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The activity of glyoxylase 1 is regulated by
glucose-responsive phosphorylation on Tyr136
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ABSTRACT

Objective: Methylglyoxal (MG) is a highly reactive a-oxoaldehyde that glycates proteins. MG has been linked to the development of diabetic
complications: MG is the major precursor of advanced glycation end products (AGEs), a risk marker for diabetic complications in humans.
Furthermore, flies and fish with elevated MG develop insulin resistance, obesity, and hyperglycemia. MG is detoxified in large part through the
glyoxalase system, whose rate-limiting enzyme is glyoxalase I (Glo1). Hence, we aimed to study how Glo1 activity is regulated.
Methods: We studied the regulation and effect of post-translational modifications of Glo1 in tissue culture and in mouse models of diabetes.
Results: We show that Glo1 activity is promoted by phosphorylation on Tyrosine 136 via multiple kinases. We find that Glo1 Y136 phos-
phorylation responds in a bimodal fashion to glucose levels, increasing in cell culture from 0 mM to 5 mM (physiological) glucose, and then
decreasing at higher glucose concentrations, both in cell culture and in mouse models of hyperglycemia.
Conclusions: These data, together with published findings that elevated MG leads to hyperglycemia, suggest the existence of a deleterious
positive feedback loop whereby hyperglycemia leads to reduced Glo1 activity, contributing to elevated MG levels, which in turn promote hy-
perglycemia. Hence, perturbations elevating either glucose or MG have the potential to start an auto-amplifying feedback loop contributing to
diabetic complications.

� 2021 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Although diabetic patients are characterized by hyperglycemia, a
recent study has shown that renormalization of blood glucose has a
mild impact on the progression of diabetic complications [1,2], sug-
gesting the role of additional mechanistic factors in the development of
diabetic complications. One such factor could be methylglyoxal (MG).
MG is a reactive a-oxoaldehyde that is formed non-enzymatically in
animal cells mainly from the triose-phosphate intermediates of
glycolysis [3]. MG reacts directly and rapidly with proteins to form
advanced glycation end-products (AGEs) which disrupt protein func-
tion, leading to organ damage. Multiple observations suggest MG may
contribute to the development of diabetic complications. Diabetic pa-
tients have elevated levels of MG and MG-adducts [4,5]. Exposure to
MG causes kidney damage [6], degenerative changes in cutaneous
microvessels [7] and neuropathies [8e12]. Elevated MG could also
contribute to insulin resistance and hyperglycemia. For instance,
treatment of muscle cells in culture with MG induces insulin resistance
[13]. Flies lacking glyoxalase 1 (Glo1), an enzyme involved in MG
detoxification, have mildly elevated MG levels and develop obesity,
insulin resistance, and hyperglycemia [14]. Likewise, Glo1 knockout
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fish developed post-prandial hyperglycemia, and when overfed, insulin
resistance [15]. Hence, elevated MG can induce several diabetic
phenotypes e insulin resistance, hyperglycemia, obesity, and
damaged blood vessels, kidneys and neurons.
Methylglyoxal is detoxified by several different enzymes [16]. The
glyoxalase system comprises two enzymes, Glyoxalase 1 (Glo1) and
Glyoxalase 2, which act in succession to convert MG into D-lactate
using a catalytic amount of reduced glutathione [17]. When Glo1 is
knocked out either in cell culture or in mice, the activity of aldehyde
dehydrogenases (ALDH) and Aldo-keto reductases (AKR) is increased,
which metabolizes MG to pyruvate and hydroxyacetone, respectively
[18,19]. The mechanisms regulating the activity of these enzymes are
of relevance for diabetes, as they could modulate MG detoxification
and consequently the progression of diabetic complications. In
particular, Glo1 is the rate-limiting enzyme in the glyoxalase system
and accounts for a large fraction of the MG detoxification in cells and
tissues [16]. We study here whether Glo1 activity is regulated via post-
translational modifications (PTMs).
A few PTMs have been reported on Glo1. TNF signaling leads to
phosphorylation of Glo1 on Thr106 via activation of PKA and CaMKII
[20,21]. Although this was originally reported to not affect Glo1
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enzymatic activity [20], a recent study showed that it affects both the
KM and Vmax of Glo1 as well as Glo1 protein stability [22]. Several
cysteines of Glo1 are nitrosylated, in particular Cys138, although the
functional relevance of this PTM remains unknown [23]. Finally, Glo1
has N-terminal acetylation on Ala2 which does not impact Glo1 activity
and glutathionylation on Cys139 which strongly inhibits Glo1 activity
in vitro [24].
We report here that Glo1 is phosphorylated on Tyr136 by multiple
kinases. This phosphorylation has a bimodal response to glucose
levels, increasing from no glucose to physiological levels of glucose,
and then decreasing in hyperglycemic conditions. We find phosphor-
ylation of Glo1 on Tyr136 stimulates activity. As such, Tyr136 phos-
phorylation represents a possible mechanistic link to how
hyperglycemia negatively impacts the ability of a cell to detoxify the
reactive metabolite methylglyoxal.

2. MATERIALS & METHODS

2.1. Antibodies and reagents
Primary antibodies: Calnexin (Enzo #ADI-SPA-960-D), Src (Cell
Signaling Technology #21080), phospho-Src (Y417) (Cell Signaling
Technology #6943), phospho-FAK (Tyr925) (Cell Signaling Technology
#3284), phospho-FAK (Tyr397) (D20B1) (Cell Signaling Technology
#8556), FAK (Cell Signaling Technology #13009), TNK1 (C44F9) (Cell
Signaling Technology #4570), Her2/ErbB2 (D8F12) XP (Cell Signaling
Technology #4290), Tubulin (Sigma #T9026, 1:5000), Insulin receptor
b (4B8) (Cell Signaling Technology #3025S), JAK2 (691R5) (Thermo
Scientific #AHO1352), Phospho-Stat3 (Tyr705) (Cell Signaling Tech-
nology #9131), Stat3 (12H6) (Cell Signaling Technology #9139), p-Tyr
Antibody (Y99) (Santa Cruz Biotechnology sc-7020), total Glo1 [14]. All
antibodies were used 1:1000 unless specified otherwise. Secondary
antibodies were anti-rabbit HRP (Jackson ImmunoResearch #111-
035-003), anti-mouse HRP (Jackson ImmunoResearch #115-035-
003), anti-guinea pig (Jackson ImmunoResearch #106-035-003).
To generate phospho-Glo1(Y136) antibody, rabbits were immunized
with the peptide IAVPDV (phosphoY) SA (homoalanine) KRFC coupled to
Keyhole limpet hemocyanin (KLH) by Seramun Diagnostica GmbH. For
the initial immunization, Freund’s complete adjuvant was used, fol-
lowed by 3 booster injections with Freund’s incomplete adjuvant. The
collection of hyperimmune serum was executed on day 7 after the last
booster injection. Serum proteins were precipitated by the addition of
(NH4)2SO4 (0.452 g/2 ml) and the antibody was affinity purified using
the phospho-peptide coupled to beads. The resin generation and the
antibody purification were performed using the SulfoLink Immobiliza-
tion Kit for Peptides following the manufacturer’s instructions (Thermo
Scientific # 44999).

2.2. Cell culture conditions and treatments
HeLa (ATCC #CCL-2) and HepG2 (ATCC #HB-8065) cells were cultured
in DMEM (Life Technologies #41965-062) containing 25 mM glucose,
4 mM L-glutamine, 1% penicillin/streptomycin (Life Technologies
#15140-122), and 10% fetal bovine serum (FBS). U-937 (DSMZ
#ACC5) cells were cultured in RPMI 1640 (Life Technologies #52400-
025) with 1 mM sodium pyruvate (Life Technologies #11360070),
2 mM L-glutamine (Life Technologies #25030024), 1x penicillin/
streptomycin (Life Technologies #15140-122), and 10% FBS. All cell
lines were maintained in 5% CO2 at 37 �C and tested for mycoplasma
to exclude contamination.
The glucose experiments were performed in DMEM containing 5 mM
glucose that was prepared from a combination of DMEM high glucose,
no glutamine, no phenol red (Life Technologies #31053028) and
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DMEM no glucose, no glutamine, no phenol red (Life Technologies #
A1443001). Additionally, 2 mM L-glutamine (Life Technologies
#25030024) and 10% FBS were added to the media. The cells were
seeded in the regular medium the day before the experiment. On the
day of the experiment, incubation with either fresh high (25 mM) or low
(5 mM) glucose media was performed overnight.
For treatments with inhibitors or methylglyoxal, cells were seeded the
day before the experiment. The next day, the inhibitor or methylglyoxal
was directly added to the well and the incubations were performed for
30 min. The concentrations used are indicated in the figures.
Generation of Glo1 knockout cells, plasmids transfections, and siRNA
knockdowns
Monoclonal Glo1 knockout cell lines were generated via CRISPR-Cas9
mediated genome editing using the PX459 plasmid expressing Cas9
and sgRNAs from the website CHOPeCHOP (https://chopchop.cbu.uib.
no/) [25] (sequences shown in Supplementary Table 3). The knockout
cell line was confirmed by Sanger sequencing of the target genomic
locus after PCR amplification and TOPO cloning (Life Technologies
#450640), as well as by immunoblotting for Glo1 protein, Glo1 activity
assays, and qRT-PCR.
For the tyrosine kinase CRISPR-Cas9 library, the gRNAs sequences
were obtained from the Brunello and Brie library [26] and were cloned
into pSpCas9(BB)-2A-Puro (PX459) V1.0 from Feng Zhang [27]
(Addgene #48139).
The Glo1 coding sequence was PCR amplified from HeLa cDNA and
cloned into pcDNA3.1 (þ). All the Glo1 point mutations were intro-
duced through PCR-based site-directed mutagenesis using the oligos
indicated in Supplementary Table 3.
All transfections were performed using Lipofectamine 2000 Reagent
(Thermo Scientific) according to the manufacturer’s instruction.
siRNA-mediated knockdown was performed by reverse transfection
with 15 nM pools of four siRNAs against human SRC (siGENOME,
Horizon Discovery #MU-003175-03-0002) or renilla luciferase as a
negative control (siGENOME, Horizon Discovery #P-002070-01-50).
Three days after transfection, the cells were lysed and analyzed by
immunoblotting.

2.3. Western blot analysis
For immunoblotting experiments, the cells were lysed in (50 mM Tris
pH 7.4, 150 mM NaCl, 1% Triton X-100, 2 mM orthovanadate, 1x
Roche Complete protease inhibitor cocktail with EDTA, and 1x Roche
PhosSTOP phosphatase inhibitors). The samples were clarified by
centrifugation (15 min, 14,000 rpm, 4 �C). The protein concentration of
each sample was measured by BCA (ThermoFisher #23225) or
Bradford (Biorad #500-0006). 15e20 mg of protein per sample were
loaded on SDS-PAGE gels. The proteins were blotted onto nitrocellu-
lose membrane, blocked with PBS-T containing 5% skim milk powder,
incubated overnight with primary antibodies diluted 1:1000 in 5% BSA,
and subsequently incubated for 1 h with HRP-conjugated secondary
antibodies diluted 1:10,000 in 5% milk. The immunoblots were
developed by the addition of ECL substrates (Western Lightning Plus-
ECL, PerkinElmer #NEL105001EA, or Supersignal West Femto, Thermo
Fisher #34095). A ChemiDoc imager (Biorad) was used for detecting
and quantifying the signal.

2.4. Generation and quantification of rAAV8 viral particles
Recombinant rAAV8 viruses were generated in HEK293T cells and
purified using iodixanol gradient ultracentrifugation [28,29]: 1.8 � 108

HEK293T cells were cultured in a ten chamber CellStack (Corning,
USA) with DMEM þ Glutamax (Gibco, Thermo Fisher Scientific, USA)
supplemented with 10% FBS and 1% penicillin G/streptomycin. After
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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48 h, a 1:1:1 M ratio of pAAV-D377YmPCSK9-bGHpA plasmid [30] the
rep-cap AAV8 helper plasmid; an adenoviral helper plasmid was mixed
and transfected using polyethylenimine (PEI) (Polysciences Inc., War-
rington, PA 18976 USA). Then, 72 h after transfection, the cells were
harvested in 3 ml lysis buffer and lysed by four freezeethaw cycles.
The vector particles were purified using an iodixanol (Progen, Ger-
many) gradient consisting of four phases with decreasing density
(60%, 40%, 25%, 15%) spun at 50,000�g for 135 min at 4 �C.
Approximately 3 ml of the 40% phase, in which predominantly full virus
particles accumulate, were recovered with a 27G needle. Finally, the
vector solution dialyzed into PBS (Zeba Spin Desalting Columns 7K
MWCO, Thermo Scientific, USA) and concentrated (VivaSpin 10K
MWCO, Sartorius, Germany). Viral titer was quantified as genome copy
numbers per ml using a qPCR SYBR-Green assay (Biorad) with primers
bGHpA-fw 50 and bGHpA-rev (sequences in Suppl. Table 3) [31].

2.5. Mouse breeding, housing conditions, and extraction of mouse
tissues
All animal experiments were approved by the ethical authorities
(Regierungspräsidium Karlsruhe, Germany) and performed in accor-
dance with the German Animal Welfare Act for the care and use of
laboratory animals and the rules of the regulatory authorities in Baden-
Württemberg
For hypercholesterolemia and hyperglycemia (HGHCi) mice: Female
wild-type C57BL/6N were obtained from Charles River Laboratories
(Wilmington, MA, USA). All animal experiments complied with the
ARRIVE guidelines and were carried out following the Directive 2010/
63/EU guidelines. Adeno-associated viral vectors encoding the gain-of-
function variant D377Y of murine PCSK9 (rAAV8-PCSK9D377Y) under
control of a liver-specific promoter were delivered via a single retro-
orbital sinus injection (1.0 � 1011 viral genomes/mouse). To induce
chronic hypercholesterolemia the animals were fed a high-cholesterol/
high-fat Paigen diet (PD, containing 16% fat, 1.25% cholesterol, and
0.5% sodium cholate). To induce chronic hyperglycemia, mice were
injected with streptozotocin (STZ, 60 mg/kg, intraperitoneally, once
daily for five consecutive days, freshly dissolved in 0.05 M sterile
sodium citrate, pH 4.5) one week after rAAV8-PCSK9D377Y application.
Blood glucose levels were monitored twice per week using Accu-Chek
Aviva (Roche, USA) and maintained in a range of 300e500 mg/dl.
Body weight was measured once weekly. HFD and hyperglycemia
(minimum 300 mg/dl) were maintained for 6 weeks. Mice were then
sacrificed by cervical dislocation. Liver tissue was shortly washed in
ice-cold NaCl and immediately snap frozen in liquid nitrogen
[28,29,32,33].
Diabetic heterozygous Ins2Akita/þ (Ins2Akita) mice, purchased from
Jackson Laboratory (Charles River Laboratories, Germany), were bred
at the animal facility of the University Hospital Mannheim, Heidelberg
University. Age-matched non-diabetic homozygous Ins2þ/þ littermates
served as controls. Blood glucose was monitored throughout the study
period via punctuation of the tail using a syringe cannula via a BG Star
blood glucose meter (Sanofi-Aventis Deutschland GmbH, Germany).
Insulin was occasionally administered to prevent critical weight loss.
All animals were housed in groups of 3e4 animals at 21� 1 �C with a
12-h lightedark cycle. At the end of the experimental period, animals
were killed by cervical dislocation under intraperitoneal ketamine/
xylazine anesthesia. Unless stated otherwise, all reagents were ob-
tained from SigmaeAldrich Chemie GmbH (Seelze, Germany).

2.6. Preparation of mouse tissue lysates
Livers that were previously snap-frozen in liquid nitrogen and stored
at �80 �C, were ground on dry ice using a glass homogenizer and
MOLECULAR METABOLISM 55 (2022) 101406 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
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lysed by adding (40 mM Tris pH 7.4, 1% Triton X-100, 10 mM b-
glycerophosphate, 10 mM sodium pyrophosphate, 30 mM NaF, 2x
Roche Complete protease inhibitor cocktail with EDTA, and 2x Roche
PhosSTOP phosphatase inhibitors). The lysates were cleared by
centrifugation (15 min, 14,000 rpm, 4 �C).

2.7. RNA extraction, reverse transcription, and qPCR
RNA was extracted from cultured cells with Trizol (Life Technologies
#15596018) following the manufacturer’s instructions. Next, 2 mg RNA
per sample were reverse-transcribed with Maxima H Minus reverse
transcriptase (Thermo Fisher Scientific, #EP0753) and oligo-dT primer
(Supplementary Table 3). Quantitative PCR was performed using an
SYBRGreen-based master mix (primaQUANT CYBR 2x qPCR SYBR-
Green Master Mix with LOW ROX, Streinbrenner, #SL-9913).

2.8. Recombinant human Glo1 protein purification
The hGlo1 coding sequence was cloned into the pEMT-11 plasmid
(EMBL protein expression/purification facility, Heidelberg) and
expressed in Rosetta�(DE3) Competent Cells (Novagen #70954).
Protein expression was induced by the addition of 0.5 mM IPTG to a
growing culture. After incubating the culture for 4 h at 37 �C, the
bacteria were spun down, lysed and the recombinant protein was
purified with a Ni-NTA agarose affinity resin under native conditions
according to the manufacturer’s instruction (Qiagen #R90101).

2.9. Glo1 activity assay
Cells were seeded in a 6-well plate the day before the experiment.
Homogenization was performed with 400 mL buffer (10 mM sodium
phosphate buffer pH 7.0, 0.02% Triton X-100) and sonication using a
Branson sonifier for 15 s with 10% amplitude, followed by centrifu-
gation at 14,000 rpm for 30 min at 4 �C. Substrate mix (50 mM sodium
phosphate buffer pH 6.6, 20 mM methylglyoxal (Sigma M0252), 20 mM
reduced L-Glutathione (Sigma G6013)) was incubated in a 96-well
microtiter plate at 37 �C for 10min. Thereafter, 10 mL of the cleared
lysates were added to a 190 mL substrate mix in each well. Changes in
absorbance at 235 nm were then measured kinetically for 15 min
using the SPECTROstar Omega plate reader (BMG LABTECH).

2.10. In vitro kinase assay
For in vitro kinase assays, human Glo1 recombinant protein was mixed
with 600 ng of recombinant human kinases (ProQinase), in 1x kinase
assay buffer (50 mM HEPES pH 7.4, 6 mM MgCl2, 6 mM b-glycer-
ophosphate, 1 mM DTT), and 500 mM ATP in a 25 mL total volume and
incubated for 1 h at 30 �C. The phosphorylation reaction was stopped
by adding 2x Laemmli and boiling the sample for 5 min at 95 �C.

2.11. Quantifications and statistical analyses
Immunoblots were quantified using Image Lab (Biorad). Statistical
analyses were performed using GraphPad Prism.

3. RESULTS

3.1. Mutation of Tyr136 reduces Glo1 activity
To study the regulation of human Glo1 by post-translational modifi-
cations (PTMs), we first analyzed publicly available proteomics data-
bases and generated a list of all residues in Glo1 observed to be either
phosphorylated or acetylated by mass spectrometry (Suppl. Table 1).
We then systematically screened these residues by introducing mu-
tations into Glo1 that prevent the PTMs e alanine in the case of
phospho-residues and arginine for acetylated lysines e and assayed
the effect on Glo1 enzymatic activity. In order to assay only the activity
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3
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of mutated Glo1, we first generated Glo1 knockout HeLa cells via
CRISPR/Cas9 (Suppl. Figure 1A) and then reconstituted these cells with
mutant forms of Glo1. The Glo1 knockout (Glo1KO) cells had no
detectable Glo1 protein or Glo1 activity (lower and upper panels in
Figure 1A, respectively). Expression of wildtype Glo1 reconstituted Glo1
protein levels and activity to roughly endogenous levels (last lanes,
Figure 1A). For each mutant, we calculated Glo1 specific activity by
normalizing Glo1 enzymatic activity to Glo1 proteins levels and found
that mutation of Tyr136 to alanine consistently reduced Glo1 specific
activity (Figure 1A). Mutation of Tyr136 gave the strongest and most
consistent phenotype; therefore, we focused on Tyr136 here. Since
alanine is structurally different from tyrosine, we also mutated Tyr136
to phenylalanine, which only differs by one hydroxyl group. This mu-
tation also consistently reduced Glo1 specific activity (Figure 1B).
Compared to Y136A, Y136F caused a slight decrease in Glo1 activity
(Suppl. Figure 1B).
Since our calculation of specific activity normalizes away possible
effects of the mutation on Glo1 protein stability, we assayed this
separately but found no effect: The Y136F mutation neither affected
the ratio of Glo1 protein to mRNA levels in the cell (Suppl. Figure 1C)
nor the stability of Glo1 protein in a cycloheximide chase experiment
(Suppl. Figure 1D). In sum, we conclude that mutation of Y136 to non-
phosphorylatable phenylalanine specifically reduces Glo1 enzymatic
activity. A direct evidence that Y136 phosphorylation activates Glo1
activity is provided below using an in vitro kinase assay.
To verify whether Y136 is phosphorylated in vivo, we generated a
Glo1(Y136) phospho-specific antibody. This antibody detects endog-
enous Glo1 in wildtype HeLa cells but not Glo1KO cells, and it detects
the Y136F mutant much less strongly than wildtype Glo1
(Suppl. Figure 2A). As an additional control for phospho-specificity, this
Figure 1: Regulation of Glo1 activity via tyrosine 136 phosphorylation. (A) Mutation
express 9 different point mutants of Glo1 or the wildtype protein as a control. Glo1 protein le
used to normalize Glo1 activity measurements, to arrive at Glo1 specific activity (upper pa
correction. (B) Mutation of Glo1 Y136 to phenylalanine reduces Glo1 activity. Glo1 prote
normalized by total Glo1 protein. n ¼ 10, ***p < 0.001 by two-sided unpaired t-test.

4 MOLECULAR METABOLISM 55 (2022) 101406 � 2021 The Author(s). Published by Elsevier GmbH. T
antibody gives a significantly weaker signal with recombinant His-
tagged wildtype Glo1 purified from bacteria, which do not phosphor-
ylate tyrosine residues (Suppl. Figure 2B and D). Using this antibody,
we found that Glo1(Y136) is phosphorylated in several different cell
types (see below) including HeLa and primary white blood cells
(Suppl. Figure 2B). In the peripheral blood mononuclear cell (PBMC)
sample additional bands were recognized by the pGlo1(Y136) antibody
that was not detected by the total Glo1 antibody, suggesting they are
unspecific (Suppl. Figure 2B and C).

3.2. Y136 is redundantly phosphorylated by multiple kinases,
including Src-family kinases
We next sought to identify the kinases responsible for phosphorylating
this site. To this end, we generated a library of sgRNAs with two in-
dependent sgRNA constructs targeting each of the 90 tyrosine kinases.
We screened this library in an arrayed format, combining the two
sgRNAs targeting one kinase together into one well, transiently
selecting the transfected cells with puromycin for 3 days, and then
assaying Glo1(Y136) phosphorylation by immunoblotting (Figure 2A).
This led to the efficient depletion of 5 of the 6 kinases that we tested by
immunoblotting (Suppl. Figure 3A). From this screen (Suppl. Figure 3B)
we selected the most promising candidates for an additional round of
testing (Figure 2B). Depletion of multiple different kinases led to a
partial reduction in Glo1(Y136) phosphorylation. These included
members of the Src family (Src, Yes1, FGR, and the related Abl1), and
of the FAK, EPHA, FGFR, and VEGFR families (Figure 2B), suggesting
phosphorylation of Glo1 on Y136 by multiple different kinases. In vitro
kinase assays revealed that all the members of the Src family, as well
as Epha5 and VEGFR3, can efficiently phosphorylate recombinant Glo1
on Y136 (Figure 2CeD). Contrastively, Fak1 could not phosphorylate
of Glo1 Y136 to alanine reduces Glo1 activity. Glo1 knockout HeLa cells were used to
vels were quantified by immunoblotting and imaging with a Chemidoc (lower panel) and
nel). n ¼ 4, *p < 0.05, **p < 0.01 by mixed-effect ANOVA with Geisser-Greenhouse
in levels and activity were quantified as in panel A. In all assays, Glo1 activity was
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Figure 2: Glo1 Y136 is phosphorylated by multiple different kinases including all members of the Src family. (A) Schematic diagram illustrating the tyrosine kinase
CRISPR-Cas9 screen. A library of sgRNAs was generated to target each of the 90 known tyrosine kinases. HeLa cells were transfected with two sgRNAs for each kinase
simultaneously. After puromycin selection, immunoblots were performed on lysates from each well using the pGlo1(Y136) antibody. (B) Knockdown of several different kinases in
HeLa cells leads to a partial reduction in Glo1 Y136 phosphorylation. Tyrosine kinase knockouts were performed as in panel A, and immunoblots were done on the transiently-
selected cell pools. Knockout of all tyrosine kinases is shown in Suppl. Figure 2. Shown here are two biological replicates of the promising candidates (47 of the 90 kinases) which
showed a reduction in pGlo1(Y136) in the main screen. Knockouts causing a drop in the pGlo1/total Glo1 ratio in both biological replicates are indicated in blue. (CeD) Multiple
different kinases can phosphorylate Glo1 Y136 in an in vitro kinase assay, including members of the Src family. (E) siRNA-mediated knockdown of Src kinase recapitulates results
from the CRISPR-Cas9 screening (Suppl. Figure 3B), causing reduced Glo1(Y136) phosphorylation. A pool of 4 siRNAs was used to knock down either Src kinase or luciferase as
negative control (“control”). n ¼ 9, ***p ¼ 0.002 by 2-sided unpaired t-test. (F) Inhibition of the Src kinase family does not lead to a drop in Glo1 Y136 phosphorylation. HeLa cells
were incubated for 30 min with either the broad range Src inhibitor Saracatinib and/or the Abl1 inhibitor Nilotinib. Inhibition of the Src kinase family was confirmed using
pSrc(Y417) or pFak (Y925) antibodies.
Glo1(Y136) in vitro (Figure 2C, Suppl. Figure 4C), suggesting the effect
of Fak1 knockdown on Glo1(Y136) phosphorylation in vivo may be
indirect.
Since members of the Src family are particularly active in phosphor-
ylating Glo1(Y136), we tested whether they are the predominant ki-
nases phosphorylating Glo1(Y136) in vivo. Knockdown of Src with
siRNAs recapitulated the effect of Src knockout using sgRNAs on
pGlo1(Y136) (Figure 2E). Since independent reagents targeting Src
(sgRNA and siRNAs) cause a reduction in Glo1(Y136) phosphorylation,
MOLECULAR METABOLISM 55 (2022) 101406 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
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this indicates the effect is on-target. The reduction in Glo1 phos-
phorylation is partial, indicating that Src is not the only kinase phos-
phorylating Glo1(Y136) in vivo. To test whether inhibition of the entire
Src family yields a stronger drop in Glo1(Y136) phosphorylation, we
treated HeLa cells for 30 min with Saracatinib, a broad inhibitor of Src
family kinases, with Nilotinib which inhibits Abl, or with a combination
of the two (Figure 2F). However, these drugs did not cause a drop in
Glo1(Y136) phosphorylation despite markedly reducing Fak phos-
phorylation as a positive control. As 30 min may be insufficient to
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 5
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cause a drop in Glo1 phosphorylation, we also tested Src inhibitors
Saracatinib, Dasatinib, and PP2 overnight but this also could not cause
a drop in pGlo1(Y136) phosphorylation (Suppl. Figure 4A and B). We do
not know why we see a discrepancy between genetic and pharma-
cological inhibition. One option is that inhibition of the entire family of
Src kinases may induce a compensatory effect that is not observed
with inhibition of Src only. Alternatively, the consequences of Src in-
hibition depend on another parameter (e.g., growth factor stimulation
as seen in [34]) that we are not controlling and differs between the
genetic and pharmacological inhibition setups.

3.3. Phosphorylation of Glo1 on Y136 increases its activity
We next sought to confirm that phosphorylation of Y136 increases Glo1
activity, as predicted from the point mutations presented in Figure 1.
To this end, we in vitro phosphorylated recombinant Glo1 with either
Src or Lyn and found that this significantly increased Glo1 activity
(Figure 3A). This increase in activity was largely blunted when Y136
was mutated to phenylalanine (Figure 3B) indicating it is largely due to
the phosphorylation of Y136. There was still a residual effect of Src on
Glo1(Y136F) suggesting that Src may also phosphorylate additional
stimulatory sites on Glo1. Notably, in vitro phosphorylation reactions
typically lead to phosphorylation of a small fraction of the substrate
protein, in this case, Glo1, present in the assay. Consistent with this,
we find that phosphorylated Glo1 runs higher than total Glo1 on a well-
resolved 15% SDS-PAGE gel, and this corresponds to a minor fraction
of total Glo1 protein because an upper band is hardly visible on the
total Glo1 immunoblot (Suppl. Figure 5A). Hence, our in vitro kinase
assay underestimates the magnitude of the effect of Y136 phos-
phorylation on Glo1 activity.

3.4. Glo1(Y136) phosphorylation drops in response to
hyperglycemia in cell culture
We next tested whether Glo1(Y136) phosphorylation changes in
response to different stimuli. Methylglyoxal, the substrate of Glo1, is
Figure 3: Phosphorylation of Glo1 on Y136 by Src kinases increases its activity. (A
phosphorylated Glo1(WT) or Glo1(Y136F) were phosphorylated in vitro with either Src (Ae
Immunoblot of Glo1(WT) or Glo1(Y136F) in vitro phosphorylated or not with Src kinase. n ¼
one-way ANOVA (multiple comparations).
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produced as a byproduct of glycolysis. Therefore, stimuli or environ-
mental conditions that alter glycolytic rates and hence MG production
could be expected to regulate Glo1 activity. This would allow a cell’s
MG detoxification capacity to adjust to the level of MG production. In
HeLa cells, we found no stimulus that affected Glo1 phosphorylation.
However, in myeloid A-937 cells and liver HepG2 cells, we found that
Glo1(Y136) phosphorylation responds to glucose concentration in a
bimodal fashion. As glucose in the medium increases from 0 mM to
physiological 5 mM, Glo1(Y136) phosphorylation increases (Figure 4A).
This effect should be cytoprotective since it leads to elevated MG
detoxification when MG production increases due to increased
glucose. When glucose levels increase from physiological 5 mM to
hyperglycemic 25 mM, Glo1(Y136) phosphorylation shows a decrease
(Figure 4B and C). As predicted, this decrease in Y136 phosphorylation
was accompanied by a decrease in Glo1 activity (Figure 4DeE). This
decrease in Glo1 phosphorylation and activity in 25 mM glucose was
the opposite of what we expected since it indicates that cells experi-
encing hyperglycemia, where MG production is elevated, have reduced
Glo1-dependent detoxification capacity. We tested whether Glo1 Y136
phosphorylation is affected by MG, but this was not the case
(Suppl. Figure 6A), suggesting that the effects of glucose on Y136
phosphorylation are not via MG production. Y136 phosphorylation was
also not affected by a serum that contains insulin (Suppl. Figure 6B).

3.5. Glo1(Y136) phosphorylation drops in experimental diabetes
We next tested whether Glo1(Y136) phosphorylation also drops in
mouse models with elevated blood glucose [37e39]. We and others
previously observed that diabetic mice have reduced Glo1 activity, for
instance in the liver and kidney, although the molecular mechanism for
this observation was not known [19,40]. We found that Glo1(Y136)
phosphorylation is reduced in livers of mice treated with streptozoto-
cin, which kills pancreatic beta cells leading to reduced insulin
signaling and hyperglycemia (Figure 5A and B, Suppl. Figure 7A and B).
Likewise, Glo1(Y136) phosphorylation is reduced in livers of Ins2Akita
eB) In vitro phosphorylation of Glo1 Y136 increases Glo1 activity. Recombinant non-
B) or Lyn (A) kinases and subsequently, Glo1 activity was determined. (B top panel)
3 for (A), n ¼ 5 for (B). For all panels, *p < 0.05, **p < 0.01 and ***p < 0.001 by
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Figure 4: Glucose levels regulate Glo1 Y136 phosphorylation and Glo1 activity in HepG2 and U-937 cells. (AeC) Glo1 Y136 phosphorylation responds to glucose levels in a
bimodal fashion, increasing from 0 mM to 5 mM glucose (A) and then decreasing when cells are cultured with a medium containing high glucose concentrations (BeC). Cells were
cultured overnight in low (0e2 mM), physiological (5 mM), or hyperglycemic (25 mM) glucose concentrations. n ¼ 4 biological replicates for (A), 5 biological replicates for (B), and
2 biological replicates for (C). Error bars ¼ std. dev. (DeE) Glo1 activity decreases in HepG2 cells (A) or U-937 cells (B) when cells are cultured with a medium containing high
glucose concentrations. Cells were treated with normal or high glucose overnight as in BeC, followed by quantification of Glo1 activity. n ¼ 10 biological replicates for D, and 2
biological replicates for E. For all panels, *p < 0.05, **p < 0.01 and ***p < 0.001 by two-sided unpaired t-test.
mice which have dysfunctional insulin 2 genes at 3 and 6 months of
age (Figure 5EeH, Suppl. Figure 7C and D). Surprisingly, at 1 month of
age, Ins2Akita mice had higher, not lower pGlo (Y136) compared to
controls (Figure 5C and D) despite being hyperglycemic
(Suppl. Figure 7C). Although at 1 month the glycated hemoglobin
(HbA1c) levels of the Ins2Akita mice are not as elevated as at 3 or 6
months (Suppl. Figure 7D), this suggests additional factors also affect
phosphorylation of Glo1 on Y136. Lastly, Glo1(Y136) phosphorylation is
also reduced in mice that are hypercholesterolemic and hyperglyce-
mic, induced by expressing the D377Y variant of murine PCSK9 in the
liver, injecting the animals with streptozotocin, and feeding them a
MOLECULAR METABOLISM 55 (2022) 101406 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
high-fat diet (Figure 5I and J, Suppl. Figure 7E). A high-fat diet alone,
which causes hyperglycemia, also reduces Glo1 (Y136) phosphoryla-
tion, although not significantly (Suppl. Figure 7F and G). Together with
the cell-culture-based data, the above findings suggest that Glo1
(Y136) phosphorylation is responsive to glucose levels in vivo.

4. DISCUSSION

Impaired Glo1 activity has been shown to have physiological effects in
several systems. Glo1 knockout flies develop obesity, insulin resis-
tance and hyperglycemia with time [14]. Glo1 knockout fish develop
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 7
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Figure 5: Glo1 Y136 phosphorylation is reduced in livers of diabetic mice. (A-J) Glo1 Y136 phosphorylation quantified by immunoblotting liver extracts of control or STZ (Ae
B), Ins2Akita (CeH), or high-glucose high-cholesterol HGHCi mice (IeJ). Ins2Akita and matched control mice were assayed at 1, 3 or 6 months of age, as indicated. Representative
immunoblots are shown in (A, C, E, G, I). Quantifications of multiple biological replicates are in (B, D, F, H, J). (A) n ¼ 3 biological replicates, (B) n ¼ 3 biological replicates x 4
technical replicates, (CeD) n ¼ 5 biological replicates, (EeF) n ¼ 5 biological replicates for WT and 7 biological replicates for Ins2Akita, (GeH) n ¼ 5 biological replicates, (IeJ)
n ¼ 3 biological replicates x 2 technical replicates. For panel (I) the total-Glo1 blot is a re-hybridization of the phospho-Glo1 membrane. For all panels, *p < 0.05, **p < 0.01 and
***p < 0.001 by two-sided unpaired t-test.
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post-prandial hyperglycemia and become insulin resistant and hy-
perglycemic when overfed [15]. Glo1 knockout mice on a standard diet
do not have elevated MG due to elevated compensatory MG detoxifi-
cation by other enzymes [19], suggesting a second genetic or envi-
ronmental ‘hit’ such as a high-sugar diet may be required to induce
diabetic late complications in mice. Nonetheless, Glo1 knockdown
mice on a standard diet have impaired proteostasis [41]. Thus, un-
derstanding how Glo1 activity is regulated will improve our under-
standing of how this enzyme can affect animal physiology and
pathophysiology. We identify here phosphorylation of Glo1 on Y136 as
a posttranslational modification that affects Glo1 activity. Our data
indicate that loss of phosphorylation on Y136 leads to a decrease in
Glo1 activity by roughly 40% (Figure 1B).
Glo1 was previously shown to have a flexible loop near that active site
which opens to allow entry of substrate to the active site [24,35,36].
This flexible loop is positively charged, containing two lysine residues
(Lys156, Lys158) (Figure 6A). Tyrosine 136 is positioned such that its
phosphorylation, which introduces a negative charge, would be pre-
dicted to cause electrostatic attraction of the flexible loop and opening
Figure 6: Location of Y136 in Glo1 and schematic diagram illustrating the
positive feedback loop between MG and glucose. (A) Glo1 Y136 is located in
proximity to a flexible loop (blue) near the catalytic site of the enzyme which gates
entry of substrate to Glo1. Glo1 structure was visualized using UCSF ChimeraX [43].
(B) In this study, we find that hyperglycemia impairs Glo1 activity by reducing Y136
phosphorylation. This contributes to elevated MG. From published results, elevated
MG can lead to hyperglycemia.

MOLECULAR METABOLISM 55 (2022) 101406 � 2021 The Author(s). Published by Elsevier GmbH. This is an open
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of the catalytic site. This suggests a rationale for how Y136 phos-
phorylation can affect Glo1 activity.
Y136 phosphorylation responds in a bimodal fashion to glucose levels.
Up to physiological glucose levels, Y136 phosphorylation increases
with increasing glucose. Since increased glucose metabolism leads to
elevated MG production [42], this mechanism plays a protective role,
increasing Glo1 activity, and MG detoxification when elevated levels of
MG are produced by cells. Glo1 is not directly activated by its substrate
MG (Suppl. Figure 6A), which is perhaps too toxic, but preemptively by
the nutrient, glucose, which yields MG. When glucose levels increase
above 5 mM in cell culture, we find that Y136 phosphorylation drops.
This is recapitulated in several diabetic mouse models. This regulation
is maladaptive as it results in reduced MG detoxification when MG
production is high. An earlier study showed that Glo1 activity is
reduced by w50% in livers of STZ-induced diabetic mice [19]. The
drop we see in Glo1 phosphorylation could explain this effect in part,
although additional PTMs may also be at play.
We found that several diverse kinases could phosphorylate Glo1 on Y136
including all members of the Src family, Abl1, Epha5, and VEGFR3. We
could not identify one kinase as the predominant one responsible for
phosphorylating Y136 in cells, suggesting Y136might be phosphorylated
bymultiple kinases in accordancewith our in vitro kinase assay. SinceMG
is toxic, redundant phosphorylation of Y136 by multiple kinases might
have evolved evolutionarily to avoid that MG-detoxification via Glo1 is
reliant on a single signaling pathway.
Studies in the future are required to understand mechanistically the
bimodal response of Y136 phosphorylation to glucose. Several kinases
such as AMPK are known to be glucose-responsive, but these are
serine/threonine kinases, not tyrosine kinases. One option is that one
set of tyrosine kinases responds bimodally to glucose levels, first
increasing and then decreasing as glucose levels increase. Alterna-
tively, one set of kinases may increase activity up to 5 mM glucose,
and another set of kinases may decrease activity at higher levels. Yet
another option is that phosphatase activity may increase with hyper-
glycemia. These options are difficult to disentangle given that multiple
kinases are involved.
Combining the data we present herewith previously published work
suggests the existence of a deleterious positive feedback loop whereby
hyperglycemia and MG induce each other (Figure 6B): Given that MG
results from a chemical breakdown of glycolytic intermediates, elevated
glucose levels are thought to lead to increased MG production [42]. Our
data indicate that hyperglycemia also impairs Glo1-mediated MG
detoxification. Moreover, previous studies by us and others have shown
that elevated MG leads to insulin resistance and hyperglycemia [14,15].
If such a vicious cycle exists in people, it would reinforce a state of high
glucose and high MG in the body once hyperglycemia or elevated MG
has started, possibly contributing to diabetes and diabetic complications.
It will be interesting to explore this mechanism further in the future.
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