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MOTIVATION Current methods to quantify uridine diphosphate N-acetylglucosamine (UDP-GlcNAc), the
end product of the hexosamine biosynthetic pathway and the substrate for protein O-GlcNAcylation,
involve specialized chromatographic techniques. These methods are not readily available to all research
laboratories. Moreover, the identical molecular mass and the near identical reactivity and elution profile
of N-acetylhexosamine epimers make their separate quantification challenging. To overcome these limita-
tions, we developed a sensitive and practical high-throughput enzymatic assay for UDP-GlcNAc.
SUMMARY
O-linked N-acetylglucosaminylation (O-GlcNAcylation) is a ubiquitous and dynamic non-canonical glycosyla-
tionof intracellular proteins. Several branchesofmetabolismconvergeat thehexosaminebiosynthetic pathway
(HBP) to produce the substrate for protein O-GlcNAcylation, the uridine diphosphate N-acetylglucosamine
(UDP-GlcNAc). Availability of UDP-GlcNAc is considered a key regulator of O-GlcNAcylation. Yet UDP-
GlcNAc concentrations are rarely reported in studies exploring the HBP and O-GlcNAcylation, most likely
because the methods to measure it are restricted to specialized chromatographic procedures. Here, we intro-
duce an enzymatic method to quantify cellular and tissue UDP-GlcNAc. The method is based on
O-GlcNAcylation of a substrate peptide by O-linked N-acetylglucosamine transferase (OGT) and subsequent
immunodetection of the modification. The assay can be performed in dot-blot or microplate format. We apply
it to quantify UDP-GlcNAc concentrations in several mouse tissues and cell lines. Furthermore, we show how
changes in UDP-GlcNAc levels correlate with O-GlcNAcylation and the expression of OGT and O-GlcNAcase
(OGA).
INTRODUCTION

The hexosamine biosynthetic pathway (HBP) consumes uridine

triphosphate (UTP), glucose, glutamine, and acetyl-CoA to pro-

duce two N-acetylated amino sugars coupled to uridine diphos-

phate (UDP): UDP-N-acetylgalactosamine (UDP-GalNAc) and

UDP-N-acetylglucosamine (UDP-GlcNAc).1 In addition to being

a biosynthetic precursor for glycan chains of the secretory

pathway and extracellular proteins, UDP-GlcNAc is the substate

for the monomeric O-linked N-acetylglucosaminylation (O-

GlcNAcylation) of serine and threonine residues of intracellular

proteins. The sole enzyme performing this specific glycosylation
Cell
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in mammalian cells is the O-linked N-acetylglucosamine trans-

ferase (OGT). Likewise, only one enzyme, the O-GlcNAcase

(OGA), removes this modification. Although it is a seemingly sim-

ple two-enzyme regulation, an increasing number of studies

showing altered protein O-GlcNAcylation in various pathological

conditions and experimental models implicate O-GlcNAc as a

highly dynamic protein post-translational modification.1

Many reviews have postulated UDP-GlcNAc as the central

regulatory metabolite governing protein O-GlcNAcylation.2–5

Indeed, the HBP integrates nucleotide, carbohydrate, amino

acid, and fatty acid metabolism, making UDP-GlcNAc a sensible

regulatory node for energy metabolism. Nevertheless, cellular or
Reports Methods 3, 100518, July 24, 2023 ª 2023 The Author(s). 1
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tissue concentrations of UDP-GlcNAc have rarely been reported,

even in many seminal studies on O-GlcNAcylation. On the basis

of limited literature, tissue UDP-GlcNAc concentrations range

from 10 to 35 mM in the skeletal muscle to �150 mM in the

liver,6–10 while OGT requires only 0.5–5 mM UDP-GlcNAc for its

half-maximal activity,11–13 contradicting the UDP-GlcNAc avail-

ability as a sensitive regulator of OGT activity at least in some tis-

sues. However, UDP-GlcNAc does not equally distribute within a

cell but is actively concentrated into the endoplasmic reticulum

and Golgi apparatus.14 Unfortunately, little is known about the

effective UDP-GlcNAc concentration in different cellular

compartments.

Traditional methods to measure nucleotide sugars involve

chromatographic procedures such as liquid chromatography

or capillary electrophoresis.10,15,16 These methods require

expensive special equipment and expertise, and thus are not

easily applicable in a typical life science research laboratory.

Moreover, the near identical chromatographic elution profile,

reactivity, physical properties, and the identical molecular

mass of the nucleotide sugar epimers, make their separate

quantification (e.g., UDP-GlcNAc from UDP-GalNAc) chal-

lenging using these methods.17 For these reasons, UDP-

GlcNAc and UDP-GalNAc concentrations are typically reported

as a sum of these two metabolites (UDP-N-acetylhexosamines

[UDP-HexNAcs]). The biological functions of the two UDP-

HexNAcs are, however, distinct.

To date, only one enzymatic assay for UDP-GlcNAc has been

published.18 This assay is based on NAD+-dependent UDP-

GlcNAc dehydrogenase from Methanococcus maripaludis. As

the assay relies on direct monitoring of NADH generation, it is

intrinsically limited in sensitivity. The authors showed, however,

sufficient sensitivity to measure UDP-GlcNAc from yeast and

HeLa cells. Nevertheless, to our knowledge, no further use of

this method has been reported during the 14 years since its

publication.

Here, we harnessed the high affinity of OGT for UDP-GlcNAc

to develop an enzymatic assay for UDP-GlcNAc. We used the

assay to measure UDP-GlcNAc concentrations in different

mouse tissues and cultured cells. Finally, we examined the rela-

tionships among UDP-GlcNAc levels, protein O-GlcNAcylation,

and the expression of OGT and OGA.

RESULTS

Development of enzymatic assay for UDP-GlcNAc
After unsuccessful attempts to quantify UDP-GlcNAc with the

previously reported enzymatic assay18 (Figure S1), we looked

into methods to measure glycosyltransferase activity of

OGT19,20 and whether these methods could be converted for

the measurement of UDP-GlcNAc. Given the reported11 high af-

finity of OGT for UDP-GlcNAc and multiple options to detect

O-GlcNAcylated proteins, we reasoned that OGT-mediated

O-GlcNAcylation could, in theory, be used to develop an assay

for UDP-GlcNAc. For proof-of-principle experiments, we set up

a simple assay scheme involving human recombinant OGT frag-

ment, a GlcNAc-acceptor peptide crosslinked to BSA, limiting

concentrations of UDP-GlcNAc, and dot blotting onto PVDF

membrane to capture the peptide-BSA complex for immunode-
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tection of O-GlcNAcylated residues (Figure 1A). The acceptor

peptide derives from human casein kinase 2 and is one of the

most efficient substrates for O-GlcNAcylation reported.12 We

reasoned that for the assay to work, we would need to remove

interference by UDP, especially from biological samples. UDP

is a reaction product in O-GlcNAcylation and a potent inhibitor

(half maximal inhibitory concentration [IC50] < 1 mM) of

OGT.11,21 To do this, we included alkaline phosphatase in the

assay reactions. The pyrophosphate group in free nucleotides

is exposed to hydrolysis by phosphatases, whereas in UDP-

GlcNAc it is not as it is protected by the glucosamine and ribose

moieties. For immunodetection of O-GlcNAc, we chose the

mouse monoclonal antibody RL2.22 Although several other

GlcNAc-specific antibodies and lectins exist, many of them

cross-react with glycosylated proteins in blocking reagents

such as skimmed milk and BSA or tend to give high background

for other reasons. This is our experience and is also reported in

the literature.19,23

The initial assay concept was successful with purified UDP-

GlcNAc standards and, importantly, with liver tissue extract

(Figures 1B–1E). In the absence of OGT, the liver extract did

not give any measurable signal, verifying complete removal of

endogenous O-GlcNAcylated proteins (Figure 1B). Spiking the

liver extract with a known amount of UDP-GlcNAc led to a corre-

sponding increase in signal (Figure 1E), excluding major sample-

derived interference. In line with our hypothesis, the inclusion of

alkaline phosphatase proved to be indispensable for the assay

(Figure 1F).

Enzymatic UDP-GlcNAc assay in microplate format
Although we found the dot-blot format simple, quantitative, and

relatively sensitive, our charge-coupled device (CCD) camera-

based imaging system limited the dynamic range. Moreover,

this assay format requires a dot-blotting apparatus for quantita-

tive results, a relatively rare piece of equipment nowadays.

Because of these limitations, we modified the assay into

384-well microplate format (Figure 2A). We coated the wells of

high protein-bindingmicroplates with theGlcNAc-acceptor pep-

tide-BSA complex. After blocking unoccupied protein-binding

sites, we performed the O-GlcNAcylation reactions in the wells

and used a typical direct ELISA-like detection using RL2 anti-

body and peroxidase-conjugated secondary antibody. We

chose to develop the signal using Amplex UltraRed as the perox-

idase substrate, giving a highly sensitive chemifluorescent

readout. Figure 2B shows a standard curve generated from the

endpoint fluorescence values.

Optimization of the assay
Using the dot-blot and microplate formats of the assay, we set

out to optimize the assay parameters for highest performance.

The reported pH optimum for OGT activity lies between 6 and

7.5.11 Different buffers (Tris-Cl, Bis-Tris-Cl, Bis-Tris-acetate,

andHEPES-K [pH 7–7.5]) did not have a large impact onOGT ac-

tivity under limiting substrate concentration (Figures 2C and

S2A–S2C). OGT is highly sensitive to inhibition by potassium

and sodium chloride according to some reports.11,21 We tested

a HEPES-based buffer with a near physiological concentration

of potassium (�90 mM) but without unphysiological chloride
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Figure 1. Enzymatic assay for UDP-GlcNAc with dot-blot detection

(A) A schematic presentation of the assay principle.

(B) A representative detection of O-GlcNAcylated peptides by dot blotting, RL2 monoclonal antibody, and chemiluminescence.

(C) Standard curve showing UDP-GlcNAc concentration-dependent increase in signal.

(D) Standard curve covering 0–1.25 mM UDP-GlcNAc after extended camera exposure time.

(E) Measured UDP-GlcNAc amount from a liver extract with and without addition of 20 pmol exogenous analyte.

(F) Effect of UDP degradation (by alkaline phosphatase) on measured signal from liver extract and purified UPD-GlcNAc standard sample. Liver extracts worth

144 mg pre-extraction tissue weight were used in 10 mL assay reactions. The error bars represent SEM of three technical replicates.
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content. This buffer was compatible with the assay but inferior to

plain Bis-Tris buffer that lacked added salt (Figure S2B). When

using Bis-Tris buffer, acetate proved an inferior counter anion

in comparison with chloride (Figure 2C). For further experiments,

we settled for 50 mMBis-Tris (Cl�) buffer with pH 7.0. OGT does

not require divalent cations for its activity,24 and, indeed, omis-

sion of Mg2+ had only a minor effect when assessing purified

UDP-GlcNAc samples (Figure S1A). However, we decided to

include 5 mM Mg2+ to maximize alkaline phosphatase activity,

whichmight become limiting when assessing complex biological

samples. The selected pH of 7.0 is not optimal for the alkaline
phosphatase activity. However, a phosphatasewith pH optimum

close to 7 (Antarctic phosphatase; New England BioLabs) per-

formed worse than alkaline phosphatase when assessing liver

extracts (Figure 2D).

For the aforementioned experiments, we used a reaction time

of 2 h at room temperature (21�C–23�C). OGT has been reported

to be relatively stable in vitro at temperatures below 30�C but to

undergo rapid inactivation at 37�C.21 In the dot-blot format, in-

crease of reaction temperature to 37�C had only a minor

buffer-dependent effect on the signal (Figure S1A). In the micro-

plate format, however, the increase of reaction temperature to
Cell Reports Methods 3, 100518, July 24, 2023 3
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37�C notably compromised the assay sensitivity (Figure 2E). This

assay format difference suggests that GlcNAc-acceptor pep-

tides, which were in excess and in solution in the dot-blot format,

help stabilize OGT. We found that the GlcNAcylation reactions

could be left to proceed overnight (�16 h) at room temperature

for convenience (Figure 2F). However, the extended reaction

time increased both the specific signal and the background,

therefore decreasing sensitivity (Figure 2F). Decrease of the tem-

perature to 8�C for overnight reactions somewhat increased the

sensitivity, whereas elevated temperature (37�C) had an oppo-

site effect (Figure 2G).

Next, we assessed cell and liver extracts with the microplate

format. Cell extracts gave measurable signal only when the

assay reactions included OGT (Figure 2H), verifying the speci-

ficity. Surprisingly, the microplate format turned out to be more

sensitive to sample-related inhibition than the dot-blot format

(Figure 2I). In the dot-blot format, the reactions contained BSA

(as a carrier for the GlcNAc-acceptor peptide). Therefore, we

suspected that BSAmight mitigate the sample-related inhibition.

Indeed, this was the case (Figure 2I).

Because of the relatively high protein concentration (BSA,

OGT, and alkaline phosphatase) in O-GlcNAcylation reactions

and the ability of Tween 20 to serve as efficient blocking agent

in many ELISA assay,25 we tested the dispensability of the sepa-

rate blocking step (0.7% Na-caseinate and 1% BSA). This step

turned out to be unnecessary (Figure 2J), and we omitted it

from the final protocol.

For initial experiments, we used sodium carbonate bicarbon-

ate buffer pH 9.6 to coat the microplates, but PBS worked

equally well as the coating buffer (Figure S2D). The coated plates

did not tolerate desiccation for storage without loss of the assay

sensitivity (Figure 2K). As an alternative GlcNAc acceptor, we

tested coating with commercial human casein kinase 2

(composed of both a- and b-subunits). This GlcNAc acceptor

gave essentially identical assay behavior to the peptide-BSA

complex when UDP-GlcNAc concentrations were below

125 nM (Figure 2L). At higher concentrations, the signal pla-

teaued earlier than with the peptide-BSA complex, suggesting

that the GlcNAcylation sites became limiting. Next, we

compared the RL2 antibody against another widely used mouse

monoclonal antibody against O-GlcNAc the CTD110.6 and a
Figure 2. Enzymatic UDP-GlcNAc assay in microplate format

(A) A schematic presentation of the microplate assay for UDP-GlcNAc.

(B) Standard curve generated from endpoint fluorescence values.

(C) Comparison of chloride and acetate as counter anions in Bis-Tris-based ass

(D) Comparison of two phosphatases with different pH optimum on signal from l

(E) Effect of O-GlcNAcylation reaction temperature on the assay performance.

(F) Effect of reaction time on the sensitivity of the assay.

(G) Effect of reaction temperature with overnight incubations on the assay.

(H) Verification of the specificity with a biological sample by omission of OGT fro

(I) Effect of BSA in assay reactions on sample-related inhibition as assessed by sp

these measurements was 10 mg/mL.

(J) Dispensability of the separate blocking step.

(K) Effect of desiccation of the coated plate.

(L) Comparison of human casein kinase II and the peptide-BSA complex as GlcN

(M) Suitability of three different antibodies for the detection step of the assay. CS

(N) A representative standard curve of the optimized assay.

(O) Correlation between UDP-GlcNAc (microplate assay) and UDP-HexNAc leve

technical triplicates. All incubations steps were performed at room temperature
more recent rabbit monoclonal antibody mixture from Cell

Signaling Technology (catalog #82332). The O-GlcNAc antibody

mixture from Cell Signaling Technology was unsuitable for the

assay (Figure 2M). CTD110.6 gave higher background than

RL2 (Figure S2E), and therefore lower sensitivity (Figure 2M),

but the practical difference between these two antibodies was

quite negligible.

Finally, we tested the lowest limit of quantification (LLOQ) of

the optimized assay (Figure 2N). Our microplate format reached

the LLOQ of 110 fmol (5.5 nMUDP-GlcNAc in reaction). The esti-

mated lowest limit of detection (LLOD) was 40 fmol.

UDP-GlcNAc concentrations in mouse tissues
To test the applicability of our method, we measured UDP-

GlcNAc from several mouse tissues. Different nucleotide sugars

extraction procedures have been reported in the literature

ranging from acid (e.g., perchloric acid and trichloroacetic

acid) to solvent extractions.10,17,18 We chose MeOH-H2O-

CHCl3 extraction, which has been shown to give close to

100% recovery for nucleotide sugars,26 and which we found

compatible with the enzymatic method and ultra-performance

liquid chromatography-mass spectrometry (UPLC-MS). For

this extraction method to be compatible with the enzymatic

method, we removed the residual MeOH from the aqueous

phase by repeated CHCl3 or diethyl ether washes, or alterna-

tively by drying the extracts. The recovery of exogenous UDP-

GlcNAc spiked to kidney biopsies immediately after the tissue

disruption was more than 90% (Figure S3). As an assay valida-

tion, we measured UDP-GlcNAc from 23 mouse liver samples

from which we had existing UDP-HexNAc data (determined us-

ing UPLC-MS). Assuming unrestricted cellular epimerization be-

tween UDP-GlcNAc and UDP-GalNAc, the levels of these two

metabolites should show high correlation. This was indeed the

case, and the UDP-GlcNAc concentrations strongly correlated

with the total UDP-HexNAc levels (Figure 2O).

Table 1 showsUDP-GlcNAc concentrations in themouse liver,

kidney, heart, skeletal muscle, and brain. Of these tissues, the

liver had the highest UDP-GlcNAc concentration (240 pmol/

mg). This concentration was of similar magnitude to previously

reported values (125–150 pmol/mg).6 The skeletal muscle con-

tained the smallest amount of UDP-GlcNAc (14 pmol/mg). Our
ay buffer.

iver extract. The assay buffer pH was 7.0.

m the assay reactions.

iking the samples with a known amount of UDP-GlcNAc. OGT concentration in

Ac acceptors in the assay reactions.

T, Cell Signaling Technology.

ls (UPLC-MS) in mouse liver samples. Bar graphs present mean and SEM of

(21�C–23�C) unless otherwise indicated in the figures.
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Table 2. UDP-GlcNAc concentration in culturedmammalian cells

(pmol/106 cells)

Cell line Cell type/origin Mean SD

293T immortalized epithelial-like

cells from human

embryonic kidney

134 42

NIH/3T3 spontaneously immortalized

mouse embryonic fibroblasts

64 2.6

Mouse skin

fibroblasts

primary cells 102 16

HCT116 human colorectal carcinoma 120 25

AML12 mouse hepatocytes transgenic

for human TGF-a

220 56

Hepa 1-6 mouse hepatoma 160 35

HeLa human cervical carcinoma 520 160

n = 3 cell culture flasks per cell line.

Table 1. UDP-GlcNAc concentration in mouse tissues (pmol/mg

tissue)

Tissue Mean SD

Sample input,

mg initial tissue

mass

Recovery of 0.5

pmol exogenous

UDP-GlcNAc, %

Liver 241 57 3.4 109

Kidney 145 37 4.6 104

Heart 41.6 9.3 9.5 117

Skeletal muscle

(quadriceps)

13.7 0.8 63.5 102

Brain (cerebrum) 62.6 7.4 9.9 135

Brain, n = 3 mice; all other tissues, n = 4 mice. Exogenous UDP-GlcNAc

was spiked into replicate final extracts.
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estimate was very close to a previously reported concentration in

mouse skeletal muscle (11 pmol/mg)6 and of similar magnitude

to that reported in different skeletal muscle tissues in rat (25–

36 nmol/g).7,9,10 In another muscle tissue, in the heart, UDP-

GlcNAc content was somewhat higher, 42 pmol/mg. Previous

studies have shown that UDP-HexNAc content in the mouse

and rat heart is roughly in the range of 40–60 pmol/mg,27,28

and most of this is UDP-GlcNAc.28 In the rat brain, UDP-

HexNAc content has been reported to be approximately 130

pmol/mg. Our estimate of UDP-GlcNAc concentration in mouse

brain tissue was 62 pmol/mg.

UDP-GlcNAc levels in cultured mammalian cells
Table 2 lists cellular UDP-GlcNAc content in 7 different cell lines:

293T, NIH/3T3, HCT116, AML12, Hepa1-6, HeLa cells, and pri-

mary mouse fibroblasts. The UDP-GlcNAc concentrations

ranged from 60 to 520 pmol/million cells, with the highest per

cell content in HeLa cells, followed by the liver-originating cells.

The HBP and protein O-GlcNAcylation have been targeted by

various indirect and direct approaches in published studies, but

data on the effect of these manipulations on UDP-GlcNAc levels

remain surprisingly scarce. Therefore, we assessed UDP-

GlcNAc levels in AML12 hepatocyte cell line subjected to

different culture conditions and metabolic stressors (Figure 3A).

Cells grown in 5 or 25 mM glucose had similar UDP-GlcNAc

levels, which is coherent with observations that excess glucose

does not significantly increase UDP-GlcNAc levels in HepG2 he-

patocellular carcinoma cells,29,30 3T3-L1 adipocytes,31 or

perfused mouse heart.28 In contrast, complete withdrawal

of glucose for 16 h decreased the UDP-GlcNAc levels by

65%. This depletion was partially prevented by 1 mM

N-acetylglucosamine (GlcNAc) but not by galactose supplemen-

tation. In the presence of glucose, GlcNAc elevated the UDP-

GlcNAc levels above that of standard culture conditions.

Serum-free medium increases hepatocyte-specific gene

expression without blocking proliferation in AML12 cells.32

Upon serum deprivation, AML12 cells increased their UDP-

GlcNAc content (Figures 3A and 3B).

Azaserine is a widely used, albeit rather unspecific, inhibitor of

the HBP. It inhibits glutamine-dependent enzymes including

glutamine fructose-6-phosphate amidotransferases (GFPTs;

previously called GFATs) the rate-limiting enzymes of the HBP.
6 Cell Reports Methods 3, 100518, July 24, 2023
In AML12 cells, azaserine decreased UDP-GlcNAc by 50% (Fig-

ure 3C), which is similar to that observed in three endothelial cell

lines.33–35
Parallel quantification of UDP-GlcNAc,
O-GlcNAcylation, and expression of OGT and OGA
Our metabolite extraction procedure allows parallel collection of

the total protein fraction. We took advantage of this possibility

to measure UDP-GlcNAc and protein O-GlcNAcylation

from the same samples. Despite the clear difference in UDP-

GlcNAc concentration, the acute (�16 h) changes in protein

O-GlcNAcylation in the manipulated AML12 cells were minimal

(Figures 3A, 3D, 3E, and S4). Cells have been reported to

compensate protein O-GlcNAcylation disturbances by rapidly

regulating the expression of OGT and OGA.29,36 Here, we

analyzed the expression patterns of these two enzymes in rela-

tion to the UDP-GlcNAc concentration in AML12 cells

(Figures 3A, 3D, 3E, and S4). The OGT expression negatively

correlated with the cellular UDP-GlcNAc, while the reverse was

true for OGA (Figure 3E). The changes were relatively small but

given the opposite direction of change, the OGT-to-OGA ratio

correlated strongly with the cellular UDP-GlcNAc content. An

exception to this correlation came from cells cultured in the pres-

ence of 1 mM GlcNAc.

In order to examine the consequences of supraphysiological

UDP-GlcNAc levels without GlcNAc supplementation, we gener-

ated AML12 cell lines constitutively overexpressing either wild-

type (WT) or E328K gain-of-function mutant37 GFPT1, an

enzyme catalyzing the rate-limiting step of the HBP. Overexpres-

sion of the WT enzyme increased UDP-GlcNAc levels approxi-

mately 5-fold and the E328K mutant 10-fold (Figure 4A). These

supraphysiological UDP-GlcNAc levels led to a relatively meager

1.7-fold increase in O-GlcNAcylated proteins (Figures 4B and

4D). OGA and OGT expression did not respond to the supraphy-

siological UDP-GlcNAc availability (Figures 4C and 4D), suggest-

ing together with the data in Figure 3 that the altered expression

of OGA and OGT balance O-GlcNAcylation due to diminished

but not elevated UDP-GlcNAc levels in this cell line.
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Figure 3. Relationships among UDP-GlcNAc content, protein O-GlcNAcylation, and the expression of OGT and OGA in AML12 cells
(A) UDP-GlcNAc concentration and OGT-to-OGA ratio (western blot) in cells subjected to the indicated culturing conditions for approximately 16 h. Figure S4

shows representative Western blot detections of OGT, OGA, and O-GlcNAcylated proteins.

(B) Effect of serum deprivation on UDP-GlcNAc levels.

(C) Effect of GFAT inhibition (azaserine) on UDP-GlcNAc levels.

(D) Western blot quantification of protein O-GlcNAcylation, and the expression of OGT and OGA. The samples are same as in (A).

(E) Correlations between UDP-GlcNAc concentration and the amount of O-GlcNAcylated proteins, and the expression of OGT and OGA, and the OGT-to-OGA

ratio. The data points represent an average of three replicate cell culture dishes from data in (A) and (D). The small red numerals refer to the experimental groups in

(A) and (D), ordered from left to right.

Data from GlcNAc-supplemented cells (blue and red triangles) were not included in the regression analysis. *p < 0.05 (1-way ANOVA followed by Dunnett’s test,

25 mM glucose as control). In (B) and (C), an unpaired two-sided t test was used. Error bars represent ±SD.
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Figure 4. Effect of hexosamine biosynthetic pathway hyperactivity on cellular UDP-GlcNAc and protein O-GlcNAcylation in AML12 cells

(A–C) UDP-GlcNAc content (A), protein O-GlcNAcylation (B), and OGA-to-OGT expression ratio (C) in parental cells and cells with stable overexpression of wild-

type (WT) or E328K mutant GFPT1.

(D) Representative western blots and total protein staining as a loading control.

One-way ANOVA followed by the selected pairwise comparisons (t test). Data points represent replicate cell culture flasks. Error bars represent mean and ±SD.
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Finally, we measured the same parameters as above from a

pancreatic adenocarcinoma cell line (TU8988T) with biallelic

GFPT1 knockout. These cells rely on GlcNAc salvage pathway

for the generation of UPD-GlcNAc and survive only in the pres-

ence of exogenous source of GlcNAc.38 The parental and the

knockout cells had similar very high UDP-GlcNAc content

when grown in the presence of 10 mM GlcNAc (Figure 5A;

note the logarithmic scale). After 24 h of GlcNAc withdrawal,

the knockout cells had lost more than 90% of their UDP-

GlcNAc, but they still continued to proliferate (Figures 5A and

5E). Decreases in O-GlcNAcylated proteins and OGA-to-OGT

ratio paralleled the UDP-GlcNAc decline (Figures 5A–5D). After

48 h, the GlcNAc-starved knockout cells had only �1% of the

baseline UDP-GlcNAc concentration and no detectable

O-GlcNAcylated proteins, and notably decreased OGA-to-OGT

ratio. On the third day of GlcNAc withdrawal, the OGA-to-OGT

ratio had further decreased. Growth curves indicated gradual

loss of viability after 3–4 days in the GlcNAc-free media

(Figure 5E).

DISCUSSION

Knowledge on alterations in cellular UDP-GlcNAc concentration

is crucial for understanding the mechanisms of O-GlcNAcylation

disturbances in different experimental and disease settings.

More than 2000 original articles dealing with protein

O-GlcNAcylation or the HBP are listed on PubMed, yet we

were able to find only a handful of reports showing data on

UDP-GlcNAc concentrations. This disproportionate lack of

UDP-GlcNAc data is at least partly because, thus far, a simple,

practical, and sensitive method to measure this metabolite has

not existed. We herein established a robust technique to mea-

sure UDP-GlcNAc in any laboratory harboring a typical plate

reader and common biochemistry and molecular biology tools.

All the reagents are commercially available or, alternatively, the

required recombinant enzymes can be produced in-house in

bacteria using standard procedures. Moreover, using the sam-
8 Cell Reports Methods 3, 100518, July 24, 2023
ple extraction described here, it is possible to measure UDP-

GlcNAc, protein O-GlcNAcylation, and the expression of OGT

and OGA from the same samples.

Unexpectedly, we found that global protein O-GlcNAcylation

is highly resistant to acute changes in UDP-GlcNAc levels.

Only after rather extreme manipulations of the HBP flux or

knockout or overexpression of GFPT1, we achieved a clear

loss of O-GlcNAcylation homeostasis. These findings challenge

the widely postulated concept of the HBP being a sensitive

sensor of nutrient availability and protein O-GlcNAcylation being

primarily regulated by substrate availability.2–5 Our findings are,

however, in line with the observations that many cellular

stressors, predicted to compromise cellular energy status, actu-

ally increase protein O-GlcNAcylation and that excess cellular

glucose intake can have minimal or no effect on the HBP

flux.28,31,39 Two potential reasons for the stability of protein

O-GlcNAcylation are the high total cellular concentration of

UDP-GlcNAc and the very high affinity of OGT for it.11–13 Never-

theless, the expression of OGT and OGA did change upon any

decline in UDP-GlcNAc levels, implying rigorous cellular mecha-

nism to sense the UDP-GlcNAc and O-GlcNAcylation statuses.

In fact, the OGT-to-OGA ratio proved to be a very sensitive

marker of decreased UDP-GlcNAc availability. In contrast,

forced excess of UDP-GlcNAc had less robust effect on the

expression of OGT and OGA, likely meaning that normal cellular

UDP-GlcNAc concentrations are close to saturating for maximal

OGT activity. One practical implication of these findings is that

the OGT-to-OGA ratio may serve as a much better marker of

decreased UDP-GlcNAc levels than the widely used global pro-

tein O-GlcNAcylation.

Chemical inhibition or knockdown of OGT leads to compensa-

tory downregulation of OGA and vice versa,36,40–42 indicating

mutual regulation of these enzymes by protein O-GlcNAcylation.

Whether UDP-GlcNAc levels affect the expression of OGT and

OGA solely via protein O-GlcNAcylation or also independently of

it, remains yet to be clarified. Experiments performedwith purified

proteins suggest that the affinity of OGT for UDP-GlcNAc varies
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Figure 5. Effect of disrupted hexosamine biosynthetic pathway on cellular UDP-GlcNAc and protein O-GlcNAcylation in a pancreatic

adenocarcinoma cell line (TU8988T)

(A–C) UDP-GlcNAc content (A), protein O-GlcNAcylation (B), and OGA-to-OGT expression ratio (C) in parental and GFPT1 knockout cells with and without 10mM

GlcNAc in media. Note the logarithmic y axis in (A). The indicated time points refer to duration since replacement of the culture media (start of the GlcNAc

starvation).

(D) Representative western blots and total protein staining.

(E) Growth curves of the GFPT1 knockout cells.

*Bonferroni-corrected p < 0.0001 (1-way ANOVA followed by the selected pairwise comparisons). The data points represent replicate cell culture flasks. Error

bars represent ±SD.
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depending on the GlcNAc-acceptor protein.12 Thus, it is possible

that O-GlcNAcylation of some signaling proteins regulating the

two O-GlcNAc cycling enzymes is more sensitive to UDP-

GlcNAc availability than global protein O-GlcNAcylation, perhaps

explaining the strong correlation between OGT-to-OGA ratio and

UDP-GlcNAc even without notable differences in global protein

O-GlcNAcylation. Evidence also exists for O-GlcNAcylation-

independent regulation of OGT and OGA levels. This evidence

comes from studies on the paradoxical increase of protein

O-GlcNAcylation upon glucose deprivation despite decreased

UDP-GlcNAc levels in several cancer cell lines and primary cardi-

omyocytes.29,30,43–45 Counterintuitively, this response can be

blocked with very modest supplementation with glucosamine

(0.02–1 mM), which prevents downregulation of OGA and, de-

pending on a cell line or experimental design, upregulation of

OGT.30,45 In our experimentswith the non-transformedAML12he-

patocyte cell line, glucosedeprivation did not increase the amount

of O-GlcNAcylated proteins. However, supplementation of the

glucose-starved AML12 cells with GlcNAc, an acetylated form of

glucosamine,distorted thecorrelationbetweenOGT-to-OGAratio
and UDP-GlcNAc levels, suggesting that GlcNAc or its phosphor-

ylated intermediates of the HBP (GlcNAc 1-phosphate or GlcNAc

6-phosphate) are involved in the regulation of OGA. Intriguingly,

glucosamine supplementation modulates several signaling path-

ways regulating glucose metabolism.46

The relationships among the HBP flux, UDP-GlcNAc levels, the

O-GlcNAc cycling enzymes, and protein O-GlcNAcylation remain

insufficiently understood.We expect that our methodwill facilitate

tracking down how alterations in cellular UDP-GlcNAc levels

affect global and protein-specific O-GlcNAcylation in cell lines

and in vivo. We also expect that the possibility to quantify UDP-

GlcNAc in small biological samples easily will help unravel the

underlying causes for altered O-GlcNAcylation in different exper-

imental and disease settings.

In conclusion, we developed a sensitive microplate assay for

UDP-GlcNAc, the end product of the HBP and substrate for pro-

tein O-GlcNAcylation. Although a large repertoire of tools to

probe O-GlcNAcylation have emerged, assessing UDP-

GlcNAc has remained difficult for non-specialized laboratories.47

Our assay fills this methodological gap.
Cell Reports Methods 3, 100518, July 24, 2023 9
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Limitations of the study
The assay described here is highly sensitive, with an LLOQ of 110

fmol, meaning, e.g., that 1 mg tissue biopsy or 50,000 typical

cultured cells will yield more than enough extract for the quantifi-

cation of UDP-GlcNAc. Although not empirically tested, the assay

can be considered free of interference by UDP-GalNAc because

of the epimer-specific enzymatic reaction11,48 and epimer-spe-

cific immunodetection.22 However, there are some limitations

and room for further improvement of the assay. Although the dy-

namic range with purified UDP-GlcNAc standards is wide,

sample-related interference remains a possibility that should be

assessed for new sample types if aiming for absolute quantifica-

tion of UDP-GlcNAc. Luckily, the high sensitivity of the assay likely

allows dilution of any interference encountered. Performing the

assay takes a full workday. However, although not systematically

compared here, all incubation steps can be left to proceed over-

night for convenience with relatively minimal effect on the assay

performance. One requirement for standardization of the assay

would be determination of the optimal specific activity of OGT.

For those interested in further development of the assay, the pro-

vided Table S1 lists some qualitative observations and rationale

for the selected assay parameter choices.
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(V.F.), the Magnus Ehrnrooth Foundation (M.S.), and the Alfred Kordelin Foun-

dation (J.P.). The graphical illustrations were created with the help of

BioRender.com.

AUTHOR CONTRIBUTIONS

J.P. invented the assay concept and wrote the first manuscript draft. J.K. was

responsible for the cloning of the OGT construct. J.K., M.S., and J.P. took part

in the production of the recombinant OGT. J.P., M.S., D.U., and R.B. per-

formed the UDP-GlcNAc measurements. M.S., D.U., and R.B. were respon-

sible for the cell culture work. D.U. cloned the GFPT1 plasmids and generated

the GFPT1-overexpressing cell lines. N.S. performed the UPLC-MS measure-

ments. All authors critically read and commented on the manuscript, and J.P.

and J.K. revised it accordingly. J.P. and J.K. supervised the study.

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: March 19, 2023

Revised: May 11, 2023

Accepted: June 5, 2023

Published: June 28, 2023

REFERENCES

1. Chatham, J.C., Zhang, J., and Wende, A.R. (2021). Role of O-linked

N-acetylglucosamine protein modification in cellular (patho)physiology.

Physiol. Rev. 101, 427–493. https://doi.org/10.1152/physrev.00043.2019.

2. Chiaradonna, F., Ricciardiello, F., and Palorini, R. (2018). The nutrient-

sensing hexosamine biosynthetic pathway as the hub of cancer metabolic

rewiring. Cells 7, 53. https://doi.org/10.3390/cells7060053.

3. Hanover, J.A., Chen, W., and Bond, M.R. (2018). O-GlcNAc in cancer: an

Oncometabolism-fueled vicious cycle. J. Bioenerg. Biomembr. 50,

155–173. https://doi.org/10.1007/s10863-018-9751-2.

4. Bond, M.R., and Hanover, J.A. (2013). O-GlcNAc cycling: a link between

metabolism and chronic disease. Annu. Rev. Nutr. 33, 205–229. https://

doi.org/10.1146/annurev-nutr-071812-161240.

5. Yang, X., and Qian, K. (2017). Protein O-GlcNAcylation: emerging mecha-

nisms and functions. Nat. Rev. Mol. Cell Biol. 18, 452–465. https://doi.org/

10.1038/nrm.2017.22.

6. Buse, M.G., Robinson, K.A., Gettys, T.W., McMahon, E.G., and Gulve,

E.A. (1997). Increased activity of the hexosamine synthesis pathway in

muscles of insulin-resistant ob/ob mice. Am. J. Physiol. 272, E1080–

E1088. https://doi.org/10.1152/ajpendo.1997.272.6.E1080.
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Metabion N/A

(Continued on next page)

Cell Reports Methods 3, 100518, July 24, 2023 e1



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Human OGT PCR cloning:

OGT-STP-SalI 50-ATATGTCGAC

TTATTCAACAGGCTTAATCATGTGGT-30

Metabion N/A

Mouse Gfpt1 PCR cloning:

EcoRI-Gfpt1 50-ATGAATTCGTGAC

CAACATCATGTGCGG-30

Metabion N/A

Mouse Gfpt1 PCR cloning:

Gfpt1-STP-XhoI 50-ATCTCGAGTTAC

TCTACTGTTACAGATTTGGC-30

Metabion N/A

Gfpt1 PCR mutagenesis (removal of

internal EcoRI site), forward primer

50-CTCATTATTTTTATCAGAGCGCTGG-30

Metabion N/A

Gfpt1 PCR mutagenesis (removal of

internal EcoRI site), reverse primer

50-TTCATTGTTATTCATAATGGAATCATCA-30

Metabion N/A

Gfpt1 E328K PCR mutagenesis, forward primer

50-TCTTCTGCATAAATGAACTAAAGTTG-30
Metabion N/A

Gfpt1 E328K PCR mutagenesis, reverse primer

50-AAATTTTTGAGCAGCCAGAATCTG-30
Metabion N/A

Recombinant DNA

Wild-type and E328K mutant Mus musculus

Gfpt1 cDNA PCR amplified and cloned into

pBluescript and Sleeping Beauty donor plasmid

This paper GenBank accession for Gfpt1

cDNA sequence NM_013528

Software and Algorithms

GraphPad Prism 9 GraphPad Software www.graphpad.com

Article
ll

OPEN ACCESS
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to the lead contact, Jukka Kallijärvi (jukka.kallijarvi@

helsinki.fi).

Materials availability
The bacterial expression plasmid for OGT, and the GFPT1-overexpressing AML12 cells and the Sleeping Beauty transposon donor

plasmid required to generate these cells are available upon request. Requests related to previously published non-commercial ma-

terials should be addressed to the corresponding authors of the publications cited.

Data and code availability
d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mouse tissue samples
The laboratory animal center of the University of Helsinki maintained the wild-type mice of congenic C57BL/6JCrl background under

the internal license of the research group (KEK22-018). The mice were housed in temperature-controlled (23�C) individually-venti-
lated cages with enriched environment under 12-h light/dark cycle and received chow (Teklad 2018, Harlan) ad libitum. Male and

female mice of 1 month of age were euthanized by cervical dislocation and tissues immediately excised and placed in liquid N2

and stored at �80�C.
For comparison of UDP-HexNAc and UDP-GlcNAc levels, we utilized 23 samples from our other studies comprising liver extracts

from 1-month old male and female mice of four different genotypes: wild-type, Bcs1lp.S78G heterozygotes and homozygotes, and

Bcs1lp.S78G homozygotes with transgenic expression of Ciona intestinalis alternative oxidase.49 The genotype differences were
e2 Cell Reports Methods 3, 100518, July 24, 2023
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irrelevant for this study, and the sole purpose for including these different genotypes was to maximize the number of data points and

sufficient variation to allow a meaningful correlation analysis. The transgenic mice were bred under the permit ESAVI/16278/2020 by

the State Provincial Office of Southern Finland.

GFPT1 knockout cells
The TU8988T GFPT1 knockout (clone B9 in ref. 38) and the parental cell lines were a kind gift from Prof. Costas A. Lyssiotis laboratory

(University of Michigan, USA).

Cell culture
AML12 cells weremaintained in Dulbecco’smodified Eagle’smedium (DMEM)mixture F12 (DMEM-F12) with 5mMglucose and sup-

plemented with 10% fetal bovine serum, penicillin and streptomycin, 2 mM L-alanyl-L-glutamine, 10 mg/mL insulin, 5.5 mg/mL trans-

ferrin, and 5 ng/mL selenium. Other cell lines were maintained in DMEM with 5 mM glucose, 10% fetal bovine serum, penicillin and

streptomycin, and 2mML-alanyl-L-glutamine. Thismedia was supplemented with 10mMGlcNAc tomaintain the TU89888TGFPT1-

knockout cells. All cells were cultured at 37�C in an atmosphere of 5% CO2 and 95% air.

For experiments in Figures 3 and 4, the cells were grown in T-25 cell culture flasks to�60% confluence using conventional culture

conditions. After this, the medium composition was altered as stated in the figures and the figure legends. Unless an experimental

variable, the glucose concentration in media was 5 mM. In the case of GFPT1 knock-out cells, the experiments were started at low

cell density due to the expected proliferation of the cell during the experiment. To collect samples, the cells were washed once with

PBS and detached with trypsin and EDTA (TrypLE, ThermoFisher Scientific) and counted. The cells were pelleted by centrifugation,

resuspended in 60% MeOH, and stored at �80�C until continuing with the extraction (typically after 1–3 days).

METHOD DETAILS

Generation of GFPT1 overexpressing cell lines
The Mus musculus Gfpt1 cDNA was PCR-amplified (primers: EcoRI-Gfpt1 50-ATGAATTCGTGACCAACATCATGTGCGG-30 and
Gfpt1-STP-XhoI 50-ATCTCGAGTTACTCTACTGTTACAGATTTGGC-30) and the PCR product ligated into pBluescript vector. Internal

EcoRI site was removed by site-directed mutagenesis (primers: 50-CTCATTATTTTTATCAGAGCGCTGG-30 and 50-TTCATTGTTATT

CATAATGGAATCATCA-30). The point mutation E328K was introduced by mutagenesis using the following primers: 50-TCTTC
TGCATAAATGAACTAAAGTTG-30 and 50-AAATTTTTGAGCAGCCAGAATCTG-30). After sequencing, the wild type (WT) and E328K

variants were subcloned into the Sleeping Beauty transposon donor plasmid ITR\CAG-MCS-IRES-Puro2A-Thy1.1\ITR. To generate

stable cell line overexpressing GFPT1, AML12 cells were co-transfectedwith the Sleeping Beauty transposon donor plasmid carrying

WT or mutantGfpt1 and a plasmid encoding SB100X transposase (1:10 ratio) using FuGENE HD transfection reagent. Subsequently,

the cells were subjected to puromycin selection (2 mg/ml). Resistant colonies were pooled and amplified. The expression of GFPT1

was confirmed by Western blot analyses using rabbit anti-GFPT1 antibody (Abcam, #ab125069, clone EPR4854).

Recombinant proteins
For initial assay development using the dot blotting format, we used commercial recombinant human OGT fragment (Cys323-

Glu1041) (R&D systems, 8446-GT). Thereafter, we switched to in-house produced enzyme. A fragment of human OGT cDNA encod-

ing amino acids 322–1041 was PCR-amplified from a human cDNA library (primers MunI-OGT 50-ATCAATTGACCATGCTGTGTCC

CACCCATGCAGA-30 and OGT-STP-SalI 50-ATATGTCGACTTATTCAACAGGCTTAATCATGTGGT-30) and ligated into the EcoRI and

XhoI sites of the bacterial expression vector pHAT2, in frame with an N-terminal hexahistidine tag. The plasmid was transformed into

the BL21 E. coli strain. A single colony from the agar plate was inoculated into 5 mL LB medium containing 100 mg/mL ampicillin and

cultured overnight. The bacteria were diluted to 100 mL LB and grown for 3–4 h at room temperature before addition of 0.5 mM IPTG

to induce the OGT expression during overnight culture at room temperature. We tested twoOGT purification protocols employing Ni-

NTA Agarose (Qiagen, # 30210) or HisPur cobalt resin (Thermo Scientific, #89964) to capture the His-tagged protein. The latter

approach yielded slightly purer product (Figure S5A) and higher enzymatic activity. This method is described here. The alternative

approach, Ni-NTA-based purification, was performed essentially according to the manufacturer’s protocol. The bacteria were pel-

leted and suspended into 9mL of lysis buffer comprising 0.5 mg/mL lysozyme, 25 U/ml benzonase, 1 mMMgCl2, 0.1% Triton X-100,

0.1 mM TCEP, protease inhibitor mix (Roche, #11873580001), and 0.5xPBS (5 mM Na-phosphate, 75 mM NaCl, pH 7.4). The bac-

terial cell walls were digested for 15 min at room temperature and 15 min on ice. Thereafter, the purification was continued while

maintaining cold temperature (0-8�C) of the sample and buffers. The lysis was completed by three rounds of 10s probe sonication

on ice with 10s cooling time (amplitude 20%, Branson Digital Sonifier 250). Remaining insoluble material was removed by centrifu-

gation (5 min, 20 000 g at 4�C). The supernatant was supplemented to contain 10 mM imidazole, and the phosphate and NaCl con-

centrations were increased to 20 mM and 300 mM, respectively, by addition of 10xPBS. This solution was incubated for 1h at �7�C
with 0.25 mL of HisPur Cobalt resin. The beads were allowed to settle to the bottom of a protein purification column and washed 5

times with 10 mL of washing buffer comprising 10 mM imidazole and 0.1% Triton X-100 in 2xPBS. The elution was performed with

150 mM imidazole in washing buffer supplemented with 0.1 mM TCEP. Five 0.25 mL elutes were collected and analyzed by SDS-

PAGE (Figure S5). The elution fractions 2 to 5 were combined and dialyzed twice (�16h and �3h at �7�C) against 200 mL of
Cell Reports Methods 3, 100518, July 24, 2023 e3
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50 mM Bis-Tris (Cl+) pH 7, 20% glycerol, and 0.1 mM TCEP. The yield was estimated by Bradford assay and BSA standards. The

purified OGT was stored in 50% glycerol at �20�C.
The following recombinant proteins were purchased from commercial sources: alkaline phosphatase (Thermo Scientific #EF0651),

Antarctic phosphatase (New England BioLabs, #M0289), and human casein kinase II (New England BioLabs, #P6010).

Preparation of GlcNAc-acceptor peptide-BSA complex
A peptide (NH2-KKKYPGGSTPVSSANMM-COOH) containing an O-GlcNAcylation site of human Casein kinase II subunit alpha

(underlined sequence) was custom synthesized by Nordic BioSite. A mixture of 6 mM glutaraldehyde, 1 mg/mL peptide, and

1 mg/mL fatty-acid free BSA was incubated in phosphate-buffered saline (PBS) for 30 min to crosslink the peptide to BSA. The re-

action was quenched by addition of 12 mM glycine. In our final protocol, the product was sonicated, clarified by centrifugation (3 min

22000g), and centrifuged through a 40 mmcell strainer to increase the uniformity of the coating and to decrease well-to-well variation.

The solutions of peptide-BSA complex were stored at�20�C. For some initial experiments, we crosslinked the peptide using 20 mM

glutaraldehyde (under the conditions above), quenched the reaction with 19 volumes of 10 mM Tris-HCl pH 7 and removed the un-

crosslinked peptide with a Amicon Ultra-4 Centrifugal 10 kDa cut-off column. This approach, however, led to a partial precipitation of

the product during centrifugation, and therefore we continued to use the former approach.

Preparation of tissue and cell extracts
Tissue pieces were disrupted in ice-cold 60% MeOH (typically 500 mL per 10 mg tissue) using microtube pestle homogenizer (10s)

(Nippon Genetics, cat. no. NG010) or 20 strokes with roughened glass-to-glass potter homogenizer (for heart, skeletal muscle, and

kidney) followed by sonication (12s, amplitude 10%, Branson Digital Sonifier 250) to complete the homogenization. Cell pellets were

directly sonicated. Further precipitation of proteins was achieved by addition of 225 mL chloroform per 500 mL homogenate and

centrifugation (3–6 min 18000 g at 4�C). The aqueous phase was collected and washed three times with �1.4 mL diethyl ether to

remove MeOH. Any remaining layer of diethyl was evaporated by gentle �10s flow of N2 gas. The remaining traces of diethyl ether

were evaporated at 65�C in centrifugal vacuum evaporator (SpeedVac Plus SC110A, Savant Instruments) for 5–6 min. The extract

volume was estimated by weighing the extract and assuming density of 1 mg/mL. In some initial experiments, chloroform was

used instead of diethyl ether to remove MeOH. For data from the TU8988T cells, the aqueous-methanol extracts after addition of

chloroform were directly evaporated to dryness in miVac centrifugal evaporator (Genevac) without applied heat. The final extracts

were stored at �80�C typically for 1–3 days before the UDP-GlcNAc measurements.

SDS-PAGE and western blotting
Precipitated proteins from the UDP-GlcNAc extraction were sedimented by addition of 800 mL MeOH and centrifugation (6 min

18000 g at 4�C). The protein pellets were dissolved in Laemmli buffer (2% SDS, 4% b-mercaptoethanol, 60 mM Tris-Cl pH 6.8,

and 12% glycerol) with the help of sonication and 5 min incubation at 95�C. A modified Bradford reagent containing 2.5 mg/mL

a-cyclodextrin to chelate the interfering SDS was employed to measure protein concentrations.50 The samples were run on Bio-

Rad Criterion TGX gels followed by tank transfer onto PVDF membrane. Equal loading and transfer were verified by Coomassie

G-250 staining. After complete destaining of Coomassie G-250, the membrane was blocked with 0.7% Na-caseinate pH 7.4–7.6

and 1% BSA and probed with the following primary antibodies: O-GlcNAc (clone RL2, BioLegend), OGT (ab96718, Abcam), OGA

(HPA036141, Merck), and a-tubulin (clone DM1A, Cell Signaling Technology). Peroxidase-conjugated secondary antibodies

(#7074 and #7076, Cell Signaling Technology) and enhanced chemiluminescence (ECL) were used for the detection. The ECL re-

agent51 comprised 0.75 mM luminol, 1 mM 4-(Imidazol-1-yl)phenol, 2 mM H2O2, and 0.05% Tween 20 in 10 mM Tris-Cl buffer pH

9. The luminescence was recorded with Bio-Rad ChemiDoc MP imager.

UDP-GlcNAc assay in dot blot format
The assay conditions were varied during the method development. Here, the final established assay is described. The

O-GlcNAcylation reactions comprised: 10 mg/mL OGT, 25 U/ml alkaline phosphatase, 5 mMMg-acetate, and 0.2 mg/mL OGT-sub-

strate peptide-BSA complex (concentration based on BSA content), and 50 mM Bis-Tris pH 7.0 (adjusted with HCl). The reactions

were carried out in 10 mL volume for 2h at room temperature (21-23�C). The sample volume comprised 2 mL of the reaction mixture.

The reactions were stopped by dropping the temperature to 0�C. Bio-Radmicrofiltration blotting device was employed to capture the

OGT-substrate peptide-BSA complex onto 0.2 mm PVDF membrane (Amersham Hybond P). After completion of the dot blot, the

membrane was completely dried, soaked in MeOH, rehydrated, and blocked with 0.7% Na-Caseinate pH 7.4–7.6, 1% BSA for

1h. O-GlcNAcylated residues were detected with the mouse monoclonal RL2 antibody (0.5 mg/mL, 2h), peroxidase-conjugated sec-

ondary antibody, and enhanced chemiluminescence.

UDP-GlcNAc assay in microplate format
The assay parameters were varied and optimized throughout this study. The final established assay conditions are described here.

Thewells of NuncMaxiSorp 384 plate were coatedwith 20 mL of 10 mg/mLOGT-substrate peptide-BSA complex (100 ngBSA, 100 ng

peptide) in PBS for�16 h at +4�C. The wells were washed twice with 115 mL of TBS containing 0.05% tween 20 (TBST) and once with

50 mM Bis-Tris buffer pH 7.0. The plate was placed on ice and 16 mL of a reagent mix was quickly added into the wells followed by
e4 Cell Reports Methods 3, 100518, July 24, 2023
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4 mL of standard or diluted extract. The reagent mix comprised 18.75 mg/mL OGT, 31.25 U/ml alkaline phosphatase, 6.25 mM Mg-

acetate, 0.375 mg/mL fatty-acid free BSA, and 62.5 mM Bis-Tris (HCl) pH 7.0. The reactions were carried out for 2-3h at room tem-

perature (21-23�C). The wells were washed twice with TBST and once with TBS. Then, the wells were incubated with 20 mL of RL2

antibody (0.5 mg/mL) for 1-2h. Following 5 washes with TBST and one wash with TBS, 20 mL of peroxidase-conjugated secondary

antibody (1:3000, #7076, Cell Signaling Technology) was added into eachwell and incubated for 0.5-1h. Both antibodies were diluted

in 1%BSA in TBST (0.2%Tween 20). After repetition of thewashing steps, 12.5 mMAmplex UltraRed (Invitrogen, #A36006) and 1mM

H2O2 were utilized as the peroxidase substrates in 100 mM potassium phosphate buffer pH 6.7. The chemifluorescence was devel-

oped for 45 min in dark and the end-point fluorescence read upon 530 nm excitation and 590 nm emission with BioTek Synergy H1

plate reader. To prevent evaporation during the incubation steps the plates were sealed with an adhesive membrane.

UPLC-MS-based quantification of UDP-HexNAc
To approximately 15 mg of snap-frozen liver samples, 600 mL of ice-cold chloroform-methanol (2:1) solution was added. The tissue

pieces were ground with a ball mill and subjected to three 10-min ultrasonic bath treatments on ice and three freeze-thaw cycles

(�196�C–4�C). Samples were vortexed in cold room (4�) for 30 min prior to addition of 400 mL milli-Q water. After addition of water,

samples were further vortexed for 30 min and centrifuged to induce phase separation. Upper water-methanol phase was transferred

to a new Eppendorf tube and evaporated to dryness in vacuum concentrator (Genevac, miVac Duo). Samples were reconstituted in

100 mL water and analyzed with UPLC-QTRAP/MS (ABSciex).

Chromatographic separation was performed in Waters Premier BEH C18 AX column (1503 2.1mm, ø 1.7mm) at 40�C. Elution sol-

vents were 10 mM ammonium acetate in water, pH 9.0 (A) and acetonitrile (ACN) (B) with flow rate of 0.3 mL min�1. Linear gradient

started with 98% A and decreased to 30% in 3 min, then to 10% in 1 min, back to 98% in 4.01 min time, and stabilized for 1 min, with

5 min total runtime. Injection volume was 1 mL. UDP-HexNAc was analyzed with UPLC-6500 + QTRAP/MS (ABSciex) in negative ion

mode. Retention time was 1.32 min. Multiple Reaction Monitoring (MRM) method with two transitions, quantitative and qualitative

were performed: quantitative 606 / 385, and qualitative 606 / 159.

After the UPLC-MS runs, the extracts were evaporated to dryness, and stored (�1.5 years) at�80�C, beforemeasurement of UDP-

GlcNAc with the enzymatic method.

QUANTIFICATION AND STATISTICAL ANALYSIS

The signal-to-noise ratio was defined as background-subtracted fluorescence divided by the standard deviation of the background

(n > 6). LLOQ and LLOD were estimated empirically (variation and standard curve fit) and mathematically based on signal-to-noise

cut-off of 10 and 2, respectively. Signal-to-background was defined as signal divided by the background (0 nM UDP-GlcNAc). The

bar graphs for data from biological replicates represent mean and standard deviation (SD). Mean and standard error of mean (SEM)

are shown for technical replicates. GraphPad Prism (versions 9.3.1–9.5.0) was utilized for non-linear curve fitting and other statistical

analyses. Differences between the groups were assessed with two-tailed t-test or one-way ANOVA followed by appropriate multiple

comparisons tests as stated in the figure legends.
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