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Abstract: Isocitrate dehydrogenase (IDH1) catalyzes the reversible NADP*-dependent oxidation of
isocitrate to «-ketoglutarate («KG). IDH1 mutations, primarily R132H, drive > 80% of low-grade
gliomas and secondary glioblastomas and facilitate the NADPH-dependent reduction of KG to the
oncometabolite D-2-hydroxyglutarate (D2HG). While the biochemical features of human WT and
mutant IDHI catalysis have been well-established, considerably less is known about mechanisms
of regulation. Proteomics studies have identified lysine acetylation in WT IDH1, indicating post-
translational regulation. Here, we generated lysine to glutamine acetylation mimic mutants in IDH1
to evaluate the effects on activity. We show that mimicking lysine acetylation decreased the catalytic
efficiency of WT IDH1, with less severe catalytic consequences for R132H IDH1.

Keywords: acetylation; IDH1; kinetics; post-translational modification

1. Introduction

Isocitrate dehydrogenase 1 (IDH1) is a homodimeric enzyme that catalyzes the
NADP*-dependent conversion of isocitrate to a-ketoglutarate («KG) in the cytoplasm
and peroxisomes. IDH1 point mutations, most commonly R132H, drive > 80% of lower
grade gliomas and secondary glioblastomas by catalyzing the neomorphic production
of the oncometabolite D-2-hydroxyglutarate (D2HG) from «KG [1-3]. D2HG can inhibit
«KG-dependent enzymes like DNA and histone demethylases, leading to genome hyper-
methylation and cell de-differentiation [4,5]. Mutant IDH1 is a therapeutic target, with a
selective inhibitor currently in the clinic [6]. Increased wild type (WT) IDH1 activity has
also been implicated in cancer [7-9].

Although IDH1 has been characterized biochemically [7,10-12], less is known about
how human IDH1 is regulated. While IDH1 is conserved across many species, mechanisms
of regulation appear to be divergent [13-15]. For example, yeast IDH1 is allosterically
regulated by AMP, while human IDH1 appears to lack an AMP binding site [14]. In bacteria,
IDH phosphorylation at residue 5113 leads to inhibition [13-15]. While this residue is
structurally conserved in human IDH1 (S§94), it does not appear to be phosphorylated in
humans. Instead, D279 hydrogen bonds with 594 to mimic the structural consequences
of serine phosphorylation [13,14,16]. Phosphorylation may still prove to be important for
IDH1 regulation; it has been reported that phosphorylation at Y42 and Y391 is important
for cofactor binding and IDH1 dimerization, respectively [17].

Lysine acetylation is a common regulatory strategy to alter protein structure and
function. Acetylation is catalyzed by lysine acetyltransferases, though there is evidence
that acetylation can also occur non-enzymatically [18]. While protein acetylation is com-
monly associated with histone regulation, many cytosolic [19-23] and metabolic [23-25]

Biomolecules 2021, 11, 740. https:/ /doi.org/10.3390/biom11050740 https:/ /www.mdpi.com/journal /biomolecules


https://www.mdpi.com/journal/biomolecules
https://www.mdpi.com
https://orcid.org/0000-0002-3190-5633
https://orcid.org/0000-0002-1935-9289
https://www.mdpi.com/article/10.3390/biom11050740?type=check_update&version=1
https://doi.org/10.3390/biom11050740
https://doi.org/10.3390/biom11050740
https://doi.org/10.3390/biom11050740
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/biom11050740
https://www.mdpi.com/journal/biomolecules

Biomolecules 2021, 11, 740

20f 10

enzymes are also regulated by this post-translational modification (PTM). Importantly,
mitochondrial IDH2, which has high sequence and structural homology to IDH1 and
catalyzes the identical reaction, is regulated via acetylation [26,27]; K413 acetylation results
in a ~44-fold decrease in activity, with the deacetylase SIRT3 able restore this activity [26].
The catalytic consequences of K413 and K256 acetylation in IDH2 were evaluated using
lysine to glutamine (K-to-Q) mutants in vitro, which mimic acetylated lysine residues, and
both mutants showed inhibited catalysis [27].

Proteomics studies have indicated that several lysine residues in IDH1 are acetylated,
including K81, K224, and K321 [28-30]. These residues are located near the active site
of IDH1, and K224 and K321 are conserved in IDH2, but K81 is not [31]. Recently, K224
acetylation in IDH1 was investigated in colon cancer and was shown to have an inhibitory
role [32], though the consequences of K81 and K321 acetylation in IDH1 have yet to be
explored. Here, we investigate the effects of acetylation on IDH1 activity by measuring
steady-state kinetic parameters of acetylation mimics in WT and R132H IDH1. We show
that mimicking acetylation primarily leads to a decrease in IDH1 activity, particularly in the
WT background. Overall, our work supports the growing evidence that IDH1 is regulated
by lysine acetylation.

2. Materials and Methods
2.1. Reagents

Tris-hydrochloride, sodium chloride, magnesium chloride hexahydrate, and o-ketoglutarate
(«KG, sodium salt) were purchased from Fisher (USA). The pH of «KG stocks was adjusted
to 7.0 before use. DL-isocitric acid trisodium salt hydrate was purchased from MP Biomed-
icals (USA). NADPH (tetrasodium salt) and NADP* (disodium salt) were purchased from
Calbiochem (USA). Dimethyl sulfoxide (DMSO) was purchased from Sigma-Aldrich (USA).
Bovine serum albumin (BSA) was purchased from SeraCare Lifescience (USA).

2.2. Construct Preparation

All IDHI1 constructs were in a pET-28b vector containing an N-terminal hexahistidine
tag. Site-directed mutagenesis (Kapa Biosciences, Wilmington, MA, USA) was used to gen-
erate K81Q (forward primer, 5-GCCACC ATTACACCGGATGAACAGCGTGTGGAAG
AATTTAAAC-3/, reverse primer, 5-GTTTAAATTCTTCCACACGCTGTTCATCCGGTGTA
ATGGTGGC-3'); K224Q (forward primer, 5'-CCATTCTGAAAAAATACGATGGTCGCTTTC
AGGATATTTTTCAAGAAATTT ACGATAAAC-3/, reverse primer, 5'-GTTTATCGTAAATT
TCTTGAAAAATATCCTGAAAGCGACCATCGTATTTTTTCAGAATGG -3'); K321Q (for-
ward primer, 5-CGTCATTATCGTATGTATCAGCAGGGTCAAGAAACCAGCACCAAT-3,
reverse primer, 5 -ATTGGTGCTGGTTTCTTGACCCTGCTGATACATACGATAATGACG-
3’); and D79L (forward primer, 5'- gttaaatgcgccaccattacaccgctggaaaaacgtgtggaagaatttaaa-3/,
reverse primer, 5'-tttaaattcttccacacgtttttccageggtgtaatggtggcegceatttaac-3'). All constructs
were confirmed by sequencing.

2.3. Kinetic Assays

All proteins were expressed and purified using conditions published previously [3,33].
Purity (> 90%) was confirmed by SDS-PAGE, and IDH1 was flash frozen in liquid nitrogen
and stored at 80 °C for no longer than 1.5 months. A diode array spectrophotometer was
used (OLIS, Athens, GA, USA) for all enzymatic assays. Enzymatic concentrations were
optimized for each protein to ensure optimal signal and linear range. For the conversion
of isocitrate to aKG [3], the reaction was initiated by adding saturating concentrations of
NADP* (200 uM final concentration) and varying concentrations of isocitrate to limiting
concentrations of IDH1 protein (100 nM for K81Q, K224Q), and K321Q IDH1, and 21 uM
for D79L IDH1) in IDH1 assay buffer (50 mM Tris at 4 °C, pH 7.5 at 37 °C, 150 mM NaCl,
10 mM MgCl,, 1 mM dithiothreitol). For the neomorphic conversion of aKG to D2HG [3],
the reaction was initiated by adding saturating concentrations of NADPH (200 uM final
concentration) and varying concentrations of ®KG to limiting concentrations of the R132H
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IDH1 double mutants (R132H/K81Q, R132H/K224Q), and R132H/K321Q IDH1, 500 nM)
in assay buffer. The change in absorbance due to NADPH formation or depletion was mon-
itored at 340 nm. For both reactions, the slopes of the linear range of the incubations were
calculated and converted to nM NADPH using the molar extinction coefficient for NADPH
of 6.22 cm~! mM ! to obtain kg (i.e., nM NADPH/nM enzyme s~ !). Results were fit to
hyperbolic plots in GraphPad Prism (USA) to estimate kcat and Ky mean values £ standard
error (S.E.) Assays were performed with at least two protein preparations.

2.4. Structural Modeling

K81Q, K224Q), and K321Q IDH1 were modeled into a structure of WT IDH1 in complex
with isocitrate and NADP* (PDB 1TOL [14]), and R132H IDH1 in complex with «KG and
NADP* (PDB 4KZO [34]) using PyMOL [35,36]. eLBOW in the Phenix software suite [37]
was used for ligand restraint generation and optimization of cif files, and mutations were
made directly in the PDB files using Coot [38]. Geometry Minimization in the Phenix
software suite [37] was performed to regularize geometries (bond lengths, nonbonded
distances, bond angles, dihedral angles, chirality, planarity, and parallelity) of the IDH1 mu-
tant models in complex with the ligands, with 500 maximum iterations and 5 macro cycles.

3. Results
3.1. Glutamine Mutation Results in Decreased Kinetic Activity

Previously reported mass spectrometry data sets from human, mouse and rat samples
showed lysine positions including K81, K87, K115, K224, K233, K243, and K321 were
acetylated in WT IDHI1 [28-30]. K81 and K224 were found to be acetylated in each of these
datasets [28-30], with K321 found to be acetylated in two of the three data sets [28,30].
Further, one of these datasets identified K81, K224, and K321 as the only residues acetylated
in IDH1 [30]. Together, this guided our selection of residues to probe. However, we note
that in the datasets finding the additional acetylated residues in IDH1, a few features may
explain the discrepancies. In [29], both peptides containing K87 and K115 are very short
(seven residues each), which can be challenging to detect and/or assign, particularly when
studying PTMs. As the peptides containing acetylated K233 and K243 [29] are longer,
there must be other reasons for the discrepancy such as different stringencies in filtering
strategies. We found that K81 in IDH1 was not conserved in IDH2, but K87, K115, K224,
K233, K243, and K321 were [39]. It has previously been shown that acetylation of K256 and
K413 in IDH2 inhibits activity [26,27], and we noted that K256 IDH2 (K217 in IDH1) and
K413 IDH2 (K374 in IDH1) were conserved in IDH1. However, there was no evidence of
acetylation of these residues in IDH1 in the proteomic data [28-30]. Lysine acetylation in
or near the active site can affect substrate binding [40-42] or cause conformational changes
that affect rates of catalysis [27,41,43]. Thus, acetylated lysine residues near the IDH1
active site (K81, K224, and K321) were prioritized for study [28,30]. Of note, K224 IDH1
is structurally proximal to K256 in IDH2 (corresponding to K217 in IDH1), which upon
acetylation inhibits IDH2 catalysis [27]. Thus, we expected that mimicking acetylation at
K224 in IDH1 would also decrease catalytic activity.

Lysine acetylation mimics were used to probe the consequences of acetylation on WT
and R132H IDH1 activity. Acetylation mimics K81Q, K224Q), and K321Q IDH1 were created
in WT and R132H IDH1 backgrounds. This strategy has been successful for elucidating the
catalytic and structural consequences of lysine acetylation for proteins such as IDH2, malate
dehydrogenase, and histone H3 [18,27,44-46]. Steady-state kinetics experiments [3,13,27]
probing the rates of ®KG production were measured, and we found that K81Q IDH1 had a
similar ket to WT IDH1, while K224Q and K321Q IDH1 had kcat values reduced by >80%
(Figure 1 and Table 1). All acetylation mimics had similar K, values, which were 5-fold
higher than that observed for WT IDHI1. Thus, the catalytic efficiency of the IDH1 mimics
decreased ~5-fold for K81Q IDH1 and ~8-fold for both K224Q and K321Q IDHI1, driven
primarily through a decrease in kcat. These results indicate that mimicking acetylation at
residues K81, K224, and K321 in WT IDH]1 leads to decreased «KG production efficiency.
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Figure 1. Mimicking acetylation inhibits WT IDH1 activity. (A) The active site of IDH1 with
lysine residues shown in coral, and their distances from NADP* are shown in A (PDB 1T09 [14]).

(B) Michaelis-Menten plots of WT and mutant IDH1.

Table 1. Steady-state kinetics parameters for WT IDH1. The normal reaction, isocitrate conversion
to «KG, was measured for WT IDH1 and acetylation mimic mutants and the S.E. was determined
by deviation from the hyperbolic fits. At least two protein preparations were used when measuring

kops Tates.
IDH1 keat, s Kn, mM kcat/Km, uM—1 51
WT 404 +£0.8 0.03001 =+ 0.0008 1.3+0.1
K81Q 38+1 0.14 4+ 0.02 0.27 £ 0.04
K224Q 23.0+ 0.8 0.14 £+ 0.02 0.16 = 0.02
K321Q 24 +1 0.14 £+ 0.02 0.17 £ 0.02
D79L 0.315 + 0.006 0.028 £+ 0.003 0.010 + 0.001
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3.2. R132H IDH1 Acetylation Mimics Have Minor Kinetic Effects

We also evaluated whether mimicking lysine acetylation in the R132H IDH1 back-
ground similarly affected catalysis. R132H IDHI is the most common point mutant found
in IDH1 tumors, and this mutant catalyzes the neomorphic reaction of D2HG produc-
tion from «KG [1]. Double mutants (R132H/K81Q, R132H /K224Q, and R132H/K321Q
IDH1) were assessed for catalytic efficiency of D2HG production. Only modest changes
in keat and Ky, values were observed in the double mutants as compared to R132H IDH1
(Figure 2 and Table 2). Mutations at residues K81Q/R132H and K224Q/R132H IDH1 had
the largest impact, with a 2-fold increase (K81Q/R132H IDH1) or decrease (K224Q/R132H
IDH1) in catalytic efficiency that was driven primarily through an increase in Ky,. We
conclude that mimicking lysine acetylation in R132H IDH1 can only have modest yet
varied consequences on catalysis.

=0~ R132H IDH1

-a- R132H K81Q IDH1
=@~ R132H K224Q IDH1
=&~ R132H K321Q IDH1

0 5 10 15 20 25
[oKG], mM

Figure 2. Mimicking acetylation has only modest effects on R132H activity. (A) The active site of
R132H IDH1 with lysine residues identified in red and distances from NADPH are shown in A (PDB
4KZO [34]). (B) Michaelis—-Menten plots of IDH1 mutants.
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Table 2. Steady-state kinetics parameters for mutant IDH1. The neomorphic reaction, xKG conversion
to D2HG, was measured for R132H IDH1 and acetylation mimic mutants in the R132H IDH1
background. The S.E. was determined by deviation from the hyperbolic fits, and at least two protein
preparations were used when measuring kg rates.

IDH1 Keat, 51 Km, mM keat/Km, pM—1 -1

R132H 1.09 + 0.02 0.51 + 0.04 0.0021 + 0.0002
R132H/K81Q 1.26 + 0.03 0.24 + 0.03 0.0052 + 0.0007
R132H/K224Q 0.84 + 0.02 1.04+0.1 0.0009 =+ 0.0001
R132H/K321Q 0.91 + 0.01 0.37 + 0.02 0.0025 =+ 0.0001

3.3. Residue D79 Plays an Important Role in WT IDH1 Activity

Of the three lysine residues studied, only K224 had close proximity to other residues
to engage directly in noncovalent interactions as observed in crystal structures. As shown
in Figure 3, K224 is ~3 A away from D79’ [14]. The proximity and orientation of these two
residues suggest that these domains could be stabilized through a salt bridge interaction,
and that this interaction could be disrupted upon acetylation of K224. Residues upstream
from D79 help form part of the NADP(H) binding pocket [14], so stabilization of these
domains could impact catalysis, though D79 itself is fairly distant from the active site
(8.2 A from NADP*). To probe the importance of interactions between K224 and D79,
we designed a D79 mutant that would destroy the potential for hydrogen bonding or
salt bridge interactions with K224, but otherwise mimic the structure of an aspartic acid
residue (D79L). Using steady-state kinetics, we determined that the ket of D79L IDH1
drastically decreased by > 99% to generate a catalytic efficiency that is 130-fold lower
(Figure 3, Table 1). Detection of any activity by D79L IDH1 required a 21-fold increase in
concentration of the enzyme. To our knowledge, D79 has not previously been identified in
playing a role in IDH1 catalysis.

B ) ~
)EE. Y NADP+ Y,

T T
0.5 1.0 1.5

ICT, mM

Figure 3. The D79L mutation ablates IDH1 activity. (A) IDH1 WT (PDB 1T09 [14]). (B) Active site of IDH1 in the same
orientation shown in A, with mutated residues and substrates indicated. (C) IDH1 active site, highlighting D79 and its
distance to K224. (D) Michaelis—-Menten plot of D79L IDH1.
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3.4. Structural Modeling of IDH1 Mutations

To predict if any major structural changes might result from K81Q, K224Q), and K321Q
IDH1 mutation, the K-to-Q mutants were modeled in previously solved crystal structures
of WT IDH1 (PDB 1TOL [14]) using the geometry minimized package available in the
Phenix software suite [37]. Alignment of the mutant models to the original WT IDH1
structures were performed in PyMOL to identify minimal global changes at the K-to-Q
mutation positions. No major changes to the structure of WT IDH1 were noted, though
crystallographic characterization is needed to confirm this observation (Figure 4).

Figure 4. Structural modeling of acetylation mimics in IDH1. WT IDH1 crystal structure complexed
with isocitrate (ICT), NADP*, and Ca?* in the active site (PDB 1TOL [14]) was used for modeling. WT
IDH1 is displayed in teal, K81Q IDH1 in orange, K224Q IDH1 in salmon, and K321Q IDH1 in blue.

4. Discussion

Here, we report that mimicking acetylation of residues K81, K224, and K321 in IDH1
results in a decrease in catalytic activity in WT IDH1, and more varied and minor effects
on R132H IDH1 that may not be notable enough to have physiological ramifications. An
interesting future direction is to determine if simultaneous acetylation of lysine residues
have an additive or synergistic effect. Recently, K224 in IDH1 was shown to be deacetylated
by SIRT?2 to inhibit colorectal cancer and liver metastases [32]. K224R IDH1, a deacetylation
mimic, and K224Q IDH1 were stably expressed in 293T cells, resulting in inhibited IDH1
activity [32]. Our data support their kinetic findings [32]. They also evaluated the effects of
K81 and K321 IDH2 by expressing deacetylation mimics in 293T cells, but the acetylation
levels at these positions as assessed by Western blot were unchanged compared to WT
IDH]1 [32], and thus no further characterization was undertaken. While acetylation mimics
are valuable for understanding the potential kinetic consequences of lysine acetylation,
one limitation is that they cannot provide mechanistic information on the consequences
of the PTM. Instead, systems biology methods in which acetylated lysine residues are
incorporated during translation using N¢-acetyllysyl-tRNA synthetases/tRNAs are the
gold standard to identify the global consequences of protein acetylation in cells [47] and
represent an important future direction in understanding the role of acetylation in regulat-
ing IDHI.

We also undertook preliminary efforts to probe the structural consequences of lysine
acetylation. Of the three lysine residues explored here, K224 IDH1 appeared to have the
greatest potential to noncovalently interact with a nearby residue (D79) via a salt bridge or
hydrogen bonding. Mutation of D79 (D79L IDH1) resulted in nearly full ablation of WT
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IDH1 activity, revealing the importance of this residue in catalysis. Future work includes
using structural methods to observe the consequences of the K224Q mutation, particularly
in context of interactions with D79.

Overall, using steady-state kinetics, we elucidated the catalytic consequences of lysine
residues reported to be acetylated in IDH1 [28-30]. Kinetic parameters for a series of
K-to-Q mimics, a valuable strategy for understanding the consequences of acetylation
in vitro [18,27,41,44,46], were reported in both WT and R132H backgrounds. We show
that mimicking acetylation of three lysine residues (K81, K224, and K321) in IDH1 led
to inhibition in WT IDH1 and variably altered activity in R132H IDH1, suggesting that
IDH1 acetylation may have a regulatory role, though in vivo cellular experiments are
still required. Acetylation of K224 IDH1 may affect interaction with D79, a non-active
site residue that we show here is important for catalysis. Overall, this study provides a
foundation for determining mechanistic consequences of IDH1 acetylation as a means
of regulation.

Author Contributions: Conceptualization, C.D.S. and J.W.; methodology, ] W., AIS., VW,, S.A,,
D.K.P. and C.D.S; formal analysis, ]JW., A.LS., VW., S.A., D.K.P. and C.D.S.; writing—original draft
preparation, J.W. and C.D.S,; writing—J.W., A.LS., VW. and C.D.S; funding acquisition, C.D.S. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the American Cancer Society 133484-RSG-19-075-01-TBE
(C.D.S.), National Institutes of Health R35 GM137773 (C.D.S.), U54CA132384 (SDSU) & U54CA132379
(UC San Diego), MARC 5T34GMO008303 (SDSU), and IMSD 5R25GM058906 (SDSU), as well as the
California Metabolic Research Foundation (SDSU).

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1. Dang, L.; Yen, K,; Attar, E.C. IDH mutations in cancer and progress toward development of targeted therapeutics. Ann. Oncol.
2016, 27, 599-608. [CrossRef] [PubMed]

2. Yan, H,; Parsons, D.W.; Jin, G.; McLendon, R.; Rasheed, B.A.; Yuan, W.; Kos, I.; Batinic-Haberle, I.; Jones, S.; Riggins, G.].; et al.
IDH1 and IDH2 mutations in gliomas. N. Engl. . Med. 2009, 360, 765-773. [CrossRef] [PubMed]

3. Avellaneda Matteo, D.; Grunseth, A.J.; Gonzalez, E.R.; Anselmo, S.L.; Kennedy, M.A.; Moman, P; Scott, D.A.; Hoang, A.; Sohl, C.D.
Molecular mechanisms of isocitrate dehydrogenase 1 (IDH1) mutations identified in tumors: The role of size and hydrophobicity
at residue 132 on catalytic efficiency. J. Biol. Chem. 2017, 292, 7971-7983. [CrossRef] [PubMed]

4. Muy, L; Long, Y; Yang, C.; Jin, L.; Tao, H.; Ge, H.; Chang, Y.E.; Karachi, A.; Kubilis, PS.; De Leon, G.; et al. The IDH1
mutation-induced oncometabolite, 2-hydroxyglutarate, may affect DNA methylation and expression of PD-L1 in gliomas.
Front. Mol. Neurosci. 2018, 11, 82. [CrossRef]

5. Wang, P; Wu, ].; Ma, S.; Zhang, L.; Yao, J.; Hoadley, K.A.; Wilkerson, M.D.; Perou, C.M.; Guan, K.L.; Ye, D.; et al. Oncometabolite
D-2-hydroxyglutarate inhibits ALKBH DNA repair enzymes and sensitizes IDH mutant cells to alkylating agents. Cell Rep. 2015,
13, 2353-2361. [CrossRef]

6.  Dhillon, S. Ivosidenib: First Global Approval. Drugs 2018, 78, 1509-1516. [CrossRef]

7. Calvert, A.E.; Chalastanis, A.; Wu, Y.; Hurley, L.A.; Kouri, EM.; Bi, Y.; Kachman, M.; May, ].L.; Bartom, E.; Hua, Y.; et al. Cancer-
associated IDH1 promotes growth and resistance to targeted therapies in the absence of mutation. Cell Rep. 2017, 19, 1858-1873.
[CrossRef]

8.  Gao, J.; Aksoy, B.A.; Dogrusoz, U.; Dresdner, G.; Gross, B.; Sumer, S.O.; Sun, Y.; Jacobsen, A.; Sinha, R.; Larsson, E.; et al.
Integrative analysis of complex cancer genomics and clinical profiles using the cBioPortal. Sci. Signal. 2013, 6, pl1. [CrossRef]

9.  Cerami, E.; Gao, J.; Dogrusoz, U.; Gross, B.E.; Sumer, S.0.; Aksoy, B.A.; Jacobsen, A.; Byrne, C.J.; Heuer, M.L.; Larsson, E.; et al.
The cBio cancer genomics portal: An open platform for exploring multidimensional cancer genomics data. Cancer Discov. 2012,
2,401-404. [CrossRef] [PubMed]

10. Dang, L.; White, D.W.; Gross, S.; Bennett, B.D.; Bittinger, M.A.; Driggers, E.M.; Fantin, V.R.; Jang, H.G,; Jin, S.; Keenan, M.C.; et al.
Cancer-associated IDH1 mutations produce 2-hydroxyglutarate. Nature 2009, 462, 739-744. [CrossRef]

11. Tonjes, M.; Barbus, S; Park, Y.J.; Wang, W.; Schlotter, M.; Lindroth, A.M.; Pleier, S.V.; Bai, A.H.C.; Karra, D.; Piro, RM.; et al. BCAT1

promotes cell proliferation through amino acid catabolism in gliomas carrying wild-type IDH1. Nat. Med. 2013, 19, 901-908.
[CrossRef]


http://doi.org/10.1093/annonc/mdw013
http://www.ncbi.nlm.nih.gov/pubmed/27005468
http://doi.org/10.1056/NEJMoa0808710
http://www.ncbi.nlm.nih.gov/pubmed/19228619
http://doi.org/10.1074/jbc.M117.776179
http://www.ncbi.nlm.nih.gov/pubmed/28330869
http://doi.org/10.3389/fnmol.2018.00082
http://doi.org/10.1016/j.celrep.2015.11.029
http://doi.org/10.1007/s40265-018-0978-3
http://doi.org/10.1016/j.celrep.2017.05.014
http://doi.org/10.1126/scisignal.2004088
http://doi.org/10.1158/2159-8290.CD-12-0095
http://www.ncbi.nlm.nih.gov/pubmed/22588877
http://doi.org/10.1038/nature08617
http://doi.org/10.1038/nm.3217

Biomolecules 2021, 11, 740 90of 10

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

Zhu, H,; Zhang, Y; Chen, J.; Qiu, J.; Huang, K.; Wu, M.; Xia, C. IDH1 R132H mutation enhances cell migration by activating AKT-
mTOR signaling pathway, but sensitizes cells to 5-FU treatment as NADPH and GSH are reduced. PLoS ONE 2017, 12, e0169038.
[CrossRef] [PubMed]

Hurley, J.H.; Dean, A.M.; Sohl, ].L.; Koshland, D.E.; Stroud, R.M. Regulation of an Enzyme by Phosphorylation at the Active Site.
Science 1990, 249, 1012-1016. [CrossRef] [PubMed]

Xu, X.; Zhao, J.; Xu, Z.; Peng, B.; Huang, Q.; Arnold, E.; Ding, J. Structures of human cytosolic NADP-dependent isocitrate
dehydrogenase reveal a novel self-regulatory mechanism of activity. J. Biol. Chem. 2004, 279, 33946-33957. [CrossRef] [PubMed]
Lin, A.P; McAlister-Henn, L. Homologous binding sites in yeast isocitrate dehydrogenase for cofactor (NAD+) and allosteric
activator (AMP). J. Biol. Chem. 2003, 278, 12864-12872. [CrossRef] [PubMed]

Reitman, Z.J.; Yan, H. Isocitrate dehydrogenase 1 and 2 mutations in cancer: Alterations at a crossroads of cellular metabolism.
J. Natl. Cancer Inst. 2010, 102, 932-941. [CrossRef]

Chen, D,; Xia, S.; Wang, M.; Lin, R; Li, Y.; Mao, H.; Aguiar, M.; Famulare, C.A.; Shih, A.H.; Brennan, C.W.; et al. Mutant
and wild-type isocitrate dehydrogenase 1 share enhancing mechanisms involving distinct tyrosine kinase cascades in cancer.
Cancer Discov. 2019, 9, 756-777. [CrossRef]

Baeza, ].; Smallegan, M.].; Denu, ].M. Site-specific reactivity of nonenzymatic lysine acetylation. ACS Chem. Biol. 2015, 10, 122-128.
[CrossRef]

Kim, S.C,; Sprung, R.; Chen, Y.; Xu, Y.; Ball, H.; Pei, J.; Cheng, T.; Kho, Y.; Xiao, H.; Xiao, L.; et al. Substrate and functional
diversity of lysine acetylation revealed by a proteomics survey. Mol. Cell 2006, 23, 607-618. [CrossRef]

Mattagajasingh, I.; Kim, C.S.; Naqvi, A.; Yamamori, T.; Hoffman, T.A ; Jung, S.B.; DeRicco, J.; Kasuno, K.; Irani, K. SIRT1 promotes
endothelium-dependent vascular relaxation by activating endothelial nitric oxide synthase. Proc. Natl. Acad. Sci. USA 2007,
104, 14855-14860. [CrossRef]

Lombard, D.B.; Alt, EW.; Cheng, H.L.; Bunkenborg, ].; Streeper, R.S.; Mostoslavsky, R.; Kim, J.; Yancopoulos, G.; Valenzuela,
D.; Murphy, A.; et al. Mammalian Sir2 homolog SIRT3 regulates global mitochondrial lysine acetylation. Mol. Cell. Biol. 2007,
27,8807-8814. [CrossRef] [PubMed]

Starai, V.J.; Celic, I.; Cole, R.N.; Boeke, ].D.; Escalante-Semerena, J.C. Sir2-dependent activation of acetyl-CoA synthetase by
deacetylation of active lysine. Science 2002, 298, 2390-2392. [CrossRef] [PubMed]

Sadoul, K.; Wang, J.; Diagouraga, B.; Khochbin, S. The tale of protein lysine acetylation in the cytoplasm. J. Biomed. Biotechnol.
2011, 2011, 970382. [CrossRef]

Zhao, S.; Xu, W,; Jiang, W.; Yu, W,; Lin, Y,; Zhang, T,; Yao, J.; Zhou, L.; Zeng, Y.; Li, H.; et al. Regulation of cellular metabolism by
protein lysine acetylation. Science 2010, 327, 1000-1004. [CrossRef]

Drazic, A.; Myklebust, L.M.; Ree, R.; Arnesen, T. The world of protein acetylation. Biochim. Biophys. Acta 2016, 1864, 1372-1401.
[CrossRef] [PubMed]

Yu, W,; Dittenhafer-Reed, K.E.; Denu, ].M. SIRT3 protein deacetylates isocitrate dehydrogenase 2 (IDH2) and regulates mitochon-
drial redox status. J. Biol. Chem. 2012, 287, 14078-14086. [CrossRef]

Xu, Y,; Liu, L.; Nakamura, A.; Someya, S.; Miyakawa, T.; Tanokura, M. Studies on the regulatory mechanism of isocitrate
dehydrogenase 2 using acetylation mimics. Sci. Rep. 2017, 7, 9785. [CrossRef]

Hornbeck, P.V,; Kornhauser, ].M.; Tkachev, S.; Zhang, B.; Skrzypek, E.; Murray, B.; Latham, V.; Sullivan, M. PhosphoSitePlus: A
comprehensive resource for investigating the structure and function of experimentally determined post-translational modifica-
tions in man and mouse. Nucleic Acids Res. 2012, 40, D261-D270. [CrossRef] [PubMed]

Rardin, M.J.; Newman, J.C.; Held, ].M.; Cusack, M.P; Sorensen, D.J.; Li, B.; Schilling, B.; Mooney, S.D.; Kahn, C.R; Verdin, E.; et al.
Label-free quantitative proteomics of the lysine acetylome in mitochondria identifies substrates of SIRT3 in metabolic pathways.
Proc. Natl. Acad. Sci. USA 2013, 110, 6601-6606. [CrossRef]

Beli, P.; Lukashchuk, N.; Wagner, S.A.; Weinert, B.T.; Olsen, ]J.V.; Baskcomb, L.; Mann, M.; Jackson, S.P.; Choudhary, C. Proteomic
investigations reveal a role for RNA processing factor THRAP3 in the DNA damage response. Mol. Cell 2012, 46, 212-225.
[CrossRef] [PubMed]

Madden, T. The BLAST Sequence Analysis Tool; National Center for Biotechnology Information: Bethesda, MD, USA, 2002.
Wang, B.; Ye, Y,; Yang, X; Liu, B.; Wang, Z.; Chen, S,; Jiang, K.; Zhang, W.; Jiang, H.; Mustonen, H.; et al. SIRT2-dependent IDH1
deacetylation inhibits colorectal cancer and liver metastases. EMBO Rep. 2020, e48183. [CrossRef]

Avellaneda Matteo, D.; Wells, G.A.; Luna, L.A.; Grunseth, A.].; Zagnitko, O.; Scott, D.A.; Hoang, A.; Luthra, A.; Swairjo, M.A;
Schiffer, ].M.; et al. Inhibitor potency varies widely among tumor-relevant human isocitrate dehydrogenase 1 mutants. Biochem. J.
2018, 475, 3221-3238. [CrossRef]

Rendina, A.R.; Pietrak, B.; Smallwood, A.; Zhao, H.; Qi, H.; Quinn, C.; Adams, N.D.; Concha, N.; Duraiswami, C.; Thrall, S.H.; et al.
Mutant IDH1 enhances the production of 2-hydroxyglutarate due to its kinetic mechanism. Biochemistry 2013, 52, 4563—-4577.
[CrossRef]

Schrodinger, LLC. The PyMOL Molecular Graphics System, Version 2.0; Schrédinger, LLC: Portland, OR, USA, 2017.

Schrodinger, LLC. The AxPyMOL Molecular Graphics Plugin for Microsoft PowerPoint, Version 2.0; Schrédinger, LLC: Portland, OR,
USA, 2010.


http://doi.org/10.1371/journal.pone.0169038
http://www.ncbi.nlm.nih.gov/pubmed/28052098
http://doi.org/10.1126/science.2204109
http://www.ncbi.nlm.nih.gov/pubmed/2204109
http://doi.org/10.1074/jbc.M404298200
http://www.ncbi.nlm.nih.gov/pubmed/15173171
http://doi.org/10.1074/jbc.M300154200
http://www.ncbi.nlm.nih.gov/pubmed/12562755
http://doi.org/10.1093/jnci/djq187
http://doi.org/10.1158/2159-8290.CD-18-1040
http://doi.org/10.1021/cb500848p
http://doi.org/10.1016/j.molcel.2006.06.026
http://doi.org/10.1073/pnas.0704329104
http://doi.org/10.1128/MCB.01636-07
http://www.ncbi.nlm.nih.gov/pubmed/17923681
http://doi.org/10.1126/science.1077650
http://www.ncbi.nlm.nih.gov/pubmed/12493915
http://doi.org/10.1155/2011/970382
http://doi.org/10.1126/science.1179689
http://doi.org/10.1016/j.bbapap.2016.06.007
http://www.ncbi.nlm.nih.gov/pubmed/27296530
http://doi.org/10.1074/jbc.M112.355206
http://doi.org/10.1038/s41598-017-10337-7
http://doi.org/10.1093/nar/gkr1122
http://www.ncbi.nlm.nih.gov/pubmed/22135298
http://doi.org/10.1073/pnas.1302961110
http://doi.org/10.1016/j.molcel.2012.01.026
http://www.ncbi.nlm.nih.gov/pubmed/22424773
http://doi.org/10.15252/embr.201948183
http://doi.org/10.1042/BCJ20180424
http://doi.org/10.1021/bi400514k

Biomolecules 2021, 11, 740 10 of 10

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

Adams, P.D.; Afonine, P.V.; Bunkoczi, G.; Chen, V.B.; Davis, LW.; Echols, N.; Headd, J.J.; Hung, L.W.; Kapral, G.J.; Grosse-
Kunstleve, RW.; et al. PHENIX: A comprehensive Python-based system for macromolecular structure solution. Acta Cryst. Sect. D
2010, 66, 213-221. [CrossRef]

Emsley, P.; Cowtan, K. Coot: Model-building tools for molecular graphics. Acta Cryst. Sect. D 2004, 60, 2126-2132. [CrossRef]
[PubMed]

UniProt Consortium. UniProt: A worldwide hub of protein knowledge. Nucleic Acids Res. 2018, 47, D506-D515. [CrossRef]

Shi, D.; Morizono, H.; Yu, X.; Tong, L.; Allewell, N.M.; Tuchman, M. Human ornithine transcarbamylase: Crystallographic
insights into substrate recognition and conformational changes. Biochem. J. 2001, 354, 501-509. [CrossRef] [PubMed]

Xiong, Y.; Guan, K.-L. Mechanistic insights into the regulation of metabolic enzymes by acetylation. J. Cell Biol. 2012, 198, 155-164.
[CrossRef] [PubMed]

Yu, W,; Lin, Y,; Yao, J.; Huang, W.; Lei, Q.; Xiong, Y.; Zhao, S.; Guan, K.-L. Lysine 88 acetylation negatively regulates ornithine
carbamoyltransferase activity in response to nutrient signals. J. Biol. Chem. 2009, 284, 13669-13675. [CrossRef] [PubMed]

Qiu, X.; Brown, K.; Hirschey, M.D.; Verdin, E.; Chen, D. Calorie restriction reduces oxidative stress by SIRT3-mediated SOD2
activation. Cell Metab. 2010, 12, 662-667. [CrossRef]

Wang, M.-M.; You, D.; Ye, B.-C. Site-specific and kinetic characterization of enzymatic and nonenzymatic protein acetylation in
bacteria. Sci. Rep. 2017, 7, 14790. [CrossRef] [PubMed]

Fu, M.; Rao, M.; Wang, C.; Sakamaki, T.; Wang, J.; Di Vizio, D.; Zhang, X.; Albanese, C.; Balk, S.; Chang, C.; et al. Acetylation of
Androgen Receptor Enhances Coactivator Binding and Promotes Prostate Cancer Cell Growth. Mol. Cell Biol. 2003, 23, 8563-8575.
[CrossRef] [PubMed]

White, R.H.; Keberlein, M.; Jackson, V. A Mutational Mimic Analysis of Histone H3 Post-Translational Modifications: Specific
Sites Influence the Conformational State of H3/H4, Causing either Positive or Negative Supercoiling of DNA. Biochemistry 2012,
51, 8173-8188. [CrossRef] [PubMed]

Neumann, H.; Peak-Chew, S.Y.; Chin, ].W. Genetically encoding Ne-acetyllysine in recombinant proteins. Nat. Chem. Biol. 2008,
4,232-234. [CrossRef] [PubMed]


http://doi.org/10.1107/S0907444909052925
http://doi.org/10.1107/S0907444904019158
http://www.ncbi.nlm.nih.gov/pubmed/15572765
http://doi.org/10.1093/nar/gky1049
http://doi.org/10.1042/bj3540501
http://www.ncbi.nlm.nih.gov/pubmed/11237854
http://doi.org/10.1083/jcb.201202056
http://www.ncbi.nlm.nih.gov/pubmed/22826120
http://doi.org/10.1074/jbc.M901921200
http://www.ncbi.nlm.nih.gov/pubmed/19318352
http://doi.org/10.1016/j.cmet.2010.11.015
http://doi.org/10.1038/s41598-017-13897-w
http://www.ncbi.nlm.nih.gov/pubmed/29093482
http://doi.org/10.1128/MCB.23.23.8563-8575.2003
http://www.ncbi.nlm.nih.gov/pubmed/14612401
http://doi.org/10.1021/bi300872t
http://www.ncbi.nlm.nih.gov/pubmed/23003102
http://doi.org/10.1038/nchembio.73
http://www.ncbi.nlm.nih.gov/pubmed/18278036

	Introduction 
	Materials and Methods 
	Reagents 
	Construct Preparation 
	Kinetic Assays 
	Structural Modeling 

	Results 
	Glutamine Mutation Results in Decreased Kinetic Activity 
	R132H IDH1 Acetylation Mimics Have Minor Kinetic Effects 
	Residue D79 Plays an Important Role in WT IDH1 Activity 
	Structural Modeling of IDH1 Mutations 

	Discussion 
	References

