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Abstract

Post-translational modifications (PTMs) play roles in both physiological and pathophysiological
processes through the regulation of enzyme structure and function. We recently identified a novel
PTM, lactoylLys, derived through a non-enzymatic mechanism from the glycolytic by-product,
lactoylglutathione. Under physiologic scenarios, glyoxalase 2 prevents the accumulation of
lactoylglutathione and thus lactoylLys modifications. What dictates the site-specificity and
abundance of lactoylLys PTMs, however, remains unknown. Here, we report sirtuin 2 as a
lactoylLys eraser. Using chemical biology and CRISPR-Cas9, we show that SIRT2 controls the
abundance of this PTM both globally and on chromatin. These results address a major gap in our
understanding of how non-enzymatic PTMs are regulated and controlled.
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Protein post-translational modifications (PTMSs) alter the structure and function of enzymes and
are often regulated by enzymatic removal via ‘erasers.” The non-enzymatically-derived PTM
lactoylLys was recently identified in states of elevated glycolytic flux. Herein, we report the
deacylase sirtuin 2 as the first known ‘eraser’ for lactoylLys, expanding the knowledge of
enzymatic regulation of non-enzymatically-derived protein PTMs.
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Post-translational modifications (PTMs) expand the functional proteome by regulating
enzyme structure and function.[t] Many PTM:s are derived from intermediates produced
during cell metabolism and can serve as sensors for metabolic feedback providing proper
nutrients to maintain cell growth and homeostasis.[1?: 1¢1 Due to their critical role in
preserving homeostasis, site-specificity and abundance are tightly regulated, often through
enzymatic addition (‘writers”) and removal (‘erasers’)[1¢l. Mounting evidence, however,
points to significant roles for non-enzymatic PTMs in the regulation of transcription,
metabolism, and signaling.[2] We recently identified a PTM derived from the glyoxalase
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cycle intermediate, lactoylglutathione (LGSH) (Figure 1).26] When glycolytic flux exceeds
the capacity of the glyoxalase cycle, glyoxalase 2 (GLO2), the rate limiting enzyme,
becomes overwhelmed resulting in the accumulation of LGSH and subsequent non-
enzymatic acylation of protein Lys residues (i.e. lactoylLys) (Figure 1).[26] This modification
is enriched on glycolytic enzymes, serving as a negative feedback mechanism for glycolysis.
[2b] Coinciding with our report, Zhang, et al. observed lactoylLys modifications on histones,
linking this modification to inflammatory signaling.[3]

Due to the novelty of this PTM, little is known about their regulation. With the non-
enzymatic acyl-transfer mechanism defined in our report[2°] lactoylLys modifications would
presumably accumulate in the absence of a dedicated ‘eraser’ protein. Thus, we
hypothesized that a molecular ‘eraser’ protein(s) must exist for this PTM. LactoylLys
modifications contain the necessary acyl-moiety required for the deacylase enzymes,
sirtuins.[20] Sirtuins play a role in both metabolism and inflammation through the regulation
of Lys PTMs.[4] The sirtuin family is comprised of seven NAD+-dependent enzymatic
deacylases (SIRT1-7), defined broadly by their subcellular localization (Figure 2A).[5] As
we previously reported, our proteomic inventory of lactoylLys-modified proteins revealed an
enrichment for glycolytic enzymes,[20] suggesting the cytosolic sirtuins (SIRT1 and SIRT2)
as potential candidates for a lactoylLys eraser. SIRT2 recognizes a more diverse group of
substrates; furthermore, SIRT2 plays a regulatory role in both glycolysis and inflammation.
[4a-c, 52, 6] While SIRT2 is primarily localized to the cytosol in cells, it can translocate to the
nucleus to interact with acylated chromatin.[5: 60 71 This substrate promiscuity and
subcellular localization make SIRT2 a likely enzymatic deacylase for lactoylLys
modifications.

To investigate this hypothesis, we screened the activity of recombinant sirtuins (SIRT1-7)
against a lactoylated peptide from a known lactoylated protein, pyruvate kinase M2 (PKM2)
(Figure 2B).[20] This Lys residue (EIPAE-K*-VFLAQ) is also reported to be acetylated and
regulated by SIRT2.[6a] The acyl transfer from LGSH to Lys residues defined in our previous
work occurs at the carbonyl carbon rather than at the chiral carbon; thus, we predict the
lactoylLys modification outlined in our report is generated in the D orientation in the same
manner as D-lactate formation.[2P] In contrast, the hypothesized mechanism reported by
Zhao et al. suggests enzymatic addition through L-lactyl-CoA, thus yielding L-lactoylLys
modifications.[3]

As shown in Figure 2B, SIRT1, 2, 3, and 5 removed their canonical acetylated peptide. The
L- enantiomer of lactoylLys, however, displayed significantly reduced removal with SIRT1
and 5 while SIRT2 was able to remove the L-enantiomer. In contrast, all SIRTs displayed
minimal activity towards the D-enantiomer. To control for non-enzymatic hydrolysis of the
acyl moiety, peptides were incubated without recombinant enzyme (CTRL, Figure 2B) or
without NAD+ (Figure S1). A kinetic analysis confirms these findings; SIRT2 catalyzes the
deacylation of the acetyl peptide at a faster rate than the lactoylated peptides (Figure 2C,
S2). In further support of Figure 2B, SIRT2 displayed a greater propensity for the L-
enantiomer vs the D-enantiomer, whereby steady-state could not be achieved, resulting in a
large Km and standard error (Figure 2C, S2). This data suggests that SIRT2 is capable of
removing the L- enantiomer suggesting this to be the predominant form /n vivo. Further
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investigation is needed to determine the enantiomeric species generated from this non-
enzymatic acyl transfer from LGSH.

To further investigate the interaction of SIRT2 and lactoylLys, we performed molecular
docking experiments (Figure 3). This docking provides /n silico insight into the
enantiomeric preference of SIRT2 for lactoylated substrates. Unsurprisingly, docking of an
acetylLys peptide to the catalytic pocket of SIRT2 results in the acetyl group being placed in
a catalytically competent conformation. The acetyl oxygen points toward NAD+, able to
attack the C1” of the nicotinamide ribose ring with a distance of 4.3 A (Figure 3A). Docking
of this peptide modified with L-lactoylLys results in the same catalytically favorable
conformation for the L-lactoyl group, with the oxygen of the lactoyl carbonyl also oriented
toward the nicotinamide ribose ring of NAD+ with a distance of 4.1 A (Figure 3B).
However, molecular docking of the D-lactoylLys peptide results in a different orientation
within the catalytic pocket of SIRT2 with the oxygen of the lactoyl carbonyl 6.4 A from the
C1’ of the nicotinamide ribose ring of NAD+. D-lactoylLys is positioned with the lactoyl
hydroxyl pointing toward NAD+ and the oxygen of the lactoyl carbonyl pointing away from
the nicotinamide ribose ring of NAD+ (Figure 3C), resulting in a conformation that is
catalytically incompetent for deacylation. The positioning of the lactoyl group within the
catalytic pocket of SIRT2 may explain the enhanced propensity for deacylation of L- over D-
lactoylLys by SIRT2.

LactoylLys PTMs are dependent on the intracellular concentrations of LGSH.[2)] As GLO2
is the only reported enzyme to hydrolyze LGSH,[8] we generated SIRT27/~ cell lines in
wildtype (WT) and GLO2~/~ HEK293 cells using CRISPR-Cas9 (Figure 4A).[21 To
evaluate the abundance of lactoylated PTMs in each cohort, we performed reactivity-based
protein profiling using an alkyne analog of methylglyoxal (aMGO).[°] Cells were treated
with 50 pM aMGO for 6h, which is consistent with our previous report.[20] An evaluation of
whole cell lysates reveals protein labeling in GLO27/~ cells. Cells lacking both GLO2 and
SIRT2, however, displayed a marked elevation over GLO2~/~ alone (Figure 4B). These
effects are more pronounced in chromatin fractions isolated from each cohort, indicative of
tighter SIRT2 regulation on chromatin (Figure 4C).

Lastly, to quantify elevated abundance of lactoylLys in the SIRT2/-/GLO2~~ cell line we
used stable isotope labeling of amino acids in cell culture (SILAC) and QUARKMod (a
method for the quantitative analysis of arginine (R) and lysine (K) modifications)[2: 191 jn
cells treated with high glucose (25 mM, Figure 4D). GLO2™/~ cells were cultured in ‘heavy’
media containing 13C¢1°N, Lys and 13C¢1°N,4 Arg and SIRT27/~/GLO27/~ cells were
cultured in ‘light” media containing natural abundance isotope amino acids. Both cell lines
were treated with high glucose to evaluate the impact of lactoylLys PTMs in the context of
increased glycolytic flux. As shown in Figure 4E, SIRT27/~/GLO2~~ cells have a 5.4-fold
elevation in lactoylLys modifications and no significant changes in the MGO derived
modifications CEL, MG-H, and CEA compared to GLO27/~ cells indicating SIRT2’s role as
an eraser of lactoylLys PTMs.

Here, we present the first report of a lactoylLys eraser. LactoylLys modifications play
regulatory roles in situations of elevated glycolytic flux, which are found in both
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hyperglycemic and inflammatory states.[2 3] SIRT2 regulates a diverse array of
physiological and pathophysiological processes, including inflammation, response to
infections, cell metabolism, ageing, cell structure, oxidative stress, and neurological
disorders.[# 111 Consistent with a lack of lactoylLys modifications on histones in our
published proteomic inventory,[2P] our results show only SIRT27/~/GLO27/~ chromatin have
dramatically elevated levels of labeled proteins, indicating tighter regulation by SIRT2 on
chromatin. In addition to acetylation, SIRT2 regulates Lys benzoylation and 4-oxo0-2-
nonenal modifications on histones, further indicating a role for SIRT2 PTM regulation at the
chromatin level.[32] Collectively, these data provide evidence for the enzymatic regulation of
non-enzymatically-derived protein PTMs. Future work will be dedicated to identifying the
site-specificity of this regulation /n vitroand /n vivo.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Regulation of lactoylLys. The glyoxalase cycle and the non-enzymatic acyl transfer of
lactate generating lactoylLys modifications. To date, a dedicated ‘eraser’ has yet to be
identified. MGO, methylglyoxal; GSH, glutathione; LGSH, lactoylglutathione; GLO1,
glyoxalase 1; GLO2, glyoxalase 2.
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Figure2.
SIRT2 removes lactoylLys modifications /n vitro. (A) Sirtuin localization in cells. (B)

Sirtuins 1-7 incubated with lactoylLys modified peptides. N = 3; *p < 0.05; ***p < 0.001, £
S.D. Statistical significance determined via One-Way ANOVA. (C) Kinetic parameters for
SIRT2 on acetylated and lactoylated peptides. N = 3; K, = S.E.; Kat £ S.E.
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Figure 3.
Molecular modeling provides insights into enantiomeric specificity of lactoylLys

modifications. Carba-NAD+ is shown on the right side of each panel. (A) Molecular
modeling of an acetylLys peptide (green) docked to SIRT2 with carba-NAD+ in a
catalytically competent conformation. Predicted distance from acyl carbonyl group to C1’ of
the nicotinamide ribose ring is 4.3 A. (B) L-lactoylLys peptide (orange) docked to SIRT2
with carba-NAD+ in a catalytically competent conformation. Predicted distance from acyl
carbonyl group to C1’ of the nicotinamide ribose ring is 4.1 A. (C) D-lactoylLys peptide
(cyan) docked to SIRT2 in a catalytically incompetent conformation. Predicted distance
from acyl carbonyl group to C1’ of the nicotinamide ribose ring is 6.4 A. SIRT2 PDB:
5G4C; Peptide sequence: AA-K*-T.
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Figure 4.
LactoylLys abundance increases with the loss of SIRT2. (A) Generation of GLO27/~,

SIRT27/~, and SIRT2/-/GLO2~~ HEK293 cells with CRISPR/Cas9. (B) LactoylLys
modifications are observed in GLO2~/~ whole cell lysates and are further elevated in
SIRT27-/GLO27~ whole cell lysates when treated with 50 pM aMGO and subjected to
click chemistry. (C) LactoylLys modifications are observed in SIRT27-/GLO2~/~ chromatin
when treated with 50 pM aMGO and subjected to click chemistry. (D) Overview of SILAC
QUARKMod performed with GLO27/~ and SIRT27/~/GLO2~/~ HEK?293 cell lines. (E) Light
to heavy ratio of lactoylLys and MGO modifications in SIRT27/~/GLO2~~ (light) and
GLO27/~ (heavy) lysates. Statistical significance was determined via t-test, N = 4, ***p <
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0.001, £ S.D. CEL, carboxyethyllysine; MG-H, methylglyoxal-hydroimidazalone; CEA,
carboxyethylarginine.
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