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Abstract

Methylglyoxal (MGO) is an electrophilic a-oxoaldehyde generated endogenously through
metabolism of carbohydrates and exogenously due to autoxidation of sugars, degradation of
lipids, and fermentation during food and drink processing. MGO can react with nucleophilic
sites within proteins and DNA to form covalent adducts. MGO-induced advanced glycation
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end-products such as protein and DNA adducts are thought to be involved in oxidative stress,
inflammation, diabetes, cancer, renal failure, and neurodegenerative diseases. Additionally, MGO
has been hypothesized to form toxic DNA—protein cross-links (DPC), but the identities of proteins
participating in such cross-linking in cells have not been determined. In the present work, we
quantified DPC formation in human cells exposed to MGO and identified proteins trapped on
DNA upon MGO exposure using mass spectrometry-based proteomics. A total of 265 proteins
were found to participate in MGO-derived DPC formation including gene products engaged in
telomere organization, nucleosome assembly, and gene expression. /n vitro experiments confirmed
DPC formation between DNA and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), as

well as histone proteins H3.1 and H4. Collectively, our study provides the first evidence for
MGO-mediated DNA—protein cross-linking in living cells, prompting future studies regarding the
relevance of these toxic lesions in cancer, diabetes, and other diseases linked to elevated MGO
levels.
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INTRODUCTION

DNA-protein cross-links (DPCs) are toxic lesions that form upon covalent trapping of
cellular proteins to DNA. DPCs can be induced by exposure to various physical and
chemical agents including endogenous metabolites such as formaldehyde,! reactive oxygen
species, 23 exogenous chemicals such as 13-butadiene,*-6 ionizing radiation,” UV light,8
and transition metals,® as well as chemotherapeutic agents including platinum drugs,10
nitrogen mustards,11-13 and haloethylnitrosoureas.14 Bulky DNA—protein lesions distort the
DNA helix, thereby obstructing essential DNA—protein interactions necessary for DNA
replication, transcription, repair, recombination, and chromatin remodeling.8.15-17 I not
repaired, DPCs lead to permanent DNA alterations and toxicity.818-20 Endogenous DPC
levels are elevated in individuals suffering from Ruijs—Aalfs syndrome, a genetic disorder
defined by polymorphisms in the SPRTN gene which encodes a protease involved in DPC
repair. Patients with Ruijs—Aalfs syndrome exhibit genomic instability, premature aging, and
develop hepatocellular carcinoma.?1-23

Despite ubiquitous formation of DPCs in cells and their possible implications in human
disease, the structural identities and repair pathways for this class of adducts are not
completely understood due to their chemical heterogeneity and challenges in studying
bulky biomolecular conjugates containing characteristics of proteins and DNA. Mass
spectrometry-based studies have identified hundreds of proteins that participate in cross-
linking to nuclear DNA upon exposure to electrophilic endogenous metabolites, exogenous
chemicals, and therapeutic agents.®12:24 This cross-linking occurs on nucleophilic side
chains of amino acids of known DNA binding partners such as repair proteins, histones,
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and transcription factors, as well as with gene products that have no documented DNA
affinity.20 Cross-linking targets multiple sites of DNA, including the C-5 methyl group of
thymine, the N7 of guanine, and exocyclic amines of adenine, cytosine, and guanine.1? If not
repaired, DPCs constitute a complete block to replication and transcription machinery and
thus represent a serious threat to cell viability.1525-27 With the exception of topoisomerase
DPCs that can be directly reversed by tyrosyl-DNA phosphodiesterases (TDP1 and
TDP2),28 cellular repair of DPCs requires the activity of proteolytic enzymes to break

the protein down to smaller peptides.1529-31 The resulting DNA—-peptide cross-links (DpC)
can be bypassed by DNA polymerases26:32-34 and are subject to canonical DNA repair
pathways.35-37 Proteolytic cleavage can be accomplished through the activity of SPRTN
metalloprotease38 or the proteasome.3° DNA repair pathways participating in DpC tolerance
and repair include translesion synthesis polymerases?/:32 and the nucleotide excision
pathway (NER).40:41

Methylglyoxal (MGO) is an electrophilic a-oxoaldehyde byproduct of cellular metabolism
capable of reacting with nucleophilic biomolecules to form a diverse set of covalent
adducts.*? In living cells, MGO is primarily derived through the spontaneous degradation
of the triose phosphate intermediates of glycolysis and is present at low micromolar (1-10
4M) concentrations in eukaryotic cells.*3 MGO is also present in a variety of foodstuffs
such as honey and fermented products.44> MGO is detoxified to lactate through a
glutathione intermediate via the glyoxalase cycle, which is composed of lactoylglutathione
lyase and hydroxyacylglutathione hydrolase (GLO1 and GLO2, respectively).4® While
elevations in MGO (10-100 M) have been reported in diabetes, cancer, renal failure, and
neurodegenerative diseases, the precise mechanisms underlying disease pathogenesis remain
unknown 424649

MGO covalently modifies guanine and adenine bases of DNA, RNA, and arginine, and
lysine amino acid side chains of proteins (Figure 1).3°0-52 These adducts are collectively
referred to as advanced glycation end-products (AGEs). MGO activity leads to the formation
of DNA-DNA cross-links.>3 MGO has also been shown to generate covalent DNA—-protein
cross-links. Early 7n vitro assays revealed MGO-mediated cross-linking of DNA polymerase
1 to 2’-deoxyguanosine.3 More recently, MGO was shown to form covalent cross-links
between 2’ -deoxyguanosine and A-acetyl-lysine, as well as to cross-link histones to DNA
in nucleosome core particles.>45% Additionally, SPRTN deficient cells and Ruijs—Aalfs
patient lymphoblastoid cell lines with monogenic and biallelic mutations in SPRTN exhibit
increased sensitivity to MGO.%8 Thus, mounting evidence suggests that MGO-derived DPCs
may form in cells and play a role in human disease, warranting deeper exploration into this
class of DNA lesions.

There is an unmet need to comprehensively profile and identify MGO-derived DPCs formed
in cells. Earlier /n vitro experiments have been limited to synthetic DNA duplexes which do
not reflect normal DNA—protein interactions observed in cells. The purpose of the present
study was to characterize DNA-protein cross-linking in human cells treated with MGO.
Following treatment of human cells with MGO, biophysical DPC isolation assays were

used to quantify DPC formation across different cell models. We utilized mass spectrometry-
based proteomics to characterize proteins trapped to DNA upon MGO exposure. Our efforts
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led to the identification of 265 proteins participating in cross-linking to DNA following
MGO exposure, providing insight into potential DPCs that may be relevant in diseases
linked to elevated MGO levels. Subsequent bioinformatic analyses revealed that these
DPCs may influence chromatin architecture and telomere organization. /17 vitro experiments
confirmed DPC formation by GAPDH and histone proteins H3.1 and H4 in the presence of
MGO. Ultimately, this work provides initial information regarding DPC formation in living
cells which serves as a starting point in studies aimed at understanding how MGO-induced
DPCs may play a role in human disease.

DPC Formation in MGO-Treated Cells.

To investigate MGO-induced DPCs formation in human cells, we initially employed human
embryonic kidney cells (HEK293T) as our cell model. To assess MGO toxicity in cells,
HEK?293T cells were treated with 50 £M-10 mM MGO for 2, 4, or 24 h, and their viability
was assessed using the almarBlue assay. Treatment with MGO led to a dose-dependent
decrease in cell viability (Figure 2A). Treatment with 10 mM MGO for 2, 4, and 24 h
reduced cell viability to 75 + 20%, 35 + 18%, and 0.4 £ 1%, respectively. MGO induces
oxidative stress, autophagy, and cell death.>” To limit excessive cell death caused by MGO,
we selected the 2 h MGO treatment window prior to DPC quantitation or isolation. Similar
studies which generated cellular DPCs via treatment with cross-linking agents have also
reported using 1-3 h long treatment times,12:58-60

To quantify the amounts of DPCs generated upon MGO treatment, we took advantage of the
K-SDS assay.51 In the K-SDS assay, samples denatured with sodium dodecyl sulfate (SDS)
are treated with KCI, leading to precipitation of cellular proteins and any protein-bound
DNA, while free DNA stays in solution. Following multiple rounds of protein precipitation
and washing, any free DNA is removed, and DNA that coprecipitated with proteins is
quantified to reveal the global DPC levels. The results are expressed as percent of cross-
linked DNA of the total DNA input.61 As shown in Figure 2B, DPC levels rose from 1.0% in
untreated DNA to 2.2% in cells treated with 1 mM MGO and further to 8.8% in cells treated
with 5 mM MGO. Additionally, we found that DPC levels in HEK293T cells as measured
by the K-SDS assay modestly rose from 1.3% to 1.6% and 1.9% percent input upon
treatment with physiologically relevant levels of MGO (10 M and 100 M, respectively).
At lower MGO doses, MGO is efficiently metabolized leading to fewer cross-links which
cannot be detected by the K-SDS assay due to its limited sensitivity. The presence of

DPCs in untreated cells can be attributed to endogenous processes that trap proteins on
DNA including enzymatic interactions during DNA unwinding, repair, replication, and
recombination.3°.62.63

We next assessed whether the loss of glyoxalase activity in cells may contribute to elevated
levels of DPCs by preventing detoxification of MGO. We obtained HEK293T cells deficient
in GLO1, one of the principal enzymes responsible for detoxifying MGO.84-69 MGO
treatment of GLO1-deficient cells led to a 2.4-fold increase in DPC formation as measured
by the K-SDS assay (Figure 2C). These results indicate that GLO1-dependent detoxification
pathways are important for protecting cells from DPC formation in the presence of MGO.
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To determine whether MGO-dependent DPCs are recognized for proteolytic processing by
SPRTN metalloprotease, we utilized Sprtn¥/~ mouse embryonic fibroblasts (MEF) cells with
an intact floxed allele which exhibit reduced expression of SPRTN, a critical gene required
for DPC proteolysis (Figure $1).38.70 SPRTN is important for proteolytic processing of DPC
lesions. Reduced SPRTN gene expression resulted in an elevated levels of DPCs in MEF
cells exposed to 2.5 and 5 mM MGO (Figure 2D). These data indicate that DPCs generated
by MGO can be recognized and cleaved by SPRTN metalloprotease.

To isolate proteins covalently linked to DNA in MGO-treated cells, we employed a
modified phenol:chloroform extraction. This extraction enables isolation of DPCs via phase
partitioning as they localize on the interface between aqueous and the organic solvent
layer.1224.71 HT1080 cells were treated with 0.5, 1, 2.5, and 5 mM MGO, and the resulting
DPCs were isolated using the modified phenol:chloroform method. The samples were
normalized by total DNA content, separated by SDS-PAGE, and visualized via total protein
staining (Figure 2E). MGO treatment produced observable protein bands, indicating dose-
dependent DPC formation. These results corroborated the K-SDS results to confirm that
MGO generates DPCs in human cells.

After detecting DPCs in MGO-treated human cells, we sought to determine the nature of
amino acids and nucleosides participating in the formation of these cross-linked adducts and
to quantify their levels in living cells. An authentic dG-MGO-Lys standard was synthesized
in our laboratory and used to develop a quantitative HPLC-ESI-MS/MS method for its
detection in cells. As shown in Figure 3A, dG-MGO-Lys was furnished in eight steps, by
adapting a previously reported route.>* We verified that the HPLC retention time and MS2
fragmentation pattern of this standard were identical to the cross-linked product generated
through the incubation of MGO dG and protected Lys, followed by Chz deprotection (Figure
S2), providing additional confidence in the structure of the cross-link. Next, HEK293T cells
were treated with 5 mM MGO, and DPC containing genomic DNA was enzymatically
digested with proteases and nucleases to form nucleoside-amino acid conjugates. dG-MGO-
Lys adducts were subjected to offline reversed-phase HPLC fractionation and analyzed via
HPLC-ESI*-MS/MS. As shown in Figure 3B, MGO-treated cells produced a peak with the
same retention time as the authentic dG-MGO-Lys standard. Based on external calibration
curve, 5 mM MGO treatment led to 2.1 dG-MGO-Lys cross-links per million nucleotides
while the same amount of DNA from vehicle-treated samples exhibited cross-link levels
less than 0.18 cross-links per million nucleotides. These results indicate that dG-MGO-Lys
cross-links form in living cells when MGO levels are elevated. By comparison, exogenous
treatment with 2 mM diepoxybutane (DEB) was reported to form 6 cross-link adducts per
million nucleotides.

Identification of DPC Proteins by Mass Spectrometry-Based Proteomics.

Upon establishing that MGO exposure led to the formation of DPCs in human cell culture,
we sought to identify the proteins participating in cross-linking. HT1080 cells were treated
with 0 or 5 mM MGO for 2 h, and DPCs were isolated via modified phenol-chloroform
extraction (Figure S3). A relatively high dose of MGO was chosen to maximize MGO-
induced DPC formation for subsequent identification of cross-linked proteins in this “proof
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of concept” study and is at a similar mM level used in other proteomics studies.’2~74
Following DPC extraction, samples were normalized by DNA content, and the proteins were
analyzed via mass spectrometry-based proteomics. Proteomic analyses identified 265 DPC
proteins that were enriched in the MGO treatment group (p < 0.01) Figure 4A and Table S1
contain a full listing of the proteins, including known DNA binders previously detected in
other DNA—protein cross-linking studies including histones, GAPDH, PARP1, XRCC1, and
TOP1.6:24.59 Additionally, we verified that our proteomics results were consistent between
biological replicates by correlating the label-free quantitation (LFQ) intensity values of
identified proteins between all samples (Figure S4). We observed an A2 correlation of

0.94 + 0.02 for our MGO-treated samples (A= 3), indicating reproducible results for
MGO-induced DPCs. Additionally, the &2 correlation within the vehicle treatment group
was moderate, 0.81 % 0.07; whereas the A2 correlation between MGO and vehicle groups
was low, 0.47 £ 0.03, indicating that DPC enrichment via phenol:chloroform extraction and
mass spectrometry analyses of the associated proteins are robust.

We next performed gene ontology (GO) analysis on this data set.”>78 As shown in Figure
4B, a cellular compartment overrepresentation test with the DAVID database identified
nuclear proteins associated with the nucleoplasm, nucleus, nucleolus, and chromatin to be
significantly enriched. Of the proteins identified, 69.2% were classified as nuclear according
to GO affiliation. These results are expected as nuclear proteins are in close proximity

to DNA and are likely targets for MGO cross-linking. Although a significant number of
proteins were classified by DAVID as ribosomal (10.5%) and membrane proteins (53.8%),
many of these proteins can be found in multiple subcellular locations.”’ Indeed, further
bioinformatics analysis of the enriched MGO-derived DPCs with STRING (Search Tool
for the Retrieval of Interacting Genes/Proteins) revealed that the majority of these proteins
possess multiple cellular compartment GO annotations (Figure S5).78

Subsequent bioinformatic analysis of the proteins participating in MGO-derived DPCs

was performed using the DAVID biological process enrichment test (Figure 4C). Proteins
involved in telomere organization and nucleosome assembly were found to be significantly
enriched, suggesting that MGO-derived DPCs could affect nucleosome architecture.
Interestingly, proteins participating in RNA-dependent processes were also enriched. Given
that an RNAase digestion step was included in our phenol:chloroform extraction procedure
to eliminate any RNA or RNA-protein conjugates, we hypothesize that these proteins also
possess DNA binding activity. Additionally, previous studies of DPCs also found RNA-
binding proteins enriched among the cross-linked targets.8:24:59.79 Sybsequent A-means
clustering analysis of GO terms with the STRING bioinformatic database revealed five
major clusters of MGO-derived DPCs with similar GO annotations which could be broadly
classified into the following groupings: microtubule-based processes, rRNA processing,
translation, nucleosome assembly, and RNA splicing (Figure S6). Additionally, previous
studies of DPCs also found ribosomal proteins to be enriched among the cross-linked targets
(Figure 4D and Table S2).59 Collectively, these results indicate that MGO-induced DNA—
protein cross-linking involves multiple classes of proteins and could disrupt multiple cellular
pathways, potentially leading to toxicity.
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To confirm our MS-based proteomics results, MGO-induced DPCs were subjected to dot
blot analysis using commercial antibodies against specific DPC proteins. HT1080 cells

were treated with 0.5, 1, 2.5, and 5 mM MGO for 2 h, and DPCs were extracted as

described above. Samples were normalized based on DNA content and analyzed by dot

blot using antibodies against PARP1, histone H3.1 XRCC1, TOP1, VINC, and GAPDH.
These experiments revealed a dose-dependent increase of DPC protein abundance upon
MGO exposure when normalized to dsDNA input (Figure 5B). As a negative control, we
included the cytoplasmic protein GSTP1 which was not found detected among DPC proteins
by MS-based proteomics. Blotting against isolated DPCs for GSTP1 did not display a
dose-dependent increase in signal in DPC fraction upon MGO treatment.

Since DPC proteins have been reported to undergo ubiquitination and SUMOylation as

part of proteolytic processing and repair and since ubiquitin and SUMO proteins were
enriched in our proteomics results, DPCs extracted from MGO-treated cells were subjected
to dot blot analysis probing for ubiquitin (UBB) and small ubiquitin-like modifier (SUMO),
yielding a dose-dependent increase in signal (Figure S7). These results are consistent with a
model that UBB and SUMO marks are being installed on MGO-generated DPCs, facilitating
their repair. Collectively, our dot blot data are consistent with mass spectrometry-based
proteomics results, confirming that PARPL, histone H3.1, XRCC1, TOP1, VINC, and
GAPDH form DNA—protein cross-links in cells exposed to MGO.

In Vitro Confirmation of MGO-Induced DPC Formation.

As described above, our proteomics results have identified GAPDH and histones H3.1
and H4 among the proteins participating in MGO-mediated DPC formation (Figure 4).
To confirm that these proteins participate in DNA—protein cross-linking upon exposure to
MGO, we performed /n vitro reactions using recombinant proteins and synthetic DNA
strands and used gel shift assays to monitor DPC formation.

GAPDH is a moonlighting protein with many cellular functions including glycolysis and
regulation of cell survival and apoptosis.& In previous studies, GAPDH has been reported

to be susceptible to modification by MGO at its catalytic Cys residue and additional

Arg and Lys sites, which can inhibit its enzymatic function.81-85 Our mass spectrometry
results confirmed that MGO covalently modifies GAPDH at multiple Lys and Arg residues
(Table S3 and Figures S8-14). Importantly, GAPDH has been reported to bind telomeric
DNA sequences with a Kj of 45 nM.89 Given that bioinformatic analysis of the identified
MGO DPCs found telomeric organization to be significantly enriched and that GAPDH

is prone to MGO modification and can bind DNA, we sought to confirm that GAPDH is
susceptible to cross-linking to DNA upon MGO treatment /7 vitro. To do so, recombinant
GAPDH was incubated with a 3" FAM-labeled single-stranded oligonucleotide featuring the
telomeric sequence, (TTAGGG)3, in the presence or absence of 10 mM MGO at pH 7.4.

The reaction mixture was then subjected to SDS-PAGE to separate unmodified proteins from
DPCs. Following separation, the DPCs were visualized via fluorescence imaging and protein
staining as a higher-molecular-weight band. As shown in Figure 6A, a new band visualized
by both fluorescent imaging and protein staining was observed upon MGO treatment of
GAPDH and the FAM-labeled oligonucleotide, providing evidence for MGO-dependent
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DPC formation. The molecular weight of this species was approximately 46 kDa, consistent
with the theoretical size of the GAPDH-DNA conjugate. Furthermore, the cross-linking
yield was dependent on MGO concentration and the duration of MGO treatment (Figure
S15), consistent with DNA-GAPDH cross-linking in the presence of MGO. Gratifyingly,
we found that the GAPDH DPCs formed under physiologically relevant MGO treatment
concentrations of 100 M.

To test the protein specificity for MGO-dependent DPC formation /n vitro, we performed
the same cross-linking experiment with the non-DNA-binding proteins which were not
identified by proteomics, BSA and UBB. As shown in Figure S16, no new DPC bands were
observed upon exposing these proteins to DNA and MGO, signifying that DNA-protein
binding is likely an important factor in DPC formation by MGO. Additionally, we found that
GAPDH which had been denatured by heating at 95 °C prior to cross-linking reaction did
not form DPCs (Figure S17). Furthermore, incubation of GAPDH with a Lys reactive NHS-
ester reagent to cap amine functionality prior to reaction with MGO and ss-telomeric DNA
blocked cross-link formation (Figure S18). These results further suggest that DNA—protein
interactions are needed for DPC formation via MGO and that MGO-induced cross-linking
between GAPDH and DNA is mediated primarily through Lys side chains, although we
cannot rule out the involvement of additional nucleophilic side chains such as Cys.80:86 we
also assessed the hydrolytic stability of MGO-induced GAPDH-DNA cross-links. Excess
MGO was removed via molecular weight cutoff columns following a 3 h incubation of
GAPDH with DNA and MGO, and the samples were subjected to further incubation at
increasing time durations. As shown in Figure S19, the amounts of MGO-derived DPCs
involving GAPDH diminished upon 16 h incubation at 37 °C, indicating modest stability of
these adducts.

Histone proteins are bound to DNA and link cellular metabolism to gene expression and
transcription through post-translational modifications.8” In previous studies, histone proteins
have been reported to be susceptible to MGO modification on their lysine-rich N-terminal
tales.55:88 Given that our proteomics results revealed histone proteins participation in DNA
cross-linking, we sought to confirm that histone proteins H3.1 and H4 are susceptible to
cross-linking to DNA upon MGO treatment /n7 vitro. To do so, recombinant H3.1 and

H4 were incubated with a 32P-radiolabeled single-stranded oligonucleotide featuring the
sequence, 5"-GTA AAA CGA CGG CCA GTG CCA AGC TTG CAT GCC TGC AGG
TCG ACT CTA GAG GAT CCC CGG-3’, in the presence or absence of MGO at pH

7.4. The reaction mixture was then subjected to SDS-PAGE to separate unmodified DNA
from DPCs. Following gel separation, the DPCs were visualized via phosphorimaging as
high-molecular-weight bands. As shown in Figure 6B, new bands were observed in a
dose-dependent manner upon MGO treatment of histone H3.1 and H4, indicating the cross-
linking yield was dependent on MGO concentration. Furthermore, DPC bands reversed

to free DNA following proteinase K treatment, providing additional evidence that these
higher-molecular-weight bands are indeed DPCs. Collectively, these results indicate that
histones are susceptible to cross-linking to DNA in the presence of MGO.
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DISCUSSION

Identifying molecular mechanisms responsible for modulation of cellular phenotype by
endogenous metabolites is critical for understanding the mechanisms by which metabolism
contributes to overall health and disease.8? Indeed, DNA—-protein cross-links induced by
endogenous compounds represent an important class of phenotype-altering event and many
of the proteins participating in these cross-links remain unidentified due to challenges

in DPC isolation and characterization. In this study, we investigated the formation of
DNA-—protein cross-links upon exposure of human cells in culture to electrophilic cellular
metabolite MGO. MGO can participate in a variety of chemical reactions with biomolecules
due to its electrophilic a-oxoaldehyde moiety.9%:1 MGO forms both protein and DNA
adducts which can lead to inhibition of enzymatic activity, confirmational alterations, cell
signaling events, depurination, formation of abasic sites, and induction of DNA protein
cross-linking.51:92-94

Although previous studies reported the ability of MGO to form DNA—protein conjugates

in vitro,3:5455 the relevance of these observations to living cells remained unknown, and
the identities of other proteins participating in cross-linking had not been established. We
took advantage of the K-SDS assay to quantify DPCs formation in MGO-treated human
cells, while modified phenol:chloroform extraction procedure was used to isolate DPC

for subsequent protein identification by mass spectrometry. This procedure has been used
to identify proteins participating in DNA—-protein cross-links.62459 MGO produced DPCs
in human cells in a dose-dependent manner. We also showed that one possible chemical
structure of MGO-derived DPC involves Lys protein residues and guanine in DNA based
on comparison with an authentic analytical standard. However, it should be noted that
other nucleophilic amino acid residues (Cys) and/or DNA bases may also be susceptible

to cross-linking by MGO and should be explored in future work.3 Additionally, analyzing
MGO-derived DPCs with emerging DPC isolation techniques, like electro-elution of DPCs
with agarose plugs,® will complement the phenol:chloroform extraction procedure utilized
here as it may improve the isolation of high-molecular-weight DPCs that do not localize
efficiently at the phenol-chloroform interface. Following DPC isolation from treated cells,
proteins participating in DPC formation were identified by bottom-up proteomics. For

this proof-of-concept work, we selected nonphysiological MGO concentrations (5 mM)

to maximize our chances of detecting DPCs by liquimass spectrometry. Future work will
be aimed at identifying MGO-derived DPCs at physiological MGO concentration and in
disease models which have elevated MGO concentrations, such as various cancers and
diabetes. We observed that MGO-treated human fibrosarcoma HT1080 cells contained
DNA-protein cross-links that were heterogeneous in size and structure. The majority of
these 265 cellular proteins that exhibited cross-linking characteristics are localized to the
nucleus, nuclear chromosomes, telomere DNA regions, cellular membranes, and ribosomes.
Additionally, dose-dependent cross-linking of a selected group of known DNA-binding
proteins (histone H3.1, PARP1, XRCC1, GAPDH, VINC, and TOP1) to DNA in the
presence of MGO was confirmed via dot blot analysis. The identified proteins are known to
be involved in nucleosome assembly (e.g., histones, SMARCAS5, NASP, START3), telomere
organization (e.g., XRCC5, PARP1, Histones, RPA1), mRNA processing (e.g., helicases,
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heterogeneous nuclear ribonucleoproteins, pre-mRNA processing factors), and DNA repair.
DNA repair proteins over-represented in DPCs formed upon MGO exposure include BCCIP,
FANCI, PDS5A, RECQL, RUVBL1, STUB1, SMARCAS5, FEN1, MSH6, NONO, PARP1,
RPA1, RPS3, TRIM28, UBRS5, and SUMO. Currently, identifying the specific sites of amino
acid-MGO-nucleobase cross-linking remains challenging given the heterogeneity of the
DPC adducts and is a limitation of our current work. Future experiments will employ affinity
enrichment methods to help determine specific cross-linking sites within cellular proteins.

Cellular repair mechanisms of DPCs is an active area of research.9® Our results showed
that reduced expression of the SPRTN gene which converts DPCs to less toxic peptide
lesions led to elevated DPC levels upon 2.5 and 5 mM MGO treatment. Thus, it is likely
that SPRTN plays a role in recognizing and removing MGO-derived DPCs, which is in

line with previous reports finding SPRTN to be involved in repair of DPCs generated
through formaldehyde.3% Additionally, the observation that MGO treatment induces a dose-
dependent increase in UBB and SUMO in isolated DPCs, coupled with finding UBB
isoforms and SUMO to be enriched in our proteomic data set, suggests that ubiquitinylation
and SUMOylation may be involved in repair of MGO-derived DPCs.%® Based on previous
studies, some of the possible repair mechanisms that could be involved in removing

MGO cross-links include nucleotide excision repair (NER),%7:%8 homologous recombination
(HR),% and other proteolytic processes.2? Future work will be needed to fully elucidate the
predominant mechanisms underlying DPC repair and explore mutagenicity of this class of
lesions.*1

We observed that knockout of the GLO1 gene, which detoxifies MGO, significantly
increased DPC levels upon MGO exposure. These results suggest that MGO-derived DPCs
may be relevant adducts in aging and diseases associated with elevated MGO levels like
diabetes, chronic renal disease, cancer, and Alzheimer’s disease,100-103

To confirm our results for cell culture treatments, /n vitro experiments utilizing recombinant
GAPDH, histone H3.1, and histone H4 were conducted in order to characterize the cross-
linking mechanisms and to establish the kinetics of cross-linking. It should be noted that
MGO is known to covalently modify GAPDH, leading to enzymatic inhibition and alteration
in isoelectric point.81:82.84 |n neural precursor cells (NPCs), it was found that MGO
modification of GAPDH impacted Notch signaling which affected NPC homeostasis.104
MGO-induced GAPDH-DNA cross-linking may play an additional role in the association
between MGO and aging processes linked to telomeres; however, more detailed studies

are needed to clarify this hypothesis.>0:105-108 MGO is also known to covalently modify
histone proteins, leading to disruption of chromatin assembly and stability.55:88 Breast
cancer cells exhibit high levels of MGO-modified histone proteins.>® These observations
point toward a potential molecular mechanism linking metabolic perturbation and epigenetic
deregulation in disease. Collectively, the reports of MGO protein modifications, coupled
with our discovery that GAPDH and histone proteins H3.1 and H4 are targets for MGO-
mediated DNA—protein cross-linking, point to the complexity of methylglyoxal biological
activity and warrant continued investigation.

ACS Chem Biol. Author manuscript; available in PMC 2024 August 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hurben et al.

Page 11

CONCLUSIONS

In conclusion, our study demonstrates that DNA-protein cross-links are readily formed in
human fibrosarcoma HT1080 cells following exposure to mM levels of MGO. In these
experiments, MGO exposure led to cross-linking of over 260 proteins to chromosomal

DNA. These proteins were identified using mass spectrometry-based proteomics approaches,
and the identities of selected cross-linked proteins were confirmed by immunoblotting.

We verified that histone proteins and GAPDH cross-link to DNA oligonucleotides in

the presence of MGO in vitro. Ongoing studies in our laboratory are using analytical
standards to study the formation and repair of methylglyoxal-induced DPCs in the context
of diabetes, neurological disorders, and cancer. Interrogating the functional ramifications of
MGO-GAPDH DPCs and their mutagenetic potential, improving methods to identify the
amino acids participating in DNA cross-linking, as well as conducting additional MGO DPC
profiling experiments under physiological ranges of MGO concentrations are also underway.
Ultimately, the work reported here provides a basis for studying MGO-derived DPCs to
better understand mechanisms of MGO toxicity and MGO cell signaling events relevant in
human disease.
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Figure 1.
Reaction of methylglyoxal with a variety of biomolecules. (A) Schematic of MGO forming

covalent adducts to proteins and DNA or generating DNA—protein cross-links. (B) Chemical
structures of various MGO adducts with amino acid side chains, DNA bases, and proposed
DNA-protein cross-links. Shown here are methylglyoxal-derived hydroimidazolone

1-3 (MG-H1-3), Ne-carboxyethylarginine (CEA), Ne-carboxyethyllysine

(CEL), 6,7-dihydroxy-3-(—4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)-6-
methyl-3,5,6,7-tetrahydro-9 H-imidazo[1,2-4]purin-9-one (dG-MG), N2-(1-
carboxtethyl)guanine (CEdG), and N6-(9-(—4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-
yl)-6-0x0-6,9-dihydro-1H-purin-2-yl)alanyl)-L-lysine (MG-dG-Lys cross-link).
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Figure 2.

ngeration of DPCs in cellular models by MGO treatment. (A) MGO reduces HEK293T
cell viability as a function of time and concentration. HEK293T cells were treated with
MGO at multiple time points and concentrations. Viability was determined through an
alamarBlue assay. Data is represented as mean + SEM from four replicates and normalized
to vehicle control. (B) MGO treatment generates DPCs in HEK293T cells. HEK293T cells
were treated with 0, 0.001, 0.01, 0.1, 1.0, 1.75, 2.5, or 5 mM MGO for 2 h and were
processed by the K-SDS assay to quantify DPC levels. Data are represented as mean +
SEM from three replicates and normalized to DNA input and were analyzed via a one-way
ANOVA and an unpaired ¢test (*p < 0.05). (C) Knockout of GLO1 leads to increased
levels of DPC formation following MGO treatment. HEK293T cells with or without GLO1
were treated with 0 or 1 mM MGO for 2 h and were processed by the K-SDS assay

to quantify DPC levels. Data are represented as mean £ SEM from three replicates and
normalized to DNA input and were analyzed via a one-way ANOVA and an unpaired #test
(*p < 0.05). (D) Reduced SPRTN expression leads to increased levels of DPC formation
following MGO treatment. MEF cells with or without SPRTN deficiency were treated with
0, 1, 2.5, or 5mM MGO for 2 h and then processed by the K-SDS assay to quantify DPC
levels. Data are represented as mean £ SEM from three replicates and normalized to DNA
input and were analyzed via a one-way ANOVA and an unpaired ¢test (*p < 0.05). (E)
Visualization of MGO-induced DPCs isolated via phenol-chloroform extraction. HT1080
cells were treated with 0, 0.5, 1, 2.5, or 5 mM MGO for 2 h and were processed by

the phenol-chloroform extraction to isolate DPCs. Isolated DPCs were resolved by 4-12%
SDS—-PAGE and visualized by the Simply Blue protein stain.
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Figure 3.
Synthesis of dG-MGO-Lys cross-link standard and detection of dG-MGO-Lys cross-link

in human cells upon MGO treatment. (A) Overview of synthetic route to dG-MGO-Lys
cross-link standard: (a) FmocAla, HCTU, DIPEA, DMF; (b) 20% piperidine, DMF; (c) 4 M
HCI, dioxane, 52% (3 steps); (d) DIPEA, DMSO; (e) TBAF, THF, 37% (2 steps); (f) LiOH,
H,0, THF, 41%; (g) Hy, Pd/C, MeOH, 65%. (B) HEK293T cells were treated with 0 or 5
mM MGO for 2 h and processed by DNAzol and DNA precipitation to isolate DPCs. DPCs
were digested with protease K and nucleases, subjected to offline RP-HPLC purification,

ACS Chem Biol. Author manuscript; available in PMC 2024 August 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hurben et al.

Page 21

and analyzed via HPLC-ESI-MS/MS using selected reaction monitoring (/2 468.2 mlz—
147.1).
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Figure 4.

Mass spectrometry-based proteomics results for MGO-derived DPCs. (A) Volcano plot of
proteins identified as potential MGO DPCs. HT1080 cells were treated with 0 or 5 mM
MGO for 2 h and then subjected to modified phenol-chloroform extraction to isolate DPCs.
DPCs were identified via LC-MS/MS and statistically analyzed for enrichment at an FDR
of 0.01 and a minimal coefficient of variation (SO) of 0.5. Proteins highlighted in orange
were significantly enriched in the MGO-treated samples, while those in blue were more
abundant in vehicle treatment group. Data are representative of 3 biological replicates from
each treatment condition. (B) Cellular compartment analysis of DPCs enriched by MGO
treatment. Analysis was performed with the DAVID overrepresentation test, and results are
shown as a multivariable plot with the Benjamini—-Hochberg adjusted p-value, number of
genes, and fold enrichment displayed for each enriched GO cellular compartment term. (C)
Biological process analysis of DPCs enriched by MGO treatment. Analysis was performed
with the DAVID overrepresentation test, and results are shown as a multivariable plot with
the Benjamini-Hochberg adjusted p-value, number of genes, and fold enrichment displayed
for each enriched GO biological process term. (D) Depiction of DPCs identified in HT1080
cells upon exposure to diepoxybutane,® cisplatin,>® phosphoramide mustard,?4 and MGO
(this work). Venn diagram shows the number of overlapped identified proteins between each
condition. Color is representative of cross-linker treatment.
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Figure 5.
Dot blot analysis of MGO-induced DPCs. (A) Representative dot blots of DPCs isolated

via phenol-chloroform extraction from HT1080 cells treated with 0, 0.5, 1, 2.5, or 5 mM
MGO for 2 h. Samples were normalized for DNA content, immobilized on nitrocellulose
membranes, and probed with primary antibodies specific for PARPL, histone H3.1 XRCC1,
TOP1, VINC, GAPDH, GSTP1, and dsDNA. (B) Fold change in measured dot blot
fluorescence intensity for indicted protein signal normalized to input dsDNA for 0, 0.5,

1, 2.5, or 5 mM MGO treatments, shown left to right for each protein, respectively. Data are
represented as mean + SEM from at least two biological replicates.
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Figure 6.
In vitro confirmation of MGO-induced DPC formation in the presence of MGO. A)

Representative gel of GAPDH (1 £g) incubated with or without FAM-labeled ss-telomeric
DNA (TTAGGG)3 (25 ¢M) in the presence or absence of MGO (10 mM) in 25 zL of PBS
(pH 7.4) at 37 °C for 1 h; top: FAM fluorescence; bottom: silver stain. B) Representative
gel images of histones H3.1 and H4 (6.67 £M) incubated with 60-mer 32P-radiolabeled
single-stranded oligonucleotide (0.83 £M) in the absence or presence of MGO (21, 42, and
83 M) in PBS (pH 7.4) at 37 °C for 16 h (total reaction volume: 30 4L). For proteinase

K (PK) treatment, PK was added into the reaction mixtures following MGO cross-linking
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and the mixtures were further incubated at 37 °C for 24 h prior to SDS-PAGE analysis.
Radioactivity within the gels was imaged via phosphor imaging.
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