (Figure 3B)26. D2HG is an 

oncometabolite since its production generates pro-tumor environment. Specifically, it acts as a 

competitive inhibitor against αKG-dependent enzymes, many of which are involved in gene 

regulation and DNA repair29, including the inhibition of DNA and histone dimethylases25. 

Therefore, patients harboring IDH1 mutations have hypermethylated genomes, leading to cell de-

 

Figure 3. A. Oxidative decarboxylation of ICT to αKG producing NADPH and CO2. This is the reaction performed by WT 

IDH1. B. Reduction of αKG to D2HG depleting NADPH. This is the reaction performed by mutant IDH1 
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differentiation30. Due to these downstream effects resulting from D2HG, IDH1 point mutations 

are better described as oncogenes.  

D2HG is a dead-end metabolite in that it does not get metabolized further, and can build 

up to mM levels in patients31. In 2014, Pusch and colleagues measured intracellular concentrations 

of this oncometabolite derived from cancer patients31. D2HG levels in tumor and cells varied 

depending on the IDH1 mutation present, with a trend of R132G>R132C>R132H IDH1 (listed in 

order from highest to lowest D2HG levels)31. These observations led our interest in understanding 

how the enzymatic activity of these mutants drove tumor levels of D2HG as well as establishing 

how physical characteristics, such as size and degree of hydrophobicity of the mutation at R132, 

affecting neomorphic activity20. This work will be described in Chapter II. 

1.7. The Structure of IDH1 

The first human IDH1 crystal structure was published by Xu and colleagues in 200416. The 

enzyme is a dimer with 414 residues per monomer (Figure 4A)16. IDH1 is mostly α-helical with a 

few β-sheets16. The residues in the active site that interact with ICT are T77, S94, R100, R109, 

R132, Y139, and D275 of one monomer and K212’, T214’, and D252’ of the other monomer 

(Figure 4B)16. These residues are all well-conserved except for T214, which it is replaced with an 

asparagine in bacterial IDH16. Xu and colleagues described that the enzyme has a regulatory 

domain made up the by α-10 helix16. This regulatory segment starts at N271 and ends at G28616. 

When the substrate is not bound to the enzyme D279 interacts with S94 to support the open, 

inactive conformation16. This interaction mimics the phosphorylation of a serine in bacterial IDH, 

which uses a different regulatory strategy than the human form16. When ICT binds to the active 

site, D279 loses this interaction with S94, and instead S94 interacts with the substrate ICT16. This 

drives the folding of the regulatory segment through D275 interacting with the metal cation and 
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ICT16 to help support the oxidative decarboxylation of ICT to form αKG. The mechanism of 

folding of the regulatory segment is particularly important in terms of inhibitor binding, and it will 

be described later in this introduction. 

 

 

Figure 4. A. Crystal structure of WT IDH1 (PDB code 1T0L16) as a homodimer. The structure of IDH1 consists mostly of α-

helices. B. A closed-up view of the active site of WT IDH1 bound to NADP+, ICT, and Ca2+. Highlighted are the residues in 

the active site as described by Xu and colleagues in 200416. 
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In 2010, Yang and colleagues used structural biology and biochemical kinetic assays to 

describe the altered activity of R132H IDH132. There, the authors showed that in the case of WT 

IDH1, there is an initial binding site for isocitrate, and then IDH1 closes into a pre-transition state 

that is required for catalytic activity16, 32. However, R132H IDH1 does not have this initial ICT 

binding state due to the lost interaction of R132H with D27532. In the WT form of the protein, 

R132 interacts with ICT to facilitate the final conformational change consists of the initial binding 

state to the closed pre-transition state32. In contrast, R132H IDH1 binds to ICT but does not 

undergo this final conformational change required for catalysis32. Although the final folding of the 

regulatory domain does not occur with R132H IDH1 bound to ICT, closure to the catalytically 

active conformation happens when αKG binds to mutant IDH1, allowing conversion of αKG to 

D2HG27, 33. Crystallographic studies on mutant IDH1 enzymes with inhibitors show that these 

small molecule inhibitors bind at the dimer interface of the protein while the regulatory segment 

is not folded, or only partially folded due to the lost interaction of R132H with the helix, providing 

a possible mechanism of inhibitor selectivity. 

1.8. The Selective Inhibition of IDH1 Mutants and FDA Approved Drugs 

In order to minimize toxicity, anti-cancer therapeutics used in precision medicines must be 

highly selective for their target. Inhibitors of IDH1 are indeed specific for the mutant form of 

IDH1, with poor binding to WT IDH1 and IDH234, 35. Agios Pharmaceuticals has devloped IDH1 

and IDH2 inhibitors that have been approved by the FDA (Figure 5A and B). The IDH2 inhibitor 

enasidenib lowers the production of D2HG by the mutant enzyme and it has been approved to treat 

patients with AML36. When D2HG level are lowered, cells resume differentiation pathways36. This 

result is particularly important since this drug is more specific than current chemotherapies and is 

less toxic. Soon after the approval of enasidenib, the first IDH1 inhibitor, AG-120 (ivosidenib) 
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was approved by the FDA to treat IDH1 mutations in AML37. This drug is an optimization of AGI-

5198 (Figure 5D), an allosteric inhibitor in IDH137. This drug has a similar mechanism as 

enasidenib; by reducing the amounts of D2HG, cells are capable of resuming differentiation 

pathways37. As previously discussed, D2HG acts as a competitive inhibitor to many αKG-

dependent histone demethylases. As a result of genome hypermethylation, genes involved in gene 

differentiation become regulated differentely29. Therefore, when intracellular concentrations of 

D2HG are decreased by inhibition of IDH1, αKG-dependent histone demethylases can resume 

catalyzing demethylation chemistries37. There are many compounds that are commercially 

available that have the same binding mechanism as the approved FDA drugs. Examples of IDH1 

inhibitors include ML30934 and AGI-519838 (Figure 5C and D). 

ML309 and AGI-5198 are very selective for mutant IDH1 enzymes with low nM IC50 

values versus high μM IC50 values for WT34, 39, 40. Inhibitor binding at the interface of the dimer 

precludes αKG binding since the regulatory domain remains unwound pushing the enzyme to an 

open-inactive conformation16, 41, 42. In 2017, Xie and colleagues performed a study to explain the 

selectivity of IDH1 inhibitors42. They showed that mutations at R132 ablates an important 

interaction with N271 in IDH1, preventing folding of the helix42. In contrast, this domain is folded 

as a helix in the holo form of WT42. Whether this mechanism fully explains the selectivity for 

mutant IDH1 remains to be understood. Notably, apo forms of both mutant and WT IDH1 have 

this domain fully unwound, though it is a stable loop in the case of WT, and unresolved in the 

mutant form. Further, crystal structures also show a fully helical regulatory helix when R132H 

IDH1 is bound αKG27.  Currently, our group is further investigating the mechanisms of selectivity 

of IDH1 inhibitors43. Steady and pre-steady-state kinetics allow enzymologists to better understand 
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of how an enzyme behaves at catalyzing a specific reaction, aiding in the design of more specific 

and potent drugs for these targets. 

  

 

Figure 5. A. Structure of Enasidenib, the IDH2 FDA approved inhibitor for AML. B. Structure of Ivosidenib, the IDH1 FDA 

approved inhibitor for AML and an optimization of AGI-5198. C. Structure of ML309. This inhibitor has the same scaffold 

as AGI-5198. Only two groups are different at each end of the structure of the inhibitor. D. Structure of AGI-5198, the precursor 

of the FDA approved Ivosidenib. 
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1.9. Steady-State and Pre-Steady State Enzyme Kinetics 

 Enzymologists can use steady-state and pre-steady-state kinetic experiments, two very 

powerful methods, to determine the catalytic mechanisms of enzymes. Steady-state kinetic 

strategies were first described by Michaelis and Menten in the early 1900s44. In this study, they 

described how certain molecules, now known as enzymes, bind to a substrate and then perform 

catalysis44. The model they described is a simplification of the steps undertaken by enzymes in a 

catalytic cycle. They described a rapid binding equilibrium of enzyme and substrate, followed by 

irreversible product formation and release (Figure 6A)44. In steady-state kinetic experiments, there 

is an excess of substrate relative to enzyme, pushing the equilibrium of enzyme-substrate binding 

forward such that the concentration of enzyme bound to substrate is relatively unchanged and 

multiple turnovers are allowed. Therefore, the rate that is observed, kcat, describes the slowest step 

of catalysis. With some derivation, they obtained a hyperbolic function (kobs=

𝑘𝑐𝑎𝑡 × [𝑆]
𝐾𝑚 + [𝑆]⁄ ) that describes the rate of product formation of enzymes at steady-state 

conditions (Figure 6A).  

This function provides three very important enzymatic parameters. The first is the catalytic 

rate (kcat). This is the first-order rate constant that describesthe maximal rate of catalysis 

corresponding to the slowest step of the catalytic cycle. The second is the Michaelis-Menten 

constant (KM), which is the substrate concentration at half of kcat (Figure 6A). Finally, the most 

informative parameter is the catalytic efficiency (kcat/KM), which describes the probability of 

substrate turnover when substrate is bound to the enzyme. Each parameter alone can be compared 

between different mutational variants of an enzyme and among different proteins as well. 

However, a very fast enzyme may not be highly efficient since its KM may be high. This means 
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that the substrate concentration needs to be high in order to achieve its maximum catalytic rate. 

Therefore, when using catalytic efficiencies, we combined the other two kinetic parameters in 

order to assess which enzyme is more catalytically efficient. Steady-state kinetic methods can help 

us to derive hypotheses to predict how these enzymes function in their native environment and 

when challenged by mutation, changes in substrate concentration, or other variations. However, 

this method has limitations since it can only determine precisely the kcat and KM. A catalytic cycle 

contains at minimum, substrate binding, conformational change, chemistry, and product release 

(Figure 6B). Unlike steady-state kinetics is in within the second timeframes, pre-steady-state 

kinetics help us determine rates happening within the millisecond. Thus, only pre-steady state 

kinetic methods allow us to ascertain reaction mechanisms – the individual steps of catalysis. 

Additionally, in cells, the amount of substrate compared to enzyme is not always in vast excess as 

required in steady-state kinetic experiments. An example that will be discussed later in this 

dissertation is measuring the rate of chemistry in the catalytic cycle of IDH1.  
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Figure 6. A. Simplified model of enzyme catalysis. Excess substrate binds to enzyme unchanged before catalysis. The graph 

is the hyperbolic function derived by Michaelis-Menten. Kcat is the maximum turnover rate. KM is the concentration of substrate 

at half of kcat. The catalytic efficiency (kcat/KM) is a second ordered rate constant that represents a tangent line to the linear 

portion of the hyperbolic function. 6B. A more complex catalytic cycle shows rates that are not observable in a steady-state 

kinetic assay. Pre-steady-state kinetic methods allow one to experimentally determine many rate constants that are part of a 

more complex catalytic cycle. 
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There are many differences in experimental setups to properly measure individual rate 

constants in a catalytic cycle (Figure 6B). The beauty of pre-steady state kinetics is that when 

designing the proper experiment, it may be possible to detect specific steps in the catalytic cycle 

as well as a combination of steps. Usually, steady-state kinetic experiments are measured in the 

second to minute time frame, while pre-steady-state experiments occur in the millisecond to 

second timeframe. Since this time frame is significantly shorter, specialized equipment like a 

stopped-flow spectrophotometer or a rapid chemical quench must be used (Figure 7). These 

instruments allow us to rapidly mix two solutions and make measurements within a thousand 

points per second. Without these types of instruments, measuring pre-steady state rates is 

impossible. Although steady state and pre-steady state kinetic methods are powerful tools for 

measuring rates and finding experimental evidence of steps in the catalytic cycle, enzymatic 

studies become even stronger when combining it with biophysical methods such as X-ray 

crystallography. 

 

Figure 7. Schematic diagram of a stopped-flow spectrophotometer. Syringe 1 and 2 are pushed simultaneously with 

compressed gas to allow for rapid mixing. The solutions mix before reaching the reaction cell where the light source excites 

the photo active molecule. The solution ends at the stop syringe. The light sensed by the detector and the computer processes 

the data. This instrument allows enzymologists to measure rates happening in the millisecond time frame.  
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1.10. Combining Kinetics with Crystallography 

X-ray crystallography works well in tandem with kinetics to help explain mechanistic 

features of an enzyme. One strength of X-ray crystallography is that it is possible to see specific 

interactions between enzyme and substrate, though this is a single snapshot of the enzyme at a 

particular conformation that may or may not be physiologically relevant. Dynamic information is 

also not readily available. Crystallographers may aim to crystalize the enzyme in different 

conditions, such as inclusion of exclusion of ligands, in order to compare different conformations. 

Crystallography also allows scientists to formulate hypotheses based on the interactions seen. 

When Yang and colleagues described the mechanism of ICT binding and catalysis, they 

used X-ray crystallography and steady-state kinetics with IDH1 mutants to measure their catalytic 

efficiencies32. The mutations they designed affected residues involved in substrate binding, 

converting residues such as T77, S94, R100, R109, R132, Y139, K212, D252, and D275 to alanine 

mutants and then measured the catalytic effects32. They observed an overall decrease in kcat in all 

mutants, and a wide range of effects in KM
32

. The higher KM values measured were associated with 

residues that interact with the carboxylate groups of ICT, such as R100 and R13232. Although KM 

should not be confused with KD, it gives an idea of the affinity that an enzyme has towards a 

specific substrate. Therefore, the authors were able to clarify the residues that interact with the 

substrate via X-ray crystallography and use kinetics to assess the catalytic effect of interrupting 

interactions with ICT. Enzyme structures solved by X-ray crystallography can also provide insight 

of allosteric and inhibitor binding sites, providing important information about how to increase 

affinity of the small molecule inhibitors for their targets. 
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1.11. Experimental Rationale to Fulfill Gap in Knowledge  

Pusch’s finding regarding the difference of D2HG concentrations measured in tumor 

depending on the R132 IDH1 mutant present raised the question of how the kinetic parameters 

related to D2HG production varied among each mutant20, 31. Although several groups have 

performed kinetic studies on many IDH1 mutants, there is little agreement of kinetic results within 

groups and many patients have not been characterized at all26, 32, 45. Therefore, we performed an 

extensive kinetic study to understand how physical characteristics, such as size and 

hydrophobicity, of several IDH1 R132 mutants drive D2HG production20. This work elucidates 

how each R132 mutant behaves kinetically as well as provides tools for predicting how D2HG 

concentrations and disease severity might present in patients presenting with less common IDH1 

R132 mutations. An important discovery from this work led us to study how IDH1 inhibitors work 

a wide range of IDH1 R132 mutants. 

IDH1 inhibitors have been tested, for the most part, with R132H and R132C34, 35. A full 

study of inhibition with several R132 IDH1 mutants has been lacking. Moreover, our discovery of 

R132Q IDH1 as the only mutant studied to date that preserves WT activity, raised the question of 

whether this mutant also binds mutant IDH1 inhibitors with similar affinity20, 40. Moreover, we 

worked with collaborators to perform molecular dynamic studies to understand key conformational 

changes that would correlate enzymatic activity with inhibition sensitivity40. This work elucidates 

the effects of IDH1 inhibitors for a wide range of R132 mutants, predicting the likelihood of each 

IDH1 mutant to respond to therapeutics, as well as finding possible mutants that may be resistant. 

Finally, Rendina and colleagues described the mechanism of binding for the neomorphic 

reaction as being ordered sequential27. However, they did not describe the catalytic cycle of R132 

mutants when producing D2HG. Further, a structure of R132Q IDH1 has not been solved and 
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determining binding conformations for this mutant is lacking. Therefore, a complete structure-

function characterization of important IDH1 has not been performed. Our work seeks to establish 

the catalytic cycle of IDH1 mutants when performing the neomorphic reaction, as well as to 

identify key kinetic features of metabolic dehydrogenases at performing NADPH-reduction of α-

keto acids. Additionally, the structure of R132Q IDH1 will elucidate key conformations that make 

this mutant unique and will aid in the development of inhibitors selective for this mutant.  
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2. Molecular Mechanisms of Isocitrate Dehydrogenase 1 (IDH1) Mutations Identified in 

Tumors: The Role of Size and Hydrophobicity at Residue 132 on Catalytic Efficiency 

2.1. Abstract 

Isocitrate dehydrogenase 1 (IDH1) is responsible for the NADP+-dependent oxidative 

decarboxylation of ICT to αKG in the cytosol and peroxisomes of the cell. Mutations in the IDH1 

gene has been linked to over 80% of lower grade gliomas and secondary glioblastomas patients, 

primarily affecting residue 132, which aids to coordinate substrate binding. Other mutations in the 

active site of IDH1 have been also linked to tumors. IDH1 mutations usually result in the loss of 

normal catalytic activity, but many gain a new reaction, which is the NADPH-dependent reduction 

of αKG to D2HG. D2HG is a proposed oncometabolite since it competitively inhibits many αKG 

dependent enzymes involved in gene regulation and DNA repair. Some IDH1 kinetic parameters 

have been previously published for several mutants IDH1, and there is evidence that these mutants 

vary widely in the production of D2HG. In this chapter, we report that most IDH1 mutations 

identified in cancer are severely affected in catalyzing the normal oxidation reaction, and the 

catalytic efficiencies to produce D2HG vary within them up to ~640-fold. Common IDH1 

mutations have moderate efficiencies to produce D2HG, whereas more rare mutations show very 

low or high efficiencies. Therefore, we designed several experimental R132 mutants IDH1 to 

assess the features required for D2HG production. We showed that smaller and more hydrophobic 

residues support the neomorphic reaction. Interestingly, we also report one mutant that has a high 

catalytic efficiency for the neomorphic reaction and conserves some activity of the normal 

oxidation reaction. These kinetic studies show catalytic features of mutations found in majority of 

patients with lower grade gliomas.  
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2.2. Introduction 

 Otto Warburg first described changes in metabolism in tumor cells about a hundred years 

ago1-3, but whether enzymes behaved as tumor suppressors or oncogenes has been described 

relatively recently. A striking example of metabolic enzymes playing an important role in 

tumorigenesis is the dimeric isocitrate dehydrogenase 1 and 2 (IDH1 and IDH2). The normal 

function of these enzymes is the NADP+-and Mg2+-dependent reversible oxidative 

decarboxylation of ICT to αKG (Figure 1A). IDH1 catalyzes this reaction in the cytosol and 

peroxisomes of the cell, while IDH2 in the mitochondria. IDH3 also performs the same reaction 

in the mitochondria (during the TCA cycle), although it has not been linked to cancer and it is non-

reversible and NAD+-dependent.  

 

 Mutations in IDH1 and IDH2 were first described in glioblastoma multiforme in a large 

sequencing study of patients harboring this disease4, and it was found that over 80% of patients 

with grade II/III gliomas and secondary glioblastomas were found to have mutations in the IDH1 

 

Figure 1. WT and mutant IDH1 catalytic activities. Shown are the A. normal oxidative decarboxylation, and B. the 

neomorphic reduction.  
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gene, most commonly R132H and R132C5-9. IDH1 mutants lose the ability to convert ICT to 

αKG10, suggesting that they would behave as tumor suppressors, in part through altering the levels 

of hypoxia-inducible transcription factor-1α11. Nevertheless, mutations in the IDH1 gene are 

heterozygous dominant, meaning that expressions of this gene in tumors likely yield heterodimers 

of mutant IDH1 with WT IDH1. Previous studies showed that mutant IDH1/2 are capable of 

catalyzing the NADPH-dependent reduction of αKG to D2HG12-14 (Figure 1B). D2HG is a 

proposed oncometabolite since it competitively inhibits many αKG dependent enzymes such as 

histone demethylases, resulting in alterations of gene regulation and cell de-differentiation15, 16. As 

a matter of fact, cancer patients harboring IDH1 mutations show hypermethylation phenotypes17-

19 that resulted from D2HG inhibiting histones and DNA demethylases. The oncometabolite D2HG 

can recapitulate tumorigenic phenotypes in cancer models20, 21, but studies that have measured the 

global metabolomic changes between mutant IDH1 and D2HG treatment have shown 

differences22, 23. This indicates that loss of the normal reaction and/or changes in NADPH levels 

may also play a crucial role. The development of selective therapeutic targets is well underway 

with FDA approved drugs for IDH1 treating acute myeloid leukemia8, 24-26. 

 The fact that a point mutation allows IDH1 to perform a new catalytic activity suggests 

important mechanistic changes, and many previous studies have used kinetics and structural 

methods to explore the new activity of mutant IDH112, 27-32. IDH1 mutants produce varying 

concentrations of D2HG32, with interesting alterations in conformational change as previously 

described in crystal structure studies of R132H IDH128, 29, 31. The kinetic parameters published up 

to date vary widely, thus making it very difficult to perform comparisons. Interestingly, some 

IDH1 mutations do not perform the NADPH-dependent reduction of αKG33, 34, suggesting that just 
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the loss of the normal reaction has important consequences, or maybe they are just passenger 

mutations. 

 Here, we report a thorough catalytic study of a wide spectrum of IDH1 mutations, including 

many seen in tumors as well as several mutants designed to clarify catalytic features. We showed 

that IDH1 mutants vary widely in catalytic efficiencies; with the more polar and larger residues at 

position 132 supporting the normal reaction, while smaller and more hydrophobic residues driving 

the neomorphic reaction. This study provides important insight of which mutations at position 132 

produce D2HG efficiently. This study would also provide important information revealing the 

features of driver mutations present in most patients with lower grade gliomas and secondary 

glioblastomas. 

2.3. Materials and Methods 

2.3.1. Materials 

Dithiothreitol (DTT), isopropyl 1-thio-β-D-galactopyranoside (IPTG), Titron X-100, α-

ketoglutaric acid sodium salt (αKG), DL-isocitric acid trisodium salt hydrate, and magnesium 

chloride (MgCl2) were obtained from Fisher Scientific (Hampton, NH). β-Mercaptoethanol (β-

ME) was obtained from MP Biomedicals located in Santa Ana, CA. Both β-Nicotinamide adenine 

dinuclotide phosphate reduced trisodium salt (NADPH) and β-Nicotinamide adenine dinucleotide 

phosphate disodium salt (NADP+) were obtained from EMD Millipore (Darmstadt, Germany). 

Nickel-nitrilotriacetic acid (Ni-NTA) resin was obtain from Qiagen (Valencia, CA). Stain free gels 

(4-12%) were obtained from Bio-Rad Laboratories (Hercules, CA). Protease inhibitor Tablets were 

obtained from Roche Applied Science (Penzberg, Germany). 
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 2.3.2. Plasmid Mutagenesis 

 pET-28b, containing an N-terminal histag, was used for all IDH1 constructs. To generate 

the different mutations, site-directed mutagenesis (Kapa Bioscience, Wilmington, MA) was used 

to create R132C (forward primer, 5’-

GGTTAAACCGATCATTATTGGTTGCCATGCCTATGGTGATCAGTATC-3’, reverse 

primer 5’-GATACTGATCACCATAGGCATGGCAACCAATATGATCGGTTTAACC-3’), 

R100Q (forward primer 5’-GCCGAATGGCACCATTCAGAATATTCTGGG-3’, reverse primer 

5’CCCAGAATATTCTGAATGGTGCCATTCGGGC-3’), A134D (forward primer, 5’-

GGTCGTCATGATTATGGTGATCAGTATCG-3’, reverse primer 5’-

CGATACTGATCACCATAATCATGACGACC-3’), H133Q (forward primer 5’- 

AACCGATCATTATTGGTCGTCAGGCCTATGGTGATC-3’, reverse primer 5’-

GATCACCATAGGCCTGACGACCAATAATGATCGGTT-3’), R132G (forward primer, 5’-

AACCGATCATTATTGGTGGTCATGCCTATGGTGATC-3’, reverse primer 5’- 

GATCACCATAGGCATGACCACCAATAATGATCGGTT-3’), R132A (forward primer 5’-

GGTTAAACCGATCATTATTGGTGCGCATGCCTATGGTGATCAGTATC-3’, reverse 

primer 5’- GATACTGATCACCATAGGCATGCGCACCAATAATGATCGGTTTAACC-3’), 

R132Q (forward primer 5’-

GTTAAACCGATCATTATTGGTCAGCATGCCTATGGTGATCAGTATC-3’, reverse primer 

5’-GATACTGATCACCATAGGCATGCTGACCAATAATGATCGGTTTAAC-3’), R132K 

(forward primer 5’-

GGGTTAAACCGATCATTATTGGTAAACATGCCTATGGTGATCAGTATCG-3’, reverse 

primer 5’-CGATACTGATCACCATAGGCATGTTTACCAATAATGATCGGTTTAACCC-3’), 

R132W (forward primer 5’-
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GGTTAAACCGATCATTATTGGTTGGCATGCCTATGGTGATCAGTATC, reverse primer 

5’-GATACTGATCACCATAGGCATGCCAACCAATAATGATCGGTTTAACC-3’), and 

R132N (forward primer 5’-

CGATACTGATCACCATAGGCATGGTTACCAATAATGATCGGTTTAACCC-3’, reverse 

primer 5’-GGGTTAAACCGATCATTATTGGTAACCATGCCTATGGTGATCAGTATCG-3’). 

All primers were purchased from IDT (Coralville, IW). R132H and wildtype (WT) were obtained 

from Charles Rock from St. Jude’s Hospital. All mutants were generated by Dr. Christal Sohl. 

 2.3.3. Protein Expression and Purification 

 IDH1 (WT and mutants) were transformed into BL21 gold (DE3) cells. The transformed 

cells were incubated at 37 ⁰C in 0.5-2 L of terrific broth media (TB) containing 30 μg/mL at 200 

RPM until reaching an optical density at 600 nm of 1.0-1.2. Then, the temperature was dropped to 

about 18-20 ⁰C and the RPMs were reduced to 130. The cultures were induced using 1 mM (final) 

of IPTG. The cells were pelleted at 8000 RPM for 15 minutes. The pellets were resuspended using 

lysis buffer (20 mM Tris, pH 7.5, at 4 ⁰C, 500 mM NaCl, 0.1% Triton X-100, and a crushed and 

dissolved protease inhibitor Tablet). The cells were lysed via sonication and the supernatant was 

collected by centrifugation of the homogenates at 12000 RPM for 1 h. The lysates were collected 

and loaded into a Ni-NTA affinity column. After the lysate was loaded, the resin was washed with 

Ni-buffer 1 (50 mM Tris, pH 7.5, at 4 ⁰C, 500 mM NaCl, and 5 mM β-ME) and eluted with Ni-

buffer 2 (50 mM tris, pH 7.5, at 4 ⁰C, 500 mM NaCl, 500 mM imidazole at pH 7.5, and 5 mM β-

ME). The elution was concentrated and dialyzed in storage buffer overnight (50 mM Tris, pH 7.5, 

at 4 ⁰C, 100 mM NaCl, 20% glycerol, and 1 mM DTT). Purity of each mutant was confirmed to 

be over 95% via SDS-PAGE (stain-free 4-12% gels). The concentrations of purified IDH WT and 

mutants were calculated via obtaining the absorbance at 280 nm using an extinction coefficient of 
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64143 M-1cm-1. The proteins were flash frozen in liquid nitrogen and stored at -80 ⁰C. Due to loss 

of activity overtime after flash freezing, the enzymes were discarded no later than 2 months after 

purification. I purified most mutants except for WT and H133Q IDH1.  

 2.3.4. Steady State Kinetic Assays 

Kinetic assays were performed at 21 ⁰C and 37 ⁰C, with two protein preparations per 

enzyme used to confirm reproducibility. The lower temperature assays were performed to compare 

our data with published results, and the higher temperature assays were used to get rates at 

physiologically relevant conditions. An 8452 diode array spectrophotometer (Olis, Atlanta, GA) 

was used for most kinetic assays. For the conversion of ICT to αKG, assays were performed in a 

quartz cuvette containing reaction buffer (50 mM Tris, pH 7.5, either at ambient temperature or 37 

⁰C, 150 mM NaCl, 10 mM MgCl2, and 1 mM DTT) and IDH1 (100 nM for H133Q, R100Q, 

R132C, R132G, R132A, and R132Q, and 500 nM for A134D, R132H, R132W, R132K, and 

R132N). The contents of the cuvette were pre-incubated at the assay temperature for 3 min. After 

pre-incubation, the reactions were initiated by adding saturating concentrations of NADP+ while 

titrating ICT (to determine KM,ICT), or adding saturating concentrations of ICT while titrating 

NADP+ (to determine KM,NADP
+). NADPH formation was monitored at 340 nm. For conversion of 

αKG to D2HG, the same reaction buffer was used (500 nM enzyme concentrations were used for 

all mutants, except R132H and R132A IDH1, where 200 nM was used). These assays were also 

pre-incubated at the desired temperature. The reactions were initiated by adding saturating 

concentration of NADPH while titrating αKG (to determine KM, αKG), and vice versa. The pH of 

αKG was adjusted to 7.0 before use. The depletion of NADPH was monitored at 340 nm. The 

slope of the linear range of the assay was converted from abs/s to nM/s using the extinction 

coefficient for NADPH (6.22 cm-1mM-1). In order to convert V0 to kobs (s
-1), each slope was divided 
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by the respective enzyme concentration used in the assay. The result of this conversion for each 

concentration of substrate was plotted using GraphPad Prism (GraphPad Software, La Jolla, CA) 

and fit using a hyperbolic function in order to determine both kcat and KM. 

Since the conversion of ICT to αKG by WT was too fast to confidently obtain slopes from 

the diode array, an RSM-1000 stopped-flow spectrophotometer (OLIS) was used in absorbance 

mode to increase the point density within the linear range of the assay. The concentration of WT 

IDH1 was reduced to 30 nM (final) and reactions were performed in replicates of 3-5. The 

parameters were obtained in the same way as previously mentioned. Due to low KM, NADPH values 

observed for the IDH1 mutants, a DM 45 spectrofluorometer (OLIS) was used for the titrations of 

NADPH for R100Q, R132H, and R132C IDH1 (50 nM), and NADP+ titrations for WT IDH1 (3 

nM) after generating a standard curve of concentrations of NADPH. The standard curve of 

NADPH concentrations was generated each time the instrument was used to accurately calculate 

the rates. I generated steady-state kinetic data for R132H, R132C, R132Q, R132G, R132N, 

R132A, R100Q and H133Q IDH1). 

2.3.5. GC/MS Analysis of D2HG Formation 

To confirm D2HG, rather than ICT, was formed by certain mutants, 19 μM IDH1 (R100Q, 

R132G, R132A, R132K, R132N, R132Q, and R132W) was incubated in reaction buffer, and the 

reaction was initiated with 240 μM of NADPH and 240 μM of αKG and monitored at 340 nm for 

100 s. An aliquot of the reaction was removed and 0.13 M EDTA was used to chelate the Mg2+ 

and quench the reaction. Then, the aliquot was lyophilized to dryness. The dried aliquots were 

redissolved in 50% methanol containing L-norvaline as an internal standard, and re-dried using a 

lyophilizer (MiVac, SP Scientific, Warminster, PA). L-norvaline, αKG, D2HG, and ICT (1 mM) 

were prepared to use as standards. The standards and incubations were derivatized with O-
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isobutylhydroxylamine hydrochloride and N-tert-butyldimethylsilytrifluoroacetamide and 

analyzed using GC/MS. All measurements were performed in duplicates. I performed the reactions 

while the D2HG quantification was performed by Dr. David Scott (Sanford Burnham Prebys)  

2.3.6. Thermal Stability Assays Using Circular Dichroism 

In order to assess the stability of all enzymes, Circular dichroism (CD) spectrophotometry 

was used. IDH1 was diluted to about 5 μM in a buffer containing 10 mM potassium phosphate at 

pH 7.5 and 100 mM NaCl. The experiment was initiated at 5 ⁰C and the temperature was increased 

to 70 ⁰C in 1⁰ increments. As the secondary structure of IDH1 is governed mostly by α-helices, 

signal at 222 nm was monitored, which corresponds to α-helicity. The data was analyzed using 

Igor software package (WaveMetrics) and fit to a Santoro-Bolen equation35. I performed these 

assays along with Eric Gonzalez. 

2.3.7. Structure Modeling of IDH1 Mutations 

PDB code 4KZO29 an IDH1 structure containing αKG and NADP+, and 1T0L36 a structure 

containing ICT and NADP+, were used to model IDH1 mutations. Ligand-restraint generation and 

optimization of cif files were created using eLBOW in Phenix software37, and mutations were 

created using COOT38. Geometry minimization in the Phenix software37 was used to regularize 

geometries of each mutant IDH1 model bound to ligands, with 500 maximum iterations and 5 

macrocycles. These models were generated by Dr. Christal Sohl. 
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2.4. Results  

 2.4.1. Structural Modeling and Thermal Stability of IDH1 Mutations 

The structures of WT and R132H IDH1 bound to both substrates, either ICT with NADP+, 

or αKG and NADP+, have been published12, 29, 31, 36. A cryo-EM structure of R132C IDH1 showed 

the enzyme in complex with NADPH39. In order to understand structure differences in R132C, 

R132G, R100Q, A134D, and H133Q IDH1, we created models of these mutants with previously 

published IDH1 structure of R132H IDH1 in complex with αKG, NADP+, and Ca2+ (PDB: 

4KZO)29, and WT IDH1 in complexed with ICT, NADP+, and Ca2+ (PDB: 1T0L)36, using 

geometry minimization in Phenix37. The resulted structures were aligned to the R132H IDH1 

initial structure using PyMOL40 (Figure 2). These models showed minimal changes in the overall 

structure, which was consistent with previous structural studies of R132H IDH1. The catalytic 

residue Y139 has a more pronounced movement when ICT binds as compared to bound αKG, 

likely as a result of the absence of the carboxylate in αKG. 
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Figure 2. Structural modeling of IDH1 mutations identified in tumors. A. The structure of WT IDH1 complexed 

with ICT, NADP+, and Ca2+ (PDB 1T0L36) and B. R132H IDH1 complexed with αKG, NADP+, and Ca2+ (PDB 

4KZO30) were used to model additional mutations. In both panels, WT IDH1 is shown in green, A134D in cyan, 

H133Q in black, R100Q in dark blue, R132H in orange, R132C in yellow, and R132G in grey. Substrates and 

residues that are mutated are highlighted in stick format, as well as catalytic residue Y139. Ca2+ is shown as a 

sphere. Ligand restraint generation and optimization of provided cif files were generated using eLBOW in the 

Phenix software suite37, and mutations were made using Coot38. Geometry Minimization (Phenix software suite)37 

was used to regularize geometries of the models, with 500 iterations and 5 macro cycles 
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To study the mechanistic features of mutant IDH1 enzymes, we created mutant cDNA 

constructs and heterologously expressed and purified in E. coli as homodimers, achieved a purity 

of over 95% after Ni-NTA affinity chromatography (Supplemental Figure S1A). We performed 

thermal stability assays using circular dichroism to assess the changes in melting temperature (Tm). 

The changes in Tm were small, ranging from 46.8 oC for R132C to 51.9 oC for R100Q IDH1, 

compared to WT IDH1 (49.1 oC) (Supplemental Figure S2A). The changes in Tm were about 5% 

from R132C to WT IDH1 as well as from WT to R100Q IDH1. 

2.4.2. Efficiency of Reactions Catalyzed by IDH1 Mutants Found in Tumors 

 R132H and R132C IDH1 mutants are the most common mutations in gliomas41. R132G 

IDH1 has been linked with higher frequency in chondrosarcomas42, 43 than in gliomas, and this 

mutant has been known to produce D2HG32. R100Q IDH1, analogous to R140Q IDH2, a D2HG 

producer in mutant IDH2-driven cancers, is relatively rare44. Finally, the very rare A134D and 

H133Q IDH1 mutants are found in thyroid cancer and they are thought to have low activity in the 

normal reaction33, 44. We performed steady-state kinetic assays to understand the catalytic 

efficiencies (kcat/KM) of these mutants when performing the conversion of ICT to αKG (normal 

reaction) and αKG to D2HG (neomorphic reaction), by observing the production and depletion of 

NADPH respectively. All the mutants had decreased in activity for the normal reaction, ranging 

from 3.5-fold for H133Q IDH1 to 1,340-fold for the other IDH1 mutants (Figure 3, Supplemental 

Figure S3, Table 1). The decreased in catalytic efficiencies were due to reduce kcat and KM. 
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Table 1. Kinetic parameters for the normal reaction, conversion of ICT to αKG, catalyzed by IDH1. Values result from fits of 

kinetic data using two different enzyme preparations. The standard error was determined from the deviance from these hyperbolic 

fits (Fig. 3, Supplemental Fig. S3). 

IDH1 Hydrophilicit

y scale at 

residue 132 

van der 

Waals 

volume 

of side 

chain at 

residue 

132, Å3) 

kcat, 

s-1 

(37º

C) 

KM,,ICT

, mM 

(37ºC) 

KM,NADP+

, mM 

(37ºC) 

Efficien

cy, mM-

1 s-1 

(kcat/KM, 

ICT, 

37ºC) 

kcat, 

s-1 

(21º

C) 

KM, ICT, 

mM 

(21ºC) 

KM,NADP+

, mM 

(21ºC) 

Efficien

cy, 

mM-1 s-

1 

(kcat/KM

, ICT, 

21ºC) 

WT -14 (R) 148 (R) 85 ± 

4 

0.22 ± 

0.02 

0.08 ± 

0.03 

3.9 ± 0.4 

× 102 

11.0 

± 0.4 

0.015 ± 

0.003 

0.03 ± 

0.01 

7.3 ± 

1.3 × 

102 

H133

Q 

-14 (R) 148 (R) 45 ± 

2 

0.40 ± 

0.08 

0.16 ± 

0.02 

1.1 ± 0.2 

× 102 

9.4 ± 

0.6 

0.28 ± 

0.07 

0.101 ± 

0.008 

35 ± 9 

A134

D 

-14 (R) 148 (R) 2.3 ± 

0.2 

8 ± 2 1.2 ± 0.3 0.29 ± 

0.08 

0.200 

± 

0.008 

2.7 ± 

0.3 

0.7 ± 0.1 0.074 ± 

0.003 

R100

Q 

-14 (R) 148 (R) 5.6 ± 

0.4 

8 ± 2 0.18 ± 

0.02 

0.7 ± 0.2 1.40 

± 

0.06 

9 ± 1 0.070 ± 

0.006 

0.16 ± 

0.02 

R132

H 

8 (H) 118 (H) 2.4 ± 

0.1 

4.2 ± 

0.6 

1.6 ± 0.5 0.57 ± 

0.08 

0.120 

± 

0.006 

6 ± 1 1.0 ± 0.9 0.020 ± 

0.003 

R132

C 

49 (C) 86 (C) 4.4 ± 

0.1 

8.2 ± 

0.8 

0.75 ± 

0.07 

0.54 ± 

0.05 

1.61 

± 

0.08 

5.3 ± 

0.8 

0.58 ± 

0.08 

0.30 ± 

0.05 

R132

G 

0 (G) 48 (G) 9.3 ± 

0.6 

7 ± 1 0.067 ± 

0.007 

1.3 ± 0.2 1.0 ± 

0.06 

3.6 ± 

0.6 

0.14 ± 

0.02 

0.28 ± 

0.05 

 

 For the neomorphic reaction, the catalytic efficiencies varied widely (Figure 4m 

Supplemental Figure S4, Table 2). The catalytic efficiency of A134D and H133Q IDH1 could not 

be determined because only saturating concentrations of αKG showed rates that were higher than 

the signal-to-noise threshold. Therefore, only the upper limit of the kcat was determined as observed 

rates (Figure 4, B and D) since KM values could not be determined. R132G IDH1 had the highest 

catalytic efficiency for D2HG production (~125-fold higher than WT IDH1), due to decreased KM 

values and increased kcat values. The catalytic efficiencies of R132C and R132H IDH1 were lower 

than R132G IDH1, with lower KM for R132C compared to R132H IDH1 (Table 2). These results 
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may indicate that the production of D2HG in tumors by both R132G and R132C IDH1 could be 

more significant than R132H IDH1 when considering the available cytosolic concentrations of 

αKG. These results were also in agreement with the D2HG concentrations measured in glioma 

tissues by Pusch and colleagues32. R100Q IDH1 was not very efficient at the neomorphic reaction 

due to its high KM (Table 2). 

Table 2. Kinetic parameters for the neomorphic reaction, conversion of αKG to D2HG, catalyzed by IDH1. Values result from fits 

of kinetic data using two different enzyme preparations. The standard error was determined from the deviance from these hyperbolic 

fits (Fig. 4, Supplemental Fig. S4). 

 

  

IDH

1 

Hydrophilici

ty scale at 

residue 132 

van der 

Waals 

volume 

of side 

chain at 

residue 

132, Å3 b 

kcat, 

s-1 

(37º

C) 

KM, 

,αKG 

mM 

(37ºC) 

KM,,NADP

H mM 

(37ºC) 

Efficie

ncy, 

mM-1 

s-1 

(kcat/K

M,αKG, 

37ºC) 

kcat, 

s-1 

(21º

C) 

KM,αKG 

mM 

(21ºC) 

KM,NADPH

, mM 

(21ºC) 

Efficie

ncy, 

mM-1 

s-1 

(kcat/K

M,αKG, 

21ºC) 

WT -14 (R) 148 (R) 0.01

9 ± 

0.00

1 

0.5 ± 

0.3 

≤ 0.010 0.04 ± 

0.02 

≤ 

0.01

7 

ND ND ND 

H133

Q 

-14 (R) 148 (R) ≤ 

0.01

6 

ND ND ND ≤ 

0.03

4 

ND ND ND 

A134

D 

-14 (R) 148 (R) ≤ 

0.01

9 

ND ND ND ≤ 

0.02

0 

ND ND ND 

R100

Q 

-14 (R) 148 (R) 0.34 

± 

0.02 

12 ± 2 0.005 ± 

0.003 

0.028 

± 

0.005 

0.12

8 ± 

0.00

6 

10 ± 1 ≤ 0.0025 0.013 ± 

0.001 

R132

H 

8 (H) 118 (H) 4.2 ± 

0.3 

1.1 ± 

0.3 

≤ 0.025 3.8 ± 

0.9 

0.43 

± 

0.04 

1.8 ± 

0.6 

≤ 0.005 0.24 ± 

0.08 

R132

C 

49 (C) 86 (C) 1.60 

± 

0.07 

0.36 ± 

0.05 

0.010 ± 

0.009 

4.4 ± 

0.6 

0.84 

± 

0.03 

0.36 ± 

0.06 

≤ 0.025 2.3 ± 

0.4 

R132

G 

0 (G) 48 (G) 1.59 

± 

0.09 

0.34 ± 

0.08 

< 0.025 5 ± 1 0.45 

± 

0.02 

0.30 ± 

0.05 

≤ 0.025 1.5 ± 

0.2 
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Figure 3. Concentration dependence of ICT concentration on the observed rate of NADPH production in the normal reaction 

(37 ºC). The determined kobs values were obtained from two different enzyme preparations to ensure reproducibility. The kobs 

values resulting from each of the two enzyme preparations are distinguished by using either a circle or an × in the plots. The 

observed rate constants (kobs) were calculated from the linear range of the slopes of plots of concentration versus time using 

GraphPad Prism software (GraphPad, San Diego, CA). These kobs values were then fit to a hyperbolic equation to generate kcat 

and Km values, and the standard error listed in Table 1 results from the deviance from these hyperbolic fits is indicated. The 

determined kobs values were obtained from two different enzyme preparations to ensure reproducibility. Results from assays at 

21 ºC are shown in Supplemental Fig. S3. A. WT IDH1. B. H133Q IDH1. C. A134D IDH1. D. R100Q IDH1. E. R132H IDH1. 

F. R132C IDH1. G. R132G IDH1. 
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Figure 4. Concentration dependence of αKG concentration on the observed rate of NADPH depletion in the neomorphic 

reaction (37 ºC). The determined kobs values were obtained from two different enzyme preparations to ensure reproducibility. 

The kobs values resulting from each of the two enzyme preparations are distinguished by using either a circle or an × in the 

plots. The observed rate constants (kobs) were calculated from the linear range of the slopes of plots of concentration versus 

time using GraphPad Prism software (GraphPad, San Diego, CA). These kobs values were then fit to a hyperbolic equation to 

generate kcat and Km values, and the standard error results from the deviance from these hyperbolic fits is indicated. Km values 

and efficiency are in terms of [αKG]. Due to limits of detection, Km values could not be obtained for low efficiency IDH1 

enzymes since only saturating kobs rates could be detected. In this case, kobs rates are reported, which approximate kcat rates. 

Results from assays at 21 ºC are shown in Supplemental Fig. S4. A. WT IDH1. B. H133Q IDH1. D. R100Q IDH1. E. R132H 

IDH1. F. R132C IDH1. G. R132G IDH1.  
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2.4.3. GC/MS Analysis Confirms D2HG Production by IDH1 Tumor Mutants 

Leonardi and colleagues studied the conversion of αKG to ICT (Figure 1A) and found that 

lower pH and a source of CO2, as sodium bicarbonate, drive the reverse reaction, and concluded 

that IDH1 mutants are kinetically deficient for αKG and ICT interconversion27. Nevertheless, we 

sought to confirm whether R100Q and R132G IDH1 produce D2HG instead of ICT upon 

incubation with αKG and NADPH. R132H and R132C IDH1 have been well established as D2HG 

producers12; therefore, these mutants were not used for this study. We used Gas 

chromatography/mass spectrometry (GC/MS) to quantify the nmol of D2HG, αKG and ICT 

produced (data not shown) (Figure 5). R132G IDH1 generated high levels of D2HG compared to 

R100Q IDH1. These results were consistent with our kinetic studies (Figure 4 and 5). Less than 

0.1nmols of ICT were measured, confirming that depletion of NADPH in these assays was 

associated with D2HG production.  
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Figure 5. Absolute quantitation of 2HG present in an incubation of IDH1 mutants with αKG and NADPH. Measurements are 

reported as a calculated mean with standard error of the mean (SEM). Only trace amounts of ICT (< 0.1 nmol, based on limits 

of detection) were generated under these experimental conditions, indicating that NADPH oxidation was coupled to 2HG 

production, rather than ICT production. 
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2.4.4. Generation of IDH1 Mutants Engineered to Explore Mechanistic Features of 

D2HG Production 

Besides R132H, R132C, and R132G IDH1, other R132 mutants have been linked to 

gliomas, such as R132S, R132L, and R132V IDH15, 6, 45, 46. Previous kinetic assays have shown 

that R132S and R132L IDH1 had similar catalytic rates compared to R132H and R132C when 

producing D2HG12, 27. HEK293T cells expressing R132S and R132L showed similar levels of 

D2HG compared to cell lines expressing R132C and R132H32. All these mutants vary in the degree 

of hydrophobicity at residue 132, and they all have lower van der Waals volumes compared to 

WT. However, the role of the size and hydrophobicity of each mutant at position 132 when 

producing D2HG has not been studied. 

We created IDH1 R132 mutants to help us elucidate the limits of hydrophobicity47 and van 

der Waals volume48 that would allow for D2HG production. R132A IDH1 has not been reported 

in tumors49, 50 and is an example of a small hydrophobic residue, similar to R132G. Unsurprisingly, 

R132A IDH1 has been shown to be deficient in the normal reaction31, but it is not known if R132A 

IDH1 can catalyze the neomorphic reaction. A second mutant, R132N IDH1, has also not been 

identified in tumors, but was selected since asparagine has smaller van der Waals volume and 

similar polarity to arginine, which is found in WT IDH1. R132Q IDH1 has been reported in 

chondrosarcomas, and a mouse model harboring this mutant reported D2HG levels up to 20-fold 

higher compared to R132H IDH1 in vitro43, 51. This mutant has similar hydrophobicity to arginine 

but a smaller van der Waals volume. R132K IDH1 is homologous to the most common IDH2 

mutation seen in leukemia, R172K IDH210, 45. R132K IDH1 has not been identified in tumors, and 

its kinetic features have not yet been determined. This mutant is similar to WT since both 

hydrophobicity and van der Waals volume are comparable (K versus R). Lastly, R132W has not 
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identified in tumors, and it represents the most extreme scenario for high hydrophobicity and van 

der Waals volume. 

2.4.5. Structural Modeling and Thermal Stability of Engineered IDH1 Mutations 

 Since no crystal structure has been reported for any of these experimental mutants, we 

created models for each mutant using previously published R132H IDH1 in complex with αKG, 

NADP+, and Ca2+ (4KZO)29. We used geometry minimization with Phenix37 and aligned the 

resulted models using PyMOL40 (Figure 6). Changes in the active site as well as the overall 

structure of the enzyme were small. When looking at the active site, the size of the mutation at 

R132 needed modest adjustment to avoid steric hindrance. 

All the experimental mutants were heterologously expressed and purified to >95% after 

Ni-NTA affinity chromatography (Supplemental Figure S1B). We performed thermal stability 

assays using circular dichroism and we observed that the Tm shifts were minimal (Supplemental 

Figure S2B). R132K IDH1 showed the highest Tm at 49.8 oC. 
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 2.4.6. Kinetic Analysis of Engineered IDH1 Mutants 

 The catalytic efficiencies of each mutant at the normal reaction was assessed and plotted 

against ranking hydrophobicity47 as well as against van der Waals volume48 (Figure 7A and 7B). 

All mutants had low catalytic efficiencies for the normal reaction driven by a decreased in kcat and 

an increase in KM (Table 3, Supplemental Figure S5). Only R132Q and R132K IDH1 were able to 

conserve some degree of normal activity, with showing a 33 and 56-fold decrease in catalytic 

 

Figure 6. Structural models of experimental IDH1 mutants. The structure of R132H IDH1 complexed with αKG, NADP+, and 

Ca2+ (PDB 4KZO) was used to model mutations of the tool IDH1 mutations. R132H IDH1 is shown in orange, R132Q in 

magenta, R132N in cyan, R132A in dark blue, R132K in black, and R132W in purple. Substrates and residues that are mutated 

are highlighted in stick format, as well as catalytic residue Y139. Ca2+ is shown as a sphere. Ligand restraint generation and 

optimization of provided cif files were generated using eLBOW in the Phenix software suite, and mutations were made using 

Coot. Geometry Minimization (Phenix software suite) was used to regularize geometries of the models, with 500 iterations 

and 5 macro cycles. 
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efficiency, respectively. The remaining mutants had decreased catalytic efficiencies for the normal 

reaction of over 220-fold.  

 

Table 3. Kinetic parameters for the normal reaction, conversion of ICT to αKG, catalyzed by IDH1. Values result from fits of 

kinetic data using two different enzyme preparations. The standard error is determined from the deviance from these hyperbolic 

fits (Supplemental Fig. S5). 

IDH1 Hydrophilicity 

scale at residue 

132a 

van der Waals 

volume of side chain 

at residue 132, Å3 b 

kcat, s-1 (37ºC) Km,ICT, mM (37ºC) Efficiency, mM-1 s-1 

(kcat/Km,ICT, 37ºC) 

R132W 97 (W) 163 (W) 1.21 ± 0.08 3.6 ± 0.6 0.34 ± 0.06 

R132A 41 (A) 67 (A) 10.4 ± 0.2 5.7 ± 0.4 1.8 ± 0.1 

R132Q -10 (Q) 114 (Q) 9.2 ± 0.3 0.8 ± 0.2 12 ± 3 

R132K -23 (K) 135 (K) 7.2 ± 0.4 1.1 ± 0.2 7 ± 1 

R132N -28 (N) 96 (N) 0.047 ± 0.001 1.5 ± 0.1 0.031 ± 0.008 

 

 These experimental IDH1 mutants were also assessed for the neomorphic reaction (Figure 

7, Supplemental Figure S6). R132Q IDH1 was the most efficient of all R132 tumor-relevant and 

experimental mutants, with 4-fold higher catalytic efficiency compared to the second most 

efficient mutant, R132G IDH1. A decrease in catalytic efficiency was observed for all other R132 

mutants, with R132A having comparable efficiency to R132G, R132C, and R132H IDH1. R132N, 

R132K, R132W and WT IDH1 had dramatically decreased catalytic efficiencies when performing 

the neomorphic reaction. The low catalytic efficiency observed for R132N IDH1 was primarly 

driven by a very high KM (Table 4). This result suggested that the production of D2HG by this 

enzyme was not physiologically relevant, since these high concentrations of αKG are not typically 

observed in the cell.  
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Table 4. Kinetic parameters for the neomorphic reaction, conversion of αKG to 2HG, catalyzed by IDH1. Values result from fits 

of kinetic data using two different enzyme preparations. The standard error is determined from the deviance from these hyperbolic 

fits (Supplemental Fig. S6). 

IDH1 Hydrophilicity 

scale at residue 

132a 

van der Waals 

volume of side chain 

at residue 132, Å3 b 

kcat, s-1 (37ºC) Km,αKG, mM 

(37ºC) 

Efficiency, mM-1 s-

1 (kcat/Km,αKG, 37ºC) 

R132W 97 (W) 163 (W) 0.54 ± 0.01 0.82 ± 0.08 0.659 ± 0.007 

R132A 41 (A) 67 (A) 0.37 ± 0.01 0.11 ± 0.02 3.4 ± 0.6 

R132Q -10 (Q) 114 (Q) 4.7 ± 0.2 0.26 ± 0.04 18 ± 3 

R132K -23 (K) 135 (K) 0.57 ± 0.02 0.61 ± 0.07 0.9 ± 0.1 

R132N -28 (N) 96 (N) 0.79 ± 0.06 10 ± 2 0.08 ± 0.02 

 

 

  

 

Figure 7. Comparisons of catalytic efficiency by IDH1 with mutations at residue 132. The observed rate constants (kobs) were 

calculated from the linear range of the slopes of plots of concentration versus time, and then fit to a hyperbolic equation to 

generate kcat and KM values. All experiments were performed at 37 ºC. These catalytic parameters result from fits of kinetic 

data resulting from two different enzyme preparations to ensure reproducibility. A. Relative catalytic efficiencies (kcat/KM) of 

the conversion of ICT to αKG using KM values for ICT are plotted against relative hydrophobicity. B. Relative catalytic 

efficiencies (kcat/KM) of the conversion of ICT to αKG using KM values for ICT are plotted against van der Waals volume. C. 

Relative catalytic efficiencies (kcat/KM) of the conversion of αKG to 2HG using KM values for αKG are plotted against relative 

hydrophobicity. D. Relative catalytic efficiencies (kcat/KM) of the conversion of αKG to 2HG using KM values for αKG are 

plotted against van der Waals volume.  
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2.4.7. GC/MS Analysis Confirms D2HG Production by Engineered IDH1 Mutants 

 We sought to confirm whether the depletion of NADPH in our kinetic assays corresponded 

D2HG or ICT production. We used GC/MS to quantify the levels of D2HG, ICT, and αKG for 

each experimental mutant. R132Q and R132G IDH1 catalysis led to the highest concentrations of 

D2HG, supporting our kinetic analysis, followed by R132A (Figure 5). The levels of ICT were 

difficult to detect at lower than 0.1nmol produced. These results suggested that the depletion of 

NADPH resulted from αKG to D2HG production, rather than ICT, under these experimental 

conditions.  

2.5. Discussion  

 In this study, we performed an extensive steady-state kinetic characterization of mutant 

IDH1 seen in tumors (R132H, R132C, R132G, R132Q, R100Q, A134D, and H133Q IDH1) and 

additional experimental mutants (R132A, R132K, R132N, and R132W), as well as WT IDH1 in 

to investigate the effects of hydrophobicity and van der Waals volume at residue 132 in driving 

the neomorphic reaction. Our reported kcat for WT IDH1 is in closed agreement with previous 

reported rates ranging from ~9 to 12s-1 28, 29, 31, at room temperature; while, other studies have 

shown catalytic rates to be much higher12, 14. KM values previously reported, for both normal 

reaction ligands, range from 5 to 65 μM at room temperature12, 14, 27-29, 31, which are comparable to 

our values (Table 1). Moreover, plasma concentration of αKG have been quantified to be around 

23 μM52, which are also comparable to our measured KM values. 

 H133Q IDH1 was the second most efficient enzyme, after WT IDH1, at catalyzing the 

normal reaction, and was unable to catalyze the neormophic reaction, indicating that this mutant 

could be a passenger mutation when found in tumors (Table 1 and 2). R100Q IDH1 had very high 
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KM values for ICT and αKG, which meant a reduction in catalytic efficiency for both reactions 

(Table 1 and 2). Interestingly, R140Q IDH2, analogous to R100Q, is the most common mutation 

found in AML53, but kinetic characterization for IDH2 mutants were limited30, 54. On the other 

hand, R100 coordinates the C3 carboxylate group of ICT and the carbonyl group αKG29, 36, which 

may explain the high KM for these substrates. Therefore, structural characterization of R100Q 

IDH1, aligned with R140Q IDH2, may provide important insight in structural differences that may 

elucidate any differences between these two analogous mutations. Our data suggests that R100Q 

IDH1 is a poor D2HG producer.  

 The second most common IDH2 associated to AML is R172K55, which it is homologous 

to R132K IDH1. The very low catalytic efficiency of R132K IDH1 for the neomorphic reaction 

was also surprising (Table 4). Therefore, a structural characterization of R132K IDH1 aligned with 

R172K IDH2 is important to assess any structural differences that may allow for differences in 

function between these two mutations. Low levels of D2HG produced in vitro for both R132K and 

R100Q IDH1 may provide insights of why each mutation is not seen in gliomas or is extremely 

rare. 

 Some IDH1 mutants show KM values for αKG in the neomorphic reaction that are higher 

than the physiological concentrations of this metabolite. However, IDH1 mutations likely form 

WT/mutant heterodimers, and a weakness in our work is that we studied mutant/mutant IDH1 

homodimers. The local concentration of αKG in WT/mutant IDH1 heterodimer may be higher due 

to production of this metabolite by the WT monomer, since substrate channeling between both 

monomers may still be possible, though recent reports suggest this is unlikely56. In cells, D2HG 

production is increased as long as the WT IDH1 activity is conserved30. However, in cases where 

the KM is very large, (e.g. R100Q IDH1), the presence of the WT monomer may not be sufficient 
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to produce adequate αKG to drive the reaction forward. A future direction is to express WT and 

each mutant separately, combine the lysates and then purify heterodimers with a sequence of 

affinity chromatography columns as described previously27, 28. One challenge is that it would be 

possible for the WT/mutant heterodimers to interconvert to WT/WT and mutant/mutant 

homodimers. 

 In 2014, Pusch and colleagues quantified D2HG levels in cells and in tumor tissue by 

R132G, R132C, R132H IDH132. In both scenarios, R132G IDH1 produced the most D2HG, 

followed by R132C and then R132H IDH132. They also reported that R100Q had the lowest levels 

of D2HG produced in cells32. These findings agree with our steady-state kinetic analysis of these 

mutants (Table 2). Moreover, in vitro kinetic analysis by Pusch and colleagues showed that the 

KM, αKG value was highest for R100Q, followed by R132H, R132G, and R132C IDH132. These 

results also agree with our reported KM values. Other groups have also performed kinetic analysis 

for R132C, R132H, and/or R132G IDH1, but kcat and KM values have only been reported for R132H 

and R132C IDH1 (Table 2). 

 An interesting observation by Pusch and colleagues was that the amount of D2HG 

produced is not directly proportional to the frequency of mutations in gliomas32. These results 

agree with our steady-state kinetic data where the rare R132G and R132Q IDH1 mutants were the 

most catalytic efficient at D2HG production, while R132H and R132C IDH1 were less efficient 

but more common in gliomas, though, R132H IDH1 is less common than R132C and R132G in 

chondrosarcomas43.  

 We observed a trend in hydrophobicity of the R132 mutations when performing the normal 

reaction (Figure 7A). Lysine, arginine, and glutamine rank very closely when comparing relative 

hydrophobicity47. These mutants showed the highest catalytic efficiency when converting ICT to 
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αKG (Table 1 and 3). The catalytic efficiencies can also be driven by the size and shapes of the 

mutations. However, R132N IDH1 was surprisingly inactive since the van der Waals volume was 

similar to those that perform the normal reaction (i.e. more hydrophilic)47. The catalytic 

inefficiency of R132N IDH1 was mostly driven by very low kcat values, while having similar KM 

values as compared to other experimental R132 IDH1 mutants. This may be a result of a shift in 

orientation of Y139, or asparagine failing to orient ICT properly. A crystal structure of this mutant 

would provide insights as to why this mutant catalyzes the normal reaction so poorly. Residues 

more hydrophobic than R132Q IDH1 had dramatically decreased catalytic efficiency when 

converting ICT to αKG (Figure 7A). With the exception of R132H and R132W IDH1, all other 

mutants had lower van der Waals volumes as compared to R132K, WT, and R132Q IDH1. This 

suggested that the size of the mutant was also important for efficient catalysis of the normal 

reaction. It is important to also take into consideration the shape of the residue; histidine and lysine 

have similar van der Waals volume, but one is ring-shaped and the other one rod shaped. When 

considering all aspects, more polar, bigger, and longer residues appeared to support the normal 

reaction.  

 For the neomorphic reaction, trends were not as clear but conversion of αKG to D2HG may 

be driven more by hydrophobicity than by size (Figure 7, C and D). The more hydrophobic 

residues, excluding R132W IDH1, were the most efficient at catalyzing the neomorphic reaction, 

though, a very notable exception to this was the highly catalytically efficient R132Q IDH1. 

Smaller residues also tended to high more efficient D2HG production, though there were again 

notable exceptions of this trend.  

 An important discovery of this work is the dual activity of R132Q IDH1. This mutant was 

the only variant capable of supporting both reactions (Tables 3 and 4). The catalytic efficiency of 
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R132Q IDH1 in both reactions was mostly driven by high kcat values. Other catalytic features, such 

as the conversion of αKG to ICT, will be interesting to compare to WT IDH1 catalysis.  

 This work represents the first large-scale kinetic characterization of several tumor relevant 

IDH1 mutants as well as engineered mutants that provide mechanistic insight. We observed that 

IDH1 mutants were deficient in catalyzing the normal reaction, showing large variation in the 

neormorphic reaction. This work also provides important insights on identifying mutants that may 

have a more oncogenic, tumor suppressive, or passenger role in tumors.  
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2.7. Supplemental information 

 

 

Supplemental Figure S1. Purification of WT and mutant. A. SDS-PAGE analysis of the IDH1 tumor mutants. B. SDS-PAGE 

analysis of the IDH1 experimental mutants. Lysate indicates the whole cell lysate. Flow indicates the flow-through after 

loading the lysate onto a nickel-NTA column, and Wash indicates the flow-through after a buffer wash prior to elution. 4-12% 

BioRad Stain-free gels were used. 
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Supplemental Figure S2. Thermal melt curves employing circular dichroism were used to determine the melting 

temperature (Tm) of IDH1 mutants. (A) WT IDH1 is shown in green (Tm = 49.1 ± 0.1 ºC); A134D in cyan (Tm = 

48.7 ± 0.1 ºC); H133Q in black (Tm = 49.9 ± 0.1 ºC); R100Q in dark blue (Tm = 51.9 ± 0.1 ºC); R132H in orange 

(Tm = 49.7 ± 0.1 ºC); R132C in yellow (Tm = 46.8 ± 0.1 ºC); and R132G in grey (Tm = 46.9 ± 0.1 ºC). (B) WT 

IDH1 is shown in green (Tm = 49.1 ± 0.1 ºC); R132W is in purple (Tm = 49.5 ± 0.1 ºC); R132A in dark blue (Tm 

= 49.2 ± 0.1 ºC); R132N in cyan (Tm = 49.1 ± 0.1 ºC); R132Q in magenta (Tm = 49.0 ± 0.1 ºC); and R132K in 

black (Tm = 49.8 ± 0.1 ºC). 
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Supplemental Figure S3. Concentration dependence of ICT concentration on the observed rate of NADPH production in 

the normal reaction, conversion of ICT to αKG (21 ºC). The determined kobs values were obtained from two different 

enzyme preparations to ensure reproducibility. The kobs values resulting from each of the two enzyme preparations are 

distinguished by using either a circle or an × in the plots. The observed rate constants (kobs) were calculated from the 

linear range of the slopes of plots of concentration versus time using GraphPad Prism software (GraphPad, San Diego, 

CA.) These kobs values were then fit to a hyperbolic equation to generate kcat and Km values, and the standard error 

results from the deviance from these hyperbolic fits is indicated. Km values and efficiency are in terms of [ICT]. A. WT 

IDH1. B. H133Q IDH1. C. A134D IDH1. D. R100Q IDH1. E. R132H IDH1. F. R132C IDH1. G. R132G IDH1. 
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Supplemental Figure S4. Concentration dependence of αKG concentration on the observed rate of NADPH depletion 

in the neomorphic reaction (21 ºC). The determined kobs values were obtained from two different enzyme preparations 

to ensure reproducibility. The kobs values resulting from each of the two enzyme preparations are distinguished by 

using either a circle or an × in the plots. The observed rate constants (kobs) were calculated from the linear range of 

the slopes of plots of concentration versus time using GraphPad Prism software (GraphPad, San Diego, CA). These 

kobs values were then fit to a hyperbolic equation to generate kcat and Km values, and the standard error results from 

the deviance from these hyperbolic fits is indicated. Km values and efficiency are in terms of [αKG]. A. WT IDH1. B. 

H133Q IDH1. C. A134D IDH1. D. R100Q IDH1. E. R132H IDH1. F. R132C IDH1. G. R132G IDH1. 
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Supplemental Figure S5. Concentration dependence of ICT concentration on the observed rate of NADPH production in 

the normal reaction (37 ºC). The determined kobs values were obtained from two different enzyme preparations to ensure 

reproducibility. The kobs values resulting from each of the two enzyme preparations are distinguished by using either a 

circle or an × in the plots. The observed rate constants (kobs) were calculated from the linear range of the slopes of plots of 

concentration versus time using GraphPad Prism software (GraphPad, San Diego, CA). These kobs values were then fit to a 

hyperbolic equation to generate kcat and Km values, and the standard error results from the deviance from these hyperbolic 

fits is indicated. Km values and efficiency are in terms of [ICT]. A. R132W IDH1. B. R132A IDH1. C. R132Q IDH1. D. 

R132K IDH1. E. R132N IDH1. 
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Supplemental Figure S6. Concentration dependence of αKG concentration on the observed rate of NADPH depletion in 

the neomorphic reaction (37 ºC). The determined kobs values were obtained from two different enzyme preparations to 

ensure reproducibility. The kobs values resulting from each of the two enzyme preparations are distinguished by using 

either a circle or an × in the plots. The observed rate constants (kobs) were calculated from the linear range of the slopes 

of plots of concentration versus time using GraphPad Prism software (GraphPad, San Diego, CA). These kobs values were 

then fit to a hyperbolic equation to generate kcat and Km values, and the standard error results from the deviance from these 

hyperbolic fits is indicated. Km values and efficiency are in terms of [αKG]. A. R132W IDH1. B. R132A IDH1. C. R132Q 

IDH1. D. R132K IDH1. E. R132N IDH1. 
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3. Inhibitor Potency Varies Widely Among Tumor-Relevant Human Isocitrate 

Dehydrogenase 1 Mutants 

3.1. Abstract 

 Mutations in isocitrate dehydrogenase 1 (IDH1) are linked in high frequencies to low-grade 

gliomas as well as in chondrosarcomas and acute myeloid leukemias. Most tumor relevant IDH1 

mutations have a significant decrease in activity when performing the oxidation of ICT to αKG, 

while gaining the neomorphic activity of converting αKG to D2HG, which drives tumor formation. 

Previously, we described two different reactivities of IDH1 mutants: a deficiency in the normal 

reaction with moderate production of D2HG, or moderate αKG production and high D2HG 

formation (R132Q IDH1). In this work, we identified a third type of reactivity where there is a low 

αKG formation and high D2HG production (R132L IDH1). Additionally, we identified unique 

structural features of R132Q IDH1, and showed that inhibitors had low affinity for this mutant. 

Biochemical and cell-based inhibition assays showed that most IDH1 mutants were very 

susceptible to inhibition, while R132Q IDH1 showed up to 16,300-fold increase in IC50 versus 

R132H IDH1. Only inhibitors capable of inhibiting WT IDH1 were also effective against R132Q 

IDH1. These results suggested that patients harboring R132Q IDH1 mutations may not respond 

well to mutant IDH1 therapeutics. Molecular dynamic simulations showed that a pair of helices 

near the NADP+/NADPH binding site in R132Q IDH1 switched between conformations that were 

more WT-like or more mutant-like, highlighting mechanisms for WT activity conservation. 

Dihedral angle changes at the dimer interface as well as buried surface area charges suggested a 

possible mechanism for loss of inhibition affinity seen by R132Q IDH1. This work provides a 

solid foundation for predicting how patients harboring different IDH1 mutations may respond to 
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therapeutics as well as identifies possible resistance mutations that may arise during treatment with 

these mutant IDH1 inhibitors. 

3.2. Introduction 

 Changes in tumor metabolism were first described by Otto Warburg about a century ago1, 

2. Within the last few decades, it has been shown that dysfunctional metabolic enzymes can drive 

tumor formation and growth3. Examples of dysfunctional enzymes are isocitrate dehydrogenase 1 

(IDH1) and isocitrate dehydrogenase 2 (IDH2) mutational variants, which are linked to cancers 

like gliomas, chondrosarcomas, and acute myeloid leukemia (AML)4-8. IDH1 and IDH2 catalyze 

the NADP+ and Mg2+-dependent oxidative carboxylation of ICT to αKG (normal reaction)5, 9. 

Mutations in these enzymes reduce significantly the ability to catalyze the normal reaction, while 

also conferring a neomorphic reaction consisting of the NADPH and Mg2+-dependent reduction of 

αKG to D2HG (Figure 1)10. D2HG is an oncometabolite since it competitively inhibits many αKG-

dependent enzymes involved in gene regulation, including methylcytosine dioxygenases and JmjC 

lysine demethylases, allowing for genome hypermethylation11, 12. 

 Most IDH1 tumor-relevant mutations happen at residue 132, which it is important for 

substrate coordination13. The most common IDH1 mutant in gliomas is R132H (90% of cases), 

but other mutations have been observed, such as R132C, R132G, R132Q, R132L, R132S, and 

R132V IDH114. R132V is the only IDH1 mutation that does not occur with a single base mutation. 

In chondrosarcomas, the frequencies of mutations in the IDH1 gene are lower. In a small study, 

out of 43 chondrosarcoma tumor samples, 20 had IDH1 mutations, where the most commons were 

R132C (60%), R132G (25%) and the remaining were R132L, R132Q, and R132H15. Additionally, 

a mouse model containing the R132Q IDH1 mutation was created and it showed that this mutation 

can lead to tumor formation15, 16. In chapter 2, we performed an extensive steady state kinetic 
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characterization of several tumor-relevant IDH1 mutants, showing wide variation of catalytic 

efficiencies for both the normal and the neomorphic reaction17. Although a discreate trend was 

observed in terms of van der Waals volume and hydrophobicity17, the mechanistic details of these 

wide variation in catalytic efficiencies are still under investigation.  

  

 

Figure 1. Reactions catalyzed by WT and mutant IDH1. A. WT IDH1 catalyzes the reversible, NADP+-dependent 

oxidation of ICT to αKG (OS, oxalosuccinate). B. Mutant IDH1 is typically deficient in the normal reaction shown in (A), 

and instead acquires a neomorphic reaction, the NADPH-dependent reduction of αKG to generate the oncometabolite, 

D2HG. For both reactions, the predicted catalytic cycle is also shown. This figure was originally published in 

https://portlandpress.com/biochemj/article-lookup/doi/10.1042/BCJ20180424 Avellaneda Matteo, D.; Wells, G. A.; Luna, 

L. A.; Grunseth, A. J.; Zagnitko, O.; Scott, D. A.; Hoang, A.; Luthra, A.; Swairjo, M. A.; Schiffer, J. M.; Sohl, C. D., 

Inhibitor potency varies widely among tumor-relevant human isocitrate dehydrogenase 1 mutants. Biochem 

J 2018, 475 (20), 3221-3238. 

 

https://portlandpress.com/biochemj/article-lookup/doi/10.1042/BCJ20180424
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 IDH1 and IDH2 are therapeutic targets for IDH-driven cancers18, with many groups 

creating small molecule inhibitors with extremely high selectivity for R132H and R132C IDH1 

over WT IDH1. The FDA has approved small molecule inhibitors synthetized by Agios 

Pharmaceuticals for IDH119, 20 and IDH221, 22. Crystal and cryo-EM structures show R132H and 

R132C IDH1 bound to small molecular inhibitors at an allosteric site between α9 and α10 helices 

in both monomers, and at the dimer interface (Supplemental Figure S1)23, 24. Recently, it has been 

proposed that a local conformational changes of the α10 helix drives inhibitor selectivity, at least 

in part, against R132H IDH1 while leaving WT IDH1 unaffected23, 25, 26 (Supplemental Figure S1). 

Structural characterization is limited to R132H, R132C, and WT IDH1. Although inhibitors 

designed to be selective for patients with R132H and R132C IDH1 mutants would benefit most 

patients harboring IDH1 mutations, a large variation in catalytic efficiencies among tumor-relevant 

mutants suggests that some mutants may not respond properly to these inhibitors. Moreover, 

studying less common IDH1 mutants, capable of producing D2HG may highlight possible resistant 

mutations that may arise during targeted treatment. This issue has already been linked to the IDH2 

FDA-approved drug enasidenib27. Therefore, a detailed mechanistic study of several IDH1 mutants 

is important to understand fundamental catalytic features, predict patient response to therapeutics, 

and identify certain mutants that may be resistant to these therapeutics.  

 In this work, we have performed extensive kinetic, structural, and inhibitory 

characterizations of tumor-relevant IDH1 mutants affecting residue 132. We showed that R132Q 

IDH1 has unique properties including low affinity for mutant IDH1 inhibitors. We used molecular 

dynamics (MD) simulation to probe movement around the NADP+ and the inhibitor binding site 

that may drive catalytic activity and inhibitor selectivity for these mutants. This work is important 
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to provide fundamental information regarding how each mutant is affected by inhibitors, informing 

future drug design, and identifying possible paths of resistance that may develop in treatment.  

3.3. Materials and Methods 

3.3.1. Materials 

Tris-hydrochloride, sodium chloride, magnesium chloride hexahydrate, αKG sodium salt, 

and resazurin were obtained from Fisher (Hampton, NH). DL-isocitric acid trisodium salt hydrate 

was obtained from MP Biomedicals (Santa Ana, CA). Both NADPH tetrasodium salt and NADP+ 

disodium salt were obtained from Calbiochem (San Diego, CA). Diaphorase from Clostridium 

kluyveri and dimethyl sulfoxide (DMSO) were obtained from Sigma-Aldrich (St. Louis, MO). 

Bovine serum albumin (BSA) was obtained from SeraCare Lifescience (Milford, MA). ML309 

was obtained from Sigma-Aldrich (St. Louis, MO). AGI-5198 was obtained from Selleckchem 

(Houston, TX). Lastly, GSK864 was obtained from Cayman Chemical Company (Ann Arbor, MI). 

Nickel-nitrilotriacetic acid (Ni-NTA) resin was obtain from Qiagen (Valencia, CA). 

3.3.2. Protein Expression and Purification 

The expression and purification of WT and mutant IDH1 enzymes were performed as 

described in the previous chapter17. In short, plasmids were transformed in BL21 gold (DE3) cells 

and incubated in TB media at 37⁰C until reaching an OD600 of 1.0-1.2. Once the OD was reached, 

cultures were induced with 1mM IPTG as previously described17 at 18⁰C for 18-22hrs. WT and 

mutant IDH1 enzymes were purified using Ni-NTA affinity column chromatography reaching 

~95% purity. The eluted enzymes were concentrated, and flash frozen in liquid nitrogen, and 

finally stored at -80⁰C for no more than two months. WT, R132H, and R132Q IDH1 were assessed 
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using small-angle X-ray scattering (SAXS) analysis described in supplementary Figure S2 and 

Table s1. 

3.3.3. Steady-State Kinetic Assays 

The activity of WT and mutant IDH1 enzymes were measured at 37⁰C and in steady-state 

conditions as described previously in this dissertation17. To calculate rates of product formation, 

the molar extinction coefficient of NADPH (6.22 cm-1mM-1) was used. For fluorescence 

measurements, a standard curve of concentrations of NADPH was created to quantify product 

formation. The observe rates (kobs) were calculated by dividing the rates of formation of NADPH 

(nM/s) by concentration of enzyme (nM) to yield rates in s-1. The observed rates were plotted to a 

hyperbolic Michaelis-Menten function using Graphpad Prism (GraphPad Software, La Jolla, CA) 

to get kcat and KM values. As previously described in Chapter 2, each IDH1 construct was purified 

at least twice to assess prep-to-prep variability and reproducibility. I obtained rates for R132L, 

R132V, and R132S IDH1 (neomorphic reaction), while Lucas Luna and Adam Grunseth obtained 

rates for R132L, R132S, and R132V IDH1 for the normal reaction. 

3.3.4. Molecular Dynamics Simulations  

Schrodinger PrepWizard28-31 was used to prepare apo IDH1 structures (PDB: 1T0925) for 

molecular dynamics (MD) simulations. IDH1 NADP+-bound and NADP+/Ca2+-bound structures 

(4KZO32) were prepared using CHARMMGUI (Supplemental Tables S2 and S3). Within 

Bioluminate33, the crystallographic waters from the PDB structures were kept when preparing 

them for simulations. The systems were protonated at pH 7.4 and the pKa values for titraTable 

residues were determined using the Maestro integrated program (PROPKA)34. The protein 

dynamics was verified by analysis of root-mean-squared deviations (RMSD) (Supplemental 
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Figure S3). The systems were solvated in a TIP3P model34 . The charge of IDH1 was balanced 

with the addition of five sodium ions. The concentration of sodium chloride was set to 150 mM in 

to mimic the salt concentration in cells. The parameterization for the MD systems was performed 

using AMBER 16 package (NADP+-bound system), while the systems coordinates from the 

previous preparation were parameterized with CHARMMGUI using charmm36m force field 

parameters35. The IDH1 proteins bound to calcium were parameterized as previously described36. 

NADP+ was parameterized using in-house parameters in CHARMM.  

MD simulations were performed using NVIDIA GK110 (GeForce GTX Titan) GPUs with 

the CUDA version of PMEMD in AMBER1637 for the systems with NADP+ is bound. The 

simulations systems previously described were energy minimized using the CPU version of 

AMBER 16 and equilibrated with the GPU version of AMBER1637, 38. The energy minimization 

was performed in one step with 2,500 steps of steepest-descent algorithm and the other 2500 steps 

with conjugated-gradient algorithm. Then, five steps of equilibration were performed, including 

hearing. The first step was a 25 ps of hydrogen only minimization using a restrain weight of 250 

kcal/mol on the protein and solvent. The second step was a 4 ps of hydrogen minimization with a 

restrain of 20 kcal/mol on the protein and salt atoms. The third step was a 20 ps heating of water 

with a restrain of 20 kcal/mol on the proteins and salt atoms. The fourth step was a 40 ps of full 

equilibration. Finally, the systems were equilibrated using harmonic equilibration at 298.15 K over 

four sequential 500 ps replicates, while the restrain potential on the backbone on each step was 

decreased, starting at 4 kcal/mol and ending at 1 kcal/mol. 

AMBER16 runs were performed as an NPT ensemble at 218.15 K and a pressure of 1 bar 

over a time period of 2 fs time step and particle mesh Ewald39 electrostatic approximation and a 

non-bonding cutoff of 12 Å. Five replicates of simulation for each system were performed over 
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110 ns time period. For each simulation, MD trajectories were calculated using ipython jupyter 

notebook environment40 with PYTRAJ41, MDTRAJ42, and numpy, along with cpptraj and visual 

molecular dynamics (VMD) in order to visualize the trajectories. The frames were aligned 

according to the backbone atoms. In order to perform the dihedral angles, distance, buried surface 

area, root-mean-squared of fluctuation (RMSF), and hydrogen bond-based measurements, Pytraj 

was used. VMD43 and Maestro44 were used for image taking (Supplemental Figure S3).  

VolMap Tool is a VMD plugin43 that was used to create images of the average buried 

cavities for each mutant and WT IDH1 simulations. SiteMap45 was used to understand the volume 

and size of the binding pockets between the two protein dimers. Site 1 and 2 were identified in 

PDB codes 4KZO and 3INM and these volumes were outlined (Supplemental Figure S5). 

Simulations described here were all performed by Dr. Jamie Schiffer. 

3.3.5. Biochemical IDH1 Inhibition Assays 

The biochemical inhibition assays were performed as previously published19. In short, the 

concentrations of AGI-5198 and ML309 ranged from 5 nM to 50 μM for all mutants besides 

R132Q and WT IDH1, where these concentrations ranged from 5 nM to 500 μM. For GSK864, 

the concentrations used of this inhibitor for WT, R132Q, and R132H IDH1 ranged from 5 nM to 

50 μM. For all mutant IDH1 inhibition assays, the proteins were incubated with inhibitors for 30 

min in ice prior to allowing them to react. Then, 20 mM Tris-HCl pH 7.5 ambient temperature, 10 

mM of magnesium chloride, 150 mM sodium chloride, 0.05% BSA, 4 μM NADPH and 4 nM 

IDH1-inhibitor preincubated complexed were mixed in a flat-bottom black 96-well plate from 

Corning Incorporated (Kennebunck, ME). Reactions were initiated by adding αKG with 

concentrations matching previously reported KM. The final volume for each well was 100 μL, and 

each concentration of inhibitor was done in triplicates. The concentration of DMSO remained 
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constant at 1% final (%v/v). After incubating the reaction mixture for one hour, 50 μL of 

diaphorase-resazurin solution (diaphorase had a final concentration of 12 μg/mL and resazurin 33 

μM) was added to each well and incubated for 10 min at ambient temperature. The role of the 

diaphorase-resazurin solution was to react with any remaining NADPH to allow us to quantify 

very low levels of NADPH. Resofurin was measured at 544 nm (excitation wavelength) and 590 

nm (emission wavelength) using an InfiniteM200 Tecan plate reader (Mannedorf, Switzerland). WT 

IDH1 inhibition assays were performed using concentrations of ICT and NADP+ matching their 

respective published KM values17. Since high amounts of NADPH would be produced and thus no 

sensitivity limitations were predicted, the resazurin diaphorase solution was not used. Instead, 

NADPH levels were directly assessed using an InfiniteM200 Tecan plate reader by exciting at 340 

nm and emitting at 450 nm. Two protein purifications were performed for each mutant and WT 

IDH1 to assess reproducibility, except for R132Q IDH1, which was performed with three different 

protein purifications with AGI-5198 and GSK864. The data was plotted as % activity as a function 

of log of the inhibitor concentrations. The % activities were plotted using GraphPad software. The 

95% confidence intervals were obtained by deviation of the data from the fitted function. I was 

responsible for all of these experiments 

3.3.6. Transient Cell Line Generation 

To generate mammalian cell lines that transiently expressed WT, R132H, or R132Q IDH1, 

pcDNA3-Flag-IDH1-R132H9 was obtained from Addgene (Cambridge, MA, plasmid 62907). 

R132Q IDH1 construct was created via side-directed mutagenesis using Kapakit from Kapa 

Biosystems (Wilmington, MA). The primers were as follows: forward primer 5’-

AAAACCTATCATCATAGGTCAGCATGCTTATGGGGATCAATAC-3’; reverse primer 5’- 

GTATTGATCCCCATAAGCATGCTGACCTATGATGATAGGTTTT -3’. WT IDH1 was 
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created by the same method using the following primers: forward primer 5’- 

GTAAAACCTATCATCATAGGTCGTCAT- GCTTATGGGGATCAATAC -3’; reverse primer 

5’- GTATTGATCCCCATAAGCATGACGACCTATGATGATAGGTTTTAC -3’. All 

sequences were confirmed by Retrogen (San Diego, CA). All primers were obtained from IDT 

(Coralville, IW). 

HEK293T cells and HeLa cells were cultured in Dulbecco’s Modified Eagle Medium 

(DMEM) (Thermo Fisher, Waltham, MA) with 10% fetal bovine serum (FBS) at 5% carbon 

dioxide at 37 ⁰C. Cells were obtained from ATCC, and they were tested for mycoplasma by ATCC 

before use. The cells were passaged between 1-2 times between thawing and usage. The cells were 

transfected once they reached 60% confluency with polyethylenimine (PEI). The three constructs 

previously described in this section were used for HEK293T cells while R132Q IDH1 was used 

for HeLa cells. In short, 3x106 cells were seeded in a 10 cm plate, and 24 h later, 20 μg of plasmid 

DNA was incubated at ambient temperature for 10 min with 30 μg of PEI in DMEM. The resulting 

solution was added carefully dropwise to the plate containing the seeded cells. After 24 h, the old 

media containing the transfecting solution was removed and replaced with new media. The 

expression of each IDH1 protein was confirmed via Western blot analysis using an anti-Flag 

(ThermoFisher Scientific) or anti-actin primary antibodies (Santa Cruz Biotechnology) and ECL 

Plex goat-anti-rabbit IgG-Cy5 secondary antibody (GE Healthcare). All experiments described 

here were performed by Grace A. Wells 

3.3.7. Cellular Inhibition Assays 

HEK293T cells transiently expressing R132Q, R132H, and WT IDH1 as well as HeLa 

cells transiently expressing R132Q IDH1 were used to perform cellular inhibition assays. 3x105 

cells/well were seeded in six-well plates. The optimal IDH1 expression was determined via 
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Western blot analysis and the inhibition assay was started 72 h post-transfection. The 

concentrations of AGI-5198 were 0, 20, 40, 90, 180, 500, and 3000 nM (0.2% DMSO final). Lower 

concentrations of AGI-5198 were used for HeLa cells, and untransfected HEK293T and HeLa 

cells were used as controls. The cells were placed in the incubator for 48 h before the metabolites 

were extracted with a solution of 50% methanol containing L-norvaline, which was used as 

standard. These experiments were all performed by Grace A. Wells. The quantification of D2HG 

was performed via gas chromatography-mass spectrometry (GC-MS) was previously described by 

Dr. David Scott17, 46. 

3.4. Results  

 3.4.1. IDH1 Mutations Identified in Tumors Show Different Catalytic Properties that 

Can Be Broadly Grouped into Three Types. 

  As described in Chapter 2, we performed extensive steady-state kinetic studies on a series 

of IDH1 mutants known to drive tumor formation17. We expanded this work by adding additional 

mutants in order to establish kinetic, inhibitory, and structural features of IDH1 mutants. Here, we 

added the tumor-relevant R132L, R132S, and R132V IDH1 mutants, and reported their catalytic 

efficiencies for the normal and neomorphic reaction (Table 1)17. R132L, R132S, and R132V IDH1 

had low catalytic efficiencies for the normal reaction, consistent with most of the R132 mutants 

that we have reported17. Notably, R132L IDH1 was nearly as efficient at D2HG production as 

R132Q IDH1. The high catalytic efficiency of R132L IDH1 was mostly driven by a low KM since 

its kcat was the lowest among the mutants (Table 1). All mutants were more efficient at converting 

αKG to D2HG than the most common IDH1 mutant seen in patients, R132H IDH1. Overall, this 

kinetic study showed unique properties of R132Q IDH1 and allowed us to group these mutants 

into three distinct categories. The first type describes mutants that are deficient in catalyzing the 



77 

 

normal reaction but are moderately efficient at the neomorphic reaction (R132G, R132V, R132S, 

R132H, and R132C IDH1). The second group had very low catalytic efficiency for the normal 

reaction while maintaining high efficiency the neomorphic reaction (R132L IDH1). Lastly, R132Q 

IDH1 is the only IDH1 mutant reported to date that had high catalytic efficiencies for both 

reactions.  
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Table 1. Steady-state kinetic parameters for the normal reaction catalyzed by IDH1, conversion of ICT to αKG, and for the 

neomorphic reaction catalyzed by IDH1, conversion of αKG to D2HG. At least two enzyme preparations were used to obtain kobs 

rates (at 37 ºC), which were plotted against substrate concentration and fit to a hyperbolic function. The S. E. shown is determined 

from the deviation resulting from hyperbolic fits of plots of kobs versus substrate concentration in order to calculate catalytic 

efficiency (kcat/KM, mM-1 s-1). In some cases, maximal rates were still achieved at concentrations of NADPH that approached the 

limit of detection, and thus Km values are listed as ≤ or < than the lowest concentration tested. This table was originally published 

in https://portlandpress.com/biochemj/article-lookup/doi/10.1042/BCJ20180424 Avellaneda Matteo, D.; Wells, G. A.; Luna, L. A.; 

Grunseth, A. J.; Zagnitko, O.; Scott, D. A.; Hoang, A.; Luthra, A.; Swairjo, M. A.; Schiffer, J. M.; Sohl, C. D., Inhibitor potency 

varies widely among tumor-relevant human isocitrate dehydrogenase 1 mutants. Biochem J 2018, 475 (20), 3221-3238. 

 

IDH1 kcat, s-1, 

ICT → 

αKG 

KM, ICT, 

mM, 

ICT → 

αKG 

KM, 

NADP+, 

mM, 

ICT → 

αKG 

kcat/KM, 

mM-1 s-1, 

ICT → 

αKG 

kcat, s-1, 

αKG → 

D2HG 

KM, αKG, 

mM, 

αKG → 

D2HG 

KM, NADPH, 

mM, αKG 

→ D2HG 

kcat/KM, 

mM-1 s-1, 

αKG → 

D2HG 

WT17  85 ± 4 0.22 ± 

0.02 

0.08 ± 

0.03 

3.9 × 102 ± 

0.4 × 102 

0.019 ± 

0.001 

0.5 ± 0.3 ≤ 0.010 0.04 ± 0.02 

R132H  2.4 ± 

0.1 

4.2 ± 

0.6 

1.6 ± 

0.5  

0.57 ± 0.08 1.44 ± 

0.05a 

1.5 ± 0.2a ≤ 0.025 1.0 ± 0.1a 

R132C17  4.4 ± 

0.1 

8.2 ± 

0.8 

0.75 ± 

0.07 

0.54 ± 0.05 1.60 ± 0.07 0.36 ± 

0.05 

0.010 ± 

0.009 

4.4 ± 0.6 

R132G17  9.3 ± 

0.6 

7 ± 1 0.067 ± 

0.007 

1.3 ± 0.2 1.59 ± 0.09 0.34 ± 

0.08 

< 0.025 5 ± 1 

R132Q17  9.2 ± 

0.3 

0.8 ± 

0.2 

0.22 ± 

0.05b 

12 ± 3 4.7 ± 0.2 0.26 ± 

0.04 

< 0.005b 18 ± 3 

R132L 4.0 ± 

0.1 

2.2 ± 

0.2 

0.055 ± 

0.009 

1.8 ± 0.2 0.79 ± 0.05 0.05 ± 

0.01 

< 0.005 16 ± 3 

R132S 5.6 ± 

0.2 

3.9 ± 

0.7 

0.059 ± 

0.009 

1.4 ± 0.3 1.32 ± 0.07 0.20 ± 

0.04 

< 0.005 7 ± 1 

R132V 1.38 ± 

0.09 

1.6 ± 

0.4 

0.073 ± 

0.008 

0.9 ± 0.2 1.10 ± 0.01 0.134 ± 

0.006 

< 0.005 8.2 ± 0.4 

 

  

https://portlandpress.com/biochemj/article-lookup/doi/10.1042/BCJ20180424
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3.4.2. Molecular Dynamics Simulations Show Residue 132 Helps Dictate Features of 

the NADP+-Binding Pocket 

 Since R132Q IDH1 can catalyze the normal reaction and is highly efficient for D2HG 

production, we decided to perform MD simulations to understand key changes that allows this 

mutant to have dual activity at short timescale and atomic levels. We also decided to perform MD 

simulations using a mutant from each category described above, plus WT IDH1, as comparison. 

We performed four replicates of MD simulations for R132H, R132Q, R132L, and WT IDH1 

homodimers in complexed with NADP+ and Ca2+ as well as NADP+ alone. With these simulations 

we sought to understand key changes in protein structure that would make a mutant more WT-like 

or mutant-like in terms of reactivity. Since there are no reported crystal structures for R132Q and 

R132L IDH1, we searched for one structure that would be most similar to the transition states for 

both reactions.  

 Several crystal structures of IDH1 were available and thus, we assessed which crystal 

structure would be ideal for our computer simulations (Supplemental Tables S2 and S3). To assess 

the best possible structures, we considered substrates bound, surface area of buried ligands 

(including NADP+, αKG, and ICT), the distances between the center of mass of α4 and α11 helices, 

and the center of mass of the α10 helix, the distance between R132 and D275, the presence or 

absence of the α10 helix density, volume of buried cavity from SiteMap47, 48, resolution and the 

number of missing side chains. We excluded all the structures that had missing loops. We chose 

the structure of IDH1 complexed with NADP+, Ca2+, and αKG since having the ligands and metal 

cation would more likely reveal a transition state-like conformation or catalytically active complex 

(PDB 4KZO32). This structure was in the most closed state and had a well-resolved α10 helix 

(Figure 2).  
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Figure 2. IDH1 Dimeric structure (PDB 4KZO31). α-Helices 4, 8, 10, and 11 are labeled for reference and colored in yellow 

(monomer A, helices 4, 10, 11) and orange (monomer B, helix 8). The NADP+ and Ca2+ binding sites are expanded in the labeled 

sub-panels. Calcium is shown as a pink sphere. NADP+ is colored based on atoms, with nitrogen (blue), oxygen (red), 

phosphorus (orange), and carbon (gray) shown. Image was generated with PyMol. This figure was originally published in 

https://portlandpress.com/biochemj/article-lookup/doi/10.1042/BCJ20180424 Avellaneda Matteo, D.; Wells, G. A.; Luna, L. 

A.; Grunseth, A. J.; Zagnitko, O.; Scott, D. A.; Hoang, A.; Luthra, A.; Swairjo, M. A.; Schiffer, J. M.; Sohl, C. D., Inhibitor 

potency varies widely among tumor-relevant human isocitrate dehydrogenase 1 mutants. Biochem J 2018, 475 (20), 3221-3238. 

 

https://portlandpress.com/biochemj/article-lookup/doi/10.1042/BCJ20180424
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 Simulations were performed in the absence of αKG and both with and without of Ca2+. The 

rationale was to understand the impact of Ca2+ binding on the stability of mutant IDH1, and to 

study motions around the NADP+ binding pocket (Figure 2). The RMSF of the NADP+ atoms in 

the binding pocket in both monomers were measured after aligning the simulations to the backbone 

of the enzyme dimer. We assumed that an enzyme that conserved WT activity would have NADP+ 

more stably bound (lower RMSF) while enzymes with lower WT activity (R132L and R132H 

IDH1) would have less stable binding of NADP+ (higher RMSF). Although KM does not represent 

thermodynamic affinity of the enzyme to a substrate, we show that lower concentrations of ICT 

were required to saturate the enzyme for WT and R132Q IDH1, while higher concentrations were 

required for R132L and R132H IDH1 (Table 1). 

 Our MD simulations show that in the B monomers, the atomic-level RMSF of NADP+ 

bound to R132L and R132H IDH1 was larger than that observed in R132Q and WT IDH1 (Figure 

3 and Supplemental Table S5). Moreover, the atomic-level RMSF for NADP+ complexed with 

R132Q IDH1 was higher than WT for monomer B, but lower in monomer A. When averaging the 

atoms in the nicotinamide moiety, the averaged RMSF for R132L IDH1 per monomer (4.2 ± 0.4 

Å and 4.7 ± 0.4 Å) and R132H IDH1 per monomer (5.0 ± 0.4 Å and 5.4 ± 0.3 Å) trended higher 

than WT IDH1 per monomer (4.3 ± 0.6 Å and 4.2 ± 0.7 Å) and R132Q (3.6 ± 0.2 Å and 4.3 ± 0.4 

Å). The differences in RMSF seen within monomers for WT, R132L, and R132H were within a 

single standard deviation. Simulations of R132Q IDH1 complexed with NADP+ and Ca2+ showed 

large atomic-RMSF for NADP+ in monomer B compared with NADP+ in monomer A. This 

suggested a deviation in the dynamics communicated across the dimer interface for mutants 

relative to WT and other IDH1 mutants. Measurements of IDH1 homodimers crystal structures 
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showed a monomer-to-monomer structural variability in NADP+ and NADP+/Ca2+/αKG bound 

states (PDB: 1T0925 and 4KZO32) (Supplemental Table S2). 

 

 Differences in hydrogen bonding pattern were also found for NADP+ and each mutant, 

especially within the nicotinamide moiety (Supplemental Figures S7 and S8). There were two 

 

Figure 3. NADP+ RMSF in WT, R132Q, R132H, and R132L IDH1 simulations with Ca2+ bound. The RMSF per atom is 

colored onto each atom for A. WT IDH1 (gray), B. R132H IDH1 (green), C. R132Q IDH1 (orange), and D. R132L IDH1 

(blue). The NADP+ atoms that fluctuate more than 7 Å are in red, while the atoms which fluctuation less than 4 Å are in blue. 

Gradations between the two is modulated with white. The orientation of NADP+ in the crystal structures is shown. This figure 

was originally published in https://portlandpress.com/biochemj/article-lookup/doi/10.1042/BCJ20180424 Avellaneda Matteo, 

D.; Wells, G. A.; Luna, L. A.; Grunseth, A. J.; Zagnitko, O.; Scott, D. A.; Hoang, A.; Luthra, A.; Swairjo, M. A.; Schiffer, J. 

M.; Sohl, C. D., Inhibitor potency varies widely among tumor-relevant human isocitrate dehydrogenase 1 mutants. Biochem 

J 2018, 475 (20), 3221-3238. 

 

 

https://portlandpress.com/biochemj/article-lookup/doi/10.1042/BCJ20180424
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regions of NADP+ where hydrogen bonding was monitored. The first region was the ester oxygen 

in the nicotinamide ribose and T311 (Supplemental Figure S7). The second region was the amide 

oxygen of the nicotinamide and residues T75, N96, and K72 (Supplemental Figure S8). When 

comparing crystal structures of R132H IDH1 bound to NADP+ versus NADPH, the only difference 

in the binding pose was within the hydrogen bonding of the amide oxygen of the nicotinamide 

(atom name O7N; Supplemental Table S5). Thus, we predicted this region could be the better 

differentiator between features associated with NADP+ binding, which was required for the normal 

reaction, versus NADPH binding, which was required for the neomorphic reaction. In the crystal 

structure of NADP+-bound R132H IDH132, there were three hydrogen bonds between the amide 

oxygen of the nicotinamide and IDH1, while in its NADPH-bound form there are none23. From 

all-atom MD, WT IDH1 made the largest number of hydrogen bond interactions with the 

nicotinamide ribose in the NADP+/Ca2+-bound simulations, while all mutants showed fewer 

interactions at this site (Supplemental Figure S7). However, WT and R132Q IDH1 were more 

likely to form stable hydrogen bonds with the amide oxygen of the nicotinamide of NADP+ than 

R132H and R132L IDH1 (Supplemental Figure S8). This may be an indication that R132Q IDH1 

was simulated to bind NADP+ with a more WT-like affinity, suggesting some qualitative 

agreement between these simulations and our experimental findings.  

 Results from all-atom MD also revealed that the R132 residue is critical for positioning the 

orientation of the β-sheets in both monomers of IDH1. The distance between the center of mass of 

the β carbons of residue 132 and the center of mass of the carbonyl carbon of D275 for the WT, 

R132H, R132Q, and R132L IDH1 simulations were measured in the Ca2+-bound and the Ca2+-

unbound simulations (Figure 4). R132 from one monomer coordinates to D275 in the α10 helix of 

the other monomer. The trend in the distance between these two residues in the mutant and WT 
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IDH1 simulations for Ca2+-bound simulations was as follows: R132L > R132H > R132Q >> WT 

IDH1. In Ca2+-unbound simulations, the trend in distances between these two residues in the 

mutant and WT IDH1 simulations was: WT > R132L > R132Q > R132H IDH1. This modeled 

difference in interaction distance between R132 and D275 in turn appeared to cause a change in 

the positioning of the β-sheet relative to the dimer interface (Figure 4C). This tilt in the β-sheet 

was also seen in the crystal structure of R132H IDH1 bound to inhibitors23 (Supplemental Figure 

S1C,E). In turn, this tilt of the β-sheet shifted the positions of the α4 and α11 helices. Helices α4 

and α11 neighbor the NADP+-binding site and were connected in sequence through loops to the 

β3 and β14 sheets, respectively (Figure 4). This rearrangement of β-sheets and α-helices opened 

the active site of IDH1. This opening suggested a possible explanation for the RMSF and hydrogen 

bond distances seen, which could be measured by the change in the angle between the center of 

mass β3, β11, and α10 helix (Figure 4C). This measurement also revealed that one of the WT IDH1 

monomers opened greater over simulation than the other (Figure 4F). This same difference in 

openness over the simulation occurred with the following trend: WT>R132Q>R132>R132L 

IDH1, the same trend that was expected given the trend in the distance between R132 and D275 

and the anchoring role of this residue interaction in the closed state.  This result was expected 

knowing the anchoring interaction between R132 and D275 in the closed state. Interestingly, in 

the Ca2+-unbound simulations, the residue 132 to D275 distances were longer for WT IDH1 

compared with the Ca2+-bound simulations, suggesting a role for divalent cations in the structures 

of the WT active site compared with the mutants. In all mutants, the α4/11 to α10 distances 

remained more stable over the MD trajectory in the Ca2+-unbound simulations than in the Ca2+-

bound simulations.  
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 During the Ca2+-bound simulations of R132Q IDH1, the openness of the monomers as well 

as the R132Q-D275 distances showed WT-like characteristics within two out of the four replicates, 

while R132H/R132L IDH1-like characteristics for the remaining two replicates (Figure 4). These 

results may provide an explanation for the R132Q IDH1 dual activity since this mutant seemed 

able to adopt either a more mutant-like conformation or a more WT-like conformation. On the 

other hand, in the simulations where Ca2+ was not bound, the trend was not observed, meaning 

that the structural changes of the β-sheets and α4/11 were also dependent on the coordination of 

D275 with Ca2+. 
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Figure 4. NADP+ binding site conformational changes in R132Q, R132H, and R132L IDH1 simulations. A. The relative 

positions of the α-helices 4 and 11 (α4/11), and α10 near the NADP+ binding site (Figure 2). B. Zoomed-in view of H132, 

D275 on α10, and Ca2+ (pink sphere). C. The positions of β3, β11, and α10 are highlighted to give context for the center of 

mass angles measured in F/I. D/G. The average distances between the α4/11 residues and the α10 residues on the other side of 

the NADP+ binding site are shown for Ca2+-bound simulations D. and Ca2+-unbound simulations G. The distances for each of 

the four replicate simulations for the R132L (blue), R132Q (orange), and R132H (green) IDH1 simulations are displayed while 

the average of the WT simulations is shown in gray for clarity. The standard deviation in the WT IDH1 simulations for monomer 

B (Mon B) is 2.23 Å, whereas the standard deviation for the WT IDH1 simulations for monomer A (Mon A) is 1.91 Å. E/H. 

The average distances between the residue 132 center of mass and D275 center of mass over all four replicates of each 

mutant/WT trajectory for Ca2+-bound simulations E. and Ca2+-unbound simulations H.. F/I. The angles between the center of 

mass for β3, β11, and α10 are averaged over all four replicates of each mutant/WT trajectory for Ca2+-bound simulations F. 

and Ca2+-unbound simulations H. This figure was originally published in https://portlandpress.com/biochemj/article-

lookup/doi/10.1042/BCJ20180424 Avellaneda Matteo, D.; Wells, G. A.; Luna, L. A.; Grunseth, A. J.; Zagnitko, O.; Scott, D. 

A.; Hoang, A.; Luthra, A.; Swairjo, M. A.; Schiffer, J. M.; Sohl, C. D., Inhibitor potency varies widely among tumor-relevant 

human isocitrate dehydrogenase 1 mutants. Biochem J 2018, 475 (20), 3221-3238. 

 

 

https://portlandpress.com/biochemj/article-lookup/doi/10.1042/BCJ20180424
https://portlandpress.com/biochemj/article-lookup/doi/10.1042/BCJ20180424
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 3.4.3. R132Q IDH1 is Refractory to Inhibition in Biochemical Assays 

 Since the catalytic efficiencies among IDH1 mutants varied largely, we decided to study 

how these mutants interacted with three commercially available mutant IDH1 inhibitors, ML30949, 

AGI-519819, and GSK86450 (Figure 5A). Previously, these compounds were tested for their ability 

to inhibit R132H and R132C IDH1 activity, with biochemical and cellular IC50 values in the nM 

range19, 49-52. These inhibitors have not been tested against a wider spectrum of IDH1 mutants. 

Figure 5 and Table 2 show the results for the biochemical IC50 assays for ML309 and AGI-5198 

against mutant IDH1 inhibitors using an established protocol of resazurin/diaphorase-NADPH 

coupled reaction as the readout for NADPH levels19. We show that all mutant IDH1 enzymes had 

low to mid nM IC50 values, except R132Q IDH1. For ML309, the IC50 value was125-fold higher 

for R132Q IDH1 than R132H IDH1, and 16-fold lower compared to WT IDH1. For AGI-5198, 

the IC50 value was >16000 higher for R132Q IDH1 compared to R132H IDH1, and 1.5-fold lower 

than WT IDH1. Additionally, since R132L IDH1 was inhibited effectively, these results suggest 

that conserving WT activity drives loss of inhibitor affinity, rather than highly efficient D2HG 

production. 
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Table 2. Biochemical IC50 measurements for selective inhibitors of IDH1 mutants. Percent activity of an incubation of IDH1, 

NADPH, and αKG with increasing concentrations of inhibitor were determined, and plotted against log[inhibitor] and fit to a 

sigmoidal function. The 95% confidence intervals are shown as determined from the deviation from these fits. This table was 

originally published in https://portlandpress.com/biochemj/article-lookup/doi/10.1042/BCJ20180424 Avellaneda Matteo, D.; 

Wells, G. A.; Luna, L. A.; Grunseth, A. J.; Zagnitko, O.; Scott, D. A.; Hoang, A.; Luthra, A.; Swairjo, M. A.; Schiffer, J. M.; Sohl, 

C. D., Inhibitor potency varies widely among tumor-relevant human isocitrate dehydrogenase 1 mutants. Biochem J 2018, 475 (20), 

3221-3238. 

IDH1 ML309 IC50, µM, 

[confidence interval]  

AGI-5198 IC50, µM, 

[confidence interval] 

WT 80, [60 – 100] 1000, [480 – 2,100] 

R132H 0.04, [0.03 – 0.05]  0.04, [0.03 – 0.06] 

R132Q 5, [4 – 7] 650, [330-1,300] 

R132C 0.04, [0.02 – 0.07] 0.2, [0.07 – 0.4] 

R132G 0.09, [0.07 – 0.1] 0.23, [0.20 – 0.27] 

R132L 0.01, [0.009 – 0.14] 0.009, [0.008 – 0.011] 

R132S 0.1, [0.096 – 0.15] 0.3, [0.2 – 0.5] 

R132V 0.0035, [0.0027 – 0.0044] 0.02, [0.02 – 0.03] 

  

Inhibition of R132H, R132Q, and WT IDH1 by GSK864, a pan-inhibitor53, was also tested. 

The biochemical IC50 values for WT IDH1 and GSK864 have been reported as high nM (~470 

nM) and very low nM IC50 values for R132H, R132C, and R132H IDH1 (9-17 nM)50. Therefore, 

we decided to test R132Q IDH1 with GSK864 to see whether this mutant has similar inhibition 

profile as WT IDH1. The biochemical IC50 value for R132Q IDH1 with GSK864 was only 1.5-

fold lower than WT IDH1, but 34-fold higher than R132H IDH1 (Figure 5 and Table 3). Therefore, 

these results indicate that R132Q IDH1 also behaves like WT IDH1 in terms of inhibition profile. 

In short, conservation of normal activity (ICT to αKG) was associated to loss of inhibition by 

mutant IDH1 inhibitors, unless the inhibitor was nonselective. 

https://portlandpress.com/biochemj/article-lookup/doi/10.1042/BCJ20180424
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 3.4.4. The Selective Inhibitor AGI-5198 Does Not Effectively Inhibit D2HG 

Production in Cells Expressing R132Q IDH1 

 To test the R132Q IDH1 inhibition profile in cells, we performed cellular inhibition assays 

using HEK293T cells transiently expressing WT, R132H, and R132Q IDH1, and HeLa cells 

transiently expressing R132Q IDH1 (Supplemental Figure S6). After 48 h of treatment with 

varying concentrations of AGI-5198, D2HG levels were assayed using GC-MS. R132H IDH1 

transiently expressed in HEK293T cells showed significantly lower D2HG levels at inhibitor 

concentrations as low as 20 nM, but no inhibition was observed for R132Q IDH1 in HEK293T 

cells at high concentrations of AGI-5198 (Figure 4 and Supplemental Figure S9). In HeLa cells 

 

Figure 5. Biochemical and cellular inhibition by ML309, AGI-5198, and GSK864 A. Selective mutant IDH1 inhibitors (ML309 

and AGI-5198) designed to target R132H and R132C IDH1, and the pan-inhibitor GSK864 are commercially available. The 

loss of catalytic conversion of αKG to D2HG in the case of mutant IDH1, or conversion of ICT to αKG in WT IDH1, was 

measured upon inhibition by B. ML309, C. AGI-5198, and D. GSK864 to obtain biochemical (protein-based) IC50 values. E. 

The ability of AGI-5198 to inhibit mutant IDH1 in HEK293T cells transiently expressing R132H IDH1 or R132Q IDH1 and 

HeLa cells transiently expressing R132Q IDH1 was determined by quantifying cellular D2HG levels using GC-MS. An IC50 

value of 0.013 µM with a confidence interval of [0.011 to 0.014] for AGI-5198 was calculated for R132H IDH1 in HEK293T 

cells based upon a fit of the plot shown. An IC50 value could not be determined for R132Q IDH1 as concentrations of AGI-

5198 required are beyond solubility limits of the compound. Expression of R132Q IDH1 in both HEK2973 and HeLa cells 

support this finding. Additional information is shown in Supplementary Figure S9. This figure was originally published in 

https://portlandpress.com/biochemj/article-lookup/doi/10.1042/BCJ20180424 Avellaneda Matteo, D.; Wells, G. A.; Luna, L. 

A.; Grunseth, A. J.; Zagnitko, O.; Scott, D. A.; Hoang, A.; Luthra, A.; Swairjo, M. A.; Schiffer, J. M.; Sohl, C. D., Inhibitor 

potency varies widely among tumor-relevant human isocitrate dehydrogenase 1 mutants. Biochem J 2018, 475 (20), 3221-

3238. 

 

 

https://portlandpress.com/biochemj/article-lookup/doi/10.1042/BCJ20180424
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transiently expressing R132Q IDH1, a moderate inhibition was observed using AGI-5198 (Figure 

5 and Supplemental Figure S9). These results support our biochemical findings that mutant IDH1 

inhibitors are not selective for R132Q IDH1. Moreover, the basal D2HG concentration in cells 

transiently expressing R132Q IDH1 were higher than cells transiently expressing R132H IDH1, 

which has also been previously reported16. These results also support the increase in catalytic 

efficiency for the neomorphic reaction of R132Q IDH1 compared to R132H IDH1 (Table 1) in 

that D2HG levels were much higher in cell lines expressing R132Q IDH1 compared to R132H 

IDH1. 

Table 3. Biochemical IC50 measurements for the pan-inhibitor GSK864. Percent activity of an incubation of IDH1, NADPH, and 

αKG with increasing concentrations of inhibitor were determined, and plotted against log[inhibitor] and fit to a sigmoidal function. 

The 95% confidence intervals are shown as determined from the deviation from these fits. This table was originally published in 

https://portlandpress.com/biochemj/article-lookup/doi/10.1042/BCJ20180424 Avellaneda Matteo, D.; Wells, G. A.; Luna, L. A.; 

Grunseth, A. J.; Zagnitko, O.; Scott, D. A.; Hoang, A.; Luthra, A.; Swairjo, M. A.; Schiffer, J. M.; Sohl, C. D., Inhibitor potency 

varies widely among tumor-relevant human isocitrate dehydrogenase 1 mutants. Biochem J 2018, 475 (20), 3221-3238. 

 

IDH1 GSK864 IC50, µM, 

[confidence interval] 

WT 0.24, [0.15 – 0.40] 

R132H 0.005, [0.004 – 0.008] 

R132Q 0.17, [0.11 – 0.25] 

 

3.4.5. Using MD Simulations to Probe Buried Cavity Dynamics at the Dimer Interface 

  A crystal structure of WT IDH1 bound to ICT, NADP+, and Ca2+ show two pockets 

between the α9/α10 helices at the inhibitor binding site that are not solvent accessible 

(Supplemental Figure S4; site 1 and site 2). The positioning of the α9 and α10 helices determines 

the size of the binding site, with the α10 helix being partially unwound when R132H-IDH1 is 

bound to the inhibitor, yielding a larger binding site (Supplemental Figure S1D and Tables S2 and 

https://portlandpress.com/biochemj/article-lookup/doi/10.1042/BCJ20180424
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S3). The NADP+ bound R132H IDH1 crystal structures are very dynamic with many regions with 

unresolved electron density (Supplemental Figure S1F). Ca2+ acts competitively with mutant IDH1 

inhibitors since there are residues in the α10 helix that coordinate the metal, and Ca2+ is absent in 

crystal structures when the enzyme is bound to NADP+ or inhibitor only23, 26, 54, 55. Moreover, 

crystal structure of WT IDH1 in the absence of Ca2+ also has the α10 helix unwound25. 

 

 The effect of R132 mutants on the average inhibitor-binding cavity volumes and the buried 

surface area of the dimer interface was calculated in the IDH1 homodimer MD simulations (Figure 

6). For all three mutants, the size of the buried cavity was much larger than that calculated in WT 

 

Figure 6. Inhibitor binding site differences in R132Q, R132H, and R132L IDH1 simulations. A BAY 1436032 analogue, for 

which a crystal structure in complex with R132H IDH1 has been solved previously (PDB 5LGE53), was overlaid with our IDH1 

models, which are the average structures from each set of MD simulations. The surface of the buried inhibitor binding pockets 

averaged across all four simulations are shown in the interface between the monomers where known inhibitors (including the 

BAY 1436032 analogue) bind for the A. R132Q IDH1, B. WT IDH1, C. R132H IDH1, and D. R132L IDH1 simulations. The 

relative locations of the buried cavity site 1 and site 2, as determined from crystal structures (Supplementary Figure S4) are 

labeled in A-D. E. The sizes of the average cavity can be compared to the differences in the total buried surface area averaged 

over all four replicates of simulations. F. The position of this buried cavity is shown both in zoomed-out and zoomed-in views, 

along with the positions of residue W124, a possible lid residue for exposing the inhibitor bindings sites. The color scheme for 

the inhibitor atoms is the same used in Supplementary Figure S1. Note that in A-D, the mesh represents empty space available 

for inhibitor binding. This figure was originally published in https://portlandpress.com/biochemj/article-

lookup/doi/10.1042/BCJ20180424 Avellaneda Matteo, D.; Wells, G. A.; Luna, L. A.; Grunseth, A. J.; Zagnitko, O.; Scott, D. 

A.; Hoang, A.; Luthra, A.; Swairjo, M. A.; Schiffer, J. M.; Sohl, C. D., Inhibitor potency varies widely among tumor-relevant 

human isocitrate dehydrogenase 1 mutants. Biochem J 2018, 475 (20), 3221-3238. 

 

 

https://portlandpress.com/biochemj/article-lookup/doi/10.1042/BCJ20180424
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IDH1 simulation in the presence of NADP+ and Ca2+. In simulations of IDH1 bound to only 

NADP+, the inhibitor-binding site was maintained at a small volume in all mutants, similar to WT 

IDH1. This suggests that the inhibitor-binding site opening occurs once IDH1 is already in the 

dynamic open state, since IDH1 simulations in the presence of Ca2+ demonstrate little structural 

variability between the open/closed states compared with simulations in the absence of Ca2+ 

(Figure 4B, C). 

 In Ca2+-bound simulations, the buried surface area of all three mutants was greater than the 

buried surface area of the WT IDH1 cavity. The increase in buried surface area with increased in 

cavity volume seemed counter-intuitive. However, this can be explained by the fact that as the 

cavity expands, there is a corresponding increase in the interfacial surfaces along the perimeter of 

the buried cavity. Interestingly, all three mutants showed similar sizes in the cavity, although in 

these models, the α10 helix was intact. In the absence of αKG and Ca2+, R132H IDH1 crystal 

structures were disordered in this region, resulting in a potentially enlarged inhibitor-binding 

pocket23. Overall, these findings suggest that structural changes primarily in the dimer interface in 

the absence of Ca2+ and in the NADP+/NADPH-binding sites may help drive some of the kinetic 

and inhibition-binding properties observed in R132Q IDH1 versus R132H and R132L IDH1. 

3.5. Discussion 

 In this work, we report that the kinetic, structural, and inhibitory profile of R132Q IDH1 

is significantly different than that observed for tumor-relevant IDH1 mutants studied here. Most 

mutant IDH1 enzymes show a relatively low catalytic efficiency for the neomorphic and normal 

reaction, while R132L IDH1 had very high and low catalytic efficiencies for D2HG and αKG 

production, respectively. R132Q IDH1 was the only mutant with moderate αKG production 

activity and high catalytic efficiency for the neomorphic reaction. Previous work using cellular 
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models of IDH1-driven tumor have shown that the D2HG levels of HEK293T cells expressing 

R132Q IDH1 were higher than those cells expressing R132H IDH116, but it is not understood 

whether these mutants drive differences in phenotype and patient prognosis. Pusch and colleagues 

have previously indicated that lower D2HG level may be more favorable for tumorigenesis, based 

on the high frequency of R132H IDH1 in cancer56. Our kinetic work supports this observation 

since most IDH1 mutants had moderate neomorphic activity, with the lowest catalytic efficiency 

seen for the most common mutation, R132H IDH1. R132Q and R132L IDH1 were highly efficient 

for D2HG production, thus rapidly depleting NADPH and αKG, and may have a different degree 

of impact on tumorigenesis. Nevertheless, it is difficult to predict how each mutant would affect 

patient prognosis since all IDH1 mutations are heterozygous, with thus WT activity partially 

maintained. 

 In the previous chapter, we showed that, generally, smaller and more hydrophobic residues 

drove the neomorphic reaction17, although R132Q IDH1 did not follow that trend. The high 

catalytic efficiency for R132L IDH1 in the neomorphic reaction supports our previous findings17. 

However, Pusch and colleagues described that HEK293T cell expressing R132G IDH1 had the 

highest intracellular D2HG concentrations followed by R132L, R132C, R132S, and R132H 

IDH156. These results are in agreement with what we previously described in our kinetic work 

except for R132G IDH1, which we indicated as a moderate D2HG producer17. However, we focus 

on assessing activity using kinetic catalytic efficiency (kcat/KM), and thus it is not fair to compare 

these rates directly with Pusch and colleagues, who assess activity in terms of pmol/μg of protein56. 

Our kinetic work agrees with Pusch and colleagues results since we both report that the KM, αKG 

values are higher for R132G IDH1 than most IDH1 mutants except for R132H and R132C IDH156, 

indicating a lower efficiency for R132G IDH1 (Table 1). However, it is possible that R132L IDH1 
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does not follow this trend in tumors since its high catalytic efficiency is driven by a very low KM. 

Since metabolism is quite complexed in cellular and in vivo settings, it is difficult to make a direct 

comparison with our biochemical work. Neverhteless, our kinetic work can provide some rationale 

to the trends that are observed, such as the high D2HG concentrations in cellular and in animal 

models seen in R132Q driven-tumors. 

 We used MD simulations to understand structural features among the three different types 

of mutants (R132Q, R132H, and R132L IDH1) relative to WT IDH1 that drive catalytic efficiency 

and inhibitor binding. We found that the atomic RMSF values of NADP+ in WT and R132Q IDH1 

were lower than in R132L and R132H IDH1 in both monomers. Moreover, we also found that 

there is variability between monomers of each mutant. This variability suggests that there could 

be an allosteric pathway between the IDH1 active site of each monomer, and mutation of the R132 

residue not only affects the NADP+-binding site, but also may negatively impact important 

allosteric communications between the active sites of each monomer required for WT activity. 

Pietrak and colleagues describe how the conversion of ICT to D2HG is coupled between the two 

monomers in the WT-mutant IDH1 heterodimer57. Residue R132 in the WT IDH1 monomer 

coordinates with the C-3 carboxylate group of ICT, likely favoring the binding of ICT over αKG57. 

Once the conversion of ICT to αKG is completed by the WT IDH1 monomer, αKG may be 

tunneled to the mutant monomer where D2HG is produced57, although recent work has called that 

into question58. Moreover, R132 is anchored by D275 while the latter residue coordinates with the 

divalent cation. Therefore, when the inter-residue network is disrupted by mutation at R132, there 

is a difference in the degree of closure of each monomer in the closed state at the nanosecond 

timescale. Due to the differences in NADP+ binding in WT IDH1 versus mutant forms of the 

enzyme, it is possible that residue R132 also plays a role in gating NADP+ versus NADPH to help 
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favor the normal reaction. Moreover, this difference in binding may also be influenced by inter-

subunit allostery. Future work includes expressing and purifying WT-mutant IDH1 heterodimer 

to study the kinetic and inhibitory profiles of the more physiological relevant mutant form. 

Examining hydrogen bonding at the ester oxygen of the nicotinamide riboside did not 

highlight any preference of NADP+-binding for WT IDH1 and R132Q IDH1 compared to R132L 

and R132H IDH1. However, when monitoring hydrogen bond formation in the amide oxygen of 

the nicotinamide, which had the greatest differences in hydrogen bonding patterns when 

comparing crystal structures of NADP+-bound and NADPH-bound IDH1, we show that R132Q 

IDH1 can form the largest number of stable hydrogen bonds among IDH1 mutants. Therefore, 

since R132H and R132L IDH1 are less able to form hydrogen bond at this location compared to 

R132Q and WT IDH1, this might explain the preference of R132H and R132L IDH1 for NADPH-

dependent reactions instead of NADP+-dependent reactions. Moreover, it is worth studying how 

R132H and R132L IDH1 catalyze the normal reverse reaction (αKG to ICT). Overall, R132Q 

IDH1 displayed conformations that were either more WT-like or mutant-like. This is seen as large 

fluctuations in distances between helices near the active site (Figure 4B) and the variability in 

hydrogen bond formation with the ester oxygen of the nicotinamide riboside (Supplemental Figure 

S7). 

To have a better understanding of how the inhibitors bind at the dimer interface, we 

overlaid our MD simulation results with a structure of R132H IDH1 bound to an analog of the 

pan-inhibitor BAY143603254. Both the analog and BAY1436032 are similar in structure to the 

inhibitors we studied in this chapter. A crystal structure of R132H IDH1 complexed with 

BAY1436032 was used in our model since crystal structures of IDH1 complexed with the 

inhibitors we studied in this chapter have not been reported. The reported cryo-EM structure of 
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R132C IDH1 bound to ML309 do not report electron density presumably corresponding to ML309 

in the inhibitor binding pocket24. The average dimer interface cavity of each mutant holoenzyme 

and WT IDH1 is overlaid with the BAY1436032 analog in Supplemental Figure S1054. In MD 

simulations performed on WT IDH1 (Figure 6) in complex with only NADP+, the cavity at the 

dimer interface did not overlap with cavity where the BAY1436032 analog bound. Instead, 

residues in the α10 helix overlapped with the inhibitor. In MD simulations on the mutant form 

bound to NADP+ and Ca2+, the average cavity surface surrounded the inhibitor except for a phenyl 

ring of the carboxy-indole. Nevertheless, this binding site was able to accommodate the inhibitor 

better for both R132L and R132H IDH1 upon unwinding of the α10 helix23. This phenyl group is 

next to the N-terminus of the α-10 helix (Figure 6A-D), where this helix is usually unresolved in 

the crystal structures of R132H IDH123. The α10 helix also contains D275, which interacts with 

R132 in WT IDH1. An interesting observation is that the isopropyl group of the phenyl ring is not 

accommodated as well in WT and R132Q IDH1, while this region is better accommodated in 

R132H and R132L IDH1 (Figure 6A-D). Therefore, partial unwinding of the α10 helix may be 

possible for R132Q IDH1. These observations may explain inhibitor affinity among mutant and 

WT IDH1 enzymes observed experimentally. Future work will be to perform similar MD 

simulations with a recent crystal structure of the pan-inhibitor AG-881, which was published 

before this work59. 

The indole group in the inhibitors BAY143602 and the analog is a moiety common well 

among IDH1 mutant inhibitors, with ML309 having an indole group while AGI-5198 has an 

imidazole group. The biochemical IC50 values for ML309 are usually lower than those measured 

for AGI-5198, suggesting that the indole group may support better inhibitor binding regardless of 

the N-terminal helix unwinding. The IC50 value for ML309 with R132Q IDH1 is 130-fold lower 
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than with AGI-5198, suggesting that R132Q IDH1 is better inhibited by the indole moiety-

containing inhibitor. Therefore, we suggest that the inhibitor binding with the bulkier indole groups 

may be subject to unwinding of the N-terminus of the α10 helix. This could allow for binding of 

bulkier inhibitors such as GSK864 in the dimeric interface as seen in many crystal structures 

(Figure 5 Supplemental Table S3).  

An interesting question is how the buried cavity can become solvent accessible for inhibitor 

binding. From simulations of the R132L and R132V IDH1 bound to NADP+ and Ca2+, the torsion 

angle changes in residue W124 enable opening of the buried inhibitor-binding cavity to solvent 

(Supplemental Figure S11). These torsion angles are not observed in holo simulations of R132Q, 

R132H, and WT IDH1. When the phi and psi angles change in W124, it results in a conformational 

change that leads to the buried cavity. Adjustment in the α9 and α10 helices provide enough space 

for W124 to move. Previously, tryptophan has been posited to serve as a gate to buried cavities, 

allowing these cavities to become solvent accessible in the microsecond timescale60-63. The 

movement of W124 may be part of a mechanism of opening the cavity allowing for inhibitor 

binding. The opening of the buried cavity is required for binding of inhibitors, and since R132H 

IDH1 shows high affinity for these compounds, the timescale of our simulations likely were not 

appropriate to observe movement of W124 in this mutational variant.  

Although all-atom explicit solvent MD simulations showed interesting differences between 

the holo mutants and WT IDH1, and apo R132Q and WT IDH1, the short timescale (100 ns) of 

the simulations did not allow us to observe all the conformational changes that likely take place 

within each enzyme studied. Regardless of the short timescale, we observed significant differences 

for the average distances, NADP+, atomic-level RMSF, torsion changes, and buried cavity 
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volumes of each of the IDH1 systems studied. Future work in the microsecond simulations may 

reveal conformational changes that we were not able to observe. 

In this chapter, we used kinetic experiments as well as MD simulations to understand the 

catalytic, structural, and inhibitory features of many IDH1 mutants seen in cancer. We also 

expanded on our work from chapter 2 17 and we showed that conservation of WT activity correlates 

with a significant loss of affinity for mutant IDH1 inhibitors. Changes in some α-helices may drive 

substrate and inhibitor-binding pockets, and the open/closed transition of the IDH1 monomer could 

explain some catalytic characteristics. Moreover, MD simulations show that R132Q IDH1 can 

have both WT-like and mutant-like conformation, providing a possible explanation of its dual 

activity. Moreover, R132Q IDH1 had higher affinity for inhibitors with bulkier indole rings instead 

of imidazole smaller groups as seen on AGI-5198, suggesting that in order to have inhibition of 

this mutant, an indole group may be required. This chapter highlights features of inhibitor binding 

and kinetics, allowing for future strategies for drug design for patients harboring mutations such 

as R132Q IDH1. 
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3.7. Supplemental information 

SAXS was used to assess the quality and features of each of the IDH1 protein constructs. 

SAXS data were collected on the Bio-SAXS beamline BL4–2 at the Stanford Synchrotron 

Research Laboratory using a Rayonix MX225-HE CCD detector (Rayonix, Evanston, IL, USA) 

with a sample-to-detector distance of 1.7 m and a beam energy of 11 keV (λ = 1.127 Å). The 

momentum transfer (scattering vector) q was defined as q = 4π sin(θ)/λ, where 2θ is the scattering 

angle. The q scale was calibrated by silver behenate powder diffraction. All data were collected to 

a maximum q of 0.4 Å−1. Scattering data were collected from the buffer alone and subtracted from 

the total protein solution scattering. For all samples, a 100 μL sample containing 42 μM of protein 

was prepared in buffer containing 20 mM Tris–HCl (pH 7.5 at ambient temperature), 100 mM 

NaCl, 1 mM DTT and specific ligands. For WT IDH1 and R132Q IDH1, 500 μM ICT, 100 μM 

NADP+, and 10mM CaCl2 were added. For R132Q and R132H IDH1, 500 μM αKG, 100 μM 

NADPH, and 10mM CaCl2 were added. CaCl2 was used to prevent catalytic turnover, but allow 

the required conformational change to occur 26. SAXS experiments were also performed on apo 

enzymes under the same buffer conditions (20 mM Tris–HCl (pH 7.5) and 100 mM NaCl). Radii 

of gyration (Rg), extrapolated from the Guinier region of the Guinier plot, were computed using 

PRIMUS 64, 65. P(r) functions were calculated using the program GNOM 66. Theoretical scattering 

curves were computed from different structural models and compared to experimental scattering 

curves using the program FoXS 67, 68. The structural parameters derived from the SAXS data are 

summarized in Supplementary Table S1, with experimental scattering data and Kratky plots shown 

in Supplementary Figure S2, show excellent consistency among WT and mutant forms of the 

protein in terms of protein size and folding. The apo form of the structure is larger, as the protein 

appears to clamp down over its substrates upon binding. The Porod-Debye exponent provides a 

new and reliable means for identifying flexibility in SAXS experiments 69. Therefore, to check any 
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dynamic transition during catalysis, we determined the Porod-Debye exponent (P), deduced from 

the SAXS data. The consist values of Porod-Debye exponent, P, in all states further corroborate 

the absence of flexibility. 

Supplemental Table S1. Parameters for SAXS analysis This table was originally published in 

https://portlandpress.com/biochemj/article-lookup/doi/10.1042/BCJ20180424 Avellaneda Matteo, D.; Wells, G. A.; Luna, L. A.; 

Grunseth, A. J.; Zagnitko, O.; Scott, D. A.; Hoang, A.; Luthra, A.; Swairjo, M. A.; Schiffer, J. M.; Sohl, C. D., Inhibitor potency 

varies widely among tumor-relevant human isocitrate dehydrogenase 1 mutants. Biochem J 2018, 475 (20), 3221-3238. 

 [Protein] 

(µM)a 

Rg (Å) from 

Guinier plotb,c 

I(0)c Porod-Debye 

exponent (P)d 

MM (Da)e 

WT IDH1 apo 42 32.9 ± 0.1 124.22 2.2 102.72 

WT IDH1ICT+NADPH 42 32.1 ± 0.1 135.44 2.1 95.27 

R132Q IDH1 apo 42 33.3 ± 0.2 129.79 2.2 105.60 

R132Q IDH1ICT+NADPH 42 32.3 ± 0.2 132.92 2.2 94.90 

R132Q IDH1αKG+NADPH 42 32.02 ± 0.08 136.57 2.2 96.84 

R132H IDH1 apo 42 34 ± 1 126.82 2.2 105.38 

R132H IDH1αKG+NADPH 42 32 ± 2 121.66 2.1 96.13 

aMolarity is based on the dimeric conformation. 

bThe radius of gyration (Rg) is the root mean squared distance (RMSD) from the center of mass to each electron. 

cDetermined by Guinier approximation in PRIMUS 64. 

dThe Porod-Debye exponents were calculated using the program Scatter (https://bl1231.als.lbl.gov/scatter/). 

eMolecular masses (MM) are calculated by SAXSMoW (http://saxs.ifsc.usp.br/). Molecular mass from the protein sequence was 

determined to be 96,000 Da. 

  

https://portlandpress.com/biochemj/article-lookup/doi/10.1042/BCJ20180424
https://bl1231.als.lbl.gov/scatter/
http://saxs.ifsc.usp.br/
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Supplemental Table S2. Characterization of IDH1 crystal structures without inhibitors bound This table was originally 

published in https://portlandpress.com/biochemj/article-lookup/doi/10.1042/BCJ20180424 Avellaneda Matteo, D.; Wells, G. A.; 

Luna, L. A.; Grunseth, A. J.; Zagnitko, O.; Scott, D. A.; Hoang, A.; Luthra, A.; Swairjo, M. A.; Schiffer, J. M.; Sohl, C. D., Inhibitor 

potency varies widely among tumor-relevant human isocitrate dehydrogenase 1 mutants. Biochem J 2018, 475 (20), 3221-3238. 

 

aTo be published 

  

PDB 

Mutant/ 

Isoform 

Substrates 

Bound 

Surface 

area 

buried by 

all ligands 

Open versus 

Closed 

(Angles – 

Figure 4C) 

4/11- 

10 (Å) 

R132-D275 

Distances 

(mon1/mon2) 

SiteMap 

buried 

volume 

(Site 1, 

Site 2) Å3 10 density 

Resolution 

(Å) 

Missing Side 

Chains 

1T0L 
25 WT 

NADP+, 

isocitrate, Ca2+ 873.94 66.3o/66.0o 

20.12, 

19.79 4.57, 4.14 

75.89, 

83.05 no 2.41 none 

1T09 25 WT NADP+  908.27 70.1o, 65.3o 

23.56, 

20.8 5.53, 13.19  unraveled 2.7 none 

5YFMa  WT NADP+, Mg2+ 874.02 76.4o, 76.2o 

25.29, 

25.28 5.92, 5.88 

58.82, 

73.23 no 2.4 K81, K233 

4L03 32 WT 

NADP+, αKG, 

Ca2+, ethylene 

glycol bound in 

to inhibitor 

pocket 618.35 65.2o, 65.2o 

20.02, 

23.1 6.05, 6.09 

65.90, 

87.04 no 2.1 

K3, K81, E174, 

K350, K3, E36, 

K65, K81, 

K151, E174, 

K350, Q411, 

K413 

4L04 32 WT 

NADP+, αKG, 

Ca2+ 972.05 65.7o, 66.9o 

19.36, 

19.00 6.07, 6.8 

76.10, 

95.65 no 2.87 

E36, E80, K81, 

E174, K187, 

K233, E262, 

K350, K406, 

K413, S415 

3MAR 
26 R132H NADP+ 860 open 

 

 not resolved  yes 3.41 none 

3MAP 
26 R132H 

NADP+, 

isocitrate 955.64 en 

 

 not resolved  yes 2.8 

R140, V281, 

Q283, Y285, 

Y272 

3MAS 
26 R132H 

NADP+, 

isocitrate  956.25 open  not resolved  yes 3.2 none 

4KZO 
32 R132H 

NADP+, αKG, 

Ca2+ 735.63 65.0o, 65.1o 

17.68, 

17.95 7.10, 7.15 

57.07, 

80.4 no 2.2 

K3, K81, E174, 

E36, K151, 

K350, Q411, 

K413 

4UMY 
70 R132H NADP+ 787.911 open - not resolved  yes 2.07 none 

3INM 
71 R132H 

NADPH, αKG, 

Ca2+ 762.31 67.9o,68.4o 

18.38, 

18.29 7.05, 6.95 

55.27, 

69.03 no 2.1 none 

https://portlandpress.com/biochemj/article-lookup/doi/10.1042/BCJ20180424
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Supplemental Table S3. Characterization of IDH1 crystal structures with inhibitors bound This table was originally 

published in https://portlandpress.com/biochemj/article-lookup/doi/10.1042/BCJ20180424 Avellaneda Matteo, D.; Wells, G. A.; 

Luna, L. A.; Grunseth, A. J.; Zagnitko, O.; Scott, D. A.; Hoang, A.; Luthra, A.; Swairjo, M. A.; Schiffer, J. M.; Sohl, C. D., Inhibitor 

potency varies widely among tumor-relevant human isocitrate dehydrogenase 1 mutants. Biochem J 2018, 475 (20), 3221-3238. 

a Sites 1 and 2 (Supplementary Figure S4) merge together, join with the NADP+ binding site of 

one chain, and become solvent accessible.  

PDB 

Substrates 

Bound 

Surface 

area 

buried 

by all 

ligands 

Angle 

4/11- 

10 (Å) 

R132-D275 

Distances 

(mon1/2) (Å) 

SiteMap 

buried 

volume 

(Site 1 + 

Site 2) Å3 

10 

density  

Resolut

ion (Å) 

Missing Side 

Chains 

Inhibitor 

type 

Inhibitor to 

monomer 

ratio 

5SUN 
23 

Inhibitor 

NADPH 1466.04 

 

- not resolved  Absent 2.477 none neither 1 to 1 

5TQH 
72 

Inhibitor 

NADPH 1506.41 

 

- not resolved  Absent 2.2 none neither 1 to 1 

6B0Z 73 

Inhibitor 

NADPH 1768.67 

 

 

 

106.2o 27.3 9.64 N/Aa 

N-terminal 

missing 

(chain A) 2.34 none neither 3 to 2 

5LGE 54 

Inhibitor 

NADPH 1160.88 

 

 

108o, 

54.3o 21.5, 

21.83 7.95, 8.93 412.84  Present 2.7 

none (but there 

are overlapping 

atoms) indole 1 to 2 

5L58 55 

Inhibitor 

NADPH 1708.17 

 

- not resolved  Missing 3.04 

Q138, T142, 

D160, N171, 

E173, E174, 

I215, L216, 

K217, K218 

adamantan

e 1 to 1 

5L57 55 

Inhibitor 

NADPH 1694.84 

79.0o, 

87.2o 

34.5, 

30.61 8.19, 7.16 N/Aa Present 2.695 

R100, Y135, 

Y167, K212, 

Y219, Y272, 

V281, K413, 

adamantan

e 1 to 1 

4UMX 
70 

Inhibitor 

NADP+ 1123.92 

59.7o, 

66.0o 

19.81, 

20.78 7.98, 13.95 N/Aa 

Chain B 

missing 1.88 none imidazole 1 to 2 

5DE1 50 

Inhibitor 

NADP+ 1558.4 

 

 not resolved  Missing 2.25 

K3, K81, R140, 

K212, K243, 

D279, K350, 

K413, E62, E80, 

K93, Y135, 

R140, K164, 

E174, K217, 

K233, K270, 

imidazole 

and indole 1 to 1 

5SVF 23 

Inhibitor 

NADPH and 

citrate anion 1350.91 

 

 not resolved  Missing 2.34 none neither 1 to 1 

5I96 

(IDH2) 
22 

Inhibitor 

NADPH, Ca2+ 967.9 

79.8o, 

80.7o 26.4, 

24.8 9.25, 10.36 241.13 Missing 1.55 none indole 1 to 2 
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Supplemental Table S4. Distance between α11 and α8 – opening of IDH1 monomers This table was originally published in 

https://portlandpress.com/biochemj/article-lookup/doi/10.1042/BCJ20180424 Avellaneda Matteo, D.; Wells, G. A.; Luna, L. A.; 

Grunseth, A. J.; Zagnitko, O.; Scott, D. A.; Hoang, A.; Luthra, A.; Swairjo, M. A.; Schiffer, J. M.; Sohl, C. D., Inhibitor potency 

varies widely among tumor-relevant human isocitrate dehydrogenase 1 mutants. Biochem J 2018, 475 (20), 3221-3238. 

 

 R132 (WT), Å R132H, Å R132Q, Å R132L, Å 

 No Ca2+ Ca2+ No Ca2+ Ca2+ No Ca2+ Ca2+ No Ca2+ Ca2+ 

MonomerA 31  3 30  3 27.9  0.9 30  2 28  1 31  4 28  1 28.8  0.9 

MonomerB 34  4 35  4 27.8  0.9 30  2 28  1 29.2  0.9 27.4  0.8 30  3 
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Supplemental Table S5. NADP+ RMSF from all-atom simulations Color scheme: ribose of adenine (green), adenine (gray), 

phosphates (yellow), ribose of nicotinamide (orange), nicotinamide (blue). This table was originally published in 

https://portlandpress.com/biochemj/article-lookup/doi/10.1042/BCJ20180424 Avellaneda Matteo, D.; Wells, G. A.; Luna, L. A.; 

Grunseth, A. J.; Zagnitko, O.; Scott, D. A.; Hoang, A.; Luthra, A.; Swairjo, M. A.; Schiffer, J. M.; Sohl, C. D., Inhibitor potency 

varies widely among tumor-relevant human isocitrate dehydrogenase 1 mutants. Biochem J 2018, 475 (20), 3221-3238. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

R132H, Å R132Q, Å R132L, Å R132, Å 

Mon1 Mon2 Mon1 Mon2 Mon1 Mon2 Mon1 Mon2 

C4B 4.232 4.949 3.601 4.334 3.611 4.924 4.496 4.187 

H4B 4.201 4.779 3.657 4.388 3.732 4.972 4.693 4.322 

O4B 4.101 5.036 3.526 4.462 3.52 5.045 4.445 4.241 

C1B 4.258 5.415 3.633 4.695 3.795 5.405 4.815 4.537 

H1B 4.361 5.586 3.796 4.897 3.875 5.534 5.137 4.755 

C5A 4.804 5.977 3.913 4.705 4.184 5.766 4.668 4.788 

N7A 4.753 5.866 3.673 4.625 3.975 5.442 4.778 4.8 

C8A 4.477 5.638 3.517 4.598 3.758 5.276 4.732 4.694 

H8A 4.489 5.543 3.393 4.589 3.597 5.078 4.883 4.879 

N9A 4.37 5.604 3.657 4.652 3.853 5.464 4.685 4.555 

N1A 5.371 6.388 4.563 4.989 4.748 6.507 4.876 5.351 

C2A 5.246 6.289 4.588 5.008 4.694 6.515 5.04 5.262 

H2A 5.602 6.49 4.938 5.191 4.966 6.885 5.401 5.65 

N3A 4.884 6.022 4.305 4.896 4.417 6.18 4.971 4.911 

C4A 4.628 5.853 3.947 4.736 4.141 5.804 4.707 4.68 

C6A 5.177 6.243 4.232 4.831 4.519 6.125 4.728 5.089 

N6A 5.508 6.416 4.306 4.863 4.692 6.171 4.844 5.318 

H61A 5.558 6.416 4.34 4.799 4.753 6.016 4.939 5.516 

H62A 5.885 6.319 4.49 5.037 4.875 6.4 5.091 5.463 
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Supplemental Table S5. NADP+ RMSF from all-atom simulations Color scheme: ribose of adenine (green), adenine (gray), 

phosphates (yellow), ribose of nicotinamide (orange), nicotinamide (blue). This table was originally published in 

https://portlandpress.com/biochemj/article-lookup/doi/10.1042/BCJ20180424 Avellaneda Matteo, D.; Wells, G. A.; Luna, L. A.; 

Grunseth, A. J.; Zagnitko, O.; Scott, D. A.; Hoang, A.; Luthra, A.; Swairjo, M. A.; Schiffer, J. M.; Sohl, C. D., Inhibitor potency 

varies widely among tumor-relevant human isocitrate dehydrogenase 1 mutants. Biochem J 2018, 475 (20), 3221-3238. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

R132H, Å R132Q, Å R132L, Å R132, Å 

Mon1 Mon2 Mon1 Mon2 Mon1 Mon2 Mon1 Mon2 

C2B 4.434 6.651 3.641 4.827 4.048 5.64 5.16 4.747 

H2B 4.497 5.519 3.655 4.835 4.225 5.812 5.132 4.709 

O2B 4.59 5.686 3.785 5.473 4.23 6.225 5.888 5.314 

P2B 4.991 5.699 3.865 5.884 4.568 6.73 6.54 5.682 

O1X 5.331 6.213 4.288 5.98 4.964 7.18 7.137 6.006 

O2X 5.183 6.503 4.094 6.332 4.714 6.979 6.825 5.705 

O3X 5.388 6.476 4.082 6.321 4.845 6.908 6.735 6.355 

HO2A 5.703 6.61 4.332 6.581 4.894 6.973 7.025 6.755 

C3B 4.642 6.829 3.793 4.475 4.006 5.199 4.95 4.581 

H3B 4.948 5.447 3.998 4.404 4.061 5.077 4.978 4.567 

O3B 5.036 5.825 4.058 4.638 4.422 5.42 5.446 4.95 

HO3A 5.294 5.612 4.353 4.849 4.587 5.714 5.866 5.312 

C5B 4.244 5.806 3.533 4.126 3.34 4.647 4.189 3.788 

H51A 4.391 4.797 3.58 4.098 3.462 4.525 4.404 3.896 

H52A 4.148 4.721 3.534 4.138 3.2 4.648 4.137 3.768 

PA 4.522 4.681 3.65 4.029 3.14 4.692 4.134 3.457 

O1A 4.956 5.342 4.25 4.637 3.009 5.25 4.621 3.505 

O2A 4.668 5.795 3.872 4.016 3.233 4.784 4.119 3.485 

O5B 4.426 5.699 3.625 4.104 3.377 4.718 4.19 3.645 

O3 4.435 5.115 3.543 4.054 3.534 4.582 4.246 3.718 

PN 4.487 5.041 3.598 4.003 3.536 4.501 4.393 3.741 

O1N 4.38 5.155 3.459 3.695 3.355 4.354 4.336 3.721 

O2N 4.616 5.37 3.968 4.329 3.765 4.836 4.76 4.228 

O5D 4.792 5.194 3.774 4.187 3.931 4.479 4.52 3.586 

C5D 5.266 5.161 4.003 4.595 4.314 4.772 4.939 3.825 

H51N 5.369 5.196 4.126 4.687 4.395 4.932 4.99 3.882 
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Supplemental Table S5. NADP+ RMSF from all-atom simulations Color scheme: ribose of adenine (green), adenine (gray), 

phosphates (yellow), ribose of nicotinamide (orange), nicotinamide (blue). This table was originally published in 

https://portlandpress.com/biochemj/article-lookup/doi/10.1042/BCJ20180424 Avellaneda Matteo, D.; Wells, G. A.; Luna, L. A.; 

Grunseth, A. J.; Zagnitko, O.; Scott, D. A.; Hoang, A.; Luthra, A.; Swairjo, M. A.; Schiffer, J. M.; Sohl, C. D., Inhibitor potency 

varies widely among tumor-relevant human isocitrate dehydrogenase 1 mutants. Biochem J 2018, 475 (20), 3221-3238. 

 

   

R132H, Å R132Q, Å R132L, Å R132, Å 

Mon1 Mon2 Mon1 Mon2 Mon 1 Mon 2 Mon1 Mon2 

H52N 5.427 5.29 4.202 4.739 4.468 4.989 5.298 4.215 

C2D 5.4 5.208 3.748 4.632 4.408 4.639 5.007 3.771 

H2D 5.015 5.04 3.623 4.342 4.101 4.471 4.674 3.823 

O2D 5.718 4.912 3.863 4.814 4.623 4.837 5.417 3.972 

HO2N 5.627 5.074 3.945 4.869 4.71 5.179 5.447 4.155 

C3D 5.736 5.129 3.99 4.902 4.662 4.811 5.427 4.076 

H3D 5.642 5.13 4.048 4.812 4.572 4.831 5.497 4.308 

O3D 6.344 5.031 4.227 5.34 5.101 5.043 6.074 4.554 

HO3N 6.383 5.314 4.115 5.254 5.114 4.899 6.372 4.943 

C1D 5.406 5.191 3.736 4.669 4.474 4.642 4.837 3.514 

H1D 5.785 5.174 3.898 4.96 4.799 4.875 5.273 3.629 

C4D 5.615 5.28 4.016 4.853 4.598 4.823 5.178 3.867 

C4D 5.615 5.215 4.258 5.18 4.902 5.123 5.577 4.237 

H4D 6.018 5.321 3.871 4.735 4.534 4.698 4.907 4.237 

O4D 5.477 5.261 3.871 4.735 4.534 4.698 4.907 3.587 

N1N 5.04 5.147 3.545 4.362 4.193 4.457 4.328 3.466 

C6N 4.692 5.02 3.46 4.026 3.85 4.177 3.846 3.431 

HN6 4.68 4.952 3.564 3.981 3.768 4.109 3.864 3.409 

C5N 4.513 5.04 3.35 3.814 3.686 4.082 3.597 3.641 

H5N 4.416 4.984 3.367 3.602 3.466 3.914 3.47 3.702 

C4N 4.628 5.2 3.327 3.952 3.885 4.313 3.793 3.993 

H41N 4.569 5.26 3.303 3.843 3.842 4.316 3.761 4.395 

C3N 4.983 5.342 3.457 4.304 4.212 4.649 4.287 3.993 

C2N 5.202 5.312 3.553 4.495 4.356 4.692 4.554 3.672 

H2N 5.624 5.473 3.73 4.816 4.673 5.002 5.1 3.755 

C7N 5.281 5.596 3.634 4.538 4.49 5.045 4.744 4.56 

O7N 5.752 5.863 3.988 4.998 4.849 5.504 5.393 4.793 

N7N 5.186 5.61 3.642 4.351 4.438 5.06 4.663 5.077 

H71N 4.966 5.748 3.629 4.22 4.276 5.19 4.643 5.124 

H72N 5.479 5.754 3.834 4.545 4.659 5.319 5.03 5.478 

Average 5.02481 5.53124 3.8577 4.6703 4.2014 5.2196 4.9407 4.444 

STD 0.55 0.52 0.34 0.58 0.53 0.77 0.75 0.76 
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Supplemental Figure S1. A comparison of previously solved structures of WT and mutant IDH1 bound to NADP+ used in 

MD simulations. The structure of IDH1 bound to NADP+ used here for MD simulations (PDB 4KZO31) is shown for both 

dimers A. and as monomeric secondary structure units B.. Structures were aligned to monomer A (left monomer in gray). In 

both panels, the Cα carbon of residue 132 is shown as a sphere (ice blue), as is Ca2+ (yellow). The residues W124, D275, and 

NADP+ are shown as licorice with the carbon in cyan, the oxygen in red, the phosphorus is gold, nitrogen in blue, and hydrogen 

in white. The helices that are discussed in the text are labeled as indicated previously. C. The structure of IDH1 bound to 

NADP+ versus the structure of IDH1 R132H bound to an analogue of BAY 1436032 (PDB 5LGE) is shown. D. The secondary 

structure units of IDH1 R132H bound to the inhibitor described in (C) is displayed in its monomeric form. E. The structure of 

IDH1 bound to NADP+ versus the structure of IDH1 R132H bound to the inhibitor IDH146 (PDB 5SUN) is shown. F. The 

structure of the monomeric secondary structure units of IDH1 R132H bound to NADPH is displayed. This figure was originally 

published in https://portlandpress.com/biochemj/article-lookup/doi/10.1042/BCJ20180424 Avellaneda Matteo, D.; Wells, G. 

A.; Luna, L. A.; Grunseth, A. J.; Zagnitko, O.; Scott, D. A.; Hoang, A.; Luthra, A.; Swairjo, M. A.; Schiffer, J. M.; Sohl, C. 

D., Inhibitor potency varies widely among tumor-relevant human isocitrate dehydrogenase 1 mutants. Biochem 

J 2018, 475 (20), 3221-3238. 
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Supplemental Figure S2. Small angle X-ray scattering (SAXS) data for apo and ligand-bound forms of WT and mutant IDH1. 

A. Experimental scattering curves for WT IDH1apo (grey), WT IDH1ICT and NADP+ (black), R132Q IDH1apo (light orange), R132Q 

IDH1ICT and NADP+ (orange), R132Q IDH1αKG and NADPH (dark orange), R132H IDH1apo (light green), and R132H IDH1αKG and NADPH 

(dark green). B. Kratky plots derived from SAXS data. The color scheme of graphs is identical to those used in panel (A). This 

figure was originally published in https://portlandpress.com/biochemj/article-lookup/doi/10.1042/BCJ20180424 Avellaneda 

Matteo, D.; Wells, G. A.; Luna, L. A.; Grunseth, A. J.; Zagnitko, O.; Scott, D. A.; Hoang, A.; Luthra, A.; Swairjo, M. A.; Schiffer, 

J. M.; Sohl, C. D., Inhibitor potency varies widely among tumor-relevant human isocitrate dehydrogenase 1 mutants. Biochem 

J 2018, 475 (20), 3221-3238. 
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Supplemental Figure S3. RMSD analysis of IDH1 simulations. The RMSD over time for all five systems studied (WT IDH1 

in purple, R132L IDH1 in red, R132V IDH1 in green, R132Q IDH1 in orange, and R132H IDH1 in blue) are shown across 

frames for all four replicates. WT, R132L, R132Q and R132H IDH1 follow similar trajectories, reaching equilibrium by the 

end of the frame. This Figure was originally published in https://portlandpress.com/biochemj/article-

lookup/doi/10.1042/BCJ20180424 Avellaneda Matteo, D.; Wells, G. A.; Luna, L. A.; Grunseth, A. J.; Zagnitko, O.; Scott, D. 

A.; Hoang, A.; Luthra, A.; Swairjo, M. A.; Schiffer, J. M.; Sohl, C. D., Inhibitor potency varies widely among tumor-relevant 

human isocitrate dehydrogenase 1 mutants. Biochem J 2018, 475 (20), 3221-3238. 

 

 

 

Supplemental Figure S4. Buried cavity shape of crystal structures. Two small, solvent-inaccessible pockets located between 

the α9 and α10 helices are highlighted as Site 1 and Site 2 in the previously solved crystal structures of PDB 4KZO. Images 

are taken from two slightly different angles. This figure was originally published in 

https://portlandpress.com/biochemj/article-lookup/doi/10.1042/BCJ20180424 Avellaneda Matteo, D.; Wells, G. A.; Luna, 

L. A.; Grunseth, A. J.; Zagnitko, O.; Scott, D. A.; Hoang, A.; Luthra, A.; Swairjo, M. A.; Schiffer, J. M.; Sohl, C. D., 

Inhibitor potency varies widely among tumor-relevant human isocitrate dehydrogenase 1 mutants. Biochem 

J 2018, 475 (20), 3221-3238. 
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Supplementary Figure S5. Clustering of IDH1/2 Inhibitors based on linear fingerprints of each structure. Hierarchical 

clustering results performed within Canvas on the linear fingerprints of inhibitors known to bind to IDH1 from X-ray 

crystallography or of inhibitors used in this study. The inhibitors described in this work were grouped into their own 

hierarchical cluster separate from the crystallized inhibitors. This figure was originally published in 

https://portlandpress.com/biochemj/article-lookup/doi/10.1042/BCJ20180424 Avellaneda Matteo, D.; Wells, G. A.; Luna, L. 

A.; Grunseth, A. J.; Zagnitko, O.; Scott, D. A.; Hoang, A.; Luthra, A.; Swairjo, M. A.; Schiffer, J. M.; Sohl, C. D., Inhibitor 

potency varies widely among tumor-relevant human isocitrate dehydrogenase 1 mutants. Biochem J 2018, 475 (20), 3221-

3238. 
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Supplemental Figure S6. Levels of transient overexpression of R132H and R132Q IDH1 in HEK293T cells vary within 2.6-

fold. A.Transient transfection of WT IDH1 (lane 1), R132Q IDH1 (lane 2), R132H IDH1 (lane 3) all containing a Flag-tag, and 

a non-transfected HEK239T control. Whole cell lysates of HEK293T cells transiently transfected with R132Q or R132H IDH1 

were loaded as follows: B. 1. R132H; 2. Empty; 3. Ladder; 4. R132Q; 5. R132Q + 20 nM AGI-5198; 6. R132Q + 40 nM AGI-

5198; 7. R132Q + 90 nM AGI-5198; 8. R132Q + 180 nM AGI-5198; 9. R132Q + 500 nM AGI-9198; 10. R132Q + 3,000 nM 

AGI-5198; 11. Non-transfected control. C. 1. R132Q; 2. Empty; 3. Ladder; 4. R132H; 5. R132H + 20 nM AGI-5198; 6. R132H 

+ 40 nM AGI-5198; 7. R132H + 90 nM AGI-5198; 8. R132H + 180 nM AGI-5198; 9. R132H + 500 nM AGI-9198; 10. R132H 

+ 3,000 nM AGI-5198; 11. Non-transfected control. Upon normalizing to actin, panel B. indicates R132H expression is 3.0-

fold higher than R132Q IDH1, and panel C. indicates that R132H IDH1 is 2.3-fold higher than R132Q IDH1. Thus, we took 

the average of these two values (3.0 and 2.3) to calculate that R132H IDH1 has 2.6-fold higher expression relative to R132Q 

IDH1 expression. D. Transient transfection of HeLa cells with R132Q IDH1 is also shown. Lane one shows the R132Q IDH1 

transfection (Flag-tagged), and lane 2 shows a non-transfected HeLa control. This figure was originally published in 

https://portlandpress.com/biochemj/article-lookup/doi/10.1042/BCJ20180424 Avellaneda Matteo, D.; Wells, G. A.; Luna, L. 

A.; Grunseth, A. J.; Zagnitko, O.; Scott, D. A.; Hoang, A.; Luthra, A.; Swairjo, M. A.; Schiffer, J. M.; Sohl, C. D., Inhibitor 

potency varies widely among tumor-relevant human isocitrate dehydrogenase 1 mutants. Biochem J 2018, 475 (20), 3221-3238. 
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Supplemental Figure S7. Hydrogen bonding interactions between mutants and WT IDH1 and the NADP+ ribose oxygen vary 

over MD simulations. The hydrogen bond distance between the ester oxygen of the nicotinamide riboside and neighboring 

threonine residues as compared to crystal structures of NADP+-bound (white, top) and NADPH-bound (orange, below). This 

region of the molecule shows minimal differences in hydrogen bonding patterns when IDH1 is bound to NADP+ versus 

NADPH. STable hydrogen bond interactions are shown as a constant clustering around 2.5 Å, while stochastic fluctuations 

show periods where hydrogen bonding is favorable or unfavorable. Hydrogen bonding that is impossible due to inappropriate 

bond lengths or angles are denoted as an “x” for the hydrogen bond donor/acceptor pair queried. WT IDH1 makes the most 

hydrogen bond interactions with the ester oxygen of the nicotinamide riboside portion of NADP+, while the mutants show 

varying degree of hydrogen bond formation in this region. This region is likely less useful for comparing features of NADP+ 

versus NADPH binding. This figure was originally published in https://portlandpress.com/biochemj/article-

lookup/doi/10.1042/BCJ20180424 Avellaneda Matteo, D.; Wells, G. A.; Luna, L. A.; Grunseth, A. J.; Zagnitko, O.; Scott, D. 

A.; Hoang, A.; Luthra, A.; Swairjo, M. A.; Schiffer, J. M.; Sohl, C. D., Inhibitor potency varies widely among tumor-relevant 

human isocitrate dehydrogenase 1 mutants. Biochem J 2018, 475 (20), 3221-3238. 
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Supplemental Figure S8. Hydrogen bonding interactions between mutants and WT IDH1 and the NADP+ amide oxygen vary 

over MD simulations. The hydrogen bond distance between the amide oxygen of the nicotinamide and neighboring threonine and 

arginine residues as compared to crystal structures of NADP+-bound (white, top) and NADPH-bound (orange, below). This region 

of the molecule shows differences in hydrogen bonding patterns when IDH1 is bound to NADP+ versus NADPH, indicating that 

this region is a good differentiator between NADP+ versus NADPH binding. STable hydrogen bond interactions are shown as a 

constant clustering around 2.5 Å, while stochastic fluctuations show periods where hydrogen bonding is favorable or unfavorable. 

Hydrogen bonding that is impossible due to inappropriate bond lengths or angles are denoted as an “x” for the hydrogen bond 

donor/acceptor pair queried. Here, R132L IDH1 has the fewest hydrogen bonds in the amide oxygen of the nicotinamide, while 

WT IDH1 has the most sTable interactions. R132Q IDH1 has the largest number of sTable hydrogen bonding interactions of all 

the mutants. This figure was originally published in https://portlandpress.com/biochemj/article-

lookup/doi/10.1042/BCJ20180424 Avellaneda Matteo, D.; Wells, G. A.; Luna, L. A.; Grunseth, A. J.; Zagnitko, O.; Scott, D. A.; 

Hoang, A.; Luthra, A.; Swairjo, M. A.; Schiffer, J. M.; Sohl, C. D., Inhibitor potency varies widely among tumor-relevant human 

isocitrate dehydrogenase 1 mutants. Biochem J 2018, 475 (20), 3221-3238. 
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Supplemental Figure S9. AGI-5198 does not effectively inhibit R132Q IDH1. A. Quantitation (in duplicate) of D2HG in 

lysates of HEK2937 cells transiently transfected with R132H, R132Q, or WT and treated with AGI-5198 is shown. These data 

were used to calculate IC50 values shown in Figure 5. B. Quantitation (in singlicate) of D2HG in lysates of HeLa cells 

transiently transfected with R132Q IDH1 and treated with AGI-5198 is shown; only a subset of inhibitor concentrations were 

used. This figure was originally published in https://portlandpress.com/biochemj/article-lookup/doi/10.1042/BCJ20180424 

Avellaneda Matteo, D.; Wells, G. A.; Luna, L. A.; Grunseth, A. J.; Zagnitko, O.; Scott, D. A.; Hoang, A.; Luthra, A.; Swairjo, 

M. A.; Schiffer, J. M.; Sohl, C. D., Inhibitor potency varies widely among tumor-relevant human isocitrate dehydrogenase 1 

mutants. Biochem J 2018, 475 (20), 3221-3238. 

 

 

 

Supplemental Figure S10. Average buried cavity in the apo WT IDH1 simulation. An analogue of the inhibitor BAY1436032 

from PDB 5LGE53 is overlaid with the apo WT IDH1 simulations, which start from PDB 1T0924. This figure was originally 

published in https://portlandpress.com/biochemj/article-lookup/doi/10.1042/BCJ20180424 Avellaneda Matteo, D.; Wells, G. A.; 

Luna, L. A.; Grunseth, A. J.; Zagnitko, O.; Scott, D. A.; Hoang, A.; Luthra, A.; Swairjo, M. A.; Schiffer, J. M.; Sohl, C. D., 

Inhibitor potency varies widely among tumor-relevant human isocitrate dehydrogenase 1 mutants. Biochem J 2018, 475 (20), 

3221-3238. 

 

 

https://portlandpress.com/biochemj/article-lookup/doi/10.1042/BCJ20180424
https://portlandpress.com/biochemj/article-lookup/doi/10.1042/BCJ20180424
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Supplementary Figure S11. Changes in the dihedral angle of residue W124 and the effects on an exposed buried cavity. The 

dihedral angle changes for residue W124, which sits on top of the buried cavity at the dimer interface, are shown. In the R132L 

and R132V IDH1 simulations, one of four trajectories results in flipping of W124 and exposure of the buried cavity to a small 

pocket opening as depicted. The psi angle changes are shown in blue while the phi angle changes are shown in black. This figure 

was originally published in https://portlandpress.com/biochemj/article-lookup/doi/10.1042/BCJ20180424 Avellaneda Matteo, 

D.; Wells, G. A.; Luna, L. A.; Grunseth, A. J.; Zagnitko, O.; Scott, D. A.; Hoang, A.; Luthra, A.; Swairjo, M. A.; Schiffer, J. 

M.; Sohl, C. D., Inhibitor potency varies widely among tumor-relevant human isocitrate dehydrogenase 1 mutants. Biochem 

J 2018, 475 (20), 3221-3238. 

 

 

https://portlandpress.com/biochemj/article-lookup/doi/10.1042/BCJ20180424
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4. Using Pre-Steady-State Kinetics, Biochemical, and Biophysical Approaches to Determine 

a Comprehensive Catalytic Cycle for D2HG Catalysis by Tumor-Relevant IDH1 Mutants 

Revealed Kinetic Features Driving Neomorphic Activity  

4.1. Abstract 

 Mutations in the IDH1 gene drive several cancers including gliomas, AML, and 

chondrosarcomas. IDH1 is a dimeric metabolic enzyme responsible for the reversible NADP+-

dependent oxidative decarboxylation of isocitrate to αKG in the cytosol and peroxisomes. Most 

tumor-relevant IDH1 mutants lack this oxidative decarboxylation activity but instead gain a 

neomorphic reaction: the reduction of αKG to D2HG. D2HG acts as an oncometabolite since it 

competitively inhibits αKG-dependent enzymes, including DNA and histone demethylases, to 

promote cell dedifferentiation and other pro-tumor pathways. We have previously shown that 

R132Q IDH1 is the only mutant found to date that conserves oxidative decarboxylation activity 

while catalyzing very highly efficient D2HG production. Moreover, this mutant has very low 

affinity for selective mutant IDH1 inhibitors. In this chapter, we used pre-steady-state kinetics as 

well as other biochemical and biophysical methods such as hydrogen-deuterium exchange (HDX-

MS) and isothermal titration calorimetry (ITC), to characterize the catalytic cycle of the 

neomorphic reaction. R132Q IDH1 has high affinity for NADPH raising the question if the 

NADP+-dependent αKG production is physiological relevant. Moreover, the rate of αKG binding 

to R132Q IDH1 was two orders of magnitude faster than R132H IDH1, suggesting difference in 

binding mechanism. HDX-MS data showed a large difference of deuterium uptake by WT IDH1 

upon isocitrate binding, though a small difference for R132H IDH1 binding to αKG was observed. 

Hydride transfer was determined to be rate-limiting, consistent with findings with IDH found in 

E. coli IDH1. This work provides an extensive catalytic cycle for D2HG production by mutant 
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IDH1, revealing key kinetic features that may explain important mechanistic differences among 

WT, R132H, and R132Q IDH1. 

4.2. Introduction 

 Changes in tumor metabolism was first described by Otto Warburg in the early 1900s1, 2, 

though nearly a century passed before any metabolic enzymes were identified as drivers of 

tumorigenesis and tumor growth. An example of a metabolic enzyme that alters tumor metabolism 

is isocitrate dehydrogenase I (IDH1). The family of isocitrate dehydrogenases have three isoforms 

(IDH1, IDH2, and IDH3). IDH1 is responsible for the reversible-NADP+ and Mg2+-dependent 

oxidative decarboxylation of isocitrate to αKG in the cytosol and peroxisomes of the cell3-5 (Figure 

1A). IDH2 catalyzes the same reaction as IDH1, but it is located in the mitochondria6. IDH3, also 

located in the mitochondria, requires NAD+ for the irreversible production of αKG from isocitrate. 

While mutations in IDH2, like IDH1 are oncogenic, IDH3 has not been implicated in cancer, likely 

due to its critical role in the TCA cycle. The incidence of mutations in IDH1 in tumors was not 

discovered until 20087. 

 

 

Figure 1. A. Reversible oxidative decarboxylation of isocitrate to αKG by WT IDH1. 

B. Reduction of αKG to D2HG by mutant IDH1 
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Parsons and colleagues discovered that mutations in the IDH1 gene were common within 

patients harboring GBMs7. Later, it was described that mutations in the IDH1 gene mostly affected 

residue R132 in patients with gliomas8. The frequency of mutations at position R132 was as high 

as 80% in lower grade gliomas and > 88% in secondary glioblastomas8, 9. The most common 

mutation seen in gliomas is R132H, although other mutations such as R132C, R132S, R132G, 

R132L, and R132V IDH1 are also observed8. IDH1 mutations are also associated with cancers 

including AML and chondrosarcomas, with R132C IDH1 being the most common in AML10. In 

chondrosarcomas, a small study showed half of the patients harboring IDH1 mutations, including 

5% R132Q, R132L, and R132H IDH1 each, with R132C and R132G IDH1 representing the rest 

at 60% and 25%, respectively11.  

 When IDH1 is mutated at R132, the ability to catalyze the oxidative decarboxylation of 

isocitrate is lost, but a neomorphic reaction is gained12. This neomorphic reaction is the NADPH-

and-Mg2+-dependent reduction of αKG to D-2-hydroxyglutarate (D2HG)12 (Figure 1B). The 

oncometabolite D2HG acts as a competitive inhibitor to many αKG-dependent enzymes, such as 

JmjC lysine demethylases and methylcytosine dioxygenases, leading to gene hypermethylation 

that causes cellular de-differentiation13, 14. As a result of this neomorphic reaction, tumors 

harboring IDH1 mutation have buildup of tumor D2HG15. Pusch and colleagues quantified D2HG 

levels in tumors harboring R132H, R132C, R132G, and WT IDH115 and found the concentration 

of D2HG varied depending on the mutation present. In 2017, our laboratory performed an 

extensive steady-state kinetic analysis on many tumor-relevant IDH1 mutants, and we showed that 

the catalytic efficiencies for R132H, R132C, and R132G IDH1 correlated with the trends of D2HG 

levels in tumors reported by Pusch et al4. To identify the features that supported catalytically 

efficient D2HG catalysis, series of experimental IDH1 mutants were created to explore the effect 
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in size and hydrophobicity at residue R1324. We found that smaller and more hydrophobic residues 

tend to drive the neomorphic reaction4. Another major discovery was the dual enzymatic activity 

(αKG and D2HG production) catalyzed by R132Q IDH14. 

 In 2018, we expanded our kinetic work on additional tumor-relevant IDH1 R132 mutants16, 

but showed that R132Q IDH1 remained the only mutant with this dual activity. Since the structure 

of R132Q IDH1 had not been solved, we used molecular dynamics (MD) to generate a model of 

R132Q IDH1 using a previously published R132H and R132C IDH1 structures16-18. We then 

performed MD simulations to compare the structural features of R132Q, R132H, and WT IDH1. 

These models suggest that R132Q IDH1 rapidly fluctuates between two conformations that are 

either more WT-like or more mutant-like16, providing a possible explanation to R132Q IDH1’s 

dual activity. However, an experimental crystal structure of R132Q IDH1 is critical in order to 

validate the previous MD findings. Extensive research has been done on IDH1, and it has become 

a therapeutic target due to high selectivity achieved by small molecules inhibitors to mutant IDH1 

enzymes.  

 Inhibitor selectivity is always desired when designing small molecules for targeted 

therapeutics to minimize toxicity in patients. Many small molecule inhibitors have been designed 

capable of selectively inhibiting mutant IDH1 while not having affinity for WT IDH1. ML309 is 

an example of a small molecule inhibitor that shows IC50 values for R132H IDH1 to be 375-fold 

lower than WT IDH116, 19, 20. AGI-5198 is another small molecule inhibitor for mutant IDH1 that 

has similar selectivity for the mutant form of IDH14, 20. These inhibitors bind at the dimer interface 

right where the regulatory domain is located20, 21. In 2018, the FDA approved a mutant IDH1 

inhibitor, AG-120 an optimization of AGI-5198, for non-solid tumors, which allosterically targets 

R132H and R132C IDH122. Selective inhibition of mutant IDH1 indicates that there are key 
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structural changes between mutant and WT IDH1 that allow for inhibitors to be selective21. Most 

inhibitors had only been tested with R132C and R132H IDH1, but we performed an extensive 

inhibition studied on a wide range of mutant IDH116. Our inhibition study showed that ML309 and 

AGI-5198 have affinity for most IDH1 mutants, except for R132Q IDH1, which had an inhibition 

profile similar to WT IDH116. Since MD simulations suggested that R132Q IDH1 conserves WT-

like conformations, possibly allowing for its dual activity, inhibitors lose affinity for mutants that 

have kinetic and structural features similar to WT IDH116. Stablishing a catalytic cycle for D2HG 

production of R132Q versus R132H IDH1 may highlight kinetic differences that could explain 

R132Q IDH1’s dual activity and its lack of affinity for small molecules inhibitors.  

 Rendina and colleagues first described the mechanism of substrate binding for the 

neomorphic reaction as ordered sequential catalyzed by R132H IDH117, with NADPH bindng first 

followed by αKG17. On the other hand, WT IDH1 has a random sequential mechanism for substrate 

binding for the normal reaction (Figure 1A)17. In 2010, Yang and colleagues described a 

conformational change in both WT and R132H IDH1 upon binding isocitrate23. This 

conformational change, which was also described in WT IDH1 in 20043, includes folding of the 

α10 helix upon binding of isocitrate (Figure 9)3, 23. This conformation has been observed in crystal 

structures of R132H IDH1 in complexed with αKG17. The conformational change of R132H IDH1 

varies depending on whether isocitrate or αKG binds. The α10 helix in R132H IDH1 folds when 

αKG is the substrate but remains as a random coil when isocitrate binds17, 23. 

In 1995, a study on E.coli IDH showed that the rate limiting step of the catalytic cycle was 

hydride transfer kchem
24, 25. Moreover, Y139 is conserved among different organisms and it plays 

an important role in facilitating the acid/base chemistry performed by WT IDH126. Since the C-3 

carboxylate of isocitrate is missing in αKG, Y139 moves closer to αKG further promotes the 



130 

 

reduction of the C-2 carbonyl of αKG to produce D2HG17. Based on this, we hypothesized that 

the catalytic cycle for the conversion of αKG to D2HG consists of binding of NADPH followed 

by binding of αKG, as described by Rendina et al.17; a conformational change followed by rate-

limiting hydride transfer, followed by product release (Figure 2A).  

 

 

Figure 2. A. Complete catalytic cycle of mutant IDH1 producing D2HG, including conformational change. B. Catalytic 

cycle of mutant IDH1 producing D2HG without conformational change. 
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 Understanding the complete catalytic cycle of the neomorphic reaction catalyzed by mutant 

IDH1 would allow us to identify key features of other metabolic dehydrogenases performing 

NADPH-dependent α-keto acid reduction. Moreover, this work will set the foundation for rational 

drug design by targeting specific steps in the catalytic cycle. We will use methods in enzymology 

as well as biochemistry and biophysics to elucidate features of the catalytic cycle of D2HG 

production. This is the first study where combining these methodologies provides important 

mechanistic information on the steps taken for D2HG synthesis by mutant IDH1. 

 

4.3. Materials and Methods 

 4.3.1 Materials 

Dithiothreitol (DTT), isopropyl 1-thio-β-D-galactopyranoside (IPTG), Titron X-100, α-

ketoglutaric acid sodium salt (αKG), DL-isocitric acid trisodium salt hydrate, TCEP 

hydrochloride, sodium iodide, and magnesium chloride (MgCl2) were obtained from Fisher 

Scientific (Hampton, NH). β-mercaptoethanol (β ME) was obtained from MP Biomedicals located 

in Santa Ana, CA. Both β-nicotinamide adenine dinuclotide phosphate reduced trisodium salt 

 

Figure 3. Catalytic cycle of the normal reaction. The binding mechanism for WT IDH1 catalyzing the oxidative 

decarboxylation of isocitrate to αKG is random sequential 
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(NADPH) and β-Nicotinamide adenine dinucleotide phosphate disodium salt (NADP+) were 

obtained from EMD Millipore (Darmstadt, Germany). Nickel-nitrilotriacetic acid (Ni-NTA) resin 

was obtain from Qiagen (Valencia, CA). Stain free gels (4-12%) were obtained from Bio-Rad 

Laboratories (Hercules, CA). Protease inhibitor Tablets were obtained from Roche Applied 

Science (Penzberg, Germany).  

 4.3.2 Protein Expression and Purification 

 The expression and purification of R132H, R132Q, and WT IDH1 was performed as 

previously described in Chapter 2 and 3 of this dissertation. Briefly, the plasmids were transformed 

in BL21 gold (DE3) cells and incubated in TB media at 37oC until reaching an OD600 of 1.0-1.2. 

Once this OD600 was reached, the cultures were induced with 1mM IPT for 18-22 h at 18 oC. Each 

mutant IDH1 was purified with Ni-NTA affinity column chromatography yielding ~95% purity. 

For the NADPH binding kinetics and titrations, the enzyme was NADPH-depleted as previously 

published17. In short, for mutant IDH1 enzymes, 50mL of a solution containing 50 mM Tris-HCl 

pH 7.5 at ambient temperature, 500mM sodium chloride, 10mM magnesium chloride and 20mM 

αKG was passed through the column to react any bound NADPH to NADP+. The less tightly bound 

NADP+ was washed off with wash buffer (50 mM Tris-HCl pH 7.5 at ambient temperature, 500 

mM sodium chloride, and 5 mM β-ME) previously described in Chapter 24. For WT IDH1, the 

same solution was used instead100 mM of sodium bicarbonate was added since WT IDH1 

performs the NADPH-dependent reductive carboxylation of αKG to ICT. The NADP+ was washed 

off using wash buffer and eluted as previously described4. The enzymes were dialyzed overnight 

in 50 mM Tris-HCl pH 7.5 at 4 °C, 100mM sodium chloride, 20% glycerol, and 1 mM DTT4.  

For pre-steady state kinetic assays, protein was loaded onto a pre-equilibrated (50 mM Tris-

HCl at 4°C and 100 mM sodium chloride) Superdex 16/600 size exclusion column following Ni-
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NTA affinity chromatography to remove any protein aggregate. Protein was eluted with 50 mM 

Tris-HCl pH 7.5 at 4oC and 100mM sodium chloride. The fractions were collected and 

concentrated. For X-ray crystallography experiments, R132Q IDH1 was loaded to the Superdex 

16/600 size exclusion column as described above to have a homogenous solution of protein. Here, 

R132Q IDH1 was eluted with 20 mM Tris-HCl pH 7.5 at 4 oC and 200 mM sodium chloride. 

Fractions were collected and concentrated to 14-20 mg/mL. For HDX-MS experiments, WT and 

R132H IDH1 were loaded to a Superdex 16/600 size exclusion column and eluted with 50 mM 

Tris-HCl pH 7.5 at 4 oC and 100 mM sodium chloride. Protein was then dialyzed (50 mM Tris-

HCl pH 7.5 at 4 °C, 100mM sodium chloride, 20% glycerol, and 1 mM DTT ) overnight4. Finally, 

protein used in ITC experiments was loaded into a Superdex16/600 size exclusion column after 

Ni-NTA affinity chromatography. Protein was eluted with 50 mM Tris-HCl pH 7.5 at 4 oC and 

100 mM sodium chloride. Protein was then dialyzed into storage buffer containing 50 mM Tris-

HCl pH 7.5 at 4oC, 100 mM sodium chloride, and 2 mM βME as reducing agent since it was 

compatible for ITC experiments. Purity of each protein prep was assessed with SDS-PAGE as 

described in Chapter 2. 

4.3.3. NADPH Binding Kinetics 

NADPH binding kinetics was performed to obtain rate constants corresponding to the first 

step of the catalytic cycle for the neomorphic reaction (k1 and k-1, see Figure 2). To obtain these 

rate constants, an RSM-stopped flow spectrophotometer (OLIS, Atlanta, Georgia) was used. The 

experiments were done as previously described by Rendina and colleagues17. However, due to low 

sensitivity of our stopped-flow spectrophotometer, the concentrations of NADPH and IDH1 were 

increased 10-fold. Unfortunately, this high concentration of NADPH yielded rates too fast to be 

detected by our instrument (≤ 100 s-1). Therefore, glycerol was used to slow down the binding of 
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NADPH to IDH1. Rates will thus be reported as > X s-1. For WT IDH1, to slow the rate of binding 

of NADPH, the temperature was dropped to 10 ⁰C, while keeping the concentration of glycerol at 

40%. Binding kinetics for R132H and R132Q IDH1 were performed at ambient temperature and 

at 10 ⁰C to have direct comparison to WT IDH1. The NADPH binding reactions at performed at 

ambient temperature were fit using simulation with Kintek Global Fitting Software, while the 

reactions at 10 ⁰C were fit to a single exponential using Graphpad Prism. The kobs obtained from 

single exponential describes the equation kobs = k1[NADPH] + k-1. Therefore, each kobs value was 

plotted as a function of NADPH concentration. This yielded a linear graph indicating one-step 

bidning, with the slope equal to k1 and the Y-intercept equal to k-1 (Figures 3 and 4). The NADPH 

binding kinetics for each mutant was performed as described in the Table below (Table 1). 
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Table 1. Experimental conditions of NADPH binding kinetics 

Mutant and 

temperature 

Excitation 

and emission 

wavelengths 

Buffers 

concentration 

after 1:1 

mixing 

(final 

concentration) 

Number 

of points 

per 

second 

Concentrations 

after 1:1 mixing 

(final 

concentration) 

Number of 

shots 

averaged per 

concentration 

Used 

in 

global 

fitting 

R132Q 

IDH1 at 

ambient 

temperature 

Ex: 340nm 

Scan 

emission: 

410 to 

460nm 

100 mM Tris-

HCl pH 8.0 

RT, 40% 

glycerol, and 

10 mM MgCl2 

1000 R132Q IDH1: 

4μM 

NADPH:  

4, 6, 8, 10 μM 

7 Yes 

R132Q 

IDH1 at 

10⁰C 

Ex: 340nm 

Scan 

emission: 

410 to 

460nm 

100 mM Tris-

HCl pH 8.4 at 

10⁰C, 40% 

glycerol, and 

10 mM MgCl2 

1000 R132Q IDH1: 

4μM 

NADPH: 

4, 6, 8, 10, 15 

μM 

10 No 

R132H 

IDH1 

ambient 

temperature 

Ex: 340nm 

Scan 

emission: 

410 to 

460nm 

100 mM Tris-

HCl pH 8.0 

RT, 20% 

glycerol, and 

10 mM MgCl2 

1000 R132H IDH1: 

4μM 

NADPH: 

4, 6, 8, 10, 13, 

15, 17 μM 

10 Yes 

R132H 

IDH1 at 

10⁰C 

Ex: 340nm 

Scan 

emission: 

410 to 

460nm 

100 mM Tris-

HCl pH 8.4 at 

10⁰C, 40% 

glycerol, and 

10 mM MgCl2 

1000 R132H IDH1: 

4μM 

NADPH: 

4, 6, 8, 10, 15 

μM 

10 No 

WT IDH1 at 

10⁰C 

Ex: 340nm 

Scan 

emission: 

410 to 

460nm 

100 mM Tris-

HCl pH 8.4 at 

10⁰C, 40% 

glycerol, and 

10 mM MgCl2 

1000 WT IDH1:  

4μM 

NADPH: 

4, 6, 10, 15 μM 

 

10 No 
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4.3.4. Isothermal Calorimetry to Determine Binding affinities for NADPH, 

Isocitrate, and αKG. 

Due to large error in koff when fitting our experimental NADPH binding data to a line, we 

performed ITC assays to measure the binding affinity (KD) of NADPH for R132Q, R132H, and 

WT IDH1. This will allow us to solve for koff (KD = koff/kon). ITC was performed at the Sanford 

Burnham Prebys Protein Analysis Core, using Low Volume Affinity ITC calorimeter (TA 

Instruments) by Dr. Andrey Bobkov. For WT IDH1, 20 injections of 2 μL of 153 μM NADPH 

were titrated to 25 μM WT IDH1 at 23 ⁰C, for 150 s, and 200 rpm. For R132H and R132Q IDH1, 

20 injections of 2.7 μL of 153 μM NADPH were titrated to 40 and 34 μM, of protein respectively, 

at 23 ⁰C, for 150 s, and 200 rpm. The ITC experiments were performed using assay buffer 

containing 50 mM Tris pH 7.5 at 4 °C, 100 mM NaCl, and 2 mM β-ME. Baseline control were 

collected by injecting ligand into the cell containing buffer only. ITC data were analyzed using 

Nanoanalyze software provided by TA Instrument to obtain the KD, stoichiometry, ΔHbinding, and 

-TΔS for each mutant upon binding of NADPH. 

ITC titrations were performed with each IDH1 mutant to compare the binding affinities 

(KD) for αKG and isocitrate. To determine the binding affinity of αKG for R132Q IDH1, 30 

injections of 2 μL of 5 mM αKG were titrated to 0.12 mM of protein incubated with 0.4 mM 

NADPH at 25 ⁰C for 250 s and 200 RPM. For R132H IDH1, 20 injections of 4 μL of 10 mM αKG 

were titrated to 0.19 mM of protein incubated with 0.4 mM NADPH at 25 ⁰C for 150 s and 200 

rpm. Both set of titrations were performed under assay buffer containing 50 mM Tris pH 7.5 at 4 

°C , 100 mM NaCl, 10 mM CaCl2, and 2 mM β-ME. CaCl2 was used to avoid generating heat upon 

turnover of αKG to D2HG as Ca2+ competes with Mg2+ binding. Baseline control data were 

collected by injecting ligand into the cell containing buffer only. ITC data were analyzed using 
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Nanoanalyze software provided by TA Instrument in order to obtain the KD, stoichiometry, 

ΔHbinding, and -TΔS for each mutant upon binding of αKG.  

The binding affinity of isocitrate was also determined via ITC. To determine the binding 

affinity of isocitrate for R132Q IDH1, 20 injections of 4 μL of 2.5 mM ICT were titrated to 0.12 

mM of protein at 25 ⁰C for 200 s and 200 RPM. For R132H IDH1, 30 injections of 2 μL of 5 mM 

isocitrate were titrated to 0.13 mM of protein at 25 ⁰C for 150 s and 200 rpm. Finally, for WT 

IDH1, 20 injections of 4 μL of 0.6 mM ICT were titrated to 0.1 mM of protein at 23 ⁰C for 150 s 

and 200 rpm. All titrations were performed under assay buffer containing 50mM Tris pH 7.5 at 4 

°C, 100 mM NaCl, 10 mM CaCl2, and 2 mM β-ME. Baseline control data were analyzed using 

Nanoanalyze software provided by TA Instruments in order to obtain the KD, stoichiometry, 

ΔHbinding, and -TΔS for each mutant upon binding of isocitrate. 

4.3.5. Single Turnover Pre-Steady-State Kinetic Assays   

Single turnover pre-steady-state kinetic assays were used to obtain rate constants associated 

with steps in the catalytic cycle after NADPH binding (k2, k3, and k4 in Figure 2A, and k2 and k3 in 

Figure 2B), excluding product release (k5 and k6 in Figure 2A, and k4 and k5 in Figure 2B). Single 

turnover pre-steady-state kinetic assays were performed for the neomorphic reaction at 37 ⁰C, 

using an RSM stopped-flow spectrophotometer. For the neomorphic reaction, depletion of 

NADPH as a function of time was monitored by exciting the sample at 340nm and scanning the 

emission spectrum from 410 to 460 nm. The change in fluorescence as a function of time was fit 

to a single exponential equation (Y = A0e
-kt) using Graphpad Prism to obtain kobs. For R132H 

IDH1, higher concentration of αKG was used since 1 mM αKG final had an initial lag time. This 

lag time was possibly due to the binding of αKG to R132H IDH1 before turnover of NADPH to 

NADP+ happened. A single exponential equation (Y = A0e
-kt) did not fit this change in fluorescence 
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well. To reduce the initial lag, a final αKG concentration of 20 mM was used to push the binding 

equilibrium forward and to reduce the initial lag time. The neomorphic single turnover reactions 

were performed using R132Q and R132H IDH1 as shown in Table 2.  

Single turnover pre-steady-state kinetics were also performed for the normal reaction 

(Figure 1A) at 37 ⁰C to obtain rate constants associated with steps after NADP+ binding through 

product release (Figure 3) using an RSM stopped-flow spectrophotometer. Both WT and R132Q 

IDH1 were studied (Table 3). NADPH formation as a function of time was similarly monitored by 

exciting at 340 nm and scanning the emission spectrum from 410 to 460 nm. The change in 

fluorescence as a function of time was fit to a single exponential equation (Y = A0e
-kt) using 

Graphpad Prism and kobs values were obtained.  

  

Table 2. Neomorphic reaction single turnover conditions 

Mutant Excitation and 

emission 

wavelengths 

Final buffer and 

salt 

concentrations  

Number of 

points per 

second 

Final 

concentration of 

ligands and 

enzyme 

Number 

of shots 

averaged 

Time 

(s) 

R132Q IDH1 Ex: 340nm 

Scan 

emission: 410 

to 460nm 

50 mM Tris-HCl 

pH 7.5 37⁰C, 

150 mM NaCl, 

0.1 mM DTT, 

and 10 mM 

MgCl2 

1000 R132Q IDH1: 

40 μM 

NADPH:  

10 μM 

αKG: 

0.5 mM 

6 1 

R132H IDH1 Ex: 340nm 

Scan 

emission: 410 

to 460nm 

50 mM Tris-HCl 

pH 7.5 37⁰C, 

150 mM NaCl, 

0.1 mM DTT, 

and 10 mM 

MgCl2 

1000 R132H IDH1: 

30 μM 

NADPH: 

10 μM 

αKG: 

1 mM, 20 mM 

1 (each) 4 
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Table 3. Normal reaction single turnover experimental conditions 

Mutant Excitation and 

emission 

wavelengths 

Buffers 

concentration 

after 1:1 mixing 

(final 

concentration) 

Number of 

points per 

second 

Concentrations 

after 1:1 mixing 

(final 

concentration) 

Number 

of shots 

averaged 

Time 

(s) 

R132Q 

IDH1 

Ex: 340 nm 

Scan emission: 

410 to 460 nm 

50 mM Tris-HCl 

pH 7.5 37 ⁰C, 

150 mM NaCl, 

0.1 mM DTT, 

and 10 mM 

MgCl2 

1000 R132Q IDH1: 30 

μM 

NADP+:  

10 μM 

ICT: 

1mM 

4 1 

WT IDH1 Ex: 340 nm 

Scan emission: 

410 to 460 nm 

50 mM Tris-HCl 

pH 7.5 37⁰C, 

150 mM NaCl, 

0.1 mM DTT, 

and 10 mM 

MgCl2 

1000 WT IDH1: 30μM 

NADP+:  

10 μM 

ICT: 

0.5 mM 

2 0.2 
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4.3.6. Burst kinetics analysis 

Burst kinetic analysis was performed in order to determine if product release is rate-

limiting (k5 and k6 inFigure 2A, and k4 and k5 in Figure 2B) using an RSM-1000 stopped-flow 

spectrophotometer. The burst kinetic assays were performed for the neomorphic reaction at 37 ⁰C. 

NADPH depletion as a function of time was monitored by exciting at 340 nm and scanning the 

emission spectrum from 410 to 460 nm. Burst kinetic assays were performed with R132Q and 

R132H IDH1 for the neomorphic reaction detailed as detailed in Table 4. 

Similar to the neomorphic reaction described above, burst kinetic assays at 37⁰C were 

performed using R132Q and WT IDH1 to assess whether product release is rate limiting in the 

normal reaction (Figure 1A), using an RSM-1000 stopped flow spectrophotometer to monitor 

NADPH concentration over time as a readout of NADPH formation in the normal reaction. Table 

5 summarizes the experimental conditions for the burst pre-steady-state assays for the normal 

Table 4. Neomorphic burst pre-steady-state kinetic assay experimental conditions 

Mutant Excitation and 

emission 

wavelengths 

Buffers 

concentration 

after 1:1 mixing 

Number of 

points per 

second 

Concentrations 

after 1:1 mixing 

Number 

of shots 

averaged 

Time 

(s) 

R132Q 

IDH1 

Ex: 340 nm 

Scan emission: 

410 to 460 nm 

50 mM Tris-HCl 

pH 7.5 37⁰C, 150 

mM NaCl, 0.1 

mM DTT, and 

10 mM MgCl2 

64 R132Q IDH1: 10 

μM 

NADPH:  

50 μM 

αKG: 

1 mM 

1 13 

R132H 

IDH1 

Ex: 340 nm 

Scan emission: 

410 to 460 nm 

50 mM Tris-HCl 

pH 7.5 37⁰C, 150 

mM NaCl, 0.1 

mM DTT, and 

10 mM MgCl2 

64 R132H IDH1: 

10μM 

NADPH:  

50 μM 

αKG: 

20 mM 

1 18 
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reaction. 

 

4.3.7. HDX-MS Experiments 

Hydrogen/deuterium exchange mass spectrometry (HDXMS) was performed to probe 

differences in solvent accessibility upon binding of substrates for both the normal and neomorphic 

reaction. In addition to highlighting substrate binding pockets, such analysis provide evidence of 

conformational change (s). WT IDH1 was analyzed in complex with NADP+, isocitrate, and in 

apo form. R132H IDH1 was analyzed in complexed with NADPH, with αKG and NADPH, and 

with αKG, NADPH and CaCl2. HDX-MS experiments were performed at the University of 

California, San Diego (UCSD) by Dr. Steve Silletti. HDXMS was performed using Waters Synapt 

G2Si equipped with nanoACQUITY Ultra Performed Liquid Chromatography (UPLC) system 

with HDX technology and LEAP autosampler. Individual proteins were purified by size-exclusion 

Table 5. Normal reaction burst pre-steady-state kinetic assay experimental conditions 

Mutant Excitation and 

emission 

wavelengths 

Buffers 

concentration 

after 1:1 mixing 

(final 

concentrations) 

Number of 

points per 

second 

Concentrations 

after 1:1 mixing 

(final 

concentrations) 

Number 

of shots 

averaged 

Time 

(s) 

R132Q 

IDH1 

Ex: 340 nm 

Scan emission: 

410 to 460 nm 

50 mM Tris-HCl 

pH 7.5 37⁰C, 

150 mM NaCl, 

0.1 mM DTT, 

and 10 mM 

MgCl2 

64 R132Q IDH1: 1 

μM 

NADP+:  

10 μM 

ICT: 

1 mM 

1 8 

WT IDH1 Ex: 340 nm 

Scan emission: 

410 to 460 nm 

50 mM Tris-HCl 

pH 7.5 37⁰C, 

150 mM NaCl, 

0.1 mM DTT, 

and 10 mM 

MgCl2 

1000 WT IDH1: 10 

μM 

NADP+:  

50 μM 

ICT: 

1 mM 

1 1 
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chromatography in 50 mM tris pH 7.5 at 4 °C, 100 mM NaCl, and 1 mM DTT immediately prior 

to analysis. The final concentrations of proteins in each sample were 5 μM. For each experiment 

time point, 4 μL complex was equilibrated to 25 ⁰C for 5 min and then mixed with 56 μL of D2O 

(50mM tris pH 7.5 at 4 °C, 100 mM NaCl, and 1 mM DTT) for 0, 0.5, 1, 2, and 5 min. The 

exchange was quenched with an equal volume of quench solution (3M guanidine hydrochloride, 

pH 2.66). 

The quenched sample (50 μL) was injected onto a sample loop, followed by digestion on 

an in-line pepsin column (immobilized pepsin, Pierce, Inc) at 15 ⁰C. The resulting peptides were 

captured on a BEH C18 Vanguard pre-column, and separated by analytical chromatography 

(Acquity UPLC BEH C18, 1.7 μM, 1.0 x 50 mm, Waters Corporation) using 7-85% acetonitrile 

gradient in 0.1% formic acid over 7.5 min, detection was performed with Waters SYNAPT G2Si 

quadrupole time-of-flight mass spectrometer. The mass spectrometer was set to collect data in the 

Mobility, ESI+ mode; with mass acquisition range of 200-2000 (m/z); scan time 0.4 s. Continuous 

lock mass correction was accomplished with infusion of leu-enkaphalin (m/z = 556.277) every 30 

s (mass accuracy of 1 ppm for calibration standard). For peptide identification, the mass 

spectrometer was set to collect data in MSE, ESI + mode instead. 

The peptides were identified from triplicate MSE (MS engine) analyses of 10 μM solution 

protein in (50 mM tris pH 7.5 at 4 °C, 100 mM NaCl, and 1 mM DTT), and data were analyzed 

using PLGS 3.0 (Waters Corporation). Peptide masses were identified using a minimum number 

of 250 ion counts for low energy peptides and 50 ion counts for their fragment ions. The peptides 

identified in PLGS were then analyzed in DynamX 3.0 (Waters Corporation) and deuterium uptake 

was corrected for back-exchange as previously described27 using DECA Software 

(https://github.com/komiveslab/DECA). The relative deuterium uptake for each peptide was 

https://github.com/komiveslab/DECA
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calculated by comparing centroids of mass envelopes of deuterated samples vs. the undeuterated 

controls following previously published methods28. The experiments were performed in triplicate, 

and independent replicates of the triplicate experiment were performed to verify results.  

4.3.8. R132Q Crystallography and Data Collection 

X-ray crystallography was performed with R132Q IDH1 to gain an understanding on key 

structural features that may allow the mutant to perform both reactions. After size exclusion 

chromatography, R132Q IDH1 was concentrated to >14mg/mL. Incubations with ligands were 

performed with final enzyme concentrations ranging from 5 to 10 mg/mL. R132Q IDH1 was 

incubated with 75 mM αKG, 10 mM NADPH, and 10 mM CaCl2 for an hour on ice. R132Q IDH1 

was also incubated with 75 mM isocitrate, 10 mM NADP+, and 10 mM CaCl2 for an hour in ice 

in. Both conditions were performed in buffer containing 20 mM Tris pH 7.5 at 4⁰C and 200 mM 

NaCl. These incubations were placed on microscope slides in drops of 2 to 6 µL using 1:1, 2:2, 

and 3:3 drop ratios of protein:crystallization buffer (100 mM bis-tris propane pH 6.5 at ambient 

temperature, 200 mM sodium iodide, 10 mM TCEP, and PEG 3350 (20-22%) or PEG 20000 (18-

20%)) and allowed to equilibrate via hanging drop vapor diffusion overnight at ambient 

temperature. After 24 h, the trays were moved to 4 oC and the crystals were allowed to grow for 

one week. The crystals were then frozen under 100 mM bis-tris propane pH 6.5 at ambient 

temperature, 200 mM sodium iodide, 10 mM TCEP, PEG 3350 (20-22%) or PEG 20000 (18-20%), 

75 mM ICT/αKG, 10 mM NADP+/NADPH, and 10 mM CaCl2. The crystals were flash-frozen 

under liquid nitrogen. 

X-ray diffraction and data collection were performed remotely at Advanced Photon Source 

(APS) in Chicago, IL and the data was processed using HKL200029. The energy of the beam was 

12663.0eV and a current of 102.2 mAmps. Diffraction data were obtained from crystals containing 
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R132Q IDH1 with neomorphic and normal ligands. Data was obtained for the crystals for 0.5 s 

over 180⁰ in 0.2⁰ increments yielding to a total of 900 images. Due to poor quality data, molecular 

replacement was not performed. 

4.3.9. Kintek Explorer Global Fitting 

Global fitting computer simulations was performed to determine intrinsic rate constants in 

the catalytic cycle (Figure 2) by globally fitting data from 4 experiments simultaneously (NADPH 

binding kinetics and titrations, single turnover experiments, and burst assays). The NADPH 

binding kinetics at 21 ⁰C for R132Q and R132H IDH1 (Figure 3 and 4) as well as the single 

turnover assays to produce D2HG data (Figure 6) were uploaded to the Kintek Global Fitting 

software. The experimentally determined KD of R132H IDH1 with αKG was used to lock together 

the rate of binding and dissociation (k3 and k-3 in Figure 2A, and k2 and k-2 in Figure 2B) since k-

3/k3 = KD, αKG inFigure 2A, and k-2/k2 = KD, αKG in Figure 2B. In total, three models were created: a 

R132H IDH1 catalytic cycle including conformational change step; a more simplistic model of 

R132H IDH1 without conformational change (Figure 2B); and a R132Q IDH1 model similar to 

R132H IDH1 (Figure 2B). Observables were generated to model the change in fluorescence for 

both NADPH binding and the single turnover assay. The data were fit simultaneously for each 

model and a chi2 threshold (determined by number of points per trace, Figure 3, 4, and 6) was 

determined to analyze goodness of fit. Computer simulation using 2D fitspace at the chi2 threshold 

was performed to assess the accuracy of the individual rate constants determined in comparison 

with other rate constants in the catalytic cycle. The global fitting computer simulation was 

performed as shown in Table 6.  
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4.4. Results  

 Measuring the intrinsic rate constant of each step of the catalytic cycle of mutant IDH1 

when performing the neomorphic reaction has not yet been established. Previously, Rendina and 

colleagues described the substrate binding to mutant IDH1 as an ordered sequential reaction for 

Table 6. Global fitting computer simulation parameters 

Mutant Reaction, 

Model 

Experiment Observable equations Observable 

values 

Chi2-

threshold 

used 

 

 

 

R132Q 

IDH1 

 

 

 

αKG→D2HG 

Figure 2B 

NADPH 

binding 

a*(NADPH + 

b*(IDH1NADPH)) 

a 7.98x10-7  

 

 

0.9945 

b 276600 

 

Hydride 

transfer, 

single 

turnover 

conditions 

d*(IDH1NADPH + 

f*(IDH1NADPHaKG)) + 

g*(IDH1NADP + 

IDH1NADPD2HG + 

NADP) 

d 0.210 

f 0.451 

g 0.0336 

 

 

 

 

 

 

 

R132H 

IDH1 

 

 

 

αKG→D2HG 

Figure 2A 

NADPH 

binding 

a*(NADPH + 

b*(IDH1NADPH)) 

a 0.407  

 

 

0.9960 

b 4.50 

Hydride 

transfer, 

single 

turnover 

conditions 

d*(IDH1NADPH + 

f*(IDH1NADPHaKG)) + 

g*(IDH1NADP + 

IDH1NADPD2HG + 

NADP) 

d 0.113 

f 0.508 

g 0.0148 

 

 

 

 

αKG→D2HG 

Figure 2A 

NADPH 

binding 

a*(NADPH + 

b*(IDH1NADPH)) 

a 0.406  

 

 

 

0.998 

b 4.51 

 

 

Hydride 

transfer, 

single 

turnover 

conditions 

d*(IDH1NADPH + 

f*(IDH1NADPHaKG + 

IDH1NADPHaKGc)) + 

g*(IDH1NADP + 

IDH1NADPD2HG + 

NADP) 

d 0.116 

f 0.494 

g 0.0146 
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the neomorphic reaction, where NADPH binds before αKG17. When WT IDH1 catalyzes the 

normal reaction (Figure 1A), the binding mechanism is random sequential, where either isocitrate 

or NADP+ can bind first17. It has been reported both that WT and R132H IDH1 undergo a 

conformational change upon binding isocitrate3, 23. This conformation change consists of the α10 

regulatory domain transitioning from a loop to a helix in order to orient residue D275 towards the 

substrate3, 23. We hypothesized that the mutant IDH1 catalytic cycle for the neomorphic reaction 

would include sequential binding of NADPH followed by αKG, a conformational change to orient 

the substrates for hydride transfer between NADPH and αKG to form D2HG (rate of chemistry) 

as the rate-limiting step of the catalytic cycle (Figure 1A). The reaction would conclude with 

product release (k5 and k6 in Figure 2A, and k4 and k5 in Figure 2B), which we predict to be rapid. 

Understanding the catalytic cycle will highlight key features for the production of D2HG as well 

as providing insights in inhibition mechanism of mutant IDH1. 

 We used methods in steady-state and pre-steady-state kinetics as well as biophysical 

experiments to elucidate rate constants for the proposed catalytic cycle. Rates of NADPH binding 

will be determined using an RSM-stopped flow spectrophotometer (Figure 4) and isothermal 

titration calorimetry. In our experiments, a conformational change could not be measured, perhaps 

due to being spectroscopically silent. Instead, Dr. Steve Silleti performed HDX-MS experiments 

to assess regions of movement upon binding of ICT and αKG, though no rate information could 

be obtained. We also performed two types of pre-steady-state kinetic experiments: a single 

turnover to determine rates associated with product formation and burst assay in order to determine 

if product release is rate-limiting.  
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4.4.1. NADPH Binding Kinetics 

 Rendina and colleagues in 2013 described the mechanism of substrate binding (NADPH 

and αKG) of mutant IDH1 enzymes for the neomorphic reaction17. Here we expanded this study 

to include a comprehensive kinetic evaluation of NADPH binding kinetics of R132H, R132Q, and 

WT IDH1. We used an RSM-stopped flow spectrophotometer to monitor the rate of NADPH 

binding (k1 inFigure 2) since the fluorescence intensity of NADPH increases upon binding to 

enzyme, as previously described17. With an RSM stopped-flow spectrophotometer, two syringes 

are pushed with compress air to rapidly mix each solution as they travel to the reaction cell (Figure 

4). At the reaction cell, a continuous bright light coming from a 150 W Xenon lamp excited the 

NADPH and the light emitted is detected at a 90° angle to increase signal associated to the emission 

(Figure 4). The detector collects data at a rate of 1000 points/s and it is sent to the computer for 

data analysis (Figure 4). The stopped syringe collects the waste coming from the reaction cell 

(Figure 4). Unfortunately, our RSM stopped-flow spectrophotometer had a limit of detection of ≥ 

4 μM (NADPH); therefore, we were not capable of reproducing the exact experimental parameters 

used by Rendina and colleagues17. Due to this issue, we increased the concentrations of enzyme 

and substrate by 10-fold. Since the binding of IDH1 to NADPH is a one-step process, the kobs 

values mathematically equivalent to k1[S] + k-1 (Figures 3F and 4H), and thus there is a linear 

relationship of kobs as a function of NADPH. As our experimental data fit well to this simplest 

model of substrate binding, we have proposed that binding of NADPH to IDH1 is a single step 

process.  



148 

 

  

 

Figure 4. Stopped-flow spectrophotometer diagram. Different solutions are in each syringe and are shot together under 

compressed air. The two solutions mixed diluting by half components in the solution that is present in just one syringe. The 

solutions mixed rapidly and reach the reaction cell under 3 ms. A 150 W Xenon lamp produces light that excites the NADPH 

and the emission is scanned providing 1000 points/s. The stopped syringe collects the waste and it also determines the assay 

volume. The detector collects the data and it is processed by the computer.  

Table 7. NADPH binding kinetic results 

Mutant NADPH binding at ambient 

temperature 

NADPH binding at 10oC 

WT IDH1 N/A k1 >1.7 ± 0.9 μM-1s-1 

k-1 3 ± 4 s-1 

R132Q IDH1 k1 >3.9 ± 0.6 μM-1s-1 k1 >0.9 ± 0.2 μM-1s-1 

k-1 -0.5 ± 4.8 s-1 k-1 3 ± 1 s-1 

R132H IDH1 k1 >1.6 ± 0.1 μM-1s-1 k1 >0.002 ± 0.016 μM-1s-1 

k-1 2 ± 1 s-1 k-1 2.7 ± 0.2 s-1 
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Figure 5. A-E. NADPH binding kinetics at 10 °C for WTIDH1 (red), R132Q IDH1 (blue), and R132H IDH1 (green). The 

change in fluorescence as a function of time was monitored with a stopped-flow spectrophotometer and the temperature was 

kept at 10 °C. The change in fluorescence was fit to a single exponential equation (Y = A0e-kt) and the goodness of fit was 

assessed with residuals. The single exponential equation yielded the kobs for each mutant at each concentration (A-E). F. The 

kobs values were plotted as a function of NADPH concentration yielding a linear progression. The linear relationship of kobs and 

NADPH reveals a one step binding. The slope of the line is equal to kon (k1 in Figure 2) and the koff (k-1 in Figure 2) is represented 

as the Y-intercept of each linear progression. WT IDH1 (red), R132Q IDH1 (blue), and R132H IDH1 (green). A. 4 µM NADPH, 

B. 6 µM NADPH, C. 8 µM NADPH, D. 10 µM NADPH, E. 15 µM NADPH. (Figure continues in next page) 
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4 µM NADPH, B. 6 µM NADPH, C. 8 µM NADPH, D. 10 µM NADPH, E. 15 µM NADPH. (Figure continues in next page) 
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kept at 10 °C. The change in fluorescence was fit to a single exponential equation (Y = A0e-kt) and the goodness of fit was 

assessed with residuals. The single exponential equation yielded the kobs for each mutant at each concentration (A-E). F. The 

kobs values were plotted as a function of NADPH concentration yielding a linear progression. The linear relationship of kobs 

and NADPH reveals a one step binding. The slope of the line is equal to kon (k1 in Figure 2) and the koff (k-1 in Figure 2) is 

represented as the Y-intercept of each linear progression. WT IDH1 (red), R132Q IDH1 (blue), and R132H IDH1 (green). A. 

4 µM NADPH, B. 6 µM NADPH, C. 8 µM NADPH, D. 10 µM NADPH, E. 15 µM NADPH. 
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Figure 6. A-G. NADPH binding kinetics at ambient temperature R132Q IDH1 (blue), and R132H IDH1 (green). The change 

in fluorescence as a function of time was monitored with a stopped-flow spectrophotometer and the temperature was kept at 

10 °C. The change in fluorescence was fit to a single exponential equation (Y = A0e-kt) and the goodness of fit was assessed 

with residuals. The single exponential equation yielded the kobs for each mutant at each concentration (A-G). H. The kobs values 

were plotted as a function of NADPH concentration yielding a linear progression. The linear relationship of kobs and NADPH 

reveals a one-step binding. The slope of the line is equal to kon (k1 in Figure 2) and the koff (k-1 in Figure 2) is represented as 

the Y-intercept of each linear progression. WT IDH1 (red), R132Q IDH1 (blue), and R132H IDH1 (green). A. 4 µM NADPH, 

B. 6 µM NADPH, C. 8 µM NADPH, D. 10 µM NADPH, E. 13 µM NADPH, F. 15 µM NADPH, G. 17 µM NADPH. (Figure 

continues in next page) 
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Figure 6. A-G. NADPH binding kinetics at ambient temperature R132Q IDH1 (blue), and R132H IDH1 (green). The change 

in fluorescence as a function of time was monitored with a stopped-flow spectrophotometer and the temperature was kept at 

10 °C. The change in fluorescence was fit to a single exponential equation (Y = A0e-kt) and the goodness of fit was assessed 

with residuals. The single exponential equation yielded the kobs for each mutant at each concentration (A-G). H. The kobs values 

were plotted as a function of NADPH concentration yielding a linear progression. The linear relationship of kobs and NADPH 

reveals a one-step binding. The slope of the line is equal to kon (k1 in Figure 2) and the koff (k-1 in Figure 2) is represented as the 

Y-intercept of each linear progression. WT IDH1 (red), R132Q IDH1 (blue), and R132H IDH1 (green). A. 4 µM NADPH, B. 

6 µM NADPH, C. 8 µM NADPH, D. 10 µM NADPH, E. 13 µM NADPH, F. 15 µM NADPH, G. 17 µM NADPH. (Figure 

continues in next page) 



154 

 

  

 

Figure 6. A-G. NADPH binding kinetics at ambient temperature R132Q IDH1 (blue), and R132H IDH1 (green). The change 

in fluorescence as a function of time was monitored with a stopped-flow spectrophotometer and the temperature was kept at 

10 °C. The change in fluorescence was fit to a single exponential equation (Y = A0e-kt) and the goodness of fit was assessed 

with residuals. The single exponential equation yielded the kobs for each mutant at each concentration (A-G). H. The kobs values 
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in fluorescence as a function of time was monitored with a stopped-flow spectrophotometer and the temperature was kept at 

10 °C. The change in fluorescence was fit to a single exponential equation (Y = A0e-kt) and the goodness of fit was assessed 

with residuals. The single exponential equation yielded the kobs for each mutant at each concentration (A-G). H. The kobs values 
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The concentrations of NADPH we used (> 4 µM) to allow detection of NADPH binding 

to IDH1 led to rates that were faster than the dead-time of the instrument (3 ms). Thus, the stopped-

flow spectrophotometer was not able to detect the binding of NADPH to IDH1, under these 

conditions. To slow NADPH binding to allow us to report a rate of > X s-1, we added 20% and 

40% glycerol to NADPH binding assays with R132H and R132Q IDH1, respectively. These traces 

were used for global fitting to obtain rates associated with NADPH binding (Figure 6, Table 1) 

using simulations, without assuming a simple model for substrate binding. The change in 

fluorescence was also faster than the deadtime of the stopped-flow spectrophotometer for WT 

IDH1 at the same glycerol concentration used with R132Q IDH1 (Table1), so the temperature was 

decreased to 10oC to further slowdown the binding of NADPH for easier detection. To allow direct 

comparison, NADPH binding kinetics of R132H and R132Q IDH1 were also analyzed using the 

same conditions as WT (Figure 5, Table 1). WT IDH1 had the fastest on rate of NADPH binding, 

k1, followed by R132Q, and finally R132H IDH1 (1.73, 0.92, and 0.0018 μM-1s-1, respectively) 

(Figure 5F). Due to the high concentrations of NADPH, the error of the value of the Y-intercept 

(k-1) was too large to be determined via binding kinetics (Table 7). Therefore, we performed 

isothermal calorimetry assays to obtain a KD value, allowing us to solve for the k-1 rates for each 

mutant.  

4.4.2. Isothermal Calorimetry Shows High Affinity of NADPH for WT and Mutant  

Previous work has shown that NADPH binds tightly to IDH1, with KD values ranging from 

the mid nM to low µM range17. Due to low sensitivity with the stopped-flow spectrophotometer, 

Dr. Andrey Bobkov designed isothermal titration calorimetry (ITC) assays to measure the binding 

affinity of each mutant and WT IDH1 for NADPH to aid in calculating k-1 values. During an ITC 

experiment, a ligand is titrated an analyte (IDH1) and the heat released is measured (Figure 7 top 
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panel). As the analyte is saturated with ligand, the heat released decreases until the enzyme is 

completely saturated, thus no heat is release, yielding a sigmoidal curve (Figure 7 bottom panel). 

NADPH was titrated to against R132H and R132Q IDH1, resulting in KD values were 60 nM for 

both mutants (Table 8). However, the lack of points in the linear portion of the sigmoidal curve 

may indicate infinitely tight binding for both mutants (Figure 7A and B). Due to this very high 

affinity, it is difficult to calculate with accuracy the k-1 values for both R132H and R132Q IDH1. 

NADPH was also titrated to WT IDH1, yielding a KD value of 300 nM, which was significantly 

higher than the mutants (Table 8). Due to temperature difference in both the NADPH binding 

kinetics of WT IDH1 and the ITC experiments on the same enzyme, it is not possible to accurately 

calculate a k-1 for WT IDH1 and NADPH.  

The stoichiometry and thermodynamics of binding can also be determined by ITC 

experiments. ITC experiments showed 1:1 stoichiometry of NADPH to WT, R132H, and R132Q 

IDH1 in this study (Table 8). The ΔHbinding of NADPH with R132Q IDH1 was the highest, 

followed by WT, and R132H IDH1 (Table 8). The temperature related entropy (-TΔS) of R132Q 

IDH1 was also the highest, followed by WT, and R132H IDH1 (Table 8), indicating that binding 

of NADPH to IDH1 is not entropically favored. The calculated ΔG values for R132H and R132Q 

IDH1, and WT IDH1 indicated that the binding of NADPH is driven by ΔHbinding. (Table 8).  
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Figure 7. A-C. NADPH binding affinity (KD) determination using ITC experiments for A. R132H IDH1, B. R132Q IDH1, 

and C. WT IDH1. In all cases, the top panel is the raw data as the heat generated as more NADPH is titrated, and the bottom 

panel shows the area under the curve results fit to a sigmoidal equation. As more NADPH is added, the enzyme is saturated, 

and the heat generated is less. At the inflection point of the linear portion in the sigmoidal curve represents the stoichiometry 

of binding. R132H and R132Q IDH1 show a lack of point in the linear part of the sigmoidal curve, representing infinitely tight 

binding of NADPH. (Figure continues in next page) 



159 
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panel shows the area under the curve results fit to a sigmoidal equation. As more NADPH is added, the enzyme is saturated, 

and the heat generated is less. At the inflection point of the linear portion in the sigmoidal curve represents the stoichiometry 

of binding. R132H and R132Q IDH1 show a lack of point in the linear part of the sigmoidal curve, representing infinitely tight 

binding of NADPH. (Figure continues in next page) 
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and C. WT IDH1. In all cases, the top panel is the raw data as the heat generated as more NADPH is titrated, and the bottom 

panel shows the area under the curve results fit to a sigmoidal equation. As more NADPH is added, the enzyme is saturated, 

and the heat generated is less. At the inflection point of the linear portion in the sigmoidal curve represents the stoichiometry 

of binding. R132H and R132Q IDH1 show a lack of point in the linear part of the sigmoidal curve, representing infinitely tight 

binding of NADPH 
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4.4.3. HDX analysis for conformational change 

 We used a stopped-flow spectrophotometer to assess enzyme dynamics upon binding of 

substrate by using intrinsic protein fluorescence. Tryptophan and tyrosine are spectroscopically 

active at 280 nm and emitting light at 340 nm. The experiments were rapidly mixing IDH1 with 

αKG or isocitrate, using Ca2+ to prevent turnover, and monitor intrinsic protein fluorescence as a 

function of time. Previously, it was described that the conformational change upon binding of 

isocitrate to IDH1 happened at the regulatory domain as it folds from a loop to an α-helix3, 23. 

Unfortunately, this region of the enzyme is spectroscopically silent. We tried attaching 

Table 8. Stoichiometry and thermodynamic results from ITC experiments 

Mutant Substrate Stoichiometry 

(N) 

ΔHbinding 

(kcal/mol) 

-TΔS 

(kcal/mol) 

ΔG 

(kcal/mol) 

(calculated) 

KD 

(Experimental) 

(µM) 

KD 

(Simulated) 

(µM) 

WT 

IDH1 

NADPH 0.88 ± 0.05 -13.8 ± 

0.7 

5.0 ± 0.5 -8.8 0.3 ± 0.1 ND 

ICT 1.4 ± 0.1 -4.3 ± 0.1 -2.80 ± 

0.05 

-7.2 5.8 ± 0.9 ND 

 

R132Q 

IDH1 

NADPH 0.98 ± 0.04 -17.5 ± 

0.2 

7.7 ± 0.3 -9.8 0.06 ± 0.01 < 0.060 

ICT 1 (fixed) -1.57 ± 

0.04 

-2.5 ± 0.1 -4.07 1000 ± 300 ND 

αKG 3.9 ± 0.6 -1.00 ± 

0.06 

-6.0 ± 0.2 -7.0 8 ± 2 41.0 (19.0 – 

80.2) 

simulated 

 

R132H 

IDH1 

NADPH 0.99 ± 0.04 -11.3 ± 

0.2 

1.5 ± 0.1 -9.8 0.06 ± 0.01 0.407 

(0.142 – 

0.642) 

ICT ND ND ND ND ND ND 

αKG 1 (fixed) 0.33 -4.69 -4.36 621 621 

 ND- Not Determined 
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fluorophores and perform the conformational change experiments but a change in fluorescence as 

a function of time was detected either. A possible way of detecting changes in fluorescence from 

IDH1 upon binding of substrates is by creating FRET pairings. However, this would be difficult 

since each fluorophore would have to be at the right distance to allow FRET to happen. Therefore, 

to have evidence of protein dynamics, we decided to use HDX-MS. Unfortunately, this 

methodology would not allow us to directly measure any intrinsic rate of conformational change. 

HDX-MS is a powerful biochemical and analytical tool to find regions in the protein that 

are solvent accessible. Proteins are solvent exchanged with buffers that contain D2O instead of 

normal water. The hydrogen-deuterium exchange happens between the hydrogen in the peptide 

bond and the deuterium from the solvent (Figure 8). Then, proteins are digested using pepsin and 

loaded to a UPLC to separate the fragments and then to a mass spectrometer (MS) to find the 

molecular weight of each digested peptide (Figure 8). It is powerful to determine protein-protein 

interactions since when two different proteins bind, the binding region it is not solvent accessible, 

so the protein will not be able to exchange hydrogens with deuterium from. In our experiments, 

we used HDX-MS to find regions in the enzyme that changes in deuterium uptake upon binding 

of substrates.  

Since kinetic evidence for a conformational change was not observed upon binding of αKG 

to R132H IDH1, HDX-MS was performed to probe protein dynamics related to binding of 

substrate. Additionally, HDX experiments were also done on WT IDH1 to use as a comparison to 

R132H IDH1. Previous work described a folding of the α10 regulatory domain (N271-G285, 

Figure 9) upon binding isocitrate in the transition from an open inactive to a closed active 

conformation3, 23. The residues in α10 regulatory domain appear to be solvent exposed, so when 

this domain is in the unfolded loop conformation, we predict this domain would be more dynamic 
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and solvent exposed and thus have a higher uptake of deuterium. On the other hand, upon folding 

of this domain into a helix, we predict the residues would be less dynamic and less solvent exposed, 

thus, yielding a lower uptake of deuterium. We focused on α10 helix peptides in both WT and 

R132H IDH1. The best three resolved peptides from each system were used for analysis.  
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Table 9. HDX-MS results for three peptides in the α10 regulatory domain in WT and R132H IDH1 

Mutant Peptide System Max 

Possible 

Uptake 

(Da) 

Average 

Uptake After 

5 min 

Exposure 

(Da) 

% Uptake 

 

 

 

 

WT IDH1 

 

Residue 266-

291a 

APO 25 14 56.0 

NADP+ 25 13.2 52.8 

Isocitrate 25 2.7 10.9 

 

Residue 268-

291b 

APO 23 13.6 59.1 

NADP+ 23 13.2 57.4 

Isocitrate 23 2.5 10.9 

 

Residue 279-

288c 

APO 9 6.15 68.3 

NADP+ 9 6.10 67.8 

Isocitrate 9 2.3 25.6 

 

 

 

 

 

R132H IDH1 

 

Residue 268-

278d 

APO 10 5.4 54.0 

NADPH 10 5.1 51.0 

NADPH + αKG 10 5.2 52.0 

NADPH + αKG + Ca2+ 10 5.0 50.0 

 

Residue 268-

291e 

APO 23 13.2 57.4 

NADPH 23 12.0 52.2 

NADPH + αKG 23 11.1 48.3 

NADPH + αKG + Ca2+ 23 11.4 49.6 

 

Residue 279-

288f 

APO 9 5.9 65.6 

NADPH 9 5.8 64.4 

NADPH + αKG 9 5.5 61.1 

NADPH + αKG + Ca2+ 9 5.3 58.9 

a. IWACKNYDGDVQSDSVAQGYGSLGMM 

b. ACKNYDGDVQSDSVAQGYGSLGMM 

c. DSVAQGYGSL 

d. ACKNYDGDVQS 

e. ACKNYDGDVQSDSVAQGYGSLGMM 

f. DSVAQGYGSL 
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WT IDH1 was analyzed using HDX-MS in the apo form, in complex with NADP+, and in 

complex with isocitrate. Three peptides were analyzed in the region of the α10 regulatory domain 

(Table 9). The maximum allowed deuterium uptake is equal to the number of residues in the 

peptide that is analyzed (Figure 10, Table 9). All three peptides from WT IDH1 showed half uptake 

whenever isocitrate was not bound (Figure 10 A-C, Table 9). However, once isocitrate was bound, 

HDX-MS analysis revealed a significant decrease of deuterium uptake (Figure 10 A-C, Table 9) 

in all three peptides. This means a less dynamic α10 regulatory domain as predicted. These results 

support previous findings of the transition of the loop conformation to the folded helical 

conformation (Figure 9)3, 23. HDX-MS analysis was also used to determine dynamics at the α10 

regulatory domain.  

 For R132H IDH1, HDX-MS analysis was performed in the apo form, in complex with 

NADPH, in complex with NADPH and αKG, and in complex with NADPH with αKG and Ca2+. 

Due to the binding mechanism of mutant IDH1 when performing the neomorphic reaction, 

NADPH had to be in complex with IDH1 in order to have αKG bound. Moreover, Ca2+ was added 

to prevent turnover of αKG to D2HG. Similar to WT IDH1, three peptides in the α10 regulatory 

domain were analyzed (Table 9). The average deuterium uptake in all peptides was similar to WT 

IDH1 (Table 9). These results suggest that R132H IDH1 shows the loop conformation seen on WT 

IDH1. Interestingly, upon binding of αKG, none of the peptides showed a significant change in 

deuterium uptake as seen when WT IDH1 in complex with isocitrate (Figure 10 D-F, Table 9). 

These results suggest that the α10 regulatory domain remains unfolded upon binding of αKG.  
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Figure 8. HDX-MS workflow. Pure IDH1 is solvent exchanged with buffer containing D2O and allow to equilibrate for a 

certain amount of time. The amide hydrogens in the peptide bonds are rapidly exchange with the deuterium from the solvent 

as long as that peptide bond is solvent accessible. The enzyme is digested with pepsin and loaded to an UPLC for peptide 

separation. Subsequently, each separated peptide is loaded to a mass-spectrometer to assess the molecular weight for each 

peptide so they can be identified. DnamX 3.0 is the software used to analyze the data and assess the uptake of deuterium of 

each peptide in IDH1. 



167 

 

 

 

Figure 9. A. Crystal structure of WT IDH1 (1T0L3) showing a dimeric enzyme in complexed with NADP+, isocitrate and Ca2+. 

B. A closed up view of the dimer interface showing the α10 regulatory domain in its folded structure. The α10 regulatory 

domain is at the dimer interface of the enzyme. D275 is highlighted as the residue that coordinates with R132 in the apo form 

of WT IDH1. This interaction allows for the pre-binding state that then follows to the closed conformation upon binding of 

isocitrate, folding the α10 regulatory domain into a helix. 
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Figure 10. A-C. HDX-MS data analysis for three peptides in the α10 regulatory domain of WT IDH1 in apo (red), bound to 

NADP+ (green), and bound to isocitrate (blue). The Y-axis represents the maximum uptake of deuterium given by the size of 

the number of amino acids in the peptide (A-F). A large difference between apo (red) and isocitrate bound (blue) WT IDH1 

suggests a loss of flexibility in the α10 regulatory domain attributed to folding of it (Figure 9). D-F. HDX-MS data analysis for 

three peptides in the α10 regulatory domain of R132H IDH1 in apo (red), bound to NADPH (purple), bound to NADPH and 

αKG (green), and bound to NADPH, αKG, and Ca2+ (blue). HDX-MS data analysis of the three peptides in the region revealed 

a small change in deuterium uptake between apo (red) and both substrates bound (green and blue). Although there is a slight 

decrease in uptake upon substrate binding, these results suggest that the α10 regulatory domain remains flexible.  
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4.4.4. ITC to Determine KD Values for αKG and Isocitrate Binding to IDH1 

Obtaining binding affinity for αKG and ICT for each mutant would provide important 

mechanistic information for the normal and neomorphic reactions. Since binding of αKG and ICT 

were spectroscopically silent, using stopped-flow fluorescence to measure NADPH binding, was 

not possible. Therefore, ITC was used to determine the binding equilibrium of αKG and ICT for 

R132H, R132Q, and WT IDH1. Since NADPH binds before αKG in the neomorphic reaction, 

R132Q and R132H IDH1 were pre-incubated with NADPH before ITC analysis. αKG was titrated 

to R132Q IDH1 bound to NADPH and the KD value for αKG binding to R132Q IDH1 was 8 μM 

(Table 8). Since both heat being released and absorbed was observed (Figure 11A), this suggested 

that the heat detected was associated to multiple factors and not only to αKG binding to R132Q 

IDH1, thus the KD and stoichiometry of R132Q IDH with αKG are not accurate (Figure 9A, Table 

11). αKG was also titrated to R132H IDH1 bound to NADPH yielding a KD of αKG binding of 

621 μM and a stoichiometry of 1 (Figure 11D, Table 8). The ΔHbinding of αKG to R132H IDH1 was 

endothermic and the -TΔS was favorable enough to yield a negative ΔG (Table 8). Unlike NADPH 

binding for R132H IDH1, the favorable ΔG is driven by entropy rather than enthalpy. 
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Figure 11. A-E. Isocitrate and αKG binding affinity (KD) determined for R132Q IDH1 (A-B), R132H IDH1 (C-D), and WT 

IDH1 (E). Similar to the NADPH binding titrations (Figure 7), the heat generated, or absorbed, by the titration of either 

isocitrate or αKG is monitored. The top panel represents the raw heat data and the bottom panel shows the area under the curve. 

At the inflection point of the linear portion in the sigmoidal curve represents the stoichiometry of binding. A. αKG titrated to 

R132Q IDH1. B. Isocitrate titrated to R132Q IDH1. C. Isocitrate titrated to R132H IDH1. D. αKG titrated to R132H IDH1. 

E. Isocitrate titrated to WT IDH1. (Figure continues in next page) 
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Figure 11. A-E. Isocitrate and αKG binding affinity (KD) determined for R132Q IDH1 (A-B), R132H IDH1 (C-D), and WT 
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isocitrate or αKG is monitored. The top panel represents the raw heat data and the bottom panel shows the area under the curve. 

At the inflection point of the linear portion in the sigmoidal curve represents the stoichiometry of binding. A. αKG titrated to 

R132Q IDH1. B. Isocitrate titrated to R132Q IDH1. C. Isocitrate titrated to R132H IDH1. D. αKG titrated to R132H IDH1. 

E. Isocitrate titrated to WT IDH1. (Figure continues in next page) 
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Figure 11. A-E. Isocitrate and αKG binding affinity (KD) determined for R132Q IDH1 (A-B), R132H IDH1 (C-D), and WT 

IDH1 (E). Similar to the NADPH binding titrations (Figure 7), the heat generated, or absorbed, by the titration of either 

isocitrate or αKG is monitored. The top panel represents the raw heat data and the bottom panel shows the area under the curve. 

At the inflection point of the linear portion in the sigmoidal curve represents the stoichiometry of binding. A. αKG titrated to 

R132Q IDH1. B. Isocitrate titrated to R132Q IDH1. C. Isocitrate titrated to R132H IDH1. D. αKG titrated to R132H IDH1. 

E. Isocitrate titrated to WT IDH1. (Figure continues in next page) 
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Figure 11. A-E. Isocitrate and αKG binding affinity (KD) determined for R132Q IDH1 (A-B), R132H IDH1 (C-D), and WT 

IDH1 (E). Similar to the NADPH binding titrations (Figure 7), the heat generated, or absorbed, by the titration of either 

isocitrate or αKG is monitored. The top panel represents the raw heat data and the bottom panel shows the area under the 

curve. At the inflection point of the linear portion in the sigmoidal curve represents the stoichiometry of binding. A. αKG 

titrated to R132Q IDH1. B. Isocitrate titrated to R132Q IDH1. C. Isocitrate titrated to R132H IDH1. D. αKG titrated to R132H 

IDH1. E. Isocitrate titrated to WT IDH1. (Figure continues in next page) 
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Figure 11. A-E. Isocitrate and αKG binding affinity (KD) determined for R132Q IDH1 (A-B), R132H IDH1 (C-D), and WT 

IDH1 (E). Similar to the NADPH binding titrations (Figure 7), the heat generated, or absorbed, by the titration of either 

isocitrate or αKG is monitored. The top panel represents the raw heat data and the bottom panel shows the area under the curve. 

At the inflection point of the linear portion in the sigmoidal curve represents the stoichiometry of binding. A. αKG titrated to 

R132Q IDH1. B. Isocitrate titrated to R132Q IDH1. C. Isocitrate titrated to R132H IDH1. D. αKG titrated to R132H IDH1. 

E. Isocitrate titrated to WT IDH1 
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The binding affinity of R132Q, R132H, and WT IDH1 with isocitrate was also assessed. 

Isocitrate was titrated to each enzyme and the KD value of R132Q IDH1 binding to isocitrate was 

170-fold higher than WT IDH1 (Table 8). The stoichiometry of WT IDH1 binding to isocitrate 

was of 1:1.4 (IDH1 monomer:isocitrate) (Table 8). This could be due to the isocitrate solution 

containing the inactive L-enantiomer for IDH1. Therefore, more isocitrate solution is needed to be 

titrated to the analyte to reach the equivalence point, yielding a higher stoichiometry factor. The 

ΔHbinding and the -TΔS were both negative thus yielding a favorable ΔG (Table 8). Unlike R132H 

binding to αKG, both enthalpy and entropy drive a favorable ΔG. R132Q IDH1 showed very weak 

binding to isocitrate. To calculate the stoichiometry of 1 of R132Q IDH1 to isocitrate binding, the 

fit was extrapolated to complete the sigmoidal curve. Relative to WT IDH1 binding to isocitrate, 

the ΔHbinding of R132Q was 2.7-fold lower, but the -TΔS was comparable to WT IDH1 (Table 8). 

The calculated ΔG of R132Q binding to isocitrate was 1.8-fold lower relative to WT IDH1 (Table 

8). Similar to WT IDH1, a favorable ΔG of binding of isocitrate to R132Q is driven by both 

enthalpy and entropy. Isocitrate was also titrated to R132H IDH1, though no binding was observed 

indicating a KD of ≤ 5mM (Table 11). Yang and colleagues also used ITC to obtain the KD of 

R132H IDH1 to isocitrate, though they did not observe any binding as well23. They concluded that 

R132H IDH1 does not bind to isocitrate since it does not have a pre-binding conformation, required 

for binding of isocitrate23.  

4.4.5. Single turnover assays to assess rate of hydride transfer. 

During a single turnover experiment, enzyme is in excess of at least one substrate to avoid 

multiple turnovers. Here, product formation is monitored in a single turnover experiment. The 

observed rate, the kobs, represents the binding of αKG, conformational change(s), and hydride 

transfer (Figure 2). To describe reaction mechanisms with individual rate constants, pre-steady-
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state kinetic experiments need to be designed in such a way where reactions are prevented from 

moving forward, or the reaction species monitored reports on as few steps as possible. Often, 

experiments may not be designed in such a way where individual steps are isolated or measured, 

and in this case, observed rates (kobs) will report on multiple steps. To remove the rate of binding 

of NADPH to IDH1, we pre-incubated R132H and R132Q IDH1 with NADPH, and then rapidly 

mixed this incubation with αKG to measure kobs of a single turnover of the neomorphic reaction 

(Figure 1B). To measure the kobs of a single turnover of the normal reaction, R132Q and WT IDH1 

were first pre-incubated with NADP+ to allow binding of this substrate to come to equilibrium. 

The same strategy was used to allow binding of NADPH to R132H and R132Q IDH1 to come to 

equilibrium when monitoring the neomorphic reaction. In the normal forward reaction (Figure 

1A), enzyme (WT or R132Q IDH1) in binding equilibrium with NADP+ was rapidly mixed using 

a stopped-flow spectrophotometer with isocitrate and Mg2+, and the fluorescence signal 

corresponding to NADPH was monitored (Figure 12). Likewise, enzyme (R132Q and R132H 

IDH1) pre-bound to NADPH was rapidly mixed with αKG and Mg2+, and the change in signal 

corresponding to NADPH depletion (Figure 12). We hypothesized that hydride transfer was the 

rate limiting step based on previous work on E.coli IDH124, 25. Thus, we expect that fitting our 

observed single exponential increase of NADPH formation yield a kobs value similar to our 

previously reported value of the maximal rate of steady-state formation of αKG, or kcat of 4.7 and 

1.5 s-1 for R132Q and R132H IDH1 respectively4, 16
 (Table 10). For the neomorphic reaction, the 

kobs values from the single exponential fit of the NADPH depletion should be similar to the 

maximal rate of steady-state formation of D2HG, or kcat values of 9.2 and 40 s-1 for R132Q and 

WT IDH14, 16, respectively (Table 10). 
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Figure 12. Single turnover experiments using a stopped-flow spectrophotometer. A. Single turnover experiment of R132Q 

IDH1 catalyzing the reduction of αKG to D2HG. B. Single turnover experiment of R132Q IDH1 catalyzing the oxidative 

decarboxylation of isocitrate to αKG. C. Single turnover experiment of R132H IDH1 catalyzing the reduction of αKG to 

D2HG. D. Single turnover of WT IDH1 catalyzing the oxidative decarboxylation of isocitrate to αKG. In all cases, NADPH 

(either depletion as in A and C, or formation as in B and D) is monitored as a function of time. A single exponential equation 

(Y = A0e-kt) was fit to each experiment and residuals were obtained to assess goodness of fit. The kobs values for each experiment 

matched our previously published kcat values, suggesting hydride transfer as the rate limiting step of the catalytic cycle.(Figure 

continues in next page) 
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Figure 12. Single turnover experiments using a stopped-flow spectrophotometer. A. Single turnover experiment of R132Q 

IDH1 catalyzing the reduction of αKG to D2HG. B. Single turnover experiment of R132Q IDH1 catalyzing the oxidative 

decarboxylation of isocitrate to αKG. C. Single turnover experiment of R132H IDH1 catalyzing the reduction of αKG to 

D2HG. D. Single turnover of WT IDH1 catalyzing the oxidative decarboxylation of isocitrate to αKG. In all cases, NADPH 

(either depletion as in A and C, or formation as in B and D) is monitored as a function of time. A single exponential equation 

(Y = A0e-kt) was fit to each experiment and residuals were obtained to assess goodness of fit. The kobs values for each experiment 

matched our previously published kcat values, suggesting hydride transfer as the rate limiting step of the catalytic cycle. 
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R132Q IDH1 showed a kchem, αKG (rate of hydride transfer for the neomorphic reaction) that 

was 1.4-fold lower than the kcat value that we reported previously4, 16 (Table 10). R132H IDH1 also 

showed a 1.5-fold lowered kchem, αKG compared to the reported kcat
16

 (Table 10). However, high 

concentrations of αKG were needed to reduce the initial lag phase, that is likely linked to slow 

binding of the substrate to the enzyme. The single turnover rate (kchem, ICT) of the conversion of 

isocitrate to αKG by WT IDH1 was 58 s-1 (Table 10), which was 1.5-fold higher than the kcat
16. 

The measure kchem, ICT of R132Q IDH1 for the normal reaction was 2-fold lower than the kcat 

associated with the normal reaction of R132Q IDH14 (Table 10). These rates are in close agreement 

with our previously published kcat values4, 16, supporting our hypothesis that the rate-limiting step 

of the catalytic cycle is hydride transfer for WT and all mutant variants studied.  

4.4.6. Burst kinetics analysis of IDH1  

 In order to ensure a step after chemistry (for example, product release) is not rate limiting, 

we performed a burst kinetics pre-steady-state assay. When performing burst kinetic assays, excess 

substrate (about 5-fold higher) relative to enzyme is used to determine a single turnover phase 

(pre-steady state) followed by a multiple turnover phase (steady state) as observed on a plot of 

product formation versus time (Figure 13). This occurs only if the rate limiting step of the catalytic 

cycle occurs after chemistry. If the enzyme “bursts,” the data are fitted to a biphasic equation that 

has single exponential followed by a linear phase (Y = Ae-kt + mx +c, Figure 7). The single 

Table 10. Single turnover experiment fitting results. 

Mutant kchem, ICT (s-1) kchem, αKG (s-1) 

WT IDH1 58 ± 10 ND 

R132Q IDH1 4.9 ± 0.2 3.27 ± 0.06 

R132H IDH1 ND 1.01 ± 0.01 

ND- Not Determined 

 



180 

 

exponential corresponds to the pre-steady state portion of the experiment and the linear phase 

describes the steady-state rate (Figure 13).  

In order to assess if a step after chemistry is rate limiting, we again used a stopped-flow 

spectrophotometer to monitor the formation (normal forward reaction) or depletion of NADPH 

(neomorphic reaction). The reactions were monitored for longer time points in order to observe 

multiple turn overs. R132Q and R132H IDH1 were incubated with 5-fold higher concentration of 

NADPH relative to enzyme concentration. For the neomorphic reaction, R132Q and R132H IDH1 

were pre-incubated with NADPH to reach binding equilibrium, and this incubation was rapidly 

mixed with and the NADPH depletion was monitored. The depletion of NADPH did not show 

evidence of burst kinetics (a single exponential followed by a linear phase) for both mutants 

(Figure 14), instead, a steady-state reaction was observed. These results indicate that product 

release is the rate-limiting for the neomorphic reaction.  

For the normal forward reaction, R132Q and WT IDH1 were incubated with 5-fold higher 

concentration of NADP+ relative to enzyme concentration. R132Q and WT IDH1 were pre-

incubated with NADP+ to reach binding equilibrium, and they were rapidly mixed with isocitrate 

and Mg2+ using a stopped-flow spectrophotometer, and the signal changed associated with 

NADPH formation was monitored. Similar to the neomorphic reaction, the formation of NADPH 

did not show evidence of burst kinetics (Figure 14), and instead a steady-state-state reaction was 

observed. This again suggests that for the normal forward reaction, product release is not rate-

limiting. 
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Figure 13. An example of a burst kinetic assay results. Under burst conditions, a slight excess of substrate is added to enzyme 

to allow for multiple turnovers. The short time points for each experiment allow us to identify the pre-steady state portion (as 

a single exponential) and the steady-state portion (as a linear phase). The biphasic nature of this graph is associated as the rate-

limiting step happens after chemistry.  
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Figure 14. Burst kinetic assays for each mutant studied using a stopped-flow spectrophotometer. A and D. NADPH depletion 

was monitored as a function of time. B and C. NADPH formation was monitored as a function of time. In all cases, a burst 

behavior was not observed as any of the mutant forms studied show a biphasic profile. These results confirm that hydride 

transfer is the rate-limiting step for both the normal and the neomorphic reaction. A. R132Q IDH1 catalyzing the neomorphic 

reaction. B. R132Q IDH1 catalyzing the normal reaction. C. WT IDH1 catalyzing the normal reaction. D. R132H IDH1 

catalyzing the neomorphic reaction. 
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4.4.7. Global Fitting Software to Determine Intrinsic Rate Constants in the Catalytic 

Cycle of the Neomorphic Reaction 

 The proposed catalytic cycle of mutant IDH1 catalyzing the neomorphic reaction consists 

of ordered binding mechanism of NADPH followed by αKG17, a conformational change3, 23, 

chemistry (hydride transfer), and product release (Figure 2A). Experiments were designed to 

elucidate rate constants for as many steps as possible and to have kinetic evidence that each step 

is occurring in the catalytic cycle. Usually, enzymologists use mathematical functions (analytical 

fitting), such as a single exponential equation, to describe a pattern observed in an experiment. The 

downside of analytical fitting is that simplifying assumptions are made, and it is not possible to fit 

simultaneously multiple kinetic experiments that monitor different steps in the cycle. Kintek 

Explorer Global Fitting Software uses computer simulations30, 31 to fit globally experimental data 

from different steps in the catalytic cycle to predict individual rate constants. Moreover, with 

computer simulations, it is not necessary to perform simplifying assumptions and mathematical 

functions are not required. Kintek Global Fitting Software performs 2D Fitspace analysis (Figure 

15). It consists in comparing the boundaries for each rate constant with each other, providing a 

more accurate and precise solutions for each rate constant value. With the help of our pre-steady 

state kinetic and ITC experiments, we were able to create two possible models for the catalytic 

cycle of mutant IDH1 catalyzing D2HG production.  

The first model is more complex, including a conformational change (Figure 2A), while 

the second-simpler model, omits this conformational change since we could not measure this step 

experimentally (Figure 2B). The models were used to fit data describing R132H IDH1 catalysis 

and for R132Q IDH1. In the case of R132Q IDH1, only the simpler model was reported because 
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an accurate KD could not be obtained (Table 8), precluding us from constraining the rates of 

binding and dissociation of αKG.  

R132H and R132Q IDH1 were modeled as shown inFigure 2B. The NADPH binding 

kinetics experiments performed at ambient temperature for R132Q and R132H IDH1 were used 

for global fitting. The k1 (kon for NADPH binding) for R132Q IDH1 was 2.8-fold greater than 

Table 11. Global fitting results 

Mutant Kinetic Parameters Lower Boundary Upper Boundary 

 

 

 

 

R132Q IDH1 

k1 5.77 μM-1s-1 5.34 6.35 

k-1 <0.345 s-1 ND ND 

k2 0.775 μM-1s-1 0.620 1.07 

k-2 31.8 s-1 20.4 49.7 

k3 (kchem, 

αKG) 

3.57 s-1 3.21 3.93 

k-3 0 s-1 ND ND 

k4 100 s-1 ND ND 

k-4 0 μM-1s-1 ND ND 

k5 100 s-1 ND ND 

k-5 0 μM-1s-1 ND ND 

 

 

 

 

R132H IDH1 

k1 2.08 μM-1s-1 2.01 2.19 

k-1 0.846 s-1 0.312 1.29 

k2 0.00472 μM-1s-1 0.00241 0.00737 

k-2 2.93 s-1 ND ND 

k3 (kchem, 

αKG) 

1.05 s-1 0.974 1.13 

k-3 0 s-1 ND ND 

k4 100 s-1 ND ND 

k-4 0 μM-1s-1 ND ND 

k5 100 s-1 ND ND 

k-5 0 μM-1s-1 ND ND 

ND-Not Determined 
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R132H IDH1 (Table 11). Well constrain k1 values for these rates as indicated by Fitspace editor 

suggests high confidence for this rate constant for both mutants (Table 11). In particular, the high 

quality data of NADPH binding kinetic experiments for R132H IDH1 allowed for a highly 

constrain k-1 (koff for NADPH) value that was narrowly bounded (Table 12). However, R132Q 

IDH1 had lower quality NADPH binding kinetic data, thus, only an upper limit was reported 

(Table 11). However, the k-1 rate for NADPH binding to R132Q IDH1 was at least 2.5-fold lower 

than R132H IDH1. These simulation results suggest higher affinity of NADPH for R132Q than 

R132H IDH1 (Table 11). Moreover, the NADPH binding kinetic experiments for R132Q IDH1 

had higher concentration of glycerol (Table 11), and thus, the NADPH binding likely favors 

R132Q over R132H IDH1 to a higher degree than shown here.  

 The rates of binding of R132Q and R132H IDH1 to αKG were modeled (Figure 2B). The 

rate of binding of αKG (k2) to R132Q IDH1 was 160-fold faster than R132H IDH1 (Table 11). 

The k2 values were well constrained for both mutants (Table 11). Since the KD of αKG binding to 

R132H IDH1 was measured (Table 11), the k-2 value (rate of dissociation of αKG) was constrained 

with k2 in such way that the ratio of these rates was equal to 621 μM (KD = k-2/k2, Table 8). Since 

an accurate KD for R132Q IDH1 was not determined (Table 11), the rate of dissociation of αKG 

(k-2) was allowed to vary (i.e. not constrained in a ratio with k2). Therefore, only lower and upper 

boundaries were determined for the rate of dissociation of αKG (Table 11). The rate of dissociation 

of αKG was 11-fold faster for R132Q than R132H IDH1 (Table 11). However, the simulated KD 

of R132Q IDH1 with αKG is > 7.7-fold lower (Table 11), suggesting a very fast on rate of αKG 

binding to R132Q IDH1. 

 Single turnover experiments for the neomorphic reaction were also used in global fitting 

software in order to determine the rate of chemistry (kchem, αKG). The rate of chemistry for R132H 
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and R132Q IDH1 was consistent with our previously reported kcat
4, 16

 (Table 11), suggesting that 

αk3 is the rate-limiting step of the catalytic cycle. Tight boundaries for the rate of chemistry were 

determined, allowing us to have high confidence on our values (Table 11, Figure 15). The rate of 

chemistry for R132Q IDH1 was 3.4-fold faster than R132H IDH1 (Table 11). Since the 

neomorphic reaction is not predicted to be reversible, since there is buildup of D2HG in tumors 

harboring IDH1 mutations, thus suggesting an irreversible process15, the k-3 was set to 0 s-1. Since 

product release is not rate-limiting, k4 and k5 were set to 100 s-1, while k-4 and k-5 were set to 0 μM-

1s-1 (Table 12). Locking these rate constants as such indicated that the rate of product release was 

not rate limiting.  

  

Table 12. Global fit results for R132H IDH1 mechanism including conformational change 

Mutant Kinetic Parameters Lower Boundary Upper Boundary 

 

 

 

 

 

R132H IDH1 

k1 2.06 μM-1s-1 1.99 2.14 

k-1 0.843 s-1 ND ND 

k2 0.0047μM-1s-1 0.00376 0.00652 

k-2 2.92 s-1 ND ND 

k3 53.2 s-1 14 183 

k-3 7.49x10-7 s-1 7.49x10-10 7.49x10-6 

αk4 

(kchem) 

0.979 s-1 0.942 1.08 

k-4 0 s-1 ND ND 

k5 100 s-1 ND ND 

k-5 0 μM-1s-1 ND ND 

k6 100s-1 ND ND 

k-6 0 μM-1s-1 ND ND 

ND-Not Determined 
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Since R132H IDH1 had better quality NADPH binding kinetic data as well as reliable ITC 

data, global fitting was performed in order to probe what rates associated to conformational change 

(Figure 2A), though this model is admittedly more speculative. The rate of binding of NADPH 

and αKG were the same as the previous model (Table 12). Since the k-1 (rate of NADPH 

dissociation) from the previous model of R132H IDH1 yielded tight boundaries, the rate of binding 

and dissociation of NADPH were constrained together so that the ratio was equal to 0.407 μM 

(Table 13). This minimized the number of solutions for rates associated of conformational change 

(k3 and k-3 from Figure 2A). Likewise, rates associated to αKG binding (k2 and k-2 from Figure 2A) 

were constrained so that the ratio of these rates was equal to the KD of R132H IDH1 with αKG as 

in the previous model (Table 12). The simulated rate of conformational change (k3 from Figure 

2A) was equal to 53 s-1. However, due to lack of experimental data to determine or at least constrain 

conformational change rates, the boundaries were large (Table 12). Moreover, the k-3 (Figure 2A) 

was very slow, suggesting that if a conformational change takes place, this physical process is 

almost unidirectional (Table 12), which seems unlikely, especially given our MD data16. The other 

rate constants in this model matched the ones from the previous model of R132H IDH1 (Table 

12).  
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Figure 15. 2D Fitspace results from Kintek Global Fitting Software. In all cases, each intrinsic rate constant is assessed for 

lower and upper limits to determine how constrain each rate is (top panel) and then compared within each other to calculate 

how each rate constant compare with each other. The brighter red indicates that the value for that specific rate constant is 

constrain within those parameters as compared with a different rate constant. A. R132Q IDH1 Fitspace results following the 

model inFigure 2B. B. R132H IDH1 Fitspace results following the model inFigure 2B. C. R132H IDH1 Fitspace results 

following the model inFigure 2A. (Figure continues in next page) 
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Figure 15. 2D Fitspace results from Kintek Global Fitting Software. In all cases, each intrinsic rate constant is assessed for 

lower and upper limits to determine how constrain each rate is (top panel) and then compared within each other to calculate 

how each rate constant compare with each other. The brighter red indicates that the value for that specific rate constant is 

constrain within those parameters as compared with a different rate constant. A. R132Q IDH1 Fitspace results following the 

model inFigure 2B. B. R132H IDH1 Fitspace results following the model inFigure 2B. C. R132H IDH1 Fitspace results 

following the model inFigure 2A. (Figure continues in next page) 
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Figure 15. 2D Fitspace results from Kintek Global Fitting Software. In all cases, each intrinsic rate constant is assessed for lower 

and upper limits to determine how constrain each rate is (top panel) and then compared within each other to calculate how each 

rate constant compare with each other. The brighter red indicates that the value for that specific rate constant is constrain within 

those parameters as compared with a different rate constant. A. R132Q IDH1 Fitspace results following the model inFigure 2B. 

B. R132H IDH1 Fitspace results following the model inFigure 2B. C. R132H IDH1 Fitspace results following the model inFigure 

2A. 
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4.4.8. Progress on Obtaining Structural Information for R132Q IDH1 Using X-ray 

Crystallography  

The structure of R132Q IDH1 has not yet been determined. As this mutant uniquely 

performs the neomorphic reaction while conserving some normal activity, a comparison of its 

structural features with WT and R132H IDH1 would be highly valuable4, 16. Moreover, this mutant 

is not susceptible to inhibition by mutant IDH1 small molecule inhibitors, similar to WT IDH116. 

Therefore, we predict that if a mutant IDH1 enzyme conserves WT activity, then it would not be 

susceptible to small molecule inhibitor binding. MD simulations suggested that R132Q IDH1 

interconverts between mutant-like and WT-like conformations16. Yang and colleagues described 

the pre-binding conformation of WT IDH1 is maintained at least in part by an interaction of R132 

with D275, which is lost in R132H IDH123. We predict that R132Q IDH1 may conserve this 

interaction; thus, allowing for WT activity and poor inhibitor affinity. To test this hypothesis, we 

sought to solve the structure of R132Q IDH1 in apo and holo (NADPH and αKG bound, and 

NADP+ and isocitrate bound) forms. 

 Hanging drop vapor diffusion was performed as the method to obtain crystals. Nucleation 

happened overnight and crystal grew for about one week. The crystals were thin plates and 

diffracted weakly (Figure 16). R132Q IDH1 in complex with the neomorphic and WT ligands 

grew under the same conditions, while conditions for successfully growing apo R132Q IDH1 

crystals were not determined. Data collection occurred at the Advanced Photon Source in Chicago. 

The highest resolution obtain was 3.38 Å (Table13, Figure 16). However, a low I/sigma value for 

the outer shell suggested that the reflections were below the signal-to-noise threshold (Table 13). 

The Rmerge was high overall at 25 % at overall diffraction (Table 14), while an Rmerge of < 5% is 

preferred. Therefore, this data set was not suiTable for processing. The space group determined 
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was P 1 21 with unit cell dimensions of 85.16, 193.21 and 90.00 Å with α, β, and γ angles of 90.00, 

103.64, and 90.00⁰, respectively. The diffraction showed low mosaicity at 0.15684⁰.

 

Table 13. Data collection results for R132Q IDH1 bound to isocitrate, NADP+, and Ca2+ diffracting to 3.38 Å 

 Overall Inner Shell Outer shell 

High resolution limit 3.38 12.20 3.38 

Low resolution limit 96.61 96.61 3.52 

Completeness 98.0 96.8 95.5 

Multiplicity 3.5 3.5 3.6 

I/sigma 4.2 14.4 0.8 

CC (1/2) 0.985 0.989 0.316 

Rmerge 0.250 0.080 1.821 

Rmerge (anomalous) 0.213 0.074 1.555 
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4.5. Discussion 

  In this work, we reported rate parameters for the catalytic cycle of mutant IDH1 for the 

conversion of αKG to D2HG that are primarily experimentally derived. Previous work determined 

the binding mechanism of NADPH and αKG with mutant IDH1 as ordered sequential, where 

NADPH binds before αKG17. Structural studies of WT and R132H IDH1 described conformational 

changes that the enzyme undergoes in order to perform catalysis following binding of isocitrate3, 

23. The catalytic rate (kcat) for several IDH1 mutations have been determined4, 16, though rate 

parameters for the catalytic cycle for D2HG production has not been proposed. Moreover, 

comparing the intrinsic rate constant associated for this catalytic cycle between R132H and R132Q 

 

Figure 16. X-ray diffraction of R132Q IDH1 bound to isocitrate, NADP+, and Ca2+. Weak diffraction was observed as the 

reflections at higher resolution were below the signal-to-noise ratio.  
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IDH1 will further highlight catalytic features that make R132Q IDH1 a better D2HG producer 

than R132H IDH1. Understanding the catalytic cycle of mutant IDH1 when catalyzing the 

neomorphic reaction provides insights on inhibitor selectivity and highlights kinetic features that 

may be extrapolated to the reduction of α-keto acids by other metabolic dehydrogenases, such as 

lactate and malate dehydrogenase32. This work may also aid in developing inhibitors selective for 

R132Q IDH1.  

  The mechanism of substrate binding for the neomorphic reaction is ordered sequential, 

where NADPH binds first17. We confirmed that binding of NADPH to mutant IDH1 is likely a 

one-step process17. This is due to our finding that when a single exponential equation is fit to an 

experiment measuring changes in fluorescence upon NADPH binding to mutant IDH1, there is a 

linear progression relationship between NADPH concentration and the kobs (Figure 5F and 6H). 

WT IDH1 showed the fastest rate of NADPH binding (k1), followed by R132Q and R132H IDH1 

(Figure 5, 6, Table 7). Interestingly, ITC experiments revealed that NADPH had higher affinity 

for R132Q and R132H IDH1 compared to WT IDH1 (Figure 7). These results suggest that the rate 

of dissociation of NADPH (k-1) for WT IDH1 is the fastest out of the three forms of the enzyme, 

meaning that the lower affinity of WT IDH1 for NADPH compared to the mutants results from 

much higher off rates (k-1). R132Q and R132H IDH1 showed tighter binding of NADPH (Figure 

7) relative to WT IDH1, and the lack of points in the linear phase of the sigmoidal curve suggested 

an infinitely tight binding of substrate; thus, the KD values obtained by the fit are error-prone. 

These results suggest that the binding mechanism for the neomorphic reaction may be ordered 

sequential due to the tight binding of NADPH to the enzyme – a truly apo form of the enzyme is 

rarely available to bind αKG. On the other hand, WT IDH1 has a random sequential binding 
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mechanism of NADPH and αKG for the reverse reaction (isocitrate formation)17, which can be 

driven by weaker affinity of NADPH for WT IDH1.  

The NADPH binding kinetics were also performed at ambient temperature for R132Q and 

R132H IDH1 since the quality of the data was better at this temperature, and these data were both 

analytically (fitting a single exponential equation) and globally fit. Analytical fitting of the 

NADPH binding kinetics for R132Q IDH1 showed a k1 value (Figure 2) almost half of what the 

global fitting predicted (Table 11 and 7). On the other hand, R132H IDH1 had similar k1 values 

when using analytical fitting and Global Fitting computer simulations. It is important to highlight 

that the true rates of NADPH binding are equal or greater than what it is reported here due to 

artificially slowing down the binding reaction with glycerol. The rate of NADPH dissociation (k-

1) was not determined analytically due to larger error in fitting. Global fitting computer simulation 

allowed us to obtain more accurate results for k-1. The data quality for R132H IDH1 was sufficient 

that the global fitting software reported tight boundaries when assessing error. On the other hand, 

R132Q IDH1 had lower data quality, and only an upper limit for k-1 was determined. In general, 

R132Q IDH1 has a slower k-1 rate compared to R132H IDH1. Using the rate constants determined 

by global fitting, R132Q IDH1 bound NADPH more tightly than R132H IDH1. Although previous 

work has shown that R132Q IDH1 has conserved WT activity4, the caveat of steady state kinetic 

experiments is the vast excess of NADP+ relative to enzyme. In these experiments, concentrations 

of NADP+ in the range of 200 µM were used, while intracellular concentration of NADPH is higher 

than NADP+33. Though this higher concentration of NADP+ may be able to outcompete the very 

tightly bound NADPH in the artificial conditions of steady-state kinetics experiments, in the cell, 

NADP+ levels may not be high enough to outcompete the NADPH. As a result, R132Q IDH1 
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would not be able to perform the normal reaction in physiological relevant conditions, meaning 

that its dual activity in the cell may not be relevant.  

 Binding affinities for WT, R132Q, and R132H IDH1 were determined for isocitrate and 

αKG. WT IDH1 showed a low μM KD for isocitrate compared to R132Q IDH1. As described in 

201023, ITC experiments showed no measurable binding of isocitrate to R132H IDH1. Yang and 

colleagues described a pre-binding conformation in WT IDH1 whereby R132 and D275 interact 

to stabilize the regulatory domain in the dimer interface23. Mutation to R132H IDH1 presumably 

ablates this interation, and thus disrupting isocitrate binding23. Therefore, the transition of the α10 

regulatory domain from a helix to a random coil at least in part promotes mutant IDH1 for inhibitor 

binding at the dimer interface18, 21. Although R132Q IDH1 showed a weak binding for isocitrate, 

it may be possible that this mutant conserves the pre-binding conformation to at least some degree, 

thus stabilizing the regulatory domain of R132Q IDH1. Moreover, this pre-binding conformation 

may block inhibitor binding; thus, explaining lack of susceptibility of this mutant to mutant IDH1 

inhibitors16. Crystal structures will be required to determinate this. 

 The KD of R132Q IDH1 with αKG was not accurately determined with ITC. The expected 

stoichiometry between αKG and the IDH1 homodimer is 1, as shown with R132H IDH1 (Table 

8). However, our ITC experiments showed a stoichiometry of 4; thus, any binding affinity 

determined by the fit would not be accurate. Interestingly, the raw data showed spikes in heat going 

in both directions (either absorbed or released) (Figure 11A). These results may suggest that other 

phenomena may have taken place in the ITC cell during the experiments. Nevertheless, global 

fitting computer simulations allowed us to model possible rate constants associated with αKG 

binding for R132Q as well as R132H IDH1.  
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 The rate of binding of αKG (k2 Figure 2) for R132Q IDH1 was > 100-fold faster than seen 

with R132H IDH1. Interestingly, global fitting computer simulations showed that the rate of αKG 

dissociation (k-2 inFigure 2) is > 10-fold faster for R132Q than R132H IDH1. The simulated KD of 

αKG with R132Q IDH1 is > 10-fold tighter than R132H IDH1. These results suggest that binding 

of αKG to mutant IDH1 is driven mostly by the rate of binding (kon) rather than the rate of 

dissociation (koff). These results are opposite to NADPH binding where the rate of dissociation (k-

1) drives substrate affinity. It is possible that if a pre-binding conformation in the α10 regulatory 

domain exists for R132Q IDH1, this may facilitate binding of αKG for this mutational variant by 

increasing the rate of substrate binding. In contrast, R132H IDH1 does not appear to have this pre-

binding conformation23, perhaps slowing the rate. Although this binding mechanism was 

characterized for isocitrate and not αKG, Yang and colleagues described that WT IDH1 has this 

pre-binding conformation (an unfolded loop) before binding of any substrate due to the interaction 

between resdiues D275 and R13223. Moreover, they mentioned that the α10 regulatory domain 

folds in both WT and R132H IDH1 when substrate is bound, as seen in crystal structures of R132H 

IDH1 when bound to αKG17, 23. In the case of R132Q IDH1, the size and shape of Q132 may likely 

conserve mild interactions with D275, as seen on WT IDH1, thus having this pre-binding 

conformation, allowing for isocitrate binding and a tighter binding for αKG relative to R132H 

IDH1. This pre-binding state of WT IDH1, and possibly R132Q IDH1, may provide highlights in 

their lack of inhibitor affinity, since a well-defined unfolded loop in the α10 regulatory domain 

may prevent inhibitors from binding16, 19, 20. 

 HDX-MS experiments were performed to understand the dynamics associated with 

substrate binding. The peptides we focused on were those spanning in the α10 regulatory domain 

in both WT and R132H IDH1. The relative uptake for apo WT IDH1 was between 50 and 60% of 
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the total possible for the specific peptide (Figure 10). This may be due to less dynamic secondary 

structures happening before and after the regulatory domain. Once isocitrate bound, the uptake of 

deuterium dropped drastically. These results are in agreement with previous structural work on 

WT IDH13, 23, where the regulatory domain folds into the α10 helix. A helix is a less dynamic 

secondary structure than a loop, thus, explaining the difference in deuterium uptake between apo 

and isocitrate bound with WT IDH1.  

 Interestingly, HDX-MS experiments on R132H IDH1 showed a smaller difference in 

uptake upon binding of αKG (Figure 10D-F) compared to WT IDH1. The difference between apo 

and with αKG, NADPH, and Ca2+ for R132H IDH1 was between 4-6% lower. Although the degree 

of flexibility of the α10 regulatory domain in R132H IDH1 is similar to WT IDH1, both in apo 

form, the change in deuterium uptake by R132H IDH1 in holo form is similar to its apo form, in 

contrast to WT IDH1 that a significant decreased of deuterium uptake is observed (Figure 10). 

These results indicate that α10 regulatory domain of WT IDH1 in holo form is more rigid than 

R132H IDH1 when bound to αKG. Since R132H IDH1 in holo form has a more flexible α10 

regulatory domain than WT IDH1, also in holo form, small molecule inhibitors find it easier to get 

to the allosteric binding pocket in R132H IDH121, than in WT IDH1 due to a more rigid domain. 

Although HDX-MS did not show compelling evidence of a conformational change in R132H 

IDH1 upon binding of αKG, FRET pairing experiments between a fluorophore and an unnatural 

tryptophan based amino acid in the α10 regulatory domain may provide the output required for 

detection of any movement (as a change in fluorescence as a function of time), thus providing 

evidence of this structural change before hydride transfer as proposed on Figure 2A. 

 Previously, we have performed an extensive steady state kinetic characterization of non-

tumor and tumor-relevant IDH1 mutations4, 16. The catalytic rates obtained in steady-state kinetics 



199 

 

describe the rate limiting step of the catalytic cycle. When performing single turnover experiments, 

WT IDH1 showed a slightly higher kobs compared to our previously reported kcat for the production 

of αKG (Table 10)4, 16
. These results are not surprising since we assumed that 100% of the enzyme 

present was able to catalyze substrate turnover in our steady-state kinetic experiments. Therefore, 

when performing single turnover experiments, we use an analytical function to fit the data that is 

not dependent on active enzyme concentration (Figure 12), thus, showing a faster rate than out 

previously reported. On the other hand, R132Q IDH1 showed a kobs for αKG production about half 

of what we had reported. Since the kcat is the slowest rate in the catalytic cycle, it is impossible 

that a slower rate could be observed. The slowest rate could be attributed to a low stability of 

R132Q IDH1 in the stopped-flow, as we observed protein precipitation after each assay. Similar 

results were obtained from the neomorphic single turnover pre-steady-state assays done on R132H 

IDH1. Moreover, computer simulations also showed that the rate of chemistry for the neomorphic 

reaction (kchem, αKG) further providing supportive evidence of chemistry as the rate-limiting step of 

the cycle. Since our single turnover experiments rates agreed well with our kcat for the normal and 

neomorphic reaction (Figure 1A and B, respectively), chemistry is indeed the rate-limiting step in 

the catalytic cycle for αKG and D2HG production. 

 Unfortunately, X-ray crystallography was not completed for apo and holo forms of R132Q 

IDH1. Although crystals were grown, the diffraction obtained from them was poor (Figure 1). 

With X-ray crystallography, it would be possible to understand whether R132Q IDH1 shows a 

pre-binding conformation as described by Yang and colleagues on WT IDH123. This would 

provide important insights in explaining the difference in binding affinity for both αKG and 

isocitrate compared to R132H and WT IDH1. Moreover, a crystal structure of R132Q IDH1 would 

clarify why this mutant can catalyze both the normal and neomorphic reactions, and perhaps 
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provide a mechanism of why it has low affinity for mutant IDH1 inhibitors23. Although several 

conclusions were drawn from our kinetic work, X-ray crystallography would support these 

findings at the molecular level. 

 R132Q IDH1 is a unique and interesting mutant that is not fully understood yet. This 

mutant’s high affinity for NADPH suggests that its dual activity may not be relevant in 

physiological conditions. Quantification of αKG levels in cells expressing R132Q IDH1 relative 

to cells expressing WT IDH1 will determine whether R132Q IDH1 catalyzes the oxidative 

decarboxylation of isocitrate in cells. Finding kinetic evidence of conformational change will not 

only provide intrinsic rate constants associated to this step in the catalytic cycle, it will also 

elucidate different kinetic features between mutant and WT IDH1 during catalysis. FRET 

experiments on the α10 regulatory domain will provide the necessary output to probe for a 

conformational change. This step of the catalytic cycle is particularly important since it could 

highlight the inhibitor affinity differences between R132H IDH1 and R132Q and WT IDH1. Thus, 

providing a step in the catalytic cycle that may be targeted with small molecule inhibitor so R132Q  

IDH1 is inhibited. Although this work has revealed important mechanistic features of mutant 

IDH1, solving the structure of R132Q IDH1 as well as probing for conformational change will set 

a solid foundation for understanding the molecular mechanism of mutant IDH1 in tumors and ways 

to gain better selectivity among all IDH1 mutants.  
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