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Abstract

Rapidly proliferating cells require increased metabolism to allow for the production of nucleic
acids, amino acids, and lipids. Pyruvate kinase catalyzes the final step in the glycolysis pathway
and different isoforms display vastly different catalytic efficiencies. The M2 isoform of pyruvate
kinase (PKM2) is highly expressed in cancer cells and contributes to aerobic glycolysis in what is
commonly referred to as the Warburg effect. Here, we show that PKM2 is covalently modified by
the lipid electrophiles 4-hydroxy-2-nonenal (HNE) and 4-oxo-2-nonenal (ONE). HNE and ONE
modify multiple sites on PKM2 /in vitro, including Cys424 and His439, which play a role in
protein-protein interactions and fructose 1,6-bis-phosphate binding, respectively. Modification of
these sites results in a dose-dependent decrease in enzymatic activity. In addition, high
concentrations of electrophile, most notably in the case of ONE, result in substantial protein-
protein cross-linking /n vitro and in cells. Exposure of RKO cells to electrophiles results in
modification of monomeric PKMZ2 in a dose-dependent manner. There is a concomitant decrease
in PKM2 activity in cells upon ONE exposure, but not HNE exposure. Together, our data suggest
that modification of PKM2 by certain electrophiles results in kinase inactivation.

Introduction

Early studies by Otto Warburg identified aerobic glycolysis as the main mechanism by
which cancer cells generate ATP. Elevated glucose uptake, increased glycolysis, and high
lactate production, even in the presence of oxygen, allow for more rapid cell growth and
tumorigenesis.! Malignant tumors can have glycolytic rates up to 200 times that of normal
tissues, and the switch from oxidative phosphorylation to aerobic glycolysis is coupled with
a switch in isoforms of the glycolytic enzyme, pyruvate kinase.?
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Pyruvate kinase catalyzes the final reaction in glycolysis, the transfer of a phosphate group
from phosphoenolpyruvate to ADP, to yield one molecule of pyruvate and one molecule of
ATP. Expression of pyruvate kinase isoform M2 (PKM2) occurs during fetal development,
while the M1 isoform predominates throughout the majority of adult tissues. During
tumorigenesis, PKM2 becomes the predominant isoform.2 The lower enzymatic activity of
PKM2 relative to that of PKM1 results in increased glycolytic intermediates that can be used
for different biosynthetic pathways, thereby contributing to more rapid cell growth.3 PKM2
has also been identified as a regulator of transcription. Translocation of PKMZ2 to the nucleus
allows for coactivation of B-catenin, induction of c-Myc expression, and upregulation of
genes which contribute to the Warburg effect.*>

Regulation of PKM2 activity has been an active area of research for a number of years.
PKM?2 glycolytic and transcriptional activity is modulated by a number of post-translational
modifications, multimerization, and allosteric interactions.® Fructose 1,6-bis-phosphate
allosterically binds PKM2, promoting homotetramer formation and increasing glycolytic
activity.? Acetylation of PKM2 at K433 inhibits this allosteric interaction, resulting in
formation of PKM2 dimers that can translocate to the nucleus and transcriptionally regulate
genes involved in cell cycle progression and glycolysis.” These two different functions of
PKM?2 are thought to further contribute to tumorigenesis.

Lipid electrophiles are generated during periods of oxidative stress and are associated with a
multitude of diseases, including cancer. 4-Hydroxy-2-nonenal (HNE) and 4-oxo-2-nonenal
(ONE) readily react with Cys, His, and Lys residues to form Michael adducts, whereas ONE
displays unique reactivity toward Lys residues to produce the Schiff base and the 4-
ketoamide adducts.82 Modification of proteins has typically been shown to result in loss of
protein function and to promote dysregulation of multiple cell signaling pathways.

Recent work has used alkyne analogues of HNE and ONE, aHNE and aONE, respectively,
to selectively isolate adducted proteins via click chemistry for identification by mass
spectrometry. Using this approach, Codreanu et al.19 identified >1000 proteins as targets of
aHNE or aONE maodification. Interestingly, these targets displayed a range of sensitivities to
each electrophile. PKM2 was shown to be modified by both aHNE and aONE, and was
heavily modified at low concentrations of both electrophiles, revealing it as a preferential
target of adduction. Here, we map the sites of PKM2 modification by HNE and ONE and
show that these modifications result in PKM2 cross-linking /n vitroand in cells.
Additionally, cross-linking by ONE produces a fully functioning PKM2 dimer /n vitro. In
cells, PKM2 is adducted by aHNE and aONE at <10 pM electrophile, though high
concentrations of ONE contributes to PKIM2 kinase inactivation in cells. Together, our data
show that lipid electrophiles can modify PKM2 and inhibit its function.

Materials and reagents

HNE, ONE, 8,9-alkynyl-HNE (aHNE), and 8,9-alkynyl-ONE (aONE), and the UV-cleavable
azido-biotin were synthesized in the laboratory of Dr. Ned Porter at Vanderbilt University as
described.1! Cell culture medium was purchased from Invitrogen (Grand Island, NY) and
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fetal bovine serum (FBS) was purchased from Atlas Biologicals (Ft. Collins, CO).
Recombinant PKM2 was purchased from Novus Biologicals (Littleton, CO) or Genway
Biosciences (San Diego, CA). Anti-PKM2 antibodies were purchased from Abcam (Boston,
MA) or Signaling Antibody (College Park, MD). SDS-PAGE and Western blotting supplies
were purchased from Bio-Rad (Hercules, CA) unless otherwise stated. All other reagents
were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise noted.

Cell Culture and Treatments

The human colorectal cancer RKO cell line was purchased from American Type Culture
Collection (ATCC, Manassas, VA) and cultured in Dulbecco's Modified Eagle's Medium
(DMEM) with Glutamax (Gibco) with 10% FBS in humidified incubators under 5% CO, at
37°C. Electrophiles were dissolved in dimethyl sulfoxide (DMSO) and added to cell culture
medium with a final concentration of less than 0.1% DMSO.

Treatment of Recombinant PKM2 with Electrophiles

Recombinant PKM2 protein was diluted to 2.5 mg/mL in PBS. HNE, ONE, or DMSO
(vehicle control) were added at the indicated concentrations, and the reaction mixture was
incubated for 1 h with gentle agitation at 37°C. NaBH,4 was added at a final concentration of
20 mM to quench the reaction. Protein was resolved on a 10% NuPAGE Novex Bis-Tris gel
and stained with SimplyStain SafeStain (Invitrogen, Waltham, MA). Bands corresponding to
PKM2 (monomer, dimer, trimer, or tetramer) were excised from the gel for proteomic
analysis.

Analysis of PKM2 Peptides by LC-MS/MS

Gel bands corresponding to monomer, dimer, and tetramer were cut into 1 mm pieces,
reduced with 150 uM dithiothreitol for 30 min at 37°C, and alkylated with 750 uM
iodoacetamide for 15 min at room temperature in the dark. Gel pieces were destained in 25
mM NH4HCO3 with 50% acetonitrile and subjected to in-gel digestion with 10 ng/uL
trypsin overnight. The gel was dehydrated with 60% acetonitrile containing 0.1%
trifluoroacetic acid to extract the peptides, which were then dried by vacuum centrifugation
and reconstituted in 0.1% formic acid. Using an Eksigent NanoLC Ultra HPLC and
autosampler, peptides were loaded onto a capillary reverse-phase analytical column (360 pm
O.D. x 100 pm 1.D.) packed with 20 cm of C18 reverse-phase material (Jupiter, 3um beads,
300A, Phenomenox) with a laser-pulled emitter tip. Peptides were gradient-eluted at a flow
rate of 500 nL/min, and the mobile phase solvents consisted of water with 0.1% formic acid
(solvent A) and acetonitrile with 0.1% formic acid (solvent B). A 90-minute gradient was
performed, consisting of the following: 0-10 min, 2% B; 10-50 min, 2-40% B; 50-60 min,
35-95% B; 60-65 min, 95% B, 65-70 min 95-2% B, 70-90 min, 2% B. Gradient eluted
peptides were mass analyzed on a Thermo Scientific LTQ Orbitrap Velos mass spectrometer
with a nanoelectrospray ionization source. The mass spectrometer was operated using a
data-dependent method with dynamic exclusion enabled. Full scan (/m/z 300-2000) spectra
were acquired with the Orbitrap as the mass analyzer (resolution 60,000). The ten most
abundant ions in each MS scan were selected for fragmentation in the LTQ with an isolation
width of 2 m/z, activation time of 10 ms, and 35% normalized collision energy. Tandem
mass spectra were searched with Sequest against a human database created from the
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UniprotKB protein database (www.uniprot.org) to identify modified peptides. Variable mass
shifts of +57.0214 m/z on Cys (carbamidomethylation), +15.9949 m/z on Met (oxidation),
+158.1306 m/zon Cys, His, and Lys residues (corresponding to the reduced Michael
adduct), +141.1279 m/zon Lys and Arg (corresponding to the reduced Schiff base), and
+156.1150 m/zon Lys (corresponding to the 4-ketoamide) were included for database
searching. Search results were assembled using Scaffold 3.0 (Proteome Software), and sites
of electrophile adduction were validated by manual interrogation of tandem mass spectra.

PKM2 Kinase Assays

Recombinant PKM2 (100 ng) was treated with the indicated concentrations of electrophiles
in 20 puL Dulbecco's-modified phosphate-buffered saline (DPBS, Gibco; 1X, pH 7.3) for 1 h
at 37°C with gentle agitation. Lactate dehydrogenase-coupled PKM2 kinase assays were
performed as previously described.12 Briefly, 5 ng of treated PKM2 was incubated with
kinase assay buffer (50 mM Tris, pH 7.5, 100 mM KCI, 5 mM MgCl,, 0.6 mM ADP, 0.5
mM phosphoenolpyruvate, 180 uM NADH, 10 uM fructose 1,6-bisphosphate, 8 U lactate
dehydrogenase). The decrease in 340 nm absorbance (as a result of NADH oxidation) was
recorded over 20 min on a SpectraMax Microplate Reader. Relative PKM2 activity was
calculated as change in absorbance at 340 nm per minute per mg protein and normalized to
percent of control.

Click Chemistry

RKO cells were treated with the indicated concentrations of the alkyne analogues of HNE
and ONE, aHNE and aONE, respectively, in serum-free medium. Following 1 h treatment,
cells were collected by scraping, centrifuged for 5 min at 1000 x g, and washed twice with
DPBS. Cells were lysed in RIPA buffer (50 mM HEPES, pH 7.5, 150 mM NaCl, 0.5%
Igepal) with mammalian protease inhibitor cocktail and phosphatase inhibitor cocktail
(Sigma-Aldrich), sonicated for ten 1 s pulses (35% duty cycle, Virsonic Cell Disrupter), and
cleared by centrifugation at 16,000 x g for 15 min at 4°C. Adducts were reduced with 20
mM NaBH,4 for 30 min on ice. Protein concentration was determined with the bicinchoninic
acid (BCA) assay (Thermo Scientific, Waltham, MA). Total cell lysate (800 ug) was
subjected to click chemistry as previously described.13

SDS-PAGE and Western Blotting

Protein samples were mixed 1:1 with 2X Laemmeli buffer with 5% p-mercaptoethanol and
boiled for 5 min. Proteins were separated by SDS-PAGE on 10% gels, transferred onto 0.45
pum nitrocellulose membranes, and blocked with Odyssey blocking buffer (Li-Cor
Bioscience, Superior, NE). Primary antibodies (1:1,000) in Odyssey blocking buffer were
added to membranes overnight at 4°C. Blots were washed three times with Tris-buffered
saline containing 0.1% Tween-20 (TBST) and secondary antibodies (1:5,000, Li-Cor) in 1:1
Odyssey blocking buffer/TBST were added for 1 h at RT. Blots were developed after three
washes with TBST on the Odyssey Infrared Imaging System (Li-Cor).

Chem Res Toxicol. Author manuscript; available in PMC 2018 February 20.


http://www.uniprot.org

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Camarillo et al. Page 5

Results

PKM2 is modified at a number of sites in vitro

Previous proteomic data sets generated by our lab have shown that PKM2 is modified by
aHNE and aONE in a number of difference cell types. Among the identified protein targets,
PKM2 was shown to be adducted at very low concentrations of electrophile.1® To determine
the precise location of HNE and ONE adducts on PKM2, recombinant PKM2 was incubated
with increasing concentrations of electrophile /n vitro followed by treatment with NaBHjy to
reduce any labile adducts, such as the reversible Michael adduct.2* Following digestion with
trypsin, peptides were analyzed by LC-MS/MS and data searched for mass shifts
corresponding to possible adducts. These analyses revealed the presence of Michael adducts
on Cys49, His274, Cys424, and His439 of PKM2 following both HNE and ONE treatments
(Table 1, Figure 1, and Supplemental Figure 1A-D). A Michael adduct was observed on
Lys256 with HNE treatment only (Table 1 and Supplemental Figure 1E). Adducts were only
observed in PKM2 monomers.

Additionally, we searched for the +156.1150 /2 mass shift, corresponding to the 4-
ketoamide adduct on Lys residues, and the +141.1279 m/z mass shift, corresponding to the
Schiff base adduct on Lys and Arg residues. While no Schiff base adducts were found, the 4-
ketoamide adduct was observed on Lys261 (Table 1, Figure 1, and Supplementary Figure 2).
As expected, the 4-ketoamide adduct was only observed with ONE treatment. These data
suggest that PKMZ2 is susceptible to multiple adducts at distinct sites.

PKM2 cross-links occur upon exposure to HNE and ONE

PKM?2 is found in two conformations, a dimer and a tetramer, which exhibit different rates
of glycolytic activity and are typically regulated by multiple post-translational
modifications.1® During /7 vitro modification and preparation of the samples for LC-
MS/MS, we observed multimerization of recombinant PKM2 with increasing concentrations
of HNE (Figure 2A) and ONE (Figure 2B), likely the result of electrophile-induced cross-
linking. Treatment with ONE induced cross-linking at much lower concentrations compared
to treatment with HNE. This observation is consistent with previous reports on the relative
reactivities of each electrophile and the chemistry of cross-link formation.18 Notably, cross-
linking of PKM2 to a dimer occurred at very low concentrations of ONE (0.3 uM) and very
little monomeric PKM2 was observed at ONE concentrations >10 uM (Figure 2B). These
data suggest that ONE-mediated cross-linking of PKM2 may contribute to altered activity in
the cell.

HNE and ONE inhibit kinase activity in recombinant PKM2 protein

Due to the ability of HNE and ONE to cross-link PKM2 monomers, we assessed the impact
of electrophile treatment and subsequent protein adduction on PKM2 kinase activity.
Recombinant PKM2 protein was incubated with increasing concentrations of HNE or ONE
that were known to contribute to dimer, trimer, and tetramer formation, and PKM2 kinase
activity was assessed by a lactate dehydrogenase-coupled assay to measure the oxidation of
NADH to NAD*.12 /i vitro adduction of PKM2 with HNE resulted in a significant decrease
in PKM2 kinase activity at HNE concentrations greater than 40 uM (Figure 3A). These
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concentrations only contributed to a low percentage of cross-linked dimer at similar
concentrations. These data suggest that PKM2 activity decreases with increasing HNE
adduction.

Conversely, treatment with ONE resulted in a significant decrease in PKM2 kinase activity
at low electrophile concentration. When recombinant PKM2 protein was treated with
increasing concentrations of ONE /7 vitro, activity assays showed >50% reduction in PKM2
kinase activity at 10 pM ONE, with complete inhibition at higher concentrations (Figure
3B). Interestingly, there was little difference in activity at low concentrations of ONE, which
were shown to cross-link PKIM2 monomers to dimers. It is possible that ONE-induced cross-
linking of PKM2 alone does not result in inhibition of activity.

PKM2 is adducted by electrophiles in RKO cells

To verify modification of PKM2 in RKO cells, cells were treated with aHNE and aONE to
enable selective tagging and isolation of adducted proteins by click chemistry.11 RKO cells
were treated with aHNE or aONE for 1 h, lysed, and the protein extract reduced and
subjected to click chemistry with a UV-cleavable N3-biotin. Photo-elution from streptavidin
beads allowed for selective elution of adducted proteins. Western blot analysis of eluates
revealed that PKM2 was modified by both aHNE (Figure 4A) and aONE (Figure 4B) in a
dose-dependent manner. Only PKM2 monomers were recovered at the concentrations of
aHNE and aONE that we investigated, which suggests that multimerization of PKM2 only
occurs at higher concentrations.

PKM2 is cross-linked by aONE in RKO cells

While we did not observe multimers of PKM2 in the click elution (Figure 4), we wanted to
definitively assess if PKM2 can be cross-linked by electrophiles in the cell. Following
treatment of RKO cells with increasing concentrations of HNE or ONE, we performed
western blot analysis to assess if dimers of PKM2 were visible. Interestingly, high
concentrations of ONE (>100 uM) resulted in the appearance of PKM2 dimers in whole cell
lysates (Figure 5). Dimers were not observed in lysates that had been treated with HNE (data
not shown). These data show that cross-linking of PKM2 can occur in living cells; however
high levels of exogenous ONE produce only low levels of cross-linking.

ONE inhibits kinase activity in cellular PKM2

To begin to elucidate the biological impact of electrophile modification of PKM2, kinase
assays were performed on RKO cell lysates. RKO cells were treated with increasing
concentrations of HNE and ONE, and lysates were reduced with NaBH,. In cells treated
with HNE, no differences were observed in PKM2 activity at any of the concentrations we
tested (Figure 6A). Interestingly, cells treated with ONE displayed a significant decrease in
PKM?2 activity at high concentrations (Figure 6B). It is notable that this altered activity of
PKM?2 in response to ONE correlates with the cross-linking that is observed at high cellular
ONE concentrations (Figure 5).
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Discussion

While the chemistry of lipid peroxidation and subsequent protein adduction has been
extensively investigated, the number of protein targets and the potential biological
implications are only recently being elucidated. HNE was identified prior to ONE, thus it
has been the most highly studied product of autoxidation of polyunsaturated fatty acids.
Upon the discovery of ONE, studies began to focus on the increased reactivity of ONE
relative to HNE.1” These studies led to the identification of a number of new ONE-derived
madifications, including cross-links formed between Cys or His Michael adducts and Schiff
base-derived adducts on Lys residues.

Previous work has investigated the protein targets of different lipid electrophiles in multiple
cell types. While these large-scale proteomic data sets have provided insight into the
signaling pathways that could be disrupted as a result of electrophile modification, the
precise impact on protein function remains unknown for the majority of modified proteins.
Our results have not only investigated the effect on kinase activity of a key glycolytic
protein, but also provided insight into how its modification could influence cancer
progression.

Using HNE and ONE treatment /n vitro, we have shown by mass spectrometry that PKM2 is
adducted at Cys, His, and Lys residues in the form of Michael adducts, as well as a Lys
residue in the form of the 4-ketoamide. Electrophile treatment, most notably with ONE,
results in cross-linking of PKM2 monomers. ONE cross-links can occur between Cys/Lys
and His/Lys, 1819 and the susceptibility of these residues to cross-linking has been
exemplified with other a.,B- unsaturated carbonyls, such as cis-2-butene-1,4-dial.2% In all
these examples, the cross-link is an A-substituted pyrrole, but observation of this structure
was only on individual amino acids or single tryptic peptides. Other cross-link structures,
such as a Lys-Lys cross-link, have also been proposed to occur with HNE and ONE.21.22
Technology limitations make it difficult to determine inter-peptide cross-links by mass
spectrometry. While SDS-PAGE and Coomassie blue staining show that treatment with
either HNE or ONE results in cross-linking between PKIM2 monomers /n vitro, manual
investigation of the proteomic data did not yield any potential peptide cross-links.
Additionally, these proteomic data show adducts occurring on digested monomers, but not
on multimers, suggesting that the majority of adducts on multimers may be within cross-
links.

PKM?2 activity in vitro is significantly decreased in response to both HNE and ONE. The
loss of activity correlates with the increase in cross-linking, and it is possible that this loss of
activity is the direct result of cross-linking. Additional hypotheses can also explain the loss
of activity. Adduction of specific sites could contribute to the disruption of substrate binding,
thereby reducing catalytic activity independent of cross-linking. While none of the sites of
adduction we found are known to directly interact with substrate binding, it is possible that
adduction could disrupt the local structure to alter binding.

Consistent with observations /n vitro, our results in RKO cells show that PKMZ2 is highly
susceptible to electrophile adduction. Click chemistry and selective isolation of adducted
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proteins shows measurable adduction of PKM2 monomers at concentrations as low as 5-10
UM. Increased PKM2 adduction in cells by aONE is likely due to the higher reactivity of
aONE versus aHNE. High ONE levels resulted in formation of cross-linked PKM2 dimers
and contributed to decreased kinase activity. While the levels of ONE required to induce
cross-link formation and loss of activity in cells are much higher than /n vitro, these results
are likely due the additional protein targets in cells and the possibility that not all the
exogenous electrophile penetrates the cell.

ONE is a more potent cross-linker than HNE, and the cross-links generated are thought to be
chemically stable.18.23 The lack of cross-linking and altered activity of PKMZ2 in response to
HNE suggests different residues of modification in cells between the two electrophiles. In
other words, HNE may target sites that do not play a role in substrate, allosteric, or protein
binding, thereby making these adducts benign to PKM2 activity. ONE appears to disrupt
PKM?2 activity in cells, so the modified residues may play a more significant role in catalysis
or protein binding. Ultimately, ONE has a more potent inhibition of PKM2 activity, and we
propose that inhibition of PKM2 glycolytic activity is due to the cross-linking of active
dimers to tetramers (Figure 7). Methods to determine sites of cross-links is an area of further
development and investigation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HNE 4-Hydroxy-2-nonenal
ONE 4-Oxo0-2-nonenal

DM SO Dimethyl Sulfoxide
RT Room Temperature

aHNE Alkynyl 4-Hydroxy-2-nonenal
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Figure 1. Structures of electrophilesand adducts
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A) Structures of electrophiles used in these studies, HNE and ONE, and the alkyne
analogues, aHNE and aONE. B) Structures of adducts found on PKM2. Cys and His adducts
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were found with in both HNE and ONE. Michael adducts of HNE were found on Lys while
ONE formed the 4-ketoamide adduct on Lys.
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Figure 2. PKM 2 cross-links occur upon exposureto HNE and ONE

Recombinant PKM2 was modified /n vitro with increasing concentrations of A) HNE or B)
ONE for 1 h at 37°C. Staining of SDS-PAGE with Coomassie blue shows cross-linking of

PKM2 monomers with increasing concentrations of electrophile.
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Figure 3. Cross-linking inhibits kinase activity in recombinant PK M2 protein
Recombinant PKM2 was modified /n vitro with increasing concentrations of A) HNE or B)

ONE for 1 h at 37°C. PKM2 activity was assessed indirectly by the lactate dehydrogenase-
coupled enzyme assay. Data represent an n=3 + SD, *P< 0.05, **P< 0.01, ***P< 0.001 by
ANOVA.
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Figure4. PKM2 isadducted by electrophilesin RKO cells
RKO cells were treated with increasing concentrations of aHNE or aONE for 1 h. Modified

proteins were conjugated with UV-cleavable N3-biotin via click chemistry, bound to
streptavidin beads, and eluted under 365 nm UV light. Western blot analysis of UV eluates
and whole cell lysate (Input, 0.1%) showed a dose-dependent increase in modification of
PKM2 by both electrophiles.
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Figure5. PKM2iscross-linked by aONE in RKO cells

RKO cells were treated with increasing concentrations of ONE for 1 h. After reduction of
lysates with NaBH,, proteins were separated by SDS-PAGE and PKM2 levels were assessed
with western blot. High concentrations of ONE resulted in formation of PKM2 cross-linked

dimers.
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Figure 6. Oligomer formation inhibitskinase activity in cellular PKM2
RKO cells were treated with increasing concentrations of HNE or ONE for 1 h, lysed,

reduced with NaBH,, and subjected to /n vitro PKM2 kinase assays. Data represent the
mean £ SD (n = 3), *P<0.05, **F<0.01, ***£< 0.001 by ANOVA.
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Figure 7. Proposed mechanism of PKM2 inhibition
Under normal conditions, PKM2 monomoer form tetramers to convert PEP to pyruvate. In

vitro and in cells, ONE forms cross-links between PKM2 monomers. Dimer formation
allows for catalytic activity while formation of tetramers contributes to enzyme inactivation.
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