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Cancer cells can reprogram their metabolism through altering metabolic enzymes
to support increased lipid synthesis, cell proliferation, glycolysis, and tricarboxylic acid
(TCA) cycling. Two important cytosolic enzymes that play a role in driving these
processes include isocitrate dehydrogenase 1 (IDH1) and malate dehydrogenase 1
(MDH1), though details of their regulation and their role in cancer is still under exploration.
IDH1 catalyzes the reversible conversion of isocitrate to a-ketoglutarate (aKG) via
NADP*-dependent oxidation in the cytosol and in peroxisomes of cells. Mutations
primarily at residue R132 have been identified in low grade gliomas and secondary
glioblastomas, causing the neomorphic production of D-2-dehydroxyglutarate (D2HG)
from aKG coupled to NADPH oxidation. Little is currently known about how human IDH1
activity is regulated, though recent proteomics data identified lysine acetylation sites in
WT IDH1. We created lysine to glutamine (K-to-Q) acetylation mimics (Lys81, Lys224,
Lys321) in WT and R132H IDH1, and found that acetylation inhibits WT IDH1 and variably
regulates R132H IDH1 catalysis. A second metabolic dehydrogenase implicated in
cancer is MDH1, an enzyme critical for replenishing cytosolic metabolites and for driving
glycolysis through the production of NAD* and malate from NADH and oxaloacetate
(OAA), respectively. MDHL1 has been reported to be amplified in squamous cell non-small
cell lung cancer (NSCLC), which has high glycolytic activity. Elucidation of the role of
MDHL1 in altering cellular metabolism to drive tumorigenic progression has yet to be
determined. Thus, we evaluated the metabolomic features in our MDH1 models and
determined that loss of MDH1 led to decreased proliferation, TCA cycling, lactate
secretion, and lipogenesis. We also found that amplification of MDH1 caused increased

expression of malic enzyme 1 (ME1) in MDH1 amplified cell line.

XXi



CHAPTER 1

Investigating IDH1 Regulation through Site-Specific Acetylation Mimics



INTRODUCTION

Isocitrate dehydrogenase 1 (IDH1) is a homodimeric enzyme that catalyzes the
NADP*-dependent conversion of isocitrate to a-ketoglutarate (aKG) in the cytoplasm and
peroxisomes (Fig. 1a). IDH1, along with mitochondrial IDH2 (NADP*) and IDH3 (NAD?),
is a member of the IDH family of enzymes that generate important metabolites and
reducing equivalents needed for fatty acid synthesis and oxidative metabolism. Two
family members, IDH1 and IDH2, can deleteriously acquire mutations that alter the normal
reaction. IDH1 point mutations, primarily R132H, drive > 80% of lower grade gliomas and
secondary glioblastomas by catalyzing the neomorphic production of the oncometabolite
D-2-hydroxyglutarate (D2HG) from aKG in an NADPH-dependent reaction [3-5] (Fig. 1b).
D2HG can inhibit aKG-dependent enzymes such as DNA and histone demethylases,
leading to genome hypermethylation and cell de-differentiation [6,7]. Mutant IDH1 has
been successfully targeted therapeutically, with an FDA-approved selective inhibitor

currently in the clinic [8]. Wild type (WT) IDH1 has also been implicated in cancer [9-11].

Though mutant and WT IDH1 activity implicated in tumor growth and formation has
been characterized biochemically [9,12-14], less is known about how human IDH1 is
regulated. While IDH1 is conserved across many species such as yeast, bacteria, fish
and mice, mechanisms of regulation appear to be divergent [1,15,16]. For example, yeast
is allosterically regulated by AMP; following isocitrate binding, allosteric association of
AMP causes increased isocitrate affinity. In contrast, human IDH1 doesn’t appear to have
an AMP binding site [1]. In bacteria, IDH is phosphorylated at residue S113, found near
the active site, to halt enzyme activity [1,15,16]. While this residue is structurally

conserved in human IDH1 (S94), this residue does not appear to be phosphorylated in



humans. Instead, D279 hydrogen bonds with S94 to mimic the structural consequences
of serine phosphorylation [1,15,17]. However, phosphorylation may still prove to be
important for IDH1 regulation; it has recently been reported that phosphorylation at Y42

and Y391 are important for cofactor binding and IDH1 dimerization, respectfully [18].

Protein acetylation is a common strategy used by eukaryotes to alter protein
structure and function. Addition of acetyl groups to lysines are catalyzed by lysine
acetyltransferases (KATs). However, there is evidence that this reaction may also occur
non-enzymatically, primarily in the mitochondria [19]. While protein acetylation is most
commonly associated with the regulation of histones, many cytosolic [20-24] and
metabolic [24-26] enzymes are also regulated by this post-translational modification
(PTM). For example, IDH2, which has high sequence and structural homology to IDH1,
is regulated via acetylation [27,28]. Once acetylated at K413, IDH2 loses activity by ~44-
fold, though the deacetylase SIRT3 can restore this activity through removal of the acetyl
group under calorie and glucose restriction in mice [27]. The catalytic consequences of
K413 and K256 acetylation in IDH2 were also studied using lysine to glutamine (K-to-Q)

mutants in vitro, and acetylation of both residues inhibited catalysis [28].

Several proteomic data sets show that several lysines in IDH1 are acetylated,
including K81, K224 and K321 [29-31]. All three lysines are located near but not in the
active site of IDH1. K224 and K321 are conserved in IDH2, but K81 is not. Recently, K224
acetylation in IDH1 was investigated in colon cancer and found to have an inhibitory role,
though the consequences 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 K-to-Q mimics in WT and R132H IDH1 backgrounds. We show that



WT IDH1 mimics are inhibited, while R132H IDH1 mimics have more complex
consequences. Overall, our work supports the growing evidence that IDH1 is regulated

by lysine acetylation.



MATERIALS AND METHODS

Materials

Tris—hydrochloride, sodium chloride, magnesium chloride hexahydrate, and a-
ketoglutarate (aKG, sodium salt) were purchased from Fisher (Hampton, NH). The pH of
aKG stocks was adjusted to 7.0 before use. DL-isocitric acid trisodium salt hydrate and

coenzyme A trilithium salt dihydrate (Acetyl-CoA) was purchased from MP Biomedicals

(Santa Ana, CA). NADPH (tetrasodium salt) and NADP™ (disodium salt) were purchased
from Calbiochem (San Diego, CA). Dimethyl sulfoxide (DMSO) and lithium potassium
acetyl phosphate (acetyl-phosphate) were purchased from Sigma-Aldrich (St. Louis,
MO). Bovine serum albumin (BSA) was purchased from SeraCare Lifescience (Milford,

MA).

Plasmid Mutagenesis

All WT IDH1 and R132H IDH1 mutant constructs were in a pET-28b vector
containing an N-terminal hexahistidine tag. Site-directed mutagenesis (Kapa
Biosciences, Wilmington, MA) was used to generate K81Q (forward primer, 5- GCC ACC
ATT ACA CCG GAT GAA CAG CGT GTG GAA GAATTT AAA C -3, reverse primer, 5'-
GTT TAAATT CTT CCA CAC GCT GTT CAT CCG GTG TAATGG TGG C -3’); K224Q
(forward primer, 5’- CCA TTC TGA AAA AAT ACG ATG GTC GCT TTC AGG ATATTT
TTC AAG AAATTT ACG ATA AAC -3, reverse primer, 5- GTT TAT CGT AAATTT CTT
GAA AAA TAT CCT GAA AGC GAC CAT CGT ATT TTT TCA GAA TGG -3’); K321Q
(forward primer, 5’- CGT CAT TAT CGT ATG TAT CAG CAG GGT CAA GAA ACC AGC
ACC AAT -3, reverse primer, 5°- ATT GGT GCT GGT TTC TTG ACC CTG CTG ATA

CAT ACG ATA ATG ACG -3’); and D79L (forward primer, 5’- GTT AAA TGC GCC ACC



ATT ACACCG CTG GAA AAACGT GTG GAA GAATTT AAA-3’, reverse primer, 5°- TTT
AAATTC TTC CACACG TTT TTC CAG CGG TGT AAT GGT GGC GCATTT AAC -3).

All constructs were confirmed by sequencing.

Protein Purification

All WT IDH1 and R132H IDH1 mutant proteins were expressed and purified using
conditions published previously [5,32]. Briefly, BL21 gold (DE3) cells were transformed

with an IDH1 construct until an ODgog of 1.0-1.2 was reached. The temperature was

reduced to 18 °C and expression was induced with a final concentration of 1 mM isopropy!
B-D-1-thiogalactopyranoside followed by 18-20 h incubation. The protein lysate was
purified using nickel-nitrilotriacetic acid column chromatography (Qiagen, Valencia, CA)
and dialyzed in storage buffer (50mM Tris pH 7.5 at 40C, 100mM NacCl, 20% glycerol,
1mM DTT). 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.

Steady-State Activity Assays

An 8452 diode array spectrophotometer was used (OLIS, Atlanta, GA) 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 [5], 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, 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 MgClz, 1 mM dithiothreitol). For the

neomorphic conversion of aKG to D2HG [5], the reaction was initiated by adding



saturating concentrations of NADPH (200 pM final concentration) and varying
concentrations of aKG to limiting concentrations of the R132H 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 monitored at 340 nm.
For both reactions, the slope 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-1 to obtain kobs (i.e. nM NADPH/nM enzyme s at each concentration of substrate).
Results were fit to hyperbolic plots in GraphPad Prism (GraphPad Software, La Jolla, CA)
to estimate kcat and Km mean values + S.E. Assays were performed with at least two

protein preparations.



RESULTS

K-to-Q IDH1 mutation results in inhibited activity

We used K-to-Q acetylation mimics as a proxy to better understand the
consequences of acetylation on WT and R132H IDHL1 activity. Previously reported mass
spectrometry data sets from human, mouse and rat samples showed lysine positions K81,
K87, K115, K224, K233, K243, and K321 were acetylated in WT IDH1 [29-31]. When
evaluating these lysine sequence positions in human IDH1 and human IDH2 using the
uniprot alignment tool [33], we found that K81 in IDH1 was not conserved in IDH2, but
K87, K115, K224, K233, K243, and K321 were conserved in IDH2. It has previously been
shown that acetylation of K256 and K413 in IDHZ2 inhibits activity [27,28], so we also 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 [29-31].

Previous studies have shown that acetylation of lysines in or near the active site
can affect substrate binding [34-36] or cause conformational changes that affect rates of
catalysis [28,35,37]. Thus, acetylated lysines near the IDH1 active site (K81, K224, and
K321) were prioritized to be probed using site-directed mutagenesis [29,31]. Of note,
K224 IDHL1 is structurally proximal to K256 in IDH2 (corresponding to K217 in IDH1), a
lysine whose acetylation leads to inhibited IDH2 catalysis [28], and so we expected that
mimicking acetylation at K224 in IDH1 would also confer inhibition. Distances of K81,
K224, and K321 to the nearest substrate (NADP™) in a previously solved crystal structure
of holo IDH1 (PDB 1T09 [1]) were found to be similar distances away (~10 A), though

K321 was a bit more distant (13.7 A, Fig. 2a). In a structure of holo R132H IDH1 (PDB



4KZO [2]), K81/R132H IDH1 was positioned ~2 A farther away from NADPH when

compared to K321/R132H and K224/R132H IDH1 (Fig. 2b).

Acetylation mimics (K81Q, K224Q and K321Q IDH1) were created using site-
directed mutagenesis in WT and R132H IDH1 backgrounds. This strategy has been
successful for elucidating the catalytic and structural consequences of lysine acetylation
for a host of proteins such as IDH2, malate dehydrogenase, and histone H3 [19,28,38-
40]. Steady-state experiments [5,15,28] probing the rates of aKG production were
measured, and we found that K81Q IDH1 had a similar kcat to WT IDH1, while K224Q and
K321Q IDH1 had kcat values reduced by > 80% (Fig. 2 and Table 1). All of the K-to-Q
IDH1 mimics had similar Km values, which were 5-fold higher than observed for WT IDH1
(Table 1). Thus, the catalytic efficiency of the IDH1 mimics decreased ~5-fold for K81Q
IDH1 and ~8-fold for both K224Q and K321Q IDH1, driven primarily through a decrease
in keat (Fig. 2 and Table 1). These results indicate that mimicking acetylation at residues

K81, K224, and K321 in IDH1 leads to decreased aKG production.

K-to-Q R132H IDH1 mutants are both inhibited and activated

Changes in WT IDHL1 activity upon mimicking lysine acetylation led us to evaluate
if lysines in a R132H IDH1 background have similar effects on catalysis. R132H IDH1 is
the most common point mutant found in IDH1 tumors and this mutant catalyzes the
neomorphic reaction of D2HG production from aKG [3]. Double mutants (R132H/K81Q,
R132H/K224Q and R132H/K321Q IDH1) were generated and assessed using steady-
state kinetic assays designed to measure rates of D2HG production. Only modest
changes in kcat and Km values were observed in the double mutants as compared to

R132H IDH1 (Fig. 3 and Table 1). 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 Km. We concluded that acetylation of R132H IDH1 can have modest yet complex

consequences on catalysis.

Changes to residue D79 confirms the importance of the location of K224 in IDH1

Due to the location and positioning of K217 IDH1 near the active site, we were
interested in testing the mechanistic consequences of the K224Q mutation in IDH1 [28].
Of the three lysines studied in this work, only K224 appeared near enough to other
residues to engage directly in noncovalent interactions. Specifically, K224, located in helix
a7 in IDH1, is 3 A away from D79’, which is located in helix a4 [1]. 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 [1], 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. Therefore, we generated, expressed, and purified D79L in WT IDH1
(Fig. 4d). Using steady-state kinetics, we determined that the kcat of D79L IDH1 drastically
decreased by > 99% to generate a catalytic efficiency that is 130-fold lower (Fig. 4d, Table
1). Detection of any activity by D79L IDH1 required a 21-fold increase in concentration of
the enzyme. To our knowledge, this is the first time that D79 has been identified as being

important to IDH1 catalysis.
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DISCUSSION

In our experiments, we used K-to-Q mimics for K81, K224, and K321 in WT IDH1
and R132H IDH1. We found that acetylation has the potential to inhibit WT IDH1 and
variably alter R132H IDH1 activity. An interesting future direction is to determine if
simultaneous acetylation of lysines has an additive or synergistic effect. By designing K-
to-Q mutations to occur in pairs or trios, the effect of acetylations simultaneously affecting
several lysine residues could be mimicked. An example of the effects of additive PTMs
has been seen in transcription factors and histones [41,42]. For example, acetylation and
phosphorylation of the conserved regions of transcription factor FOXO3a affects other
PTMs synergistically such as those in the forkhead domain [41]. Methylation and
acetylation PTMs that compete for the same residue usually have opposing effects on
gene expression in histones [42]. While there is no evidence of methylation at positions
K81, K224 and K321 in IDH1, these sites have been reported to be ubiquitinated [29].
Thus, there is the potential for competition resulting in changes in enzymatic activity or
stability of the protein. While acetylation mimics are valuable for understanding the
potential kinetic consequences of lysine acetylation, one limit is that they cannot provide
mechanistic information on the consequences of the PTM. Instead, systems biology
methods in which acetylated lysines are incorporated during translation using Ne-
acetyllysyl-tRNA synthetases/tRNAs are the gold standard to identify the global
consequences of protein acetylation in cells [43] and represent an important future

direction.

Our study focuses on the kinetic features of enzymatic activity of acetylation

mimics in IDH1 WT and R132H IDH1, and we show biochemically that K321 and K81
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also inhibit IDH1 WT activity. By also extending our work to evaluate acetylation in R132H
IDH1, we now know that acetylation in this background is more complex, yielding both
slight increases and decreases in activity depending on the affected lysine. However, it
is unknown whether the effects seen in R132H IDH1 are strong enough to have
physiological ramifications. Recently, K224 in IDH1 was found to be deacetylated by
SIRT2 to inhibit colorectal cancer and liver metastases [44]. K224R IDH1 (deacetylation
mimic) and K224Q IDH1 were stably expressed in 293T cells [44]. Our data confirms their
finding that K224 acetylation inhibits IDH1 activity. They also evaluated the effects of K81
and K321 IDH2 by expressing deacetylation mimics in 293T cells, but the acetylation
levels at these positions assessed by western were unchanged compared to WT IDH1
[44]. Therefore, no further evaluation was undertaken to determine if K81 and K321
acetylation contribute to slowing the progression of the cancer cells in their colorectal

model.

Additionally, we sought to understand the structural consequences of lysine
acetylation. Of the three lysine residues under investigation, 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 resulted in nearly full ablation of WT IDH1
activity, drastically overshadowing the changes seen by altering K224 and revealing the

importance, and complexity, of this residue and its interactions in IDH1 activity.

Overall, we used steady-state kinetics to elucidate the catalytic consequences of
lysines reported to be acetylated in IDH1 [29-31]. Kinetic parameters for a series of K-to-
Q mimics, a valuable strategy for understanding the consequences of acetylation in vitro

[19,28,35,38,40] were reported in both WT and R132H backgrounds. We show that
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mimicked acetylation of 3 lysine residues (K81, K224 and K321) in IDH1 lead to inhibition
in WT IDH1 and variably alter activity in R132H IDH1, suggesting that IDH1 acetylation
may have a regulatory role. Acetylation of K224 IDH1 may affect a possible interaction
with D79, a non-active site residue that we show is important for catalysis. Overall, this
study provides a foundation for determining mechanistic consequences of IDH1

acetylation as a means of regulation.
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TABLES

Table 1.1: Steady-state kinetics parameters for the reactions catalyzed by
WT and R132H mutational variants.

kobs rates were obtained for varying substrate concentrations from at least 2
protein preparations and to fit a hyperbolic function. The SE was determined
by deviation from the hyperbolic fits.

IDH1 keat () Kn (MmM) keae/ Ky (MM-1s7%)
ICT = aKG ICT 2 aKG ICT = aKG
WT 40.4 +0.8 .03001 + 0.0008 1.340.1x10°
K81Q 38 1 0.14 £ 0.02 270 £ 40
K224Q 23.0+0.8 0.14 + 0.02 160 + 20
K321Q 24 +£1.0 0.14 +0.02 170 £20
D79L 0.315 £0.006 0.028 £0.003 10 +1
Keae (s2) K (mM) keat/ Ky (MM-1s71)
aKG = D2HG aKG = D2HG aKG = D2HG
R132H 1.09 + 0.02 0.51 +£0.04 21+0.2
R132H K81Q 1.26 + 0.03 0.24 £ 0.03 5.2+0.7
R132H K224Q 0.84 £ 0.02 1.0+ 0.1 0.9+0.1
R132H K321Q 0.91+0.01 0.37 £ 0.02 2.5+0.1




FIGURES
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Figure 1.1: Reactions catalyzed by WT IDH1 and R132H
IDH1 reactions

(A) WT IDH1 and (B) mutant IDH1 reactions.
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Figure 1.2: K224Q IDH1 inhibits 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 [1]). (B) Overlaid
Michaelis-Menten plots revealing differences in kcat and Km parameters
among the mutants.
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Figure 1.3: Acetylation mimics in R132H IDH1 lead to modest
increased and decreased activity.

(A) The active site of R132H IDH1 with lysine residues identified in red
and distances from NADPH are shown in in A (PDB 4KZO [2]). (B)
Overlaid Michaelis-Menten plots revealing differences in kcat and Kwm
parameters.
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Figure 1.4: Mutation of D79, which is proximal to K224, ablates IDH1 activity

(A) IDH1 WT dimer (PDB 1T09 [1]). (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 and NADP*. (D) Michaelis-Menten plot of
D79L IDH1.
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SUMMARY

Human IDH1 regulation is much less understood as compared to the study of
regulatory strategies in other organisms such as bacteria. Previous IDH1 studies focused
on the biochemical evaluation of WT and mutant IDH1 in tumors instead of determining
how activity in IDH1 is regulated at the protein level. We undertook this study to determine
the kinetic consequences of acetylation by creating K-to-Q mimics at K81, K224 and K321
in WT and R132H IDH1. We found that acetylation could lead to inhibition of WT and
variable changes in R132H IDH1 activity. We advanced this study by also evaluating the
K224 to D79 salt bridge interaction to find that D79 is highly critical for IDH1 activity, since
alteration of this residue largely reduced IDH1 activity by more than 99%. Collectivity, our
findings suggest that IDH1 is regulated by acetylation, supporting the idea that K224 is
an important residue in IDH1. We also show that D79, which appears to interact with

K224, also plays an important role in IDH1 catalysis.

Chapter 1, in full, is currently in preparation for publication. (Tentative Title)
Understanding IDH1 regulation through site-specific acetylation mimics. Joi Weeks,
Alexandra Strom, Vinnie Widjaja, Sati Alexander, Dahra Pucher, and Christal D. Sohl.

The dissertation author will be the primary researcher and author of this paper.
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CHAPTER 2

Understanding the catalytic consequences of MDH1 in NSCLC
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INTRODUCTION

Lung cancer is the leading cause of cancer deaths world-wide and is classified into
two groups: small cell lung cancer and non-small cell lung cancer (NSCLC). NSCLC, an
aggressive form of cancer found in smokers and nonsmokers alike, is further subdivided
into three groups based upon cell morphology: adenocarcinoma, squamous cell
carcinoma, and large cell carcinoma. The two most common NSCLC subtypes are
adenocarcinoma, a fast-growing tumor in alveoli, and squamous cell carcinoma, a slower
growing tumor in the bronchi. Such differences in growth identify the potential differences

in metabolic demand between these NSCLC subtypes.

MDH1, one of two malate dehydrogenase isoenzymes, is a cytoplasmic enzyme
that generates NAD* equivalents for glycolysis as well as for the tricarboxylic (TCA) cycle
through the malate aspartate shuttle. MDH1 reversibly catalyzes the NAD*-dependent
production of oxaloacetate (OAA) to malate. MDH1 has been reported to be amplified in
squamous NSCLC, which is highly glycolytic [45]. Disease-free survival rates after ~3
years in squamous NSCLC patients drop from 35% to 0% in squamous NSCLC patients
with amplified MDH1 [46]. Evaluating changes in MDH1 expression to determine
alterations in cancer cell phenotype will help to reveal the role of MDH1 amplification in

NSCLC.

Glycolysis is the process of converting glucose to pyruvate, which is ultimately
used to generate the energy equivalent ATP. Such processing also generates
nicotinamide adenine dinucleotide phosphate (NADPH) and acetyl coenzyme (Ac-CoA),
which are critical for fatty acid synthesis as well as lactate secretion. In glycolysis, the

conversion of glyceraldehyde-3-phosphate (GAP) to 1,3-diphosphoglycerate (1,3 BPG)
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by glyceraldehyde-3-phosphate dehydrogenase (GAPDH) requires NAD*, and if it is
unavailable, glycolysis will not continue. Thus, MDH1 can directly support glycolysis by
generating NAD* in the cytoplasm under aerobic conditions. Lactate dehydrogenase
(LDHA) is also capable of generating NAD* by converting pyruvate to lactate under
anaerobic conditions, however Otto Warburg found in 1926 that cancer cells consume

large levels of glucose and convert it to lactate regardless of oxygen status [47].

De novo lipid synthesis requires glucose as its main substrate. Once glucose exits
glycolysis as pyruvate, it enters the TCA cycle and exits as citrate to create an Ac-CoA
pool in the cytoplasm reserved for lipogenesis. In cancer cells, glycolysis and glucose
transporters have been shown to be upregulated by the PI3K/Akt/mTOR pathway [48,49].
For example, squamous NSCLC has been shown to be dependent on glucose through
increased expression of glucose transporter 1 (GLUT1), which is not the case in
adenocarcinomas [49]. Glucose increases lead to higher production of lactate and
pyruvate that can support increased lipid synthesis and cell proliferation. Major enzymes
required for lipogenesis that have been shown to be up regulated in cancer are Ac-CoA
carboxylase 1 (ACACA), fatty acid synthase (FASN) and a few others [48]. However,
metabolic enzymes such as MDH1 and malic enzyme 1 (ME1) also help support the
conversion of Ac-CoA into lipids through the production of NADPH and pyruvate from

malate.

Metabolomics studies using isotope tracers has become a valuable way to
deconvolute the complexity of the metabolome and lipidome by measuring the
abundances of metabolites in metabolic steady-state or flux. In biochemistry and

bioengineering, tracers can help to map pathways, and understand enzyme regulation
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and the enhancement/inhibition of yields [50]. Appropriate isotope tracers are chosen
based upon the dynamics or activity of the pathway to be evaluated. Previously published
metabolomic studies show that tracers such as [U-13C]glucose are useful for evaluating
glycolysis, the TCA cycle, and de novo serine synthesis, where [1,2-13Cs]glucose can be
used to evaluate the pentose phosphate pathway (PPP) and others [50]. Here, we used
[U-13Cé]glucose to evaluate water soluble TCA intermediates and related metabolites. We
also employed [4-°H]glucose to assess lipid biosynthesis through sources of NADPH to

better understand the consequences of changing the expression of MDHL1 in vitro.

Metabolic evaluation of MDH1 was conducted using human cell lines. This in vitro
model was used to harness the comparative power of isogenic controls when determining
true differences in cell phenotype, metabolism, and enzymatic reactions caused by
changes in expression of MDH1. We acquired a human squamous cell patient line (NCI-
H520), a naturally occurring MDH1 amplified adenocarcinoma patient line (NCI-1792), a
normal lung epithelial airway cell line (NuLi-1), human embryonic kidney cells (293T), and
MDH1 KO 293T cells. To study MDH1 amplification in NCI-H520 cells, a single cell clonal

line was created (H520 MDH1").

In this study, we evaluated the expression of MDHL1 in cell lines and assessed the
293T WT and KO cells to determine changes in metabolism and proliferation when MDH1
is lost. We found that increased expression of MDHL1 led to increased levels of MEL1 in
H520 MDHL1* cells. Overall, our data indicate that MDHL1 is needed for robust proliferation,

glucose consumption in metabolism, and lipid biosynthesis.
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MATERIALS AND METHODS

Materials

All of the following materials were purchased for the purpose of experimental
evaluation of MDH1: Protease inhibitor (Fisher A32959), NADH (Fisher AC271102500),
Phenol Red (ATCC PCS-999-001), NCI-H192 (ATCC CRL-5895), ECL Plex goat-a-
mouse IgG Cy3 (GE Lifesciences PA43009), PBS (Fisher MT21040CV, Corning 21-031-
CM), NCI-H520 (ATCC HTB-182), NuLi-1 (ATCC CRL-4011), Collagen IV (Sigma
C7521), C-flag pcDNA3 (Adgene), CellStripper (Corning 25-056-Cl), TrypLE (Fisher
12604013), Oxalacetic acid (Fisher AC416600050), MDH1 Protein (Fisher
NBP14531501), FBS (VWR 97068-085), 2,2,2-trifluoro-N-methylsilyl-acetamide
(Machery-Nagel 24589-78-4), chloroform (Sigma 366927), DMEM without glucose and
glutamine (Sigma D5030), glucose (Sigma G8270), glutamine (Sigma G8540), hexane
(Sigma 34859), norvaline (Sigma N7502), methanol (Sigma 34860), methoxyamine
hydrochloride (Supelco 33045-U), N-tertbutyldimethylsil-N-metylrifluoroacetamide with
1% tert-butyldimetylchlorosilane (Regis Technologies 1-270143-200), pyridine (Sigma
270407), sodium chloride (Sigma S3014), sulfuric acid (Sigma 339741), [U*3Cs]glucose
(Cambridge Isotope Laboratories CLM-1396), and [4-?H]glucose (Omicron Biochemical,

Inc. GLC-035).
Transfections and Stable Cell Line Generation

A pcDNA3.1+/C(K)-DYK vector containing a C-terminal FLAG tag fused to MDH1
(Genescript) was transfected into NCI-H520 cells using Lipofectamine 3000. Cells
expressing the vector were selected for using a concentration of 0.8 mg/mL G418

(Thermo Fisher 087721) for 2 weeks and maintained in half this concentration for the
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lifetime of the cell line. Parent lines expressing the vector as confirmed by western were
chosen for single cell selection. For selection, 1x10* cells were placed in well Al of 96-
well plate. This well was diluted 1:2 down the first column and then the wells of column 1
were diluted 1:2 across the plate to column 12. After 7-10 days, identified single cell
colonies were dissociated and re-diluted 1:2 in a column of a new 96-well plate. Identified
single cell colonies were moved to a 24-well plate after 8-12 days, then to a 6-well after
9-22 days, and lastly expanded in a T-75 flask. This monoclonal population was evaluated

by western to confirm flag and MDH1 expression levels.
Cell Culture and Isotopic Labeling

The following cell lines were maintained in their respective medias with 10% FBS:
HEK 293T WT and MDH1 KO cells utilized DMEM, squamous carcinoma cells NCI-H520
required RPMI ATCC-formulated (ATCC 30-2001) and adenocarcinoma NCI-H1792 used
RPMI. Normal epithelial lung cells NuLi-1 cells used airway epithelial cell basal medium
(ATCC PCS-300-030) with the bronchial epithelial cell growth kit (ATCC PCS-300-040)
additives with no FBS. Cell number was determined using a hemocytometer. For isotopic
labeling experiments in 293T cell lines, cells were cultured in 6-well or 12-well plates in
glucose- and glutamine- free DMEM at pH 7.4, supplemented with 10% dialyzed Tet-free
FBS, 4 mM L-glutamine, and 10 or 25 mM of the appropriate deuterated glucose tracer
([4-°H]glucose, Omicron Biochemical, Inc.) or heavy glucose tracer ([U-'3Ce]glucose,

Cambridge Isotope Laboratories, Inc.) for a 24 h incubation.
Cell Proliferation and Rescue Assays

On day 0 (D0), 5x10° cells/well of 293T WT and MDH1 KO cells were seeded in

12-well plates, with 3 plates for each cell type. On D2-D4 cells were counted on a
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hemocytometer in biological triplicate. Rescue experiments required the addition of 1 mM
sodium pyruvate (Gibco 11360-070) or 1 mM 2-ketobuteric acid (sigma K401-5G) added

to the medium.
Metabolite extraction and YSI Secretion Analysis

Polar metabolites and fatty acids were extracted after media removal using
methanol/water/chloroform as previously described [51]. 293T WT and MDH1 KO cells
were cultured in 6-well or 12-well plates, and volumes of tracer media and extraction
buffers were adjusted accordingly. Derivatization of both polar metabolites and fatty acids
has been described previously [51]. In short, derivatized samples were analyzed by GC-
MS using a DB-35MS column mounted in an Agilent 7890A gas chromatograph (GC)
interfaced with an Agilent 5975C mass spectrometer (MS). Mass isotopomer distributions
were established by integrating metabolite ion fragments and corrected for natural
abundance using algorithms adapted and developed by the Metallo laboratory [52,53].
Extracted media was analyzed in a 96-well plate on the YSI 2950 Biochemical Analyzer

to assess secreted protein output.
Isotopomer Spectral Analysis

We followed the isotopomer spectral analysis method used in Lewis et. al [53].
Briefly, the measured palmitate mass isotopomer distribution was compared to a
simulated palmitate using a reaction network for the biosynthesis of palmitate using the
number of NADPH molecules consumed to form a palmitate molecule [51,53]. Estimated
parameters for the relative enrichment of the lipogenic NADPH pool from the [4-
2H]glucose tracer and the percentage of de novo synthesized fatty acids were extracted

from a best-fit model using the isotopomer network compartmental analysis platform with
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metabolic flux analysis software package (Fig. S2)[54]. Confidence intervals at 95% for
both parameters were estimated by assessing the sensitivity of the sum of squared
residuals between quantified and modeled palmitate mass isotopomer distributions to

small variations in flux [55].
Protein Extraction and Westerns

Whole-cell extracts were created from cells lysed in RIPA buffer with protease and
phosphatase inhibitors. Protein expression was analyzed by western blotting using
antibodies against FLAG (DYKDDDDK tag, invitrogen), MDH1 (c-term Abcam ab180152,
Novus), ME1 (Fisher MA5-23524), actin (Fisher MA5-15739) and vinculin (Sigma V9131-
2ML). All protein lysate concentrations were normalized using a Pierce BCA assay (Fisher

P123228).
Steady-State Kinetics

All enzymatic assays utilized an 8452 diode array spectrophotometer (OLIS,
Atlanta, GA). Unknown MDH1 enzymatic concentrations were normalized to 15 ug of total
protein from cell lysates and optimized for each cell lysate to ensure optimal signal and
linear range. For the conversion of OAA to malate [56,57], the reaction was initiated by
adding saturating NADH (200 uM final concentration) and 30 uM OAA in MDH1 assay
buffer (10 mM Na/K Phos, pH 7.4 at 37 °C). The change in absorbance due to NADH
depletion was monitored at 340 nm. For this reaction, the slope of the linear range of the
incubations were calculated and converted to nM NADPH using the molar extinction
coefficient for NADH of 6.22 cm™* mM-! to obtain a hypothetical “kobs” (i.e. nM NADPH/ug
protein at 30uM substrate). Assays were performed with at least three lysate

preparations.

27



RESULTS

MDHZ1 successfully amplified in squamous NSCLC cell line

To create a cellular tool to evaluate the effect of MDH1 expression in squamous
carcinoma NSCLCs, NCI-H520 cells (WT H520) were transfected with a pcDNA3.1
amplification vector with MDHL1 fused to a C-terminal FLAG tag (MDH1 vector, Fig. 1b).
H520 parent lines resulting from transfection of the MDH1 vector were screened for FLAG
expression and clonally single cell selected (Fig. 1c). Levels of MDH1 and FLAG
expression varied between clones based upon immunoblot analysis, therefore the highest
expressors of MDH1 and FLAG were later evaluated by kinetics as a second screen (Fig.
1d). A Michaelis-Menten-like plot was generated to determine an appropriate OAA
concentration using the WT H520 cell line for later comparison of MDH1 activity amongst
cell lines (Fig. 2a). Since enzyme concentration was unknown, we do not report the
Michaelis-Menten parameters kcat and Km, and instead report kobs values. We used
steady-state kinetics assays to identify the clone (H520 MDH1*) with the highest rates of

malate production by the lysates as compared to the parental WT H520 cell line (Fig. 2b).
H1792 adenocarcinoma cells express the highest levels of MDH1

To determine the baseline expression of our MDH1 amplified and WT cell lines,
we used steady-state kinetics experiments with cell lysates. Direct comparison of Kobs
values for normal lung (NuLi-1), WT H520, H520 MDH1*, and the naturally MDH1
amplified adenocarcinoma NSCLC (H1792) cells revealed that the H1792 cells had the

highest MDHL1 activity followed by the H520 MDH1* cells (Fig. 2b).

MDH1 KO cell line partially rescued by metabolites
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We acquired readily available WT and MDH1 KO cells in a 293T background, and
noted a substantial difference in proliferation rate between the WT and MDH1 KO cell
lines (Fig. 3a). We then sought to determine if the growth defect could be rescued by
metabolite intermediates, and thus we tested supplementing the KO cells with pyruvate
and a-ketobutyric acid. Pyruvate directly bypasses the loss of MDH1 by entering the
mitochondria to supplement the TCA cycle with OAA after conversion by pyruvate
carboxylase (Fig. 4c). Once transported into the mitochondria, a-ketobutyric acid is
converted into succinyl-CoA by a series of 4 mitochondrial enzymes leading to the
generation of malate from fumarate to increase TCA cycling. Both compounds facilitated
a partial rescue in growth that was significantly apparent by day 4 (Fig. 3c).
Supplementation of these compounds on WT cells showed no difference in growth rates

(Fig. 3b).
Loss of MDHL1 decreases TCA cycling, lactate secretion, and lipid biosynthesis

We then performed metabolomic studies to probe the effects caused by MDH1
loss in the MDH1 KO cells. Evaluation of metabolomics with tracers has been used
previously to trace metabolites in the cytosol and mitochondria of cells [53]. Using a
[U3Ce]-glucose tracer and GC-MS, we identified differences in the abundance of
metabolite intermediates between the WT and MDH1 KO cells. Initially, we found that the
percentage of labeling and the normalized abundance from the glucose tracer was
decreased in the MDH1 KO cells compared to WT (Fig. 4a, b). All TCA intermediates
were decreased except for aspartate. This metabolite may be increased due to the loss
of MDHL1 in the malate-aspartate shuttle (Fig. 4b). When we evaluated the levels of

secreted metabolites using YSI, there was only a detected decrease in lactate secretion
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by the MDH1 KO cells (Fig. 4d), indicating a shift in how glucose is utilized [49]. Since the
majority of intermediates created down stream of glucose are down, this suggests that

the demand for glucose is also down or it is being used differently in the MDH1 KO cells.

To evaluate lipogenesis, a [4-°H]-glucose tracer and GC-MS were used. [4-°H]-
glucose has previously been used to label the NADPH pool created in glycolysis via the
transport of the deuterated hydrogen from carbon 4 of the glucose tracer to NADP(H)
[50,53]. When the deuterated NADP(H) is converted to NAD*, the heavy hydrogen is
incorporated into the formed product, facilitating tracking of synthesized intermediates
containing that deuterated hydrogen (Fig 5a). This is an ideal way to monitor changes in
MDH1 activity since MDH1 uses NADH to produce malate and NAD*. This malate in turn
serves as a substrate for ME1, which catalyzes an NADP*-dependent conversion of
malate to pyruvate and NADPH. This NADPH in part helps support lipid biosynthesis.
Thus, palmitate was analyzed as a lipid proxy using ISA analysis to determine the
percentage of labeling from the heavy glucose tracer. We found that labeling of palmitate
in MDH1 KO cells was attenuated (Fig. 5b). The contribution of heavy glucose to the
lipogenic pool of AcCoA and the percentage of newly synthesized palmitate was found to

be significantly decreased (Fig. 5c).
ME1 expression is enhanced in MDH1 amplified cells

Upon finding that the loss of MDH1 activity led to decreased TCA cycling and lipid
biosynthesis, we examined relative expression levels of enzymes that support lipogenesis
in conjunction with MDH1, such as ME1. We compared ME1 expression levels between
NuLi-1, WT H520, H520 MDH1*, and H1792 cells, and showed that ME1 expression is 9-

fold higher than normal lung cells in the H520 MDH1* cells, 6-fold higher in WT H520
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cells, and 3-fold in H1792 cells (Fig. 6b). When compared to WT H520 cells, ME1

expression in H520 MDH1" cells were only slightly higher (~0.5-fold, Fig. 6b).
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DISCUSSION

Here, we used an in vitro human cell model system to evaluate changes in MDH1
expression. We found that KO of MDH1 decreases proliferation, TCA cycling, lactate
secretion, and lipogenesis. Previously Hanse et. al. showed that KO of MDHL1 in Jurkat
T-cells have a proliferation defect [46]. Our data from the MDH1 KO 293T cells confirms
this finding and shows consistency between results. Our data also supports the finding
that glucose utilization is decreased in the MDH1 KO 293T cells as indicated by lowered
abundance of TCA intermediates. We partially rescued MDH1 KO 293T cells with
pyruvate and a-ketobutyric acid, consistent with previous pyruvate rescue of MDH1 KO
Jurkat cells [46]. According to Hanse et al., when MDH1 KO Jurkat cells were engineered
to re-express MDH1, the proliferation defect was also rescued [46]. Currently, we do not
have a paired amplified and KO MDH1 cell line, however in our MDH1* H520 cells we
observed a decrease in cell proliferation compared to H520 WT cells. This may indicate
that excess of MDH1 may not always support cell proliferation as predicted. However, we
observed that increased MDH1 in the H520 MDH1" cells led to amplified ME1 expression,
allowing for the potential of an increase in CO2, pyruvate, and NADPH equivalents. It
would be interesting to assess the metabolism of the H520 WT and H520 MDH1" cells to
better understand if increased ME1 also translates to increased lipogenesis, regardless

of the decrease observed in proliferation.

Interesting future experiments would be to evaluate the differences in metabolism
between squamous and adenocarcinoma cell lines. H520 MDH1* and H1792 cells
showed differences in MDHL1 kinetic activity, expression of ME1, and proliferation rates

that future metabolic tracing may shed light on. Squamous cells also express high levels
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of GLUT1 compared to adenocarcinoma cells, revealing their addiction to glucose [49],
so these will be important future avenues to explore. Evaluating serine metabolism in both
NSCLC cell types may also be advantageous, since serine can lead to the production of
pyruvate after breakdown (Fig. 5a) and is a precursor of sphingolipids and the headgroup
precursor for phospholipids that are used in membranes and may support proliferation
[58]. Preliminarily, we found by YSI that the serine levels of the MDH1 KO cells decrease
by ~50% when no serine is in the media compared to when it is added (data not shown).
Identifying that MDH1 KO 293T cells transport serine from the extracellular environment,
however it has been shown that some cancer cells de novo synthesize serine from
glucose indicating that serine may have a distinct role in cancer cells [58]. Determination
of a serine synthesis dependency in MDH1 amplified NSCLCs and evaluation of if de
novo synthesis of serine is utilized differently in these cells than serine imported from the

environment is an avenue to be explored.

In short, we used human cells to evaluate changes in MDH1 expression. We found
that we could successfully increase MDH1 expression in H520 WT cells to create a
valuable tool to study MDH1 amplification in NSCLC. Among our models, H1792 cells
had the highest MDH1 expression and MDH1 activity, and also led to amplification of ME1
expression. KO of MDHL1 revealed that proliferation, TCA cycling, lactate secretion, and
lipogenesis are all decreased. Overall, this study supports the idea that MDH1 is

important for metabolism and lipid synthesis in normal and NSCLC cells.
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Figure 2.5: H520 MDHL1* cells successfully created from H520 WT cells

(A) MDH1 and MDH2 enzymatic reactions. (B) MDH1 amplification vector showing the
fusion of MDH1 and FLAG transfected into H520 WT cells. (C) Verification of FLAG
expression by western in H520 WT and MDH1 parental lines. (D) Variable expression of
MDH1 and FLAG found in the H520 clonal lines.
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Figure 2.6: Kinetic evaluation of MDH1 expression in lung cells

(A) Michaelis Menten like plot created using WT H520 “kobs” values. Green dots indicate
steady concentrations that can be used to compare the MDH1 rate from multiple cell lines.
(B) Comparison of “kobs” values at a concentration of 0.03 mM OAA for normal lung (NULI-
1), squamous NSCLC (H520 WT), MDH1 amplified squamous NSCLC (H520 MDH1"),
and adenocarcinoma NSCLC (H1792) cells.
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(A) Growth of wild type and MDH1 KO 293T cells over 4 days. (B) Comparison of WT
293T cells with no treatment, treatment with 1 mM pyruvate, and treatment with 1 mM a-
ketobutyric acid. (C) Partial rescue of 293T MDH1 KO cells by 1 mM pyruvate and 1 mM
a-ketobutyric acid compared to no treatment and the WT control with significance
calculated using the student’s T test (* p < 0.01, *** p < 0.0001).
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Figure 2.8: [U*3Ce]glucose tracing reveals decreased TCA cycling and lactate secretion

293T WT and MDH1 KO cells were incubated in [U*3Ce]glucose tracer media for 24 h. (A)
Differential amounts of label from labelled glucose was incorporated into TCA
intermediates and the (B) abundances of label normalized to internal controls and cell
numbers revealed attenuated TCA cycling and a buildup of aspartate (Asp) in MDH1 KO
cells. (C) A metabolism map tracing the use of heavy glucose labeling through glycolysis,
the TCA cycle and lipid synthesis. (D) Secreted metabolites glucose (Glc), lactate (Lac),
glutamine (GIn), and glutamate (Glu) were evaluated using YSI.
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Figure 2.9: [4-?H]glucose tracer reveals decreased lipogenesis

(A) Metabolism map tracing the use of heavy glucose labeling through glycolysis, the TCA
cycle and lipid synthesis. (B) Palmitate synthesis is down in the MDH1 KO cells as
indicated by decreased glucose label, total palmitate derived from labelled glucose and
the total calculated amount of newly synthesized palmitate with error bars, 95%
confidence intervals and S.E.M. (n = 3) with * p < 0.05.
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Figure 2.10: ME1 is increased in MDH1 amplified cells

(A) Metabolism map following glucose through glycolysis, the TCA cycle and lipid
synthesis with an emphasis on the MDH1 and ME1l enzymatic team supporting
lipogenesis. (B) Measured expression of ME1 normalized to -actin in normal lung (NULI-
1), squamous NSCLC (H520 WT), MDH1 amplified squamous NSCLC (H520 MDH1"),
and adenocarcinoma NSCLC (H1792) cells.
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