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disease
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Early diabetic kidney disease (DKD) is marked by dramatic
metabolic reprogramming due to nutrient excess, mitochon-
drial dysfunction, and increased renal energy requirements
from hyperfiltration. We hypothesized that changes in meta-
bolism in DKD may be regulated by Sirtuin 5 (SIRT5), a
deacylase that removes posttranslational modifications derived
from acyl-coenzyme A and has been demonstrated to regulate
numerous metabolic pathways. We found decreased malony-
lation in the kidney cortex (~80% proximal tubules) of type 2
diabetic BKS db/db mice, associated with increased SIRT5
expression. We performed a proteomics analysis of malony-
lated peptides and found that proteins with significantly
decreased malonylated lysines in the db/db cortex were
enriched in nonmitochondrial metabolic pathways: glycolysis
and peroxisomal fatty acid oxidation. To confirm relevance of
these findings in human disease, we analyzed diabetic kidney
transcriptomic data from a cohort of Southwestern American
Indians, which revealed a tubulointerstitial-specific increase in
Sirt5 expression. These data were further corroborated by
immunofluorescence data of SIRT5 from nondiabetic and DKD
cohorts. Furthermore, overexpression of SIRT5 in cultured
human proximal tubules demonstrated increased aerobic
glycolysis. Conversely, we observed reduced glycolysis with
decreased SIRT5 expression. These findings suggest that SIRT5
may lead to differential nutrient partitioning and utilization in
DKD. Taken together, our findings highlight a previously un-
recognized role for SIRT5 in metabolic reprogramming in
DKD.

Diabetic kidney disease (DKD) is the most prevalent cause
of end-stage kidney disease in the United States, accounting
for ~40% of all cases (1). Sodium—glucose cotransporter 2
(SGLT?2) inhibitors were recently shown to provide significant
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protection against DKD progression that appears to be supe-
rior to that of renin—angiotensin (RAS) inhibitors, which were
previously the mainstay of treatment (2-5). Although the
mechanisms responsible for SGLT2 inhibitor protection are
not known, the resultant reduction in glucose load into
proximal tubules in patients with DKD suggests that preser-
ving metabolic homeostasis of proximal tubules could repre-
sent an important part of this mechanism.

Proximal tubules undergo significant metabolic reprog-
ramming in DKD. Under normal physiologic conditions,
proximal tubules prefer to utilize fatty acids and glutamine for
energy production and demonstrate low capacity for glucose
utilization (6). In DKD, proximal tubules upregulate glucose
utilization, potentially to supplement energy production that is
diminished due to mitochondrial dysfunction. DKD is associ-
ated with increased urinary lactate production (7-10), and
metabolomics studies of patient urine samples demonstrate
that increase in tricarboxylic acid (TCA) cycle metabolites
predict DKD progression in those with preserved renal func-
tion (11), whereas reduction in mitochondrial metabolites is
observed with more advanced disease (12). Our previous
in vivo metabolic flux study demonstrated that glucose utili-
zation is increased in the kidney cortex (~80% proximal tu-
bules by volume; Ref (13)) in BKS.Leprdb/ 4 (db/db) mice, a
pathophysiologically relevant model of DKD in type 2 diabetes
(T2D) (11). This increase in glucose utilization occurred
concurrently with increased pyruvate and palmitate catabolism
and reduced mitochondrial ATP production capacity, sup-
porting the idea that increased nutrient metabolism of many
different substrates, and not only glucose, occurs in the kidney
cortex in DKD to compensate for mitochondrial dysfunction.

In a normal physiological setting, glycolysis and fatty acid
oxidation (FAO) are coordinated through the negative regu-
lation of metabolic enzymes in each respective pathway by
metabolic intermediates and products derived from the
contralateral pathway. One mechanism through which this
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Role of Sirt5 in diabetic kidney disease

occurs is protein posttranslational modifications (PTMs). The
majority of PTMs are reversible, particularly protein acyla-
tions, and the necessary acyl-substrates are provided by
acyl-CoAs (i.e., acetyl-CoA, malonyl-CoA, succinyl-CoA, glu-
taryl-CoA) derived from nutrient metabolism (14). Excessive
accumulation of these modifications that ultimately perturb
protein function, a phenomenon described as “carbon-stress,”
may occur in diabetes and obesity at faster rates due to the
nutrient overload that leads to increased generation of acyl-
ating metabolites and contributes to metabolic dysfunction
(15). The removal of these acylations is controlled by sirtuins,
an NAD-+-regulated class of lysine deacylases (14, 16-18).
Previous studies of Sirtuin 1 and Sirtuin 3 found benefit with
increased expression of these deacylases in DKD (19), consis-
tent with the idea that excess accumulation of protein-
acylations contributes to disease.

Malonylation, a reversible covalent lysine PTM derived from
the substrate malonyl-CoA that can be removed by sirtuin 5
(SIRT5), has been found in many contexts to regulate glycol-
ysis and gluconeogenesis (20-24). SIRT5 KO cultured hepa-
tocytes exhibit increased malonylation of glycolytic enzymes,
which results in decreased glucose flux that is attributed to a
reduction in enzymatic activity of the modified enzymes (21).
Therefore, we hypothesized that malonylation contributes to
altered glucose flux in DKD. Indeed, studies of db/db mice and
other various murine models of obesity identified increased
malonylation of proteins in various tissues (22, 23, 25). In
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contrast to these previous findings, we found decreased levels
of malonylation in the db/db kidney cortex with an increase in
SIRTS5 levels, suggesting a potential regulatory role of SIRT5 in
DKD pathobiology. We identified the targets of decreased
malonylation in the db/db cortex and demonstrate that SIRT5
may be a regulator of extramitochondrial ATP production in
DKD.

Results

Malonylation is decreased in db/db kidney cortex due to
upregulation in SIRT5 levels

To determine whether PTM levels are altered in the db/db
kidney cortex, we assessed the levels of various PTMs and
found that malonylation levels, in particular, were significantly
decreased in the diabetic kidney cortex (Fig. 1, A and B). In
contrast, succinylation levels were not significantly different
between the db/+ and db/db kidney cortex (Fig. 1, C and D),
even though SIRT5 catalyzes removal of both malonyl and
succinyl moieties. Cellular fractionation of the kidney cortex
revealed that, while levels of malonylated proteins were visibly
decreased in both mitochondrial and cytoplasmic compart-
ments from the db/db mice (Fig. 2), the decrease in malony-
lation was only statistically significantly reduced in the
cytoplasmic compartment of db/db mice (Fig. 2, B and C). To
understand how malonylation levels were decreased in the db/
db cortex, we examined levels of SIRT5 by immunoblot and
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Figure 1. Malonylation is decreased in the db/db kidney cortex. A, Western blot of db/+ and db/db cortex lysate probed for Kmal residues, n = 4. B,
relative Western blot (A) signal of Kmal normalized to B-actin. C, Western blot of db/+ and db/db cortex lysate probed for Ksucc residues, n = 4. D, relative
Western blot (B) signal of Ksucc normalized to B-actin. Student’s t test, * = p < 0.05.

2 J Biol. Chem. (2023) 299(3) 102960

SASBMB



A Cytoplasmic

Role of Sirt5 in diabetic kidney disease

Mitochondrial

db/+ db/db db/+ db/db db/+ db/db db/+ db/db db/+ db/db db/+ db/db

Kmal
o] B-actin
37—
_— VDAC
25—

- A A a
N A OO
1 1 1 |

Kmal/B-actin
=

[}

db/+ db/db

-
[ee]
]

Kmal/VDAC O
r

L7

db/+ db/db

-
N

Figure 2. Compartment-specific reduction in protein malonylation levels. A, Western blot of proteins from the cytoplasmic and mitochondrial fractions
db/+ and db/db cortex probed for Kmal residues, n = 3. B, relative Western blot signal intensities normalized against $-actin for Kmal in the cytosolic
fraction. G, relative Western blot signal intensities normalized against voltage-dependent anion channel for Kmal in the mitochondrial fraction. Student’s t

test, ** = p < 0.01.

quantitatively measured by LC-MS kidney cortex levels of
malonyl-CoA, which serves as the acylating substrate for
malonylation, and the NAD+/NADH ratio, as NAD+ serves as
the cofactor for SIRT5 catalytic activity. Malonyl-CoA levels
(Fig. 34) and the NAD+/NADH (Fig. 3B) ratio were un-
changed in the diabetic kidney cortex, whereas SIRT5 protein
levels were significantly upregulated in the db/db cortex
(Fig. 3, C and D), suggesting that SIRT5 activity, and not al-
terations in substrate or cofactor levels, drove the decrease in
malonylation.

Malonylation is decreased specifically in proximal tubules in
the db/db kidney

Proximal tubules comprise the majority of cells not only in
the cortex but also in the entire kidney by mass (~60% by
mass) (26). To confirm that the changes in malonylation were
primarily driven by proximal tubules, we conducted immu-
nofluorescence analysis of malonylation residues in the db/+
and db/db kidney cortex. Proximal tubules were identified
with fluorescein-labeled Lotus Tetragonolobus Lectin, which
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binds to the brush borders of proximal tubules. Malonylation-
associated fluorescence was decreased in the db/db kidney
proximal tubules (Fig. 4, A and B), consistent with the
immunoblot data in Figure 1. Quantification of malonylation-
associated fluorescence in other tubule segments (without
brush borders) demonstrated no significant differences in
malonylation levels between the control and diabetic kidneys
(Fig. 4, A and C).

Immunodffinity enriched proteomics for malonylated peptides
identifies metabolic enzymatic pathways with decreased
malonylation in the db/db kidney cortex

To identify differentially malonylated proteins in the db/+
and db/db kidney cortex, we enriched for malonylated pep-
tides with pan-antimalonyllysine antibodies and conducted
label-free proteomics analysis (Supporting information 1). For
relative quantification, we used Skyline MS1 filtering with
normalization to a spiked heavy-labeled malonylated peptide
standard, as previously published (21, 27). In total, we found
1719 malonylated peptides, of which 199 peptides exhibited
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Figure 3. SIRT5 protein level is elevated in db/db kidney cortex. A, malonyl-CoA concentration normalized to tissue weight (omol/mg) from db/+ and
db/db kidney cortex, n = 5. B, NAD+/NADH concentration ratio from db/+ and db/db kidney cortex, n = 9-10. C, Western blot of db/+ and db/db cortex
lysate probed for SIRT5, n = 4. D, relative Western blot (A) signal of SIRT5 normalized to B-actin. Student’s t test, ** = p < 0.01.

significantly higher levels of malonylation in the db/db cortex,
whereas 259 peptides exhibited significantly lower levels of
malonylation in the db/db cortex (Fig. 5A4; Supporting
information 2). Using DAVID functional enrichment analysis
with KEGG pathway as the search database, pathways signifi-
cantly enriched for peptides with significant downregulation of
malonylation included “peroxisomes,” “ribosomes,” “pyruvate
metabolism,” “glycolysis/gluconeogenesis,” and “glutathione
metabolism” (Fig. 5B). Glycolytic targets in our assay with
significantly decreased malonylation included aldolase A and B
(Fig. 6A4), and assessment of aldolase activity from db/db and
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diabetic conditions (Fig. 6B), consistent with previous findings.
Peroxisomal targets were the most significantly enriched ac-
cording to the functional enrichment analysis. Examination of
the individual members demonstrated many of the proteins
with decreased malonylation were involved in peroxisomal
FAO (Fig. 7).

Peroxisomal fatty acid oxidation is increased in the db/db
kidney cortex

Given the enrichment of peroxisomal targets, especially
involved in FAO, we sought out to assess the relative rates of
peroxisomal FAO in the db/db and db/+ kidneys. We
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Figure 4. Immunofluorescence of Kmal residues in db/db and db/+ cortex. A, immunofluorescence of db/db and db/+ cortex with DAPI for nuclear
stain, lotus tetragonolobus lectin (LTL) for proximal tubular brush border stain, and Kmal for malonylated residues. B, semiquantitation of fluorescence
associated with Kmal residues in proximal tubules, n = 4. C, semiquantitation of fluorescence associated with Kmal residues in nonproximal tubules, n = 4.

Student’s t test, **** = p < 0.0001.
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Figure 5. Immunoaffinity enriched proteomics for malonylation.
A, volcano plot of malonylated peptides identified in the proteomics study.
Peptides that were above the false discovery rate cutoff of 0.05 are high-
lighted in red. B, list of top metabolic pathways with decreased malonylated
proteins in db/db kidney cortex obtained with DAVID functional annotation.

employed a modified protocol from previous studies; instead
of C'* palmitic acid, we used isotopically labeled ;6C"3-pal-
mitic acid as the substrate (28, 29). We utilized Etomoxir to
inhibit mitochondrial FAO to study peroxisomal FAO exclu-
sively (30). We monitored the first two resulting products of
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Figure 6. Proteins in glycolysis/gluconeogenesis with significantly
reduced malonylation levels in the diabetic db/db cortex. A, protein
names and their malonylated lysines that are significantly decreased in db/
db cortex are denoted on the pathway in red. B, relative Aldolase A and B
activity in the db/+ and db/db cortex, n = 3. Student'’s t test, ** = p < 0.01.
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16C13—palmitic acid oxidation, ;,C'3-lauric acid and ;,C'3-
myristic acid, by mass spectrometry to determine the relative
rates of peroxisomal FAO in freshly isolated db/+ and db/db
kidney cortex as described in Methods. Our analysis demon-
strated that peroxisomal FAO of palmitate is enhanced in
diabetic kidney cortex as assessed by the higher relative
percent labeling of 1,C"-lauric acid and 14C13—myristic acid
(Fig. 8, A and B). As peroxisomal FAO enzymes were signifi-
cantly demalonylated in the db/db cortex, our study suggests
that reduction in malonylation may contribute to increased
peroxisomal FAO.

SIRT5 expression is elevated in the tubulointerstitium of
diabetic human kidney

To assess whether elevated SIRT5 levels are also observed in
human DKD, we compared SIRT5 transcript levels derived
from kidney biopsies of age-matched healthy control living
donors (LD, n = 31) and Southwestern Native American pa-
tients with T2D with DKD (n = 77; Supporting information 3).
The healthy control biopsies were obtained after perfusion
pretransplant in individuals with normal kidney function,
absence of proteinuria and normal blood pressure. The healthy
control group had a higher percentage of males (51% versus
29%; p = 0.027) and was racially heterogenous compared with
the Southwestern Native American T2D subjects. SIRT5
transcript levels derived from the glomerular compartment of
the kidney were unchanged between the two groups, whereas
SIRTS5 transcript levels from the tubulointerstitial compart-
ment were elevated, suggesting a tubulointerstitial-specific
increase in SIRT5 in patients with T2D with DKD (Fig. 9).
To directly assess for SIRT5 protein expression levels, we
probed for SIRT5 in human kidney biopsies of nondiabetic and
diabetic patients with established DKD derived from the
University of Michigan Department of Pathology archives.
Clinical and demographic data are displayed in Supporting
information 4. Immunofluorescence analysis demonstrated
significantly elevated SIRT5 levels in proximal tubules from
diabetic kidneys (Fig. 10). In the nonproximal tubules, the
difference in expression was not significant. These data are
consistent with our RNA-Seq data from the Southwestern
Native American cohort. Of note, Kmal levels by immuno-
fluorescence were not significantly different between the dia-
betic and nondiabetic patients (Supporting information 5).
This likely due to the fact that malonylation is a dynamic
modification and can be influenced by timing of food intake
(fed versus fasting) and dietary composition (caloric density
and macronutrient composition). We suspect this issue could,
in part, account for lack of changes observed in malonylation
levels in diabetic kidney biopsies (21). Further studies need to
be performed to better assess malonylation in human tissues as
it is a dynamic PTM.

SIRTS5 increases glucose flux into glycolysis in HK-2 cells in
both low and high glucose conditions

Increased SIRT5 expression is associated with increased
glucose flux in multiple contexts. To ascertain the role of
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Figure 7. Proteins in peroxisomal fatty acid oxidation pathway with significantly reduced malonylation levels in the diabetic db/db cortex. Protein
names and their malonylated lysines that are significantly decreased in the db/db cortex are denoted on the pathway in red.

SIRTS5 in glucose metabolism in proximal tubules, we either
overexpressed SIRT5 with lentiviral vector or knocked down
SIRT5 with siRNA in a human proximal tubule cell line (HK-
2) (Fig. 11A). We then supplemented the cell culture medium
with 5 mM (low) or 25 mM (high) of **Cs-glucose and allowed
cells to metabolize the labeled glucose for 20 min or 4 h.
Glycolytic and TCA cycle metabolites were then analyzed on a
quadrupole time-of-flight mass spectrometer and relative
abundances for isotopologues due to **Cg-glucose catabolism
were quantified. We found that overexpression of SIRT5 in
HK-2 led to increased labeling of glycolytic metabolites such as
pyruvate and DHAP (M + 3; Fig. 11, B and C) but decreased
labeling of TCA cycle intermediates such as fumarate and
citrate (M + 2; Fig. 11, D and E) in low glucose conditions.
Glycolysis was enhanced with SIRT5 overexpression in high
glucose as well (Fig. 12, A and B) but resulted in increased
labeling of TCA cycle metabolites (Fig. 12, C and D).

A 605
5 0.044 -
<@
D 0034
© 002 | e
X 0014 e
0.00 : :
db/+ db/db
B *
2.0
T 1.5 ’I‘
Qo o®
210 ®
3 [ ]
2 0.54
0.0 . :
db/+ db/db

Figure 8. Peroxisomal fatty acid oxidation in db/+ and db/db cortex.
A, percentage of labeled ;,C'*-lauric acid normalized to tissue weight
(kidney cortex) as a product of peroxisomal fatty acid oxidation of ;5C'3-
palmitate. B, percentage of labeled 1,C'3*-myristic acid normalized to tissue
weight (kidney cortex) as a product of peroxisomal fatty acid oxidation of
16C ~-palmitate. Student’s t test, * = p < 0.05.
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In contrast, SIRT5 knockdown (Fig. 13, A and B) led to
decreased labeling of glycolytic intermediates such as lactate
and pyruvate (M + 3; Fig. 13, C and D) but increased labeling
of TCA cycle intermediates such as a-ketoglutarate and cit-
rate/isocitrate (M + 2; Fig. 13, E and F), suggesting increased
glucose-derived intermediate entry into the TCA cycle. These
findings were also observed in HK-2 cells in high glucose
conditions (Fig. 14). We interpret these findings to mean that
SIRTS5 increases lactate production and reduces pyruvate entry
into mitochondria; indeed, previous studies have demon-
strated that SIRT5 decreased activity of pyruvate dehydroge-
nase through desuccinylation (31). Decreased SIRT5 levels led
to increased glucose metabolism through the mitochondria
despite overall decreased levels of glucose flux into glycolysis.

Discussion

We found decreased malonylation in proximal tubules of
db/db mice that is likely mediated by increased SIRT5 protein
levels. Proteomic analysis of malonylated peptides from db/db
and db/+ kidney cortex demonstrated that proteins with
significantly decreased malonylation were enriched in glycol-
ysis/gluconeogenesis and peroxisomes, consistent with the
fractionation data that demonstrate a reduction in malonyla-
tion levels specifically in the cytosol of the db/db cortex
cytosol.

Overexpression of SIRT5 in HK-2 cells was associated with
increased glucose utilization but reduced glucose-derived py-
ruvate shunting into TCA cycle metabolites in low glucose
conditions. In high glucose, SIRT5 overexpression increased
labeling of glycolytic and TCA cycle metabolites, potentially
due to higher amount of pyruvate production in high glucose
conditions, overcoming the inhibition of pyruvate shunting to
TCA cycle seen in low glucose conditions. Reduction of SIRT5
levels in HK-2 cells was associated with the converse in both
low and high glucose, suggesting that SIRT5 contributes to
aerobic glycolysis and its reduction leads to increased pyruvate
transfer to the TCA cycle.

Our findings support the hypothesis that the decreased
malonylation observed in the db/db kidney cortex results in
increased glucose flux observed from our in vivo flux studies
(11). Previous studies in cultured hepatocytes (21) and chon-
drocytes (22) from Sirt5 KO mice found that increased
malonylation results in a decreased glycolytic rate. Other

studies have demonstrated a concentration-dependent

SASBMB
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Figure 9. SIRT5 transcript levels from kidney biopsies of living donor (LD; control) volunteers and diabetic Southwestern Native Americans (Pima).
A, glomerular SIRT5 transcript levels between LD and Pima kidney biopsies. B, tubulointerstitial SIRT5 transcript levels between LD and Pima kidney biopsies.

Student’s t test, ns = not significant, * = p < 0.05.

response to glucose utilization; SIRT5 overexpression in
HEK293 led to increased glycolysis but only under high
glucose (25 mM) conditions and not normoglycemic condi-
tions (5 mM) (32). Our studies with the HK-2 cells demon-
strated increased glycolysis with SIRT5 overexpression

regardless of glucose levels but found a concentration-
dependent response with regards to the TCA cycle. These
data suggest that SIRT5 may have differential roles in meta-
and hyperglycemic

bolic regulation in normoglycemic

conditions.

Nondiabetic »

Diabetic

From our proteomics analysis we identified that the
peroxisome is potentially regulated by malonylation. Peroxi-
somes contain >50 enzymes and catalyze numerous processes
including oxidative stress defense, FAO, glyoxylate meta-
bolism, and lipid and cholesterol synthesis (33). Recent studies
have demonstrated that peroxisomes, which are particularly
enriched in the kidney, play important role in tubular meta-
bolism and physiology. A particular peroxisomal FAO protein
of importance is Enoyl-CoA Hydratase and 3-Hydroxyacyl
CoA Dehydrogenase (EHHADH), which catalyzes the second
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Figure 10. SIRT5 protein expression in human kidney biopsies. A, immunofluorescence images of diabetic (D) and nondiabetic (ND) human kidney
biopsies. Blue, DAPI; green, SIRT5. B, semiquantitation of fluorescence associated with SIRT5 protein expression in proximal tubules, n = 4, 5. C, semi-
quantitation of fluorescence associated with SIRT5 protein expression in nonproximal tubules, n = 4, 5. Student’s t test, * = p < 0.05.
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(DHAP) n = 3. D, M + 2 fumarate % labeled, n = 3. £, M + 2 citrate % labeled, n = 3. Student’s t test, * = p < 0.05, ** = p < 0.01.
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Figure 12. Overexpression of SIRT5 in HK-2 cells in high glucose. All graphs are expressed as % ;5C labeled isotopologue of total metabolite: A, M + 3

pyruvate isotopologue levels represented by % total pyruvate level, n =5, 6. B, M + 3 Lactate, n = 5, 6. C, M + 2 succinate % labeled, n = 5, 6. D, M + 2 citrate
% labeled, n = 5, 6. Student’s t test, * = p < 0.05, ** = p < 0.01.
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Figure 13. Knockdown of SIRT5 in HK-2 cells in low glucose. A, Western blot of SIRT5 in HK-2 cells for wildtype (WT) and knockdown (KD) conditions. All
graphs are expressed as % 13C labeled isotopologue of total metabolite: B, relative band intensities of SIRT5 normalized to actin. C, M + 3 lactate % labeled,
n =6.D, M + 2 pyruvate % labeled, n = 6. D, M + 2 a-ketoglutarate % labeled, n = 3. F, M + 2 citrate % labeled, n = 3. Student’s t test, * = p < 0.05, ** =p <

0.01, *** = p < 0.001.

and third reactions in peroxisomal -oxidation. A recent study
of global EHHADH KO mice demonstrated renal hypertrophy
with mild glomerular filtration rate reduction and evidence of
proximal tubular injury in male mice, but not female or
orchiectomized EHHADH KO male mice (34). From our
proteomics data, we found that the peroxisomal fatty acid
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machinery was prominently affected by decreased malonyla-
tion in the db/db cortex. In addition, our studies suggest that
increased SIRT5 levels and decreased malonylation are asso-
ciated with increased peroxisomal FAO, as evidenced by
increased etomoxir-independent breakdown of palmitate in
the db/db cortex ex vivo. However, there are some limitations
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Figure 14. Knockdown of SIRT5 in HK-2 cells in high glucose. All graphs are expressed as % ;3C labeled isotopologue of total metabolite: A, M + 3 lactate
% labeled, n = 3. B, M + 6 F-1,6-BP % labeled, n = 3. C, M + 2 malate % labeled, n = 3. D, M + 2 succinate % labeled, n = 3. Student’s t test, ** = p < 0.01, *** =

p < 0.001.
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to the peroxisomal studies. First, we measured peroxisomal
activity ex vivo, which may not be replicated in vivo. Second,
the association of malonylation to peroxisomal FAO is indirect
in our study. Further studies in the future are needed to
elucidate the direct role of malonylation in peroxisomal
metabolism.

Other studies have also suggested that peroxisomal activity
may be enhanced by SIRT5. SIRT5-mediated desuccinylation
of ACOX1 is associated with decrease in its activity in hepa-
tocytes (35). Chiba et al. found that SIRT5 KO mice are pro-
tected from different forms of acute kidney injury through a
compensatory increase in peroxisomal FAO activity from the
dampened baseline mitochondrial B-oxidation from the SIRT5
deficiency (29). The elevated peroxisomal FAO is thought to
abrogate the loss in mitochondrial B-oxidation and dysfunc-
tion that occurs in acute kidney injury. On the other hand,
acetylation of EHHADH is associated with an increase in its
activity (36), and therefore reduced malonylation of EHHADH
may conversely reduce its activity, although the charge states
of the two modifications are different. The role of SIRT5 in
peroxisomal metabolism in various kidney diseases remain to
be elucidated.

The role of SIRT5 in diabetes and obesity is not well un-
derstood. Increased malonylation occurs in db/db and ob/ob
mice livers (23), although high fat diet feeding in another
study resulted in decreased malonylation (37), thought to be
due to decreased malonyl-CoA production induced by
increased lipid consumption. In db/db mice (22), the diet
induced obesity mouse model, and proopiomelanocortin-
deficient hyperphagic mice (25), increased malonylation oc-
curs in chondrocytes. SIRT5 KO mice, which also display
increased malonylation and succinylation in chondrocytes,
exhibit increased joint dysfunction and an early osteoarthritic
phenotype, correlating PTM accumulation with tissue
dysfunction (25). Conversely, liver-specific SIRT5 over-
expression in 0b/ob mice results in decreased hepatic stea-
tosis and hepatic triglyceride content (24), suggesting that
decreased PTM levels improve tissue function. SIRT5 mice
treated with streptozotocin to generate type 1 diabetes
demonstrate no appreciable impact on diabetic retinopathy,
but SIRT5 and SIRT3 double knockout diabetic mice
demonstrate inner retinal dysfunction (38). Overall, current
data suggest that hyperacylation and/or absence of SIRT5
levels contribute to tissue dysfunction, particularly in the
context of metabolic diseases.

The increased level of SIRT5 we observed in the db/db
cortex may therefore be an adaptive mechanism to reduce
excess PTMs in DKD. Reduction in the malonylation of
glycolytic enzymes, thereby increasing glucose flux through
glycolysis, may prevent glucose shunting into secondary
pathways, such as the polyol pathway and the methylglyoxal
pathway, that generate toxic metabolic by-products. This
mechanism of upregulating glycolysis may be particularly
important in proximal tubules, which have little innate
glycolytic capacity (6, 39-41), and thus benefit from any
compensatory mechanisms to allow for proper glucose meta-
bolism in DKD. SIRT5 also increases aerobic glycolysis, which
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generates energy without burdening the mitochondria. In
addition, our data suggest that SIRT5 increases peroxisomal
fatty acid oxidation, which may serve as an adjunct to mito-
chondrial lipid metabolism. Mitochondria from db/db mice
cortex at 24 weeks of age demonstrate significantly elevated
TCA cycle metabolites, suggesting mitochondrial overload in
early DKD (11, 42), and increased activity of alternative
energy-generating pathways may compensate for mitochon-
drial stress. On the other hand, increased SIRT5 levels in the
kidney cortex may be detrimental. As SGLT2 inhibitors have
demonstrated, decreasing glucose uptake by proximal tubules
leads to disease amelioration (43). SIRT5 activity enhances
glucose metabolism. Furthermore, aerobic glycolysis is asso-
ciated with cellular hypertrophy and proliferation, fibroblast
activation (44, 45), and epithelial-mesenchymal transition
(46), which are all processes that contribute to DKD patho-
genesis and progression.

We found that only malonylation, not succinylation, levels
were decreased in the db/db cortex despite increased SIRT5
expression. In addition, the decrease in malonylation was
compartment specific, occurring only in the cytoplasmic
compartment at significant levels. A potential reason for this
discrepancy is that succinate (11, 42) levels are significantly
elevated in the db/db cortex and the rate of acylation may
offset SIRT5 activity on mitochondrial succinylation. Another
potential mechanism for the observed compartment specificity
is that increased lactate production due to increased glycolysis
and hypoxia in DKD may lead to increased NAD"/NADH ratio
in the cytosol, leading to increased SIRT5 activity specifically
in the cytosol.

Further research is necessary to understand the role of
SIRT5 in proximal tubular physiology in DKD. A limitation of
our study is that tubular metabolism is difficult to recapitulate
in immortalized cell culture or isolated tubular culture sys-
tems. HK-2 cells readily metabolize glucose, and therefore, it is
difficult to ascertain whether our observations of SIRT5
expression and its role in glucose flux will translate to in vivo
models. Future studies with SIRT5 mouse models of DKD will
be needed to elucidate the role of SIRT5 in regulating meta-
bolism in DKD.

Importantly, these models should examine knockdown and
overexpression of SIRT 5 in a proximal tubule-specific manner
to assess kidney-specific effects (as opposed to systemic effects
on metabolism).

We found increased SIRTS5 transcript levels in the tubu-
lointerstitium of Southwestern Native Americans with T2D
and DKD in comparison with nondiabetic living donors,
consistent with the rodent studies. Immunofluorescence
analysis of a small cohort of nondiabetic and DKD patient
kidney biopsies demonstrated increased SIRT5 expression in
the DKD group, further corroborating our mouse and South-
western Native American data. Further assessment of whether
SIRT5 levels are similarly elevated in other DKD cohorts, and
whether the level of SIRT5 expression can predict disease
progression, will aid in elucidating the importance of SIRT5 in
DKD, thereby providing a rationale for therapeutically target-
ing Sirt5 (47).
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Experimental procedures
Materials

13C¢-glucose was purchased from Cambridge Isotope Labs
Inc. Human kidney 2 (HK2) cells were purchased from
American Type Culture Collection (ATCC CRL-2190). LC-
MS-grade water, acetonitrile, chloroform, and methanol were
obtained from Fisher Scientific. Malonyl-CoA and '3Cs-
malonyl-CoA standards were purchased from Sigma-Aldrich.
All other chemicals used in the study were purchased from
Sigma-Aldrich unless otherwise indicated.

Cell culture

Cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM)/F12 (11320033, Gibco; Thermo Fisher) supple-
mented with 1% pen/strep (Invitrogen), and 10% fetal bovine
serum (FBS) (Corning) in humidified atmosphere of 5% CO,
and 95% air at 37 °C.

Animals

Male BKS db/db mice (BKS.Leprdb/ db/]) and littermate
controls (db/+) were purchased from Jackson Labs at 12 weeks
of age. Mice were housed in a climate-controlled, light-regu-
lated facility with a 12:12 h light—dark cycle with water and
chow ad libitum. At 24 weeks of age mice were harvested.
Prior to sacrifice, mice were fasted for 4 h. The kidney was
perfused with ice-cold PBS through the left ventricle and was
dissected for the cortex region on ice. All samples were snap
frozen and stored at —80 °C until analysis. The study was
conducted according to the guidelines of the University of
Michigan Committee on Use and Care of Animals.

Western blot

Cells and tissues were lysed in lysis buffer (2% SDS (w/v),
10% glycerol, 60 mM Tris-HCl pH 6.8) with 1 pM trichostatin
A (Cayman), 20 mM nicotinamide, and 1x HALT protease
inhibitor cocktail (Thermo Fisher). Samples were sonicated
briefly on ice and centrifuged for 10 min at 17,000g. The su-
pernatant was collected and protein concentration was deter-
mined with DC protein assay (Bio-Rad). The lysates were
separated by SDS-PAGE and transferred to PVDF membranes.
Signals were then visualized with Pierce ECL reagent (Thermo
Fisher). Antibodies against Pan anti-malonyllysine (PTM-901)
and Pan anti-succinyllysine (PTM-401) were purchased from
PTM biolabs. Antibodies against SIRT5 (8782) and [B-Actin
(8H10D10) were purchased from Cell Signaling Technologies.

Kidney malonyl-lysine immunofluorescence

Kidney sections were fixed in 4% paraformaldehyde (Elec-
tron Microscopy Sciences) overnight at room temperature.
Sections were paraffin embedded and cut into 3-pm sections
for analysis. Slides were deparaffinized and incubated at 95 °C
in antigen-unmasking solution (H-3300, Vector laboratories)
for 2 h. Sections were blocked and permeabilized with 10%
donkey serum and 0.5% Tween-20, respectively. Sections were
incubated with pan anti-malonyllysine (PTM-901, PTM-
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biolabs) and Lotus Tetragonolobus Lectin tagged with Fluo-
rescein (FL-1321-2, Vector laboratories) overnight at 4 °C.
Sections were then incubated with anti-rabbit IgG Alexa Fluor
647 (A-31573, Thermo Fisher). Resulting sections were visu-
alized with Leica SP5 Confocal TCS Microscope. Semi-
quantitation of immunofluorescence malonylation signals was
analyzed with Leica Application Suite Lite 2.6.3.

Aldolase B activity assay

Activity assay was performed according to the manufac-
turer’s directions with freshly perfused and dissected kidney
cortex from db/db and db/+ mice (ab196994; Abcam).

Kidney cortex fractionation

Freshly dissected cortex was stored in PBS on ice and ho-
mogenized with Teflon homogenizer in isolating medium
(230 mM mannitol, 70 mM sucrose, 5 mM EGTA pH 8.0,
10 mM K-Hepes pH 7.4, 20 mM NAM, 1 puM trichostatin A,
Protease inhibitor cocktail, 1 mM DTT). The homogenate was
centrifuged at 1000g for 5 min at 4 °C. The supernatant was
centrifuged at 10,000¢ for 10 min, and the resulting superna-
tant was collected as the cytosolic fraction. The pellet was
resuspended in isolating medium and layered on 4 ml of 25%
Percoll solution (GE healthcare; 90:10 Percoll: 2.5 M sucrose
solution diluted 1:4 with 0.25 M Sucrose solution). The
resuspension was centrifuged at 80,000g for 20 min at 4 °C.
The resulting lower layer was collected as the mitochondrial
fraction. The mitochondrial fraction was diluted with 30 ml of
the isolating medium and centrifuged at 10,000g for 10 min.
The resulting pellet was resuspended in 1x Laemmli buffer
and sonicated before Western blot analysis. The cytosolic
fraction was diluted 1:2 with 2x Laemmli buffer and sonicated
before Western blot analysis. The samples were probed for
malonyl-lysine residues as described.

Malonyl-CoA quantification

Malonyl-CoA was quantified by LC-MS as described (48).
Briefly, tissue was sonicated in 10% trichloroacetic acid with
'3Cs-malonyl-CoA. After sitting on ice, samples were centri-
fuged at 4500¢ for 5 min at 4 °C and the supernatant was
extracted with 2:1 chloroform:methanol (v/v). The aqueous
phase was dried under nitrogen and reconstituted in 10 mM
ammonium acetate in water. For liquid chromatography (LC)/
electrospray ionization (ESI)/tandem mass spectrometry (MS/
MS) analysis, an Agilent 6410 triple quadruple MS system
equipped with an Agilent 1200 LC system and ESI source was
operated in positive ion mode. Malonyl-CoA (8542 —
428.2 m/z) and 13C3—malonyl—CoA (857.2 = 428.2 m/z) were
detected in MRM mode, and relative peak areas were obtained
and normalized to tissue weight.

NAD* and NADH quantification

Kidney cortex tissues were pulverized and sonicated in 80:20
acetonitrile:water (pH 9.0 with ammonium hydroxide) con-
taining '*C4-nicotinamide for internal standard. The homoge-
nate was incubated on ice for 5 min and centrifuged for 10 min at
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17,000g at 4 °C. LC-MS analysis was performed on an Agilent
system consisting of a 1290 UPLC module coupled with a 6490
QgQ mass spectrometer (Agilent Technologies). Metabolites
were separated on SeQuant ZIC-cHILIC (3 ym, 100 x 2.1 mm;
Merck) with the following gradient: O to 2.5 min at 95% B, 2.5 to
8.5minat25% B, 8.5 to 8.6 min at 95% B, 8.6 to 12.6 min at 95% B.
Solvent A was 50 mM ammonium acetate pH 8.0 in water, and
solvent B was 100% acetonitrile. Column temperature was set at
30°C, and flow rate was 0.3 ml/min. **C¢-nicotinamide (129.1 —
85.1 m/z), NAD* (664.1 —136 m/z), and NADH (666.1 —
136 m/z) were monitored in MRM mode. Data were collected in
positive mode.

Malonylation proteomics peptide preparation

Kidney cortex was homogenized in 5% SDS, 50 mM TEAB
pH 7.55 supplemented with 1 uM trichostatin A and 20 mM
nicotinamide using a Dounce homogenizer. Samples were
sonicated for 20 s three times with 1 min rest on ice between
cycles. Homogenates were spun at 17,500¢ for 20 min, and the
supernatant was heated to 95 °C for 5 min to remove any
residual protein activity. Protein concentration was measured
with the DC protein assay kit. Protein, 25 mg, was treated with
5 mM DTT and incubated at 37 °C for 30 min with shaking.
Samples were cooled and treated with 15 mM iodoacetamide
at room temperature for 30 min with shaking in the dark. The
alkylation reaction was quenched with 15 mM additional DTT.
Samples were acidified by adding 12% phosphoric acid to 10%
final volume of the sample, then 7 volumes of 90% methanol:
TEAB solution, 10%, was added to precipitate the protein.
Pellets were collected by centrifuging at 1000g for 2 min and
resuspended in 50 mM TEAB with 0.1% deoxycholate. Trypsin
was added at 1:50 trypsin to peptide ratio (wt/wt), and samples
were digested at 37 °C with shaking for 24 h. The deoxycholate
was precipitated by adding formic acid (FA) to a final con-
centration of 0.5% (v/v) and pelleted by centrifuging the
samples at 3400g for 10 min. The supernatant containing the
peptides was lyophilized for 24 h, then resuspended in 0.1%
FA, and nonsoluble materials were removed by centrifugation.
The supernatant was neutralized to pH 7.0 with ammonium
hydroxide, and the peptide concentration was quantified with
the Thermo Fischer peptide quantification kit.

Affinity enrichment of lysine malonylated peptides

Peptides, 9.5 mg, were affinity enriched for malonylated
peptides by incubation with anti-malonyllysine antibody con-
jugated to Dynabeads in IAP buffer (50 mM Mops—NaOH, pH
7.2, 10 mM Na,HPO,4, 50 mM NaCl) with 0.1% NP-40 at 4 °C
for 24 h. Preselection, 250 pg of heavy-labeled Malonyl-lysine
(Kmal) peptide standards were added to each sample. The
Kmal heavy-labeled peptide standard was synthesized by the
University of Michigan peptide core. The synthesized
sequence was as follows: H2N-TV*DGPSG(K/Malonyl)LWR-
OH (V*: Valine 13C° 15N). Beads were washed twice with
IAP + 0.1% 0.1% NP-40 buffer, twice with IAP, and once with
water. Samples were eluted with 0.1% trifluoroacetic acid in
water three times. Samples were desalted using desalting spin
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column as per manufacturer’s directions. Peptides were dried
in a speed-vac for 1 h, and samples were stored at —80 °C until
analysis.

Proteomics analysis

Peptides were dissolved in 25 pl 0.1% FA, and 10 pl of the
sample was injected for analysis. Peptides were separated on
reverse phase Thermo Scientific Acclaim PepMap 100: 75 pm x
2 cm (C18, 3 pm bead, 100 A pore size) trap column and
Thermo Scientific Acclaim PepMap C18, 2 pum particle size,
RSLC 75 pm x 25 cm column. Data were acquired with
Orbitrap QExactive coupled to Thermo Scientific Easy nLC-
1000 UHPLC. Samples were run using a 90-min gradient
from 5% “B” to 35% “B.” Buffer “A” was 0.1% FA in water, and
buffer “B” was 0.1% FA in acetonitrile. All data were acquired in
positive mode with a lock mass of 445.12002 using data-
dependent acquisition with a 15-s dynamic exclusion. MS1
data were acquired in profile mode at a resolution of 70,000
with a maximum time of 75 msec and a range of 350 to 1500 1/
z. MS2 spectra were acquired in profile mode at a resolution of
15,000 and maximum integration time of 75 msec. The isola-
tion window was 1.6 m/z, and the collision energy was 20.

Proteomics data analysis

RAW files for each sample were grouped and analyzed by
MaxQuant (version 1.6.14.0). MS2 spectra were searched
against the UniProt complete Mus musculus database
concatenated with reverse decoy database (downloaded on
August 20, 2020; http://www.uniprot.org) using the
Andromeda search engine. Search parameters included up to
three missed tryptic cleavages (Trypsin/P); 20 ppm match
tolerance for MS1 ions and 0.02 Da for MS2 ions; and variable
modifications for n-terminal acetylation, lysine acetylation,
lysine malonylation, methionine oxidation, and fixed modifi-
cation for cystine alkylation. A false discovery rate cutoff of 1%
was used at the protein, peptide, and modification site for
identification. MS1 quantitation was accomplished with
Skyline v. 20.1.0.155. A spectral library of malonylated peptides
was built with MaxQuant results. Digestion was set as Trypsin
(KR/P) with three maxed missed cleavages. Peptides were
filtered by minimum length of 8 and max length of 25. Peak
areas were normalized to peak area of the spiked malonylated
standard. Peptides with more than two missing data points in
any one group were excluded from the analysis. Missing values
were imputed with half-minimum of the lowest value in the
group if all of the values in one group were lower than the
lowest value in the other group. Otherwise, missing values
were imputed with the k-NN method. Resulting values were
normalized and Student’s ¢ test with FDR correction was
conducted to identify peptides that were significantly altered
between the two groups. Data processing was conducted with
Metaboanalyst 5.0.

Lentivirus SIRT5 overexpression

Human SIRTS was cloned into the lentiviral plasmid, pLVX-
EF1-IRES-mCherry, to generate SIRT5-overexpressing
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lentivirus particles. The empty vector served as a negative
control. Sequence integrity was confirmed by Sanger
sequencing. Cells were confirmed for overexpression by sort-
ing for mCherry-positive HK-2 cells. A total of 2 x 10° HK-
2 cells were plated on 100-mm plates and allowed to attach
overnight. Cells were treated with lentivirus with 8 pg/ml of
polybrene at multiplicity of infection of 10 in DMEM/F12 with
10% FBS and no antibiotics. After 72 h, 5 x 10° cells were
plated on six-well plates and allowed to attach overnight. Cells
were serum fasted in DMEM/F12, 0.5% FBS, and 1% pen/strep
for 24 h prior to labeling experiments.

SIRT5 siRNA knockdown

A total of 2 x 10° HK-2 cells were plated on six-well plates
and allowed to attach overnight. Cells were treated with 100
pmol of negative control or SIRT5 siRNA (AM4611, 19661;
Thermo Fisher) with lipofectamine 3000 (Thermo Fisher) per
manufacturer’s instructions for 8 h. The medium was changed
to DMEM/F12, 10% FBS, and 1% pen/strep for 16 h. Cells were
then serum fasted in DMEM/F12, 0.5% EFBS, and 1% pen/strep
for 24 h prior to labeling experiments.

Glucose flux studies

A concentration of 5 mM (low) or 25 mM (high) 13C,-
glucose in DMEM, no glucose (Gibco 11966025, Thermo
Fisher) was added to serum-fasted cells for 20 min and 4 h.
After the designated time course, the medium was removed
and cells were washed once with ice-cold 150 mM ammonium
acetate in LC-MS grade water. Cells were then harvested with
200 pl of ice-cold methanol and frozen at —80 °C until sample
preparation. For extraction, 200 pl of cold water was added to
the cells and cells were scraped. The resulting homogenate was
sonicated on ice for 10 s. A volume of 400 pl of chloroform was
added to the homogenate. Samples were centrifuged at 17,000
for 10 min, and the resulting top layer was collected and taken
to dryness under nitrogen.

Metabolomics analysis of glucose flux studies

Samples were reconstituted in 30 ul of 2:1 acetonitrile:water
and filtered, and 5 pl was injected for analysis. Samples were
separated as described (42). Metabolites were analyzed on the
Agilent 6456 quadrupole time-of-flight mass spectrometer
coupled to Agilent 1290 LC. Data were collected in negative
mode, with gas temperature 225 °C, drying gas at 10 L/min,
nebulizer at 40 psi, sheath gas temperature 300 °C, and sheath
gas flow at 12 L/min. Fragmentor was set at 125 V, skimmer at
65 V, and VCap at 3000 V. Authentic standards of all
measured metabolites were run separately and spiked into
pooled samples for verification of metabolite identity and
retention time.

Peroxisomal fatty acid oxidation analysis

Twenty-four-week-old db/db and db/+ mice were fasted for
4 h and perfused with ice-cold PBS. Kidney cortex from mice
were isolated, and approximately 20 mg of tissue was ho-
mogenized in SETH buffer (250 mM sucrose, 1 mM EDTA,
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10 mM Tris-HCI [pH 7.4]) with a Dounce homogenizer on ice.
16C13 -palmitate conjugated to bovine serum albumin (6:1) was
added as the substrate for fatty acid oxidation. Mitochondrial
oxidation was inhibited with 100 uM of etomoxir. The mixture
was incubated at 37 °C at 500 rpm. After 30 min, the reaction
was quenched with methanol and chloroform, then centri-
fuged at 15,000¢ for 10 min at 4 °C. The resulting bottom layer
was collected and taken to dryness under nitrogen. Samples
were reconstituted in acetonitrile/water/isopropyl alcohol
(10:5:85) and 10 mM ammonium acetate and analyzed as
previously published (49) on Turbolon Spray Ion Source into
an AB Sciex Triple Quadrupole/QTRAP 6500+ mass spec-
trometer. Monitored transitions are as follows: lauric acid
(199.3 = 199.3 m/z), 1,C*-lauric acid (211.3 — 211.3 m/z),
myristic acid (227.2 — 227.2 m/z), 14C13—myristic acid (241.2
— 241.2 m/z), palmitic acid (255.2 — 255.2 m/z), and 1,C"*-
palmitic acid (271.3 — 271.3 m/z). Percent labeled ;,C"*-lauric
acid and 14,C">-myristic acid were calculated and normalized to
kidney weight x averaged kidney weight.

Kidney biopsies processing and transcriptional profiling for
the southwestern native American cohort

Kidney biopsy tissue procurement and gene expression
profiling was performed as described (50, 51) on Affymetrix
GeneChip Array Human Genome series U133A and Plus 2.0
(Affymetrix, Inc). Affymetrix image files were obtained, pro-
cessed, normalized, and batch corrected as described (52).
Briefly, manual microdissection was performed on kidney
biopsies from healthy living donors and Southwestern Native
Americans with T2D to extract RNA from glomerular and
tubulointerstitial tissue. The study was approved by the
Institutional Review Board (IRB 0000006) at the National
Institute of Diabetes and Digestive and Kidney Diseases,
Bethesda, Maryland, USA. All participants gave written
informed consent before their participation in the study.
These tissue specimens were then sent to the sequencing core
and profiled on Affymetrix microarray platform. The raw data
were then processed and normalized in R statistical platform
using standard Affymetrix package and annotated using
customCDF from Brainarray. The normalized log2 trans-
formed expression matrix was used for all downstream
analysis. Owing to ethical considerations and privacy pro-
tection, and to avoid identifying individual study participants
in this vulnerable population, the Institutional Review Board
of the National Institute of Diabetes and Digestive and Kidney
Diseases has stipulated that individual-level gene expression
and genotype data from this study cannot be made publicly
available.

Immunofluorescence analysis of SIRT5 and Kmal levels in
human kidney biopsies

Formalin-fixed, paraffin-embedded 2- to 3-micron sections
were obtained from renal biopsies in the archives of the Uni-
versity of Michigan Department of Pathology. Human kidney
biopsies were dewaxed, rehydrated, and subjected to heat-
induced antigen retrieval by incubating in 0.1 M citrate
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buffer (pH 6.0, ab93678, Abcam) using the 2100 Antigen
Retriever. Endogenous peroxidase was blocked with 0.3%
hydrogen peroxide (H1009, Sigma) in Tris-buffered saline
(TBS, pH 7.4) for 30 min. Sections were blocked with 10%
normal goat serum in 5% bovine serum albumin at room
temperature for 2 h. Sections were incubated with primary
antibodies, Kmal (1:150, PTM-901, PTM Biolabs) or Sirt5
(1:250, PA5-31029, Invitrogen), diluted in Da Vinci Green
(PD900L, Biocare Medical) at 4 ‘C overnight. Antibody bind-
ings were detected by using secondary antibody, Alexa Fluor
488 goat anti-rabbit IgG (green, 1:300, A11034) at room
temperature for 1 h. The sections were mounted with gold
antifade reagent with DAPI (P36931, Invitrogen). An Olympus
DP70 Digital Microscope was used to take pictures by x20
magnification lenses. Fluorescent signal was quantified with
Image].

Data analysis and statistical analysis

Quality control samples were made by pooling all the
samples in the queue. These samples were run intermittently
to control for machine drift and sample stability. For targeted
quantitative analysis, peak areas were extracted with Agilent
Mass Hunter Workstation Software Quantitative Analysis for
QQQ version B.07.01. Peak areas were normalized to internal
standard before quantification. For flux samples, data were
processed through Agilent Profinder. Statistics were per-
formed with GraphPad Prism 7. Data were analyzed using
Student’s ¢ test or one-way ANOVA with Tukey’s post hoc
correction.

Data availability

The proteomic data that support the findings of this study
are openly available at Panorama Public at https://
panoramaweb.org/gvklZ4.  The  ProteomeXchange ID
associated with the dataset is PXDO037819. Accessible at:
http://proteomecentral.proteomexchange.org/cgi/GetDataset?
ID=PXD037819.
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