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Glucose, the primary cellular energy source, is metabolized through
glycolysisinitiated by the rate-limiting enzyme hexokinase (HK). In
energy-demandingtissues like the brain, HK1is the dominant isoform,
primarily localized on mitochondria, and is crucial for efficient glycolysis—
oxidative phosphorylation coupling and optimal energy generation.

This study unveils a unique mechanism regulating HK1 activity, glycolysis

and the dynamics of mitochondrial coupling, mediated by the metabolic
sensor enzyme O-GIcNAc transferase (OGT). OGT catalyses reversible
O-GlcNAcylation, a post-translational modification influenced by glucose flux.
Elevated OGT activity induces dynamic O-GlcNAcylation of the regulatory
domain of HK1, subsequently promoting the assembly of the glycolytic
metabolon on the outer mitochondrial membrane. This modification
enhances the mitochondrial association with HK1, orchestrating glycolytic
and mitochondrial ATP production. Mutation in HK1’s O-GlcNAcylation site
reduces ATP generation in multiple cell types, specifically affecting metabolic
efficiency in neurons. This study reveals a previously unappreciated pathway
that links neuronal metabolism and mitochondrial function through OGT and
the formation of the glycolytic metabolon, providing potential strategies for
tackling metabolic and neurological disorders.

In cellular environments, metabolic reactions are more complex than
asimple cascade of enzymes and metabolites operating within diffu-
sion limits. Rather, an advanced level of organization leverages the
compartmentalization of metabolic enzymes to organelles such as
mitochondriaand other subcellular structures to optimize biochemical
transformations'™. This complex spatial organization, often referred to
asa‘metabolon’, delineates the physical boundaries of metabolic fluxes
within the cytoplasm*®’. Metabolons enhance metabolic efficiency

by co-compartmentalizing enzymes with their sequential substrates,
thereby minimizing diffusional transit times, promoting metabolite
channelling, providing an optimized microenvironment for individual
pathways and limiting counterproductive metabolite-enzyme inter-
actions. Despite the pivotal role of this spatial organization in ensur-
ing efficient substrate channelling and metabolic flux regulation, our
mechanistic insight into the regulation of metabolon formation, par-
ticularly within key metabolic pathways like glycolysis, remains sparse®’.
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Glycolysis mediates the conversion of glucose to pyruvate, which
is then further metabolized to generate ATP. A key enzyme in this
process is hexokinase (HK), which catalyses the initial, rate-limiting
step of phosphorylating glucose into glucose-6-phosphate (G6P).
Importantly, this step consumes ATP. Hexokinase 1 (HK1), one of the
distinct isoforms of HK expressed in metabolically demanding cells
suchasneurons, is predominantly localized on the outer mitochondrial
membrane'°2, This subcellular proximity to mitochondria implies
a role for HK1 in modulating metabolic efficiency®. Although
previous studies have explored the role of HK1in glycolysis, the specific
molecular pathway that dictates HK1activity, its mitochondrial locali-
zation and its potential involvement in the glycolytic metabolon
assembly remains elusive.

This study investigates a molecular mechanism that modulates
the activity and mitochondrial localization of HK1 through the action
of the metabolic sensor enzyme O-GIcNAc transferase (OGT). OGT
catalyses aunique post-translational modification, O-GIcNAcylation,
by attaching a GIcNAc sugar moiety to serine and threonine residues
on proteins. Intracellular UDP-GIcNAc concentrations, modulated by
glucose flux through the hexosamine biosynthetic pathway, regulate
this process' ™. Our findings reveal that HK1 undergoes dynamic
O-GlcNAcylation at its regulatory domain when OGT activity is
elevated. This modification enhances the localization of HK1 to the
mitochondria, leading to increased rates of both glycolytic and mito-
chondrial ATP production. This is achieved by facilitating the forma-
tion of aglycolytic metabolon on the mitochondrial outer membrane.
By contrast, mutations at the O-GIcNAcylation site of HK1 result
in reduced ATP production rates and dysregulation of the energy-
demanding process of presynaptic vesicle recycling in neurons. In
summary, our study uncovers a previously unappreciated mole-
cular pathway linking neuronal metabolism to mitochondrial func-
tion through OGT-mediated modulation of HK1. We identify HK1
O-GlcNAcylation as a fundamental mechanism regulating glycolysis
and metabolon formation that is critical for metabolic efficiency,
offering potential implications for the development of targeted inter-
ventions for metabolic and neurological disorders.

Results

Glucose modulates mitochondrial localization of HK1

To characterize HK1 localization at the subcellular level, we carried
out immunofluorescence analysis in disassociated rat hippocampal
neurons. Using hippocampal neurons transfected with Mito-DsRed
asamitochondrial marker, we observed that over 80% of endogenous
HK1 resided alongside mitochondria within the soma, dendrites and
axon (Fig. 1a), as previously reported”.

Given that glucose serves as the substrate for HK1, and glucose
phosphorylation consumes ATP, coupled with the fact that mito-
chondria are ATP-rich and mitochondrial oxidative phosphorylation
depends on ADP, we reasoned that glucose flux could be akey regulator

of the mitochondrial positioning of HK1 (Fig. 1b). To test the effect of
glucose flux on HK1 positioning, we cultured primary neurons in media
containing S mM glucose. These neurons were thensubjectedtoa72 h
glucose reduction to 1 mM, followed by a subsequent increase back
to 5 mM before imaging (Extended Data Fig. 1a)'®. We also established
a system for live imaging of HK1 and mitochondria using neurons
co-expressing Mito-DsRed and short hairpin RNA (shRNA)-resistant
HK1-GFP, together with ashRNA designed to deplete endogenous HK1.
Theefficacy of thisshRNA had already been validated in Neuro-2a cells
(Extended DataFig.1b,c). By using this approach, we ensured that the
HK1level remained consistent with endogenous levels (Extended Data
Fig.1c,and as detailed in Extended Data Fig. 4f,g). Our resultsrevealed
adirect response to glucose flux: an increase in extracellular glucose
prompted mitochondrial enrichment of HK1in neurons (Fig. 1b-e).
To further examine the role of glucose flux, we subjected the neurons
toa2hglucose-deprivation period followed by animmediate reintro-
ductionofglucose to5 mM beforeimaging (Extended Data Fig.1d-f).
Pyruvate (1 mM) was present throughout these experiments as an
alternate fuel source. Remarkably, atransient decrease in extracellular
glucose led to the downregulation of mitochondrial HK1. However,
uponreintroduction of glucose to 5 mM, we observed rebound recruit-
ment of HK1 to the mitochondria within the same neuron (Extended
DataFig.1d-f). Under physiological conditions, extracellular glucose
concentration in the mammalian brain ranges from 2-5 mMglucose®.
Instead of complete glucose deprivation, we cultured neurons for2 h
in2 mM glucose and thenimmediately restored glucose to 5 mM. This
resulted inasimilar enrichment of mitochondrial HK1 (Extended Data
Fig.1g,h).

Feeding state influences HK1 positioningin vivo

Expanding our investigation in vivo, we performed feeding and fast-
ing experiments with mice (Fig. 1f-h). We confirmed that fluctuations
in blood glucose levels mirrored the feeding cycles, as previously
reported™. Mice subjected to 24 h fasting exhibited a drop in blood
glucose, which normalized upon a subsequent 24 h feeding period
(Extended DataFig.1i). Upon examining HK1localization within the CA3
region of the hippocampusin ad libitum fed, fasted and refed mice, we
found a clear correlation with blood glucose levels (Fig. 1f-i). Fasting,
andthe consequentdropinblood glucose, resulted inadownregulation
of mitochondrial HK1. These patterns of mitochondrial HK1 down-
regulation were consistently observed under both24 h (Fig.1li)and6 h
fasting conditions (Extended DataFig. 1j,k). By contrast, refeeding, and
the subsequent rise in blood glucose, led to an upregulation of mito-
chondrial HK1compared to ad libitum conditions (Fig. 1i). Importantly,
neither feeding nor fasting altered overall HK1 expression levels (Fig. 1i).

OGT promotes HK1 recruitment to mitochondria
The hexosamine biosynthetic pathway integrates glucose flux signals,
culminating in the production of UDP-GIcNAc, an essential substrate

Fig.1| Glucose-dependent regulation of HK1localization. a, Immuno-
fluorescence staining of hippocampal neurons for endogenous HK1 (green)
and mitochondria (Mito-DsRed; grey), illustrating subcellular localization of
HK1in the somatodendritic region, axon and dendrites (three independent
experiments). b, Hippocampal neurons cultured in 5 mM glucose, expressing
Mito-DsRed (grey), WT human HK1 tagged with eGFP and rat shRNA-HK1 to
achieve an endogenous level of HK1 (pseudocolour, fire), then transferred to
1mMglucose for 72 h. ¢, Representative axonal images following a2 hexposure
to 5 mM glucose or at1 mM glucose, as inb. Scale bar, 5 pm; pseudocolour

scale indicates low to high intensity. d, Quantification of mitochondrial (Mito)
and cytoplasmic (Cyto) HK1intensity ratios along axons. Data are presented
asaviolin plot with individual data points and associated P value. n =102-117
mitochondria, 9-10 axons from three independent experiments (unpaired two-
tailed t-test). e, Spatiotemporal changes of HK1 measured by live-cellimaging
for 10 min along the axon within cytoplasmic (Cyto; blue intensity plot) and
mitochondrial (Mito; orange intensity plot) compartments during a medium

switchfrom1to1 mM or 5 mMglucose. Scale bar, 2 pm. f, Immunofluorescence
staining of mouse brain coronal slices (2 mm from bregma) with antibodies
against HK1 (pseudocolour, fire), mitochondrial marker pyruvate dehydrogenase
(PDH; grey) and neuronal marker NeuN (green). The hippocampal sectionin the
ad libitum fed state. Scale bar,100 pm. g, Enlarged images of white dashed boxes
inf, displaying the HK1 distribution in the CA3 region of the hippocampusin ad
libitum, fasted and refed states. Scale bar, 10 pm. h, Schematic illustration of the
experiment for altering blood glucose levels through fasting and refeeding in
mice, used to compare HK1 localization in the brain. i, Co-localization analysis to
measure the per cent intensity of HK1 on mitochondria and mitochondrial HK1,
the Pearson’s correlation coefficient (R-value) and quantification of HK1level

for each condition. Data are presented as violin plots with individual data points
and associated P values; n = 3 mice and biological replica per condition (one-way
ANOVA with post hoc Holm-Sidak’s multiple comparison test). See also Extended
DataFig.1.
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Fig. 2| O-GlcNAcylation regulates mitochondrial localization of HK1.

a, Schematic representation of glucose metabolism via the hexosamine
biosynthetic pathway. Rate-limiting steps and inhibitors used in this study are
alsoindicated. Increased glucose flux upregulates the hexosamine biosynthetic
pathway, UDP-GIcNAc synthesis and OGT activity. b, Mitochondrial and
cytoplasmic fractions, obtained from rat cortical neurons treated overnight
with OGA inhibitor Thiamet-G to enrich neuronal O-GlcNAcylation or vehicle
(DMSO0), were separated by SDS gel electrophoresis and probed with anti-

HK1, anti-ATP5B (mitochondrial marker) and anti-tubulin (cytoplasmic
marker). ¢, Quantification of HK1bands normalized to the intensity of ATP5SB
(mitochondrial fraction) or tubulin (cytoplasmic fraction) for each condition.
n=3independent experiments (all values are shown as mean + s.e.m.; unpaired
two-tailed t-test). d, Manipulating O-GlcNAcylation affects HK1localization in
neurons. Axonal segments of hippocampal neurons cultured in 5 mM glucose,
co-transfected with Mito-DsRed (grey), rat shRNA-HK1and WT human HK1
tagged with eGFP (pseudocolour, fire) to achieve endogenous expression
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level of HK1. O-GlcNAcylation level was upregulated by ectopic expression of
OGT and Thiamet-G treatment, and downregulated by expression of OGA and
OSMI-4 treatment. Scale bar, 5 um. e, Quantification of mitochondrial (Mito)
and cytoplasmic (Cyto) HK1intensity ratios along axons. Data are presented
asaviolin plot withindividual data points and associated P values; n = 83-120
mitochondria from 11-13 axons across conditions, three independent
experiments (one-way ANOVA with post hoc Tukey’s multiple comparison test).
f-h, In vivoimaging of endogenously GFP-tagged HK1in C. elegans neurons.

f, Schematic representation of the DA9 neuron cell body in C. elegans nervous
system. g, DA9 neurons expressing (hxk-1) HK1-7xSplitGFP (pseudocolour, fire)
and mito-TagRFP (grey) following vehicle (DMSO) or OGT inhibitor ST045849
treatments. Scale bar, 5 um. h, Mitochondrial and cytoplasmic HK1-7xSplitGFP
ratios were quantified from DA9 neuron cell bodies for each condition. Data are
presented as a violin plot with individual data points and associated P values;
n=16-23cellbodies, three independent experiments (unpaired two-tailed
t-test). See also Extended Data Fig. 2.

for O-GIcNAcylation. Acting as a metabolic sensor that reflects the
nutritional status of the cell, this pathway dynamically regulates
O-GlcNAc addition by OGT. This addition is counterbalanced by
its removal through the enzyme O-GIcNAcase (OGA) (Fig. 2a). Given
the previously recognized role of the pathway in mitochondrial anchor-
ing, we reasoned that OGT and OGA might collaboratively dictate
the positioning of HK1 on the mitochondria in response to glucose
flux changes to enhance metabolic efficiency’®?°. To determine
whether OGT and OGA activity influences HK1 localization in hippo-
campal neurons, we pharmacologically and genetically manipu-
lated this enzyme pair and modulated O-GIcNAcylation levels

(Extended Data Fig. 2a—-c). Both biochemical analysis of mitochon-
drial fractions (Fig. 2b,c) and imaging data suggested (Fig. 2d,e) that
enhancing O-GlcNAcylation increased mitochondrial HK1, whereas
reducing O-GlcNAcylation decreased mitochondrial HK1 in neu-
rons. Glucose flux-dependent recruitment of HK1 to mitochondria
was also diminished in the presence of an OGT inhibitor (Extended
DataFig.1g,h). Importantly, mitochondrial size remained unaffected
by O-GIcNAcylation level fluctuations (Extended Data Fig. 2b). This
phenotype was also observed in HEK293T cells, a cell type expressing
HK1 as the predominant HK isoform, further confirming our findings
(Extended DataFig.2d,e).
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OGT modulates HK1 positioning in vivo in Caenorhabditis
elegans

Building on our findings that O-GIcNAcylation has a key role in con-
trolling the mitochondrial localization of HK1in mammalian cells,
we expanded our inquiry to Caenorhabditis elegans. Given the con-
servation of OGT and HK1 in C. elegans, we investigated whether
0O-GlcNAcylation could regulate HK1 positioning in vivo. We engineered
C. elegansto express HK1endogenously tagged with 7xSplitGFPin the
DA9 neuron (Extended Data Fig. 2f). To attenuate O-GlcNAcylation with-
outoverexpressing OGA, we treated the nematodes with an OGT inhibi-
tor (ST045849) that was previously validated specifically in C. elegans.
Uponimaging the cell body of the DA9 neuron (Fig. 2f), we observed
that areduction in O-GlcNAcylation corresponded to a decrease in
mitochondrial HK1 (Fig. 2g,h). These in vivo observations parallel the
outcomes seen with OSMI-4 treatments in cultured rodent hippocam-
pal neurons, highlighting the conserved role of O-GlcNAcylation in
regulating HK1 positioning across different genera.

HK1undergoes regulated O-GIcNAcylation

To elucidate whether HK1 is regulated by O-GlcNAcylation directly,
we used a CRISPR-based strategy to add a GFP tag to the carboxyl ter-
minus of endogenous HK1in HEK293T cells (Extended Data Fig. 3a),
a tagging strategy known not to hinder HK1 function". We then used
immunoprecipitation to isolate HK1 from these genetically engi-
neered cells and resolved proteins on an SDS-PAGE gel (Fig. 3a,b
and Extended Data Fig. 3b). To determine whether the extent of HK1
O-GlcNAcylation was susceptible to changesin OGT and OGA activity,
we upregulated OGT activity by ectopic expression and applied the
OGA inhibitor Thiamet-G. Anti-GIcNAc antibodies detected a band
co-migrating with HK1 in anti-GFP immunoprecipitation from the
CRISPR-modified HEK293T cells (Fig. 3a). The intensity of the band
was amplified when OGT was overexpressed and OGA was concurrently
inhibited (Fig. 3a,b). Furthermore, we performed immunoprecipita-
tionon O-GIcNAcylated mitochondrial proteins from rat cortical neu-
rons and compared the samples with and without Thiamet-G-induced
OGA inhibition (Extended DataFig. 3¢c,d). Significant amplification of
0O-GlcNAcylated mitochondrial HK1 was observed upon OGA inhibi-
tion (Extended Data Fig. 3d) in neurons, suggesting that under basal
conditions, the O-GIcNAcylation sites of HK1are not saturated, and the
modification levelis probably determined by the dynamic equilibrium
between OGT and OGA activity. Overnight inhibition of OGT or OGA
activities resulted in an approximately 50% alteration in total neuronal
O-GIcNAcylation (Extended DataFig. 3e,f). We extended our investiga-
tion to hexokinase 2 (HK2), examining its O-GIcNAcylation cycling sta-
tus. Despite the detection of an O-GlcNAcylated HK2 band in anti-GFP
immunoprecipitants from HEK293T cells (Extended Data Fig. 3e,f),
the intensity of this band did not increase upon Thiamet-G-mediated
OGA inhibition or OGT overexpression (Extended DataFig. 3e,f). These
resultsimply thatalthough HK2 is subject to baseline O-GIcNAcylation,
the extent of this modification is unaffected by alterations in OGT or
OGA activity.

Nanobody-mediated control HK1localization

To investigate the role of HK1 O-GlcNAcylation in determining its
subcellular localization, we adopted an approach to selectively attenu-
ate HK10-GIcNAcylation. In COS-7 cells, we co-expressed GFP-tagged
HK1 along with a GFP-nanobody-fused, split O-GIcNAcase (nGFP-
OGA)**?* (Fig. 3¢). The enzymatic activity of OGA was only present
when both myc-OGA(1-400) and nGFP-HA-OGA(544-706) were
concurrently expressed (Fig. 3c,d). To ensure consistency, we con-
firmed that the expression levels of split OGA plasmids and HK1 were
equal across conditions (Extended Data Fig. 3i-k). Following cell
fixation, we performed staining of Tomm20, a protein that serves as
a mitochondrial marker (Fig. 3d). The targeted reduction of HK1
O-GlcNAcylationled to adecrease in mitochondrial HK1 within COS-7

cells (Fig. 3d-g). Our findings, therefore, highlight that the level of
HK10-GlcNAcylation modulates its mitochondrial localization inboth
neurons and COS-7 cells.

Identification of O-GIcNAcylation site in HK1

To elucidate the presence and location of O-GIcNAcylation sites
within HK1, we used immunoprecipitation to isolate this protein from
HEK293T cells. The cells were subjected to both basal and enhanced
O-GIcNAcylation conditions. The resulting HK1 protein was then
resolved on an SDS-PAGE gel and probed with anti-GlcNAc antibodies.
This process confirmed that HK1 0-GIcNAcylation levelsindeedrisein
response to anupregulated O-GlcNAcylation environment (Fig. 4a,b).
Proteins withamolecular weight approximating that of HK1 were subse-
quently extracted from the SDS-PAGE gel. Peptides wereisolated from
these proteins through trypsin and gluC co-digestion and subsequently
analysed using tandem mass spectrometry. This in-depth analysis
yielded the identification of a single O-GlcNAc modification site within
HK1 (Extended Data Fig. 4a). Notably, the site of this modification,
T259, is unique to HK1 among the three HK isoforms. It is, however,
conserved across most mammalian HK1and C. elegans (Fig. 4c). This
finding underscores the potentially critical role of O-GIcNAcylation at
T259 in the functionality of HK1.

Having established the specific O-GIcNAc modification site within
HK1, we next sought to understand how this modification might influ-
ence the structural conformation of the protein. To determine the
effect of T259 O-GlcNAcylation on the structure of HK1, we turned to
computational modelling (Fig. 4d). The HK1 structure is composed
of amino-terminal and carboxyl-terminal halves: the N-terminal half
is the regulatory domain, while the C-terminal half exhibits catalytic
activity, participating in glucose binding and glucose phosphoryla-
tionvia ATP. When G6P binds at the N-terminus of HK1, itimpedes the
interaction of HK1 with mitochondria, creating a negative feedback
loop. Alinker region joining the two halvesis primarily composed ofa
28-residue-long (residues 448-476) alpha helix®. This linker region is
implicated in regulating the coupling between the G6P-occupancy of
the N-terminal with the glucose reactivity of the C-terminal half* by
perturbing the C-terminal binding pocket through a network of allos-
tericinteractions and altering the conformation of the catalytic binding
pocketto favour the binding of G6P over ATP. However, little hasbeen
reported on therelevance of N-terminal G6P binding to mitochondrial
membrane-HKinteractions. Interestingly, the T259 O-GlcNAcylation
residue is located near the non-catalytic N-terminal pocket. Through
Resolution Exchange Solute Tempering (REST2) molecular dynamics
simulations®?, we revealed a conformational transition state of the
0O-GlcNAc modified HK1, which results in aloss of secondary structure
and a looser binding pocket than in the unmodified HK1 (Fig. 4d).
At the site of O-GIcNAcylation, the single-turn alpha helix (residues
260-264) forms a flexible loop to accommodate the bulky O-GIcNAc.
Additionally, key residues (Ser88, Thr232 and Ser415) responsible for
coordinating the phosphate and the 2’ hydroxyl (Asp84, Asp413 and
Ser449) of G6P are offered more significant conformational flexibility
toaccommodate the bulky O-GlcNAc moiety without disrupting pack-
ing of the pocket. This enhanced conformational freedom of the resi-
dues preventsastableinteraction with G6P. Thus, HK1 has alarge-scale
conformational rearrangement upon O-GIcNAcylation based on our
computational modelling (Fig. 4d, right) with an N-terminal root mean
squared deviation of 3.5 A (aligned and calculated with Ca atoms in
residues 20-460 using the crystal structure as areference).

T259 O-GlcNAcylation directs HK1 to mitochondria

To elucidate the significance of T259 O-GIcNAcylationinregulating the
mitochondriallocalization of HK1, we used site-directed mutagenesis
tosubstitute Thr259 with alanine, thereby abolishing O-GlcNAcylation
at this specific residue. Subsequently, we expressed and immunopre-
cipitated both the wild-type (WT) HK1 and the O-GIcNAc-deficient
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and myc-OGA(1-400). The OGA enzyme was engineered into a splitand
truncated form with limited substrate activity. nGFP-HA-OGA(544-706)
recognizes HK1-GFP and redirects the catalytic half of OGA myc-OGA(1-400)

to remove the O-GIcNAc modification from HK1. d, Representative images of
COS-7 cells expressing HK1-GFP (green), myc-OGA(1-400) (blue) and nGFP-
HA-OGA(544-706) (grey). The subcellular localization of HK1was examined
usingimmunofluorescence staining with anti-Tomm20 (mitochondrial marker;
magenta), anti-myc (myc-OGA(1-400); blue) and anti-HA (nGFP-HA-OGA (544~
706); grey) antibodies. The HK1distribution pattern is highlighted in the
enlarged images corresponding to the white dashed boxes ind. Scale bars, 5 pm.
e-g, Quantitative analysis of HK1 co-localization to assess the percentage of
mitochondrial HK1intensity (e), HK1intensity on mitochondria (f), and Pearson’s
correlation coefficient (R-value) for each condition (g). Data are presented as
violin plots with individual data points and associated P values. n =42 cells from
three independent experiments (one-way ANOVA with post hoc Tukey’s multiple
comparison test). See also Extended Data Fig. 3.
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Fig.4|O0GT-dependentregulation of HK1localization requires O-GIcNAcylation.
a-f, Characterization of HK10-GIcNAcylation. a, To identify the O-GIcNAc
modification site, eGFP-tagged HK1 (with or without OGT or Thiamet-G) was
overexpressed in HEK293T cells and immunoprecipitated. Input lanes contained
3% cell lysates used for IP. Anti-tubulin staining was used as a loading control.

b, HK10-GIcNAcylation levels were quantified by normalizing the intensity of
each GIcNAc band to the intensity of HK1-GFP bands (three biological replicas,
mean + s.e.m. and associated P values; unpaired one-tailed ¢-test). ¢, Human

HK1 (amino acid residues 256-275) sequence alignment with different species.
0O-GlcNAcylated threonine (T) residue (red), conserved amino acids (black) and
HKisoforms are also shown. d, Structural differences between the unmodified
HK1 (grey) and O-GlcNAcylated HK1 (blue). The Ca atoms in residues 20-460
were used for alignment. Top left inset shows key residues coordinating the
phosphate of G6P and the 2" hydroxyl. Bottom left inset shows the binding
pockets for G6P (green) and glucose (purple). Right inset shows T259-HK1 with
0O-GIcNAcylation; the single-turn alpha helix (residues 260-264) forms a flexible

loop to accommodate the O-GIcNAc with the positions of G6P and glucose.

e, Either WT or O-GIlcNAc site mutated (T259A) HK1-GFP immunoprecipitated
from HEK293T cells, with or without OGT or Thiamet-G, then analysed with
anti-GlcNAc and anti-GFP antibodies to quantify HK1 GlcNAcylation levels.

f, The intensity of each GIcNAc band was normalized to the GFP band

for quantification of O-GIcNAcylation levels (three biological replicas,

mean + s.e.m. and associated P values; one-way ANOVA with post hoc Tukey’s
multiple comparison test). g,h, Hippocampal neurons cultured in 5 mM
glucose, expressing Mito-DsRed (grey), rat shRNA-HK1 and T259A-HK1-GFP
(pseudocolour, fire). O-GlcNAcylation levels were upregulated by OGT and
Thiamet-G treatment and downregulated by OGA and OSMI-4 treatment. Scale
bar, 5 um. Mitochondrial (Mito) and cytoplasmic (Cyto) HK1 intensity ratios
along axons. Data are presented as a violin plot with individual data points
and associated P values. n = 81-86 mitochondria from 10-13 axons, three
independent experiments (one-way ANOVA with post hoc Tukey’s multiple
comparison test). Scale bar, 5 pm. See also Extended Data Fig. 4.

T259A-HK1 variant from HEK239T cells. The immunoprecipitants
were subjected to SDS-PAGE analysis and probed with anti-GIcNAc
antibodies to validate the successful disruption of O-GlcNAcylation
in the T259A-HK1 mutant (Fig. 4e,f). To investigate the impact of
O-GIcNAcylation at T259 on HK1’s mitochondrial localization, we
conductedimaging experiments using HEK293T cells expressing either
WT HK1 or the T259A-HK1 mutant, in conjunction with Mito-DsRed.
To simulate conditions of heightened glucose flux, we used OGT
overexpression and OGA inhibition using Thiamet-G. We observed
apronounced increase in the mitochondrial localization of WT HK1
(Extended Data Fig. 4b,c), whereas no such effect was observed in
cells expressing the T259A-HK1 mutant (Extended Data Fig. 4d,e).

Expanding our investigation to hippocampal neurons, we
expressed T259A-HK1-GFP using our shRNA approach (Extended Data
Fig. 4f,g). By modulating O-GlcNAcylation levels through ectopic OGT
expression and OGA inhibition or ectopic OGA expression and OGT
inhibition using OSMI-4, we aimed to replicate conditions of increased
or decreased glucose flux, respectively, as outlined in Extended Data
Fig. 2c. Analysis of the mitochondrial to cytoplasmic HK1 ratio along
the axon ofthe neuronrevealed that the absence of O-GIcNAcylation at
the T259 site rendered HK1's mitochondrial localization unresponsive
to changes in O-GIcNAcylation levels (Fig. 4g,h and see also Fig. 2d,e
for control conditions) without affecting mitochondrial size (Extended
DataFig. 4h).

HK1 O-GIcNAcylation alters ATP production rates

Mitochondrial binding allows HK1 to have prime access to mito-
chondrially generated ATP, thus promoting more effective glucose
phosphorylation®. To investigate the role of O-GlcNAcylation in
modulating HK1 activity, we measured the levels of G6P, which is

the product of HK1-mediated glucose phosphorylation (Fig. 5a). We
expressed WT HK1 or the T259A-HK1in HEK239T cells and manipu-
lated O-GIcNAcylation levels by the ectopic expression of OGT and
inhibition of OGA using Thiamet-G. Our results revealed that increasing
O-GlcNAcylation levels led to elevated G6P levels in cells expressing
WT HK1, whereas this effect was absent in cells expressing T259A-HK1
(Fig. 5b). Importantly, the expression levels of both WT HK1 and
T259A-HK1 remained constant (Extended Data Fig. 5a,b), indicating
that the observed differences in G6P levels were specifically attrib-
uted to O-GlcNAcylation of HK1. Upregulation of O-GlcNAcylation in
HEK293T cells also enhanced the production of G6P without altering
endogenous HK1 expression levels (Extended Data Fig. 5c-e).
Toassess the functional consequences of O-GlcNAcylation on HK1
activity and cellular metabolism, we examined glycolytic and mito-
chondrial oxidative phosphorylation (OXPHOS) ATP production rates
using respirometry measurements in HEK293T cells. ATP production
rates were empirically calculated based on oxygen consumption and
extracellular acidification data obtained using a Seahorse XF analyzer,
as previously described”. We found that upregulating O-GlcNAcylation
levels, either by OGA inhibition or by expressing WT HK1 with
Thiamet-G treatment, resulted in increased glycolytic and mitochon-
drial OXPHOS ATP productionrates (Fig. 5c). By contrast, cells express-
ing the T259A-HK1 mutant showed diminished ATP production rates,
indicating the dependence of HK1 activity on O-GlcNAcylation. Moreo-
ver, the elevationin oxygen consumption rates (OCR) and extracellular
acidification rates (ECAR) observed with O-GIcNAcylation upregula-
tion was consistent with enhanced metabolic activity (Extended Data
Fig. 5f). Notably, these effects were specific to O-GlcNAcylation status
and were not influenced by changes in endogenous HK1, WT HK1 or
T259A-HK1expression levels (Extended DataFig. 5g-i). These findings

Fig. 5| HK10-GIcNAcylation enhances metabolic efficiency. a, HK catalyses
the first step of glucose metabolism, where glucose and ATP are converted

into G6P and ADP. b, Quantification of G6P levels in HEK239T cells expressing
eGFP-tagged WT or T259A-HK1 with or without ectopic OGT expression and
Thiamet-G treatment (four biological replicas, mean + s.e.m. and associated
Pvalues; one-way ANOVA, post hoc Holm-S$idak’s multiple comparison test).

¢, Mitochondrial and glycolytic ATP production rates calculated from HEK293T
cells expressing control vector, WT or T259A-HK]1, following vehicle or Thiamet-G
treatments (three biological replicas, mean + s.e.m. and associated P values;
Mann-Whitney U-test). d, Average fluorescence traces of the intracellular FBP
sensor, HYlight, in neuronal axons expressing shRNA-resistant FLAG-tagged WT
or T259A-HK1, and rat shRNA-HK1. The arrowhead indicates the application of
the glycolysis inhibitor 2-DG and the electrical field stimulation (100 APs, 10 Hz).
Dataare presented as mean +s.e.m.; n =10 neurons from three independent
experiments. e, The strategy for inducing the mitochondrial relocation of
truncated cytoplasmic HK1(Tr-HK1). The dimerization of the FRB domain on
Tr-HK1-GFP and the FKBP domain on a mitochondria-targeted mCherry tag upon

AP21967 treatment. f, Representative HEK293T cell expressing FRB-Tr-HK1-
GFP(green) and mCherry-mito-FKBP(magenta) before and 10 min after dimerizer
treatment. Scale bars, 5 pm. g, Mitochondrial and glycolytic ATP production rates
were calculated for HEK293T cells expressing either control Tr-HK1-GFP, FRB-Tr-
HK1-GFP or FRB-Tr-HK1-T259A-GFP, with or without AP21967 treatments (three
biological replicas, mean + s.e.m., one-way ANOVA, post hoc Kruskal-Wallis
multiple comparison test). h, Diagramillustrating glycolysis enzymes. The two
steps of glycolysis that generate ATP are indicated by red arrows. i,j, Analysis of
glycolytic enzymes in mitochondrial and cytoplasmic fractions. i, HEK293T cells
treated with vehicle or Thiamet-G, then mitochondrial and cytoplasmic fractions
were subjected to SDS-PAGE and analysed by western blotting using antibodies
against HK1, PKM2, Aldo A, PGK, ATP5B (mitochondrial marker) and tubulin
(cytoplasmic marker).j, Quantification of glycolytic enzymes in mitochondrial,
cytoplasmic fractions and total cell lysates (input), normalized to the intensity

of ATP5B and tubulin. Data are presented as mean + s.e.m. from three biological
replicas (one-tailed Mann-Whitney U-test). See also Extended Data Fig. 5.
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highlight the role of O-GlcNAcylation in modulating HK1-mediated
ATP production rates through both glycolytic and mitochondrial path-
ways. To determine how O-GIcNAcylation of HK1 influences the rate
of glycolysis, we assessed fructose 1,6-bisphosphate (FBP) levels in
neuronal axons using HYlight*°, a fluorescent sensor that reports glyco-
lyticactivity®. Itisknown that neuronal activity transiently augments
glucose uptake and glycolysis®’. Our axonal measurements indicated
that action potential (AP) firing (10 Hz, 100 APs) increased cyto-
solic FBP levels in neurons expressing WT HK1-FLAG. This enhance-
ment was absent in neurons expressing the O-GIcNAc site mutant
HK1, T259A-HK1-FLAG. Furthermore, when glucose was replaced
with 2-deoxyglucose (2-DG) to inhibit FBP production, we observed a
gradual decrease in FBP levels (Fig. 5d) with neuronal activity.

To rescue the impaired functional activity of the T259A-HK1,
we used a chemically induced protein dimerization strategy to pro-
mote mitochondrial recruitment. We used a dual-tagged construct
in which truncated cytoplasmic HK1 (Tr-HK) was tagged with the
FKBP-rapamycin-binding (FRB) domainatits N terminus and GFP atits
Cterminus. By co-expressing FRB-Tr-HK1-GFP and mCherry-mito-FKBP
(FK506 binding protein domain), we could selectively recruit cyto-
plasmic HK1 to the mitochondria upon treatment with the dimer-
izer AP21967, as confirmed through time-lapse imaging (Fig. 5e,f). To
evaluate the functional rescue of T259A-HK1 activity, we measured
ATP production rates in cells in which T259A-HK1 was targeted to the
mitochondrial outer membrane with the dimerizer. We observed a
significantincreasein both glycolytic and mitochondrial OXPHOS ATP
productionrates after recruiting cytoplasmic T259A-HK1 to the mito-
chondria (Fig. 5g). This phenotypicrescueindicates that theimpaired
enzymaticactivity of T259A-HK1 can berestored by targeted localiza-
tion to the mitochondria, leading to enhanced ATP production rates.
These results further highlight the significance of O-GIcNAcylationin
modulating HK1 activity by regulating its mitochondrial localization.

HK1 O-GIcNAcylation seeds glycolytic metabolon
Enzymes involved in glycolysis are generally dispersed throughout
the cytoplasmin cells®. However, under certain conditions, such as
hypoxia®**¥, these enzymes can compartmentalize to form metabo-
lons, specialized microenvironments that enhance the transfer of
metabolites from one enzyme to another®®*. This process enhances
the efficiency of metabolic pathways and increases the overall meta-
bolic output®. Given this knowledge, we sought to investigate the
potential role of O-GlcNAcylationinrecruiting other glycolyticenzymes
to mitochondriato form metabolon for metabolic efficiency (Fig. 5h).
We upregulated O-GIcNAcylation levels in HEK239T cells by ectopi-
cally expressing OGT and inhibiting OGA using Thiamet-G. We isolated
whole cell lysate (input), mitochondrial and cytoplasmic fractions,
which were then resolved on SDS-PAGE gels. We evaluated the purity
of mitochondrial fractions by probing with markers specific to other
organelles. The results demonstrated negligible to no contamination
from non-mitochondrial sources (Extended Data Fig. 5j). We probed
the gels withantibodies against endogenous HK1, pyruvate kinase M2
(PKM2), aldolase A (Aldo A), phosphoglycerate kinase (PGK), ATP5B (a
mitochondrial marker) and tubulin alpha-4A (a cytoplasmic marker).
Interestingly, our results indicated that enhanced O-GIcNAcylation
not only increased the amount of HK1 in the mitochondria but also
augmented the levels of PKM2 and Aldo A on the mitochondria, a pro-
cess that was parallel with their decrease in the cytoplasmic fraction
(Fig. 5i,j). However, theincreased O-GlcNAcylation levels did not appear
tosignificantly alter the localization of PGK (Fig. 5i,j) in HEK293T cells.
We extended our analysis to cultured primary cortical neurons,
probing for the presence of glycolytic enzymes in mitochondrial
fractions under conditions of upregulated O-GIcNAcylation. We
assessed the purity of neuronal mitochondrial fractions using markers
specific to other organelles. The results confirmed a high purity of
the mitochondrial preparations (Extended Data Fig. 5k). Intriguingly,

a significant portion of glycolytic enzymes are associated with puri-
fied mitochondria from cortical neurons. To account for the impact
of upregulated O-GIcNAcylation, we normalized mitochondrial and
cytoplasmic enzyme levels to the baseline. This showed that upregu-
lated O-GIcNAcylation increased the mitochondrial localization of
HK1, Aldo A, PGK, neuron-specific enolase, triosephosphate isomer-
ase and PKM in cortical neurons while decreasing their presence in
the cytoplasm (Extended Data Fig. 5I,m). In addition to biochemical
methods, weinvestigated the O-GlcNAcylation-dependent recruitment
of glycolyticenzymes to mitochondria using complementary imaging
techniques. We transfected neurons with eGFP-tagged PKM2 along with
the mitochondrial marker Mito-DsRed and then treated the cells with
inhibitors of OGT or OGA (Extended Data Fig. 5n,0). Consistent with our
observations for HK1 (Fig. 2d), enhanced O-GlcNAcylation led to the
mitochondrial association of PKM2. Conversely, inhibiting OGT activity
resulted in aredistribution of PKM2 to the cytoplasm (Extended Data
Fig. 5n,0). Our results suggest that O-GIcNAcylation not only intensi-
fies HK1 activity but also promotes the recruitment of rate-limiting
glycolytic enzymes to mitochondria, resulting in increased ATP pro-
duction rates. Collectively, our findings highlight the crucial role
of HK1 O-GlcNAcylation in promoting the assembly of a glycolytic
metabolon on mitochondria. Overall, these results demonstrate that
O-GlcNAcylationhas acrucial role in facilitating the formation of a gly-
colytic metabolon on the mitochondria, where key enzymesinvolved
inglycolysisarerecruited, resulting in enhanced ATP production. This
mechanism provides insight into the coordination between glycolytic
and mitochondrial metabolism and highlights the significance of
O-GlcNAcylationinregulating cellular energy metabolism.

0O-GlcNAcylation stabilizes HK1 on mitochondria
Mitochondrial localization of HK1 is known to be modulated by G6P
concentrations; elevated G6P concentrations can lead to the release of
HK1, which acts as an inhibitory feedback mechanism*. We reasoned
that O-GIcNAcylation stabilizes HK1 on the mitochondria by coun-
teracting this G6P-induced feedback loop. To test our hypothesis, we
combined computational simulations and experimental assays. First,
we used steered molecular dynamics simulations to understand the
mechanism of G6P binding and unbinding from the N-terminal pocket
of HK1. Given that traditional molecular dynamics simulations did not
fully capture this process, we turned to steered molecular dynamics
simulations. These simulations demonstrated that the average
work required to unbind G6P from the pocket was 13-fold lower for
O-GlcNAc-modified HK1 compared to WT HK1 (Fig. 6a). This suggests
that O-GIcNAcylation of the binding pocket reduces the affinity to
G6P. To further corroborate our findings, we performed alchemical
free-energy perturbation calculations, whichindicated a shift in the dis-
sociation constant of G6P from 6.9 nM to 12 mM upon O-GlcNAcylation
of the N-terminal binding pocket. The model was further supported
by dynamic network analysis (Fig. 6b,c).

To furtherinvestigate whether O-GlcNAcylation of HK1strength-
ens its mitochondrial association by counteracting G6P-dependent
feedback inhibition, we isolated mitochondria from HEK293T cells
expressing endogenous HK1, WT HK1-GFP or T259A-HK1-GFP. We
thenevenly distributed these mitochondrial fractions into three tubes
containing O uM, 250 pM and 500 pM G6P (Fig. 6d), concentrations
that are within the physiological range for G6P***?, After a 30 min
incubation at room temperature (20-25 °C), mitochondria were pel-
leted, separating them from the flowthrough that contains proteins
released from the mitochondria (Fig. 6d). We observed that as G6P con-
centrations increased, more HK1was released from the mitochondria
(Fig. 6¢e,f). Comparing the released HK1from mitochondria at baseline
and upregulated O-GIcNAcylation levels, we observed that increased
O-GIcNAcylationresulted inless HK1being released from mitochondria
atthe same G6P concentration (Fig. 6e-h). We found that upregulating
O-GlcNAcylation levels would stabilize WT HK1 on mitochondria by

Nature Metabolism | Volume 6 | September 2024 | 1712-1735

1721


http://www.nature.com/natmetab

Article

https://doi.org/10.1038/s42255-024-01121-9

a b 7259 0-GlcNAC
10
S - 54 ©
g = <
K] 0 €
§ 8
.‘Z\ _5 ) T T T T T T T T T =
£
“(E Q
2 < 10
2
5 O 54 ©
2 f=
& 9 £
o g 01 3
ol 54 (@)
T T T T T T T T T
0 25 50 75 100 125 150 175 200
Time (ns)
d e f —e— Vehicle
—e— OGT and Thiamet-G
Endogenous HK1 3,500 <0.0001
@M OGT and -
-« 4)‘ [ ) W - - - + + Thiamet-G 2 ]
Mitochondrion  HK1 O 250 500 O 250 500 G6P (uM) = 2500
(kDa) <<
FT i gy i
100 | — s | Anti-HK1 % 8 1,500 -
x O
2 . 0.2719
. R e
Isolated MIto 5o _| W W S | S sy | ANtI-ATPSB g 500 -
mitochondria 0 — : .
G6P (uUM) o 250 500
9 h —e— Vehicle
WT HK1 3,500 _—e— OGT and Thiamet-G
OGT and <0.0001
- - - + + + N o
G6P: G6P: G6P: MW Thiamet-G
opMm 250 pM 500 pM (kDa) ] 250 500 (] 250 500 G6P (uM) S 2500 o
® o Bs ]
- , n— S— i o =
(: )2 (¢ j @ ) FT 150 - | Anti-HK1 2 a0 |
@ [ — e fe
= , 0.5982
L ]
Mito 50 | s we q— | g g ~nti-ATP55 500 - R
S .
Incubate in room | Pellet mitochondria and 0 fF—— T )
temperature for collect supernatant G6P (uM) o 250 500
30 min (flowthrough (FT))
i i —e— Vehicle
T259A-HK1 5000 - % OGT and Thiamet-G
G6P: G6P: G6P: _ _ _ + . + OGT and 0.9788
oM 250 pM 500 pM MW Thiamet-G ~ 4,000 -
(kDa) 0] 250 500 [0} 250 500 G6P (uM) g
g < 3000 -
FT 150 -— @ | Anti-HK1 8T -
T < 2,000 -
“ 3
Mi e @Wey @y | Anti-ATPSB = 1000 0-9233
ito nti-,
SO | e— . -~ R
T 1
G6P (uM) o 250 500

Fig. 6| O-GlcNAcylation modifies G6P affinity and stabilizes HK1on
mitochondria. a, The average accumulated work profiles computed from
steered molecular dynamics simulations in which G6P was pushed out of the
N-terminal binding pocket. The line represents the average accumulated work
over 20 steered molecular dynamics simulations, and the shading indicates one
standard deviation from the mean accumulated work. b, Optimal pathway of
information transfer from the N-terminal Ser449 to the C-terminal Thr784 for the
unmodified HK1. Dark blue nodes (spheres representing Ca atoms) and edges
(cylinders representing allosteric interactions) illustrate the optimal pathway

of allosteric interactions. ¢, The community substructure for the network of
allostericinteractions. Nodes within acommunity (single colour) represent
anetwork of interactions with more frequent and stronger connections with
nodes inacommunity than with nodes outside of that community. Black edges
represent connections between communities. d, Schematic diagramillustrating
the G6P titration assay for mitochondrial fractions. Isolated mitochondria,

containing HK1, were exposed to three different concentrations of G6P for

30 minatroom temperature. Following incubation, mitochondria and the
supernatant, which contains the released HK1, were separated by centrifugation.
Both the pellet (mitochondria) and supernatant (flowthrough containing
released HK1) were collected and subsequently analysed. e-j, Mitochondrial
fractions were prepared from HEK239T cells expressing control vector (e,f),
eGFP-tagged WT (g,h) or T259A-HK1 (i,j) with or without OGT co-expression

and overnight Thiamet-G treatment. Flowthrough (FT) fractions were collected
asdescribed ind following O pM, 250 pM and 500 pM G6P treatments of the
mitochondrial pellet (Mito). Ine, g and i, samples were separated by SDS gel
electrophoresis and probed with anti-HK1 and anti-ATP5B (mitochondrial
marker) antibodies. Inf, handj, the total intensity of the HK1 band was quantified
for each condition. n =3 independent experiments (all values are shown as

mean + s.e.m.; one-way ANOVA with post hoc Holm-Sidak’s multiple comparison
test). See also Extended DataFig. 6.
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counteracting G6P negative feedback (Fig. 6g,h) but not for T259A-HK1
(Fig. 6i,j). Thus, O-GlcNAcylation is necessary for protecting HK1from
being released from mitochondria by G6P feedback inhibition.

Building on these molecular insights, we next delved into the
broader cellular context to understand the implications of HK1 T259
O-GlcNAcylation on glycolytic metabolon formation. We analysed
the positioning of other glycolytic enzymes in HEK239T cells after
expressing either WT HK1 or T259A-HK1 from mitochondrial and
cytoplasmic fractions. When we enhanced O-GlcNAcylation levelsin
cells overexpressing WT HK1, we observed increased mitochondrial
localization of WT HK1 along with other glycolytic enzymes, such as
Aldo A, PGK and PKM2. At the same time, their cytoplasmic levels
declined without a change in overall expression levels (Extended Data
Fig.6a,b). However, in cells overexpressing T259A-HK1 with increased
O-GlcNAcylation levels, we did not detect a significant increase in
mitochondrial localization of T259A-HK1, Aldo A, PGK or PKM2. The
cytoplasmic levels of these enzymes remained largely unchanged,
as did their total expression levels (Extended Data Fig. 6¢,d). These
results further emphasize the specific role of HK1 O-GlcNAcylation
in promoting the recruitment and localization of glycolyticenzymes
on mitochondria, supporting the formation of the metabolon for
efficient ATP production.

HK1 O-GIcNAcylation supports presynaptic function

Given the role of HK1 O-GIcNAcylation in cellular metabolism, we
next questioned how this modification mightimpact the high energy
demands of neurons. Neuronal activity and synaptic vesicle recycling
heavily rely on ATP produced at presynaptic sites****. To investigate the
impact of HK1 O-GlcNAcylation on neuronal function, we conducted
live-cell imaging in rat hippocampal neurons and measured axonal
ATP level and synaptic vesicle recycling rate. To measure ATP level, we
expressed the cytoplasmic ATP sensor iATPSnFR1.0-mRuby in neurons
with shRNA against HK1, shRNA-resistant WT HK1-BFP or T259A-HK1-
BFP (O-GIcNAc silent HK1) and triggered AP firing at 10 Hz, 100 APs.
Measurements from neuronal axons in control neurons expressing
WT HK1 revealed that a burst of electrical activity resulted in only a
small decrease in ATP levels during the post-stimulus period, which
was followed by animmediate recovery (Fig.7a,b). Onthe contrary, in
neurons expressing T259A-HK1, ATP levels never recovered (Fig. 7a,b).
When both glycolytic and mitochondrial (2-DG + oligomycin) ATP
synthesis pathways were blocked during electrical stimulation, the
ATP levels further decreased. We also aimed to measure the recycling
kinetics of presynaptic vesicles in response to neuronal activity and
evaluate the role of HK1 O-GlcNAcylation in presynaptic function.
These neurons expressed either shRNA against HK1, shRNA-resistant
WT HK1-BFP or T259A-HK1-BFP (O-GlcNAc silent HK1) along with
mCherry asan axon fillerand vGLUT1-pH, a pH-sensitive fluorescent

probeattached to vesicular glutamate transporter (vGLUT1) (Fig. 7e,f).
Under baseline conditions, neurons displayed spontaneous activity,
with some vGLUT1-pHluorin on the axonal surface. Neuronal activa-
tion with 100 APs at 10 Hz significantly enhanced the fluorescence
intensity of vVGLUT1-pH, indicating the release of synaptic vesicles. The
fluorescence signal quickly returned to baseline levels, reflecting the
vesicle retrieval. The addition of NH,Cl at the end of the experiment
allowed visualization of all presynaptic vesicles containing vVGLUT1-pH
(Fig. 7f,g). Comparing neurons expressing WT HK1 with T259A-HK1
revealed lower baseline vGLUT1-pH signals in neurons expressing the
0O-GlcNAc silent T259A-HK1 (Fig. 7f,g), independent of protein expres-
sionlevels (Extended DataFig.7a-c). After applying100 APs at 10 Hz,
neurons expressing T259A-HK1 exhibited significantly lower vGLUT1-
pH fluorescence intensity than WT HK1-expressing neurons. Notably,
there was no difference in the number of presynaptic release sites
containing vGLUT1-pH between WT HK1and T259A-HKI-transfected
neurons when treated with NH,CI (Fig. 7f). These results suggest
that HK1 O-GIcNAcylation has a crucial role in supporting energy-
dependent presynaptic vesicle recycling.

We furtherinvestigated whether the observed reductionin presyn-
aptic vesicle recycling in neurons expressing T259A-HK1 was a result
of chronic energy deficiency. We transfected neurons with either WT
HK1 or T259A-HK1-BFP, along with vGLUT1-pH. Under baseline con-
ditions, our primary neuron cultures form spontaneously active net-
works and fire APs (as shown in Extended Data Fig. 7). To suppress this
spontaneous neuronal activity and conserve ATP levels by reducing
the energy demand, we added 1 uM tetrodotoxin (TTX)—a blocker of
voltage-gated sodium channels—immediately after transfection. Then,
2 hbeforeimaging, we removed TTX to allow the recovery of baseline
presynaptic vesiclerecycling (Extended Data Fig. 7d). This strategy of
preserving ATP levels and preventing chronic metabolic deficiency
through TTX treatment enabled neurons expressing T259A-HK1 to
restore their presynaptic vesicle recycling to levels comparable to
those observed in WT HK1-expressing neurons. Furthermore, fol-
lowing a single round of electrical stimulation, presynaptic vesicle
recycling was successfully rescued in T259A-HK1-expressing neurons,
demonstrating a similar performance to that of WT HK1-expressing
neurons (Extended Data Fig. 7d-g). To evaluate the effect of HK1
0O-GlcNAcylation on Ca** dynamics, we used GCaMPé6s, a genetically
encoded fluorescent Ca* indicator, co-expressed shRNA against HK1,
WT HK1-BFP or T259A-HK1-BFP in neurons. The GCaMPé6s signal
provided measurements of calcium fluctuations evoked by neuronal
activity (10 Hz, 100 APs). Analysis of calcium dynamics indicated that
uptake and clearance mechanisms underlying calcium dynamics were
comparable between the two conditions (Extended Data Fig. 8a-f).
Theseresults indicate that the regulation of presynaptic vesicle recy-
clingby HK10-GIcNAcylation operatesindependently of Ca** handling.

Fig.7 | Presynaptic function relies on HK10-GIcNAcylation. a, Representative
images of neuronal axons expressing ATP sensor iATPSnFR1.0-mRuby
(pseudocolour, fire for iATPSnFR and magenta for mRuby), and shRNA-resistant
BFP-tagged WT or T259A-HK1 (grey) with HK1-shRNA. Images were taken
before, and 40 s and 490 s after stimulation with 100 APs at 10 Hz, and with
indicated pharmacological treatments. Scale bar, 5 um. b, Average fluorescence
traces of iATPSnFR, with indicated conditions or pharmacological treatments
and field stimulation (10 Hz, 100 APs) (black, WT HK1-BFP with HK1-shRNA;
brown, T259A-HK1-BFP with HK1-shRNA; red, 2-DG and oligomycin-treated
neurons). ¢, Average fluorescence traces of mRuby (magenta) control under
conditions asindicated in b before, and 40 s and 490 s following stimulation
with100 APs at 10 Hz. All values are shown as mean +s.e.m.; n = 9-10 neurons,
three independent experiments. d, Schematic of the pHluorin-tagged vesicular
glutamate transporter 1 (vGLUT1-pH), located at the presynaptic release site of
aneuron. The pHIuorin protein, conjugated to the luminal domain of vGLUT1,
exhibits fluorescence quenching at the acidic pH (~5.5) inside synaptic vesicles.
Upon neuronal stimulation and vesicle fusion, the luminal tag is exposed to

the extracellular pH, leading to a significantincrease in fluorescence. Post
endocytosis, pHluorin fluorescence is quenched again as the vesicle lumen
becomes acidic by the activity of the vacuolar ATPase (v-ATPase). e, Schematic
demonstrating the experimental design. f, Hippocampal neurons expressing
either WT or T259A-HK1-BFP. HK1-shRNA with vGLUT1-pH were electrically
stimulated with100 APs at 10 Hz. Representative images display vGLUT1-pH
(pseudocolour, fire) and mCherry cell filler (grey) before and after stimulation
inneuronal axons expressing either WT or T259A-HK1-BFP. Neutralization of
VGLUT1-pH vesicles with NH,Cl treatment reveals total axonal vesicle pool.
Scale bar, 5 um. g, Average trace of vGLUT1-pH with 100 APs 10 Hz stimulation
in WT HK1 (black) or T259A-HK1 (orange) expressing neurons. AF values were
normalized to maximal AF obtained from NH,Cl treatment. h, Baseline and
maximal (post electrical stimulation) vGLUT1-pH AF/F values. All values are
shownasmean +s.e.m.; n =10-11neurons and 91-205 presynaptic boutons, four
independent experiments (unpaired two-tailed ¢-test). See also Extended Data
Figs.7and 8.

Nature Metabolism | Volume 6 | September 2024 | 1712-1735

1723


http://www.nature.com/natmetab

Article

https://doi.org/10.1038/s42255-024-01121-9

However, although no differences in calcium dynamics were observed
inspiking neurons, the inhibition of HK10-GlcNAcylation was found to
reduce overall neuronal network activity (Extended DataFig. 8g,h), as
measured by multi-electrode array recordings from neurons express-
ing endogenous levels of WT or T259A-HK1. Our findings highlight
the essential role of O-GlcNAcylation of HK1in addressing localized
energy demands and ‘on demand’ ATP synthesis in neurons. Specifi-
cally, this post-translational modification of HK1is indispensable for
proper vesiclerecycling at presynaptic terminals, acompartmentalized
ATP-intensive process.
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Our findings demonstrate a dynamic regulatory feedback system
in which glucose levels, through the mediation of O-GIcNAcylation,
orchestrate the positioning of HK1 to mitochondria. This regulatory
mechanism involves the O-GlcNAcylation of Thr259 on HK1, which
we found to be crucial for HK1 localization and activity. Moreover,
our study provides evidence of how HK1 O-GIcNAcylation promotes
the formation of a glycolytic metabolon on the mitochondrial outer
membrane. Metabolon formation increases the efficiency of glucose
metabolism and ATP generation, crucial for high-energy-demanding
areas such as the presynaptic sites in neurons.

The O-GIcNAcylation of HK1 is tightly correlated with its posi-
tioning on mitochondria, whether the level was manipulated by over-
expression of OGT, pharmacological inhibition of OGT and OGA or
by nanobody-mediated targeting of O-GIcNAc cycling (Figs. 2 and
3). OGT post-translationally modifies over 8,000 proteins, including
several glycolytic enzymes such as PKM2 (ref. 47), PFK*® and PGK1
(ref. 49), all of which potentially impact cellular metabolism. How-
ever, by mapping and mutating the only site of O-GIcNAcylation on
HK1(T259A-HK1), we demonstrated that HK1is an essential substrate
through which OGT can enhance the ATP synthesis rate (Figs. 4 and 5).
Although T259A-HK1 does not alter HK1 enzymatic activity, we found
that it selectively prevents mitochondrial recruitment of HK1and the
formation of the glycolytic metabolon on mitochondria (Fig. 5 and
Extended Data Fig. 6). These findings reveal a previously unappreci-
ated role for HK1in regulating cellular energy metabolism through
glucose and O-GIcNAcylation-dependent mitochondrial localization.

Cells maintain metabolic homeostasis throughthe precise sensing
andregulation of glucose fluctuations. Within this complex regulatory
landscape, O-GlcNAcylation emerges as a crucial modulator®. In con-
trast to other forms of protein glycosylation, certain O-GlcNAcylation
sites are dynamically regulated, undergoing rapid addition or removal
in response to changes in the cellular state, such as excitatory neu-
ronal stimuli***. Conversely, other sites primarily fulfil structural roles
and exhibit slower turnover®’. Only dynamic and substoichiometric
0O-GlcNAcylationis highly responsive to glucose concentrations, influx
through hexosamine biosynthetic pathway and OGA inhibition (with
PUGNAC or Thiamet-G) in neurons and other cell types'?>*, Our study
shows that dynamic changes of HK1 O-GIcNAcylation on the highly
conserved T259 site allow metabolic sensing (Figs. 2-4). The widely
expressed HK isoform HK2, which lacks the T259 O-GIcNAcylationsite,
does not exhibit similar regulation in response to genetic or pharma-
cological OGT and OGA manipulations (Extended DataFig. 3). Notably,
HK1 contains an N-terminal regulatory domaininstead of two catalytic
domains found in HK2. Our study reveals that the affinity of G6P to the
N-terminal domain binding pocket is markedly reduced upon T259
O-GlcNAcylation (Fig. 6). Previous studies have suggested an allosteric
communication from the non-catalytic N-terminal domain of HK1to
the catalytic C-terminal binding pocket, wherein binding G6P at the
N terminus promotes a conformational change at the C terminus?®.
Hence, we postulate that O-GlcNAcylation of HK1 averts allosteric
regulation by the N-terminal binding pocket on the C-terminal catalytic
pocket, ensuring that HK1 remains catalytically active despite the pres-
ence of G6P. Our observations indicate that the binding of G6P to the
N-terminal pocket significantly reduces the dipole moment of HK1,
causing its N-terminal domain to have a less preferential orientation
intheelectrostatic field created by the negatively charged outer mito-
chondrial membrane. The N-terminal domain of HK1 contains the mito-
chondrial targeting domain". Potentially, an increase in the molecular
dipole orients the N-terminal half of HK1 toward the mitochondrial
outer membrane, allowing the mitochondrial targeting domain to
insertitselfinto the membrane. Taken together, our study offersarare
and compelling demonstration of how a singular post-translational
modification, O-GlcNAcylation, influences the structure and function
of HK1, unravelling critical insights into the complex and finely tuned
metabolic regulation of this pacemaker enzyme.

Glucose regulates the localization of mitochondria in neurons
through OGT and O-GIcNAcylation™*°, allowing the cell to adjust to
spatial heterogeneity in glucose concentration and directing mitochon-
driato the glucose-rich areas***. We have now revealed another layer of
regulation and elucidated that OGT and O-GIcNAcylation, by altering
the HK1 structure and mitochondrial localization, also regulates the
spatial organization of glycolytic enzymes, promoting ‘metabolon’
formation on mitochondria to bolster metabolic efficacy (Fig. 5 and
Extended Data Fig. 5). Assembling enzymes with their subsequent
substrates in close proximity increases reaction rates through sub-
strate channelling®®”’. Substrate channels between glycolytic enzymes
located on the mitochondrial surface in neurons could be a regula-
tory mechanism to ensure that adequate pyruvate is supplied into
mitochondria when respiratory demand increases rather than allow-
ing glycolytic intermediates to be diffused or used for an alternative
metabolic pathway. Conversely, the release of HK into the cytoplasm
would resultin more spatially uniform glucose consumption, negating
the metabolic enhancement achieved through mitochondrial localiza-
tion. The formation of glycolytic metabolon was previously observed
in multiple cell types, including yeast®****% cancer cells***°, Trypa-
nosoma®, pancreaticislet cells?, red blood cells® and muscle cells**>,
and also in response to hypoxia in C. elegans neurons®**°, Here, we
provide amolecular mechanism that promotes glycolytic metabolon
formation on mitochondria through post-translational modification
of HK1. This mechanism amplifies both glycolytic and mitochondrial
ATP synthesis rates. Importantly, this regulation by O-GlcNAcylation
of HK1isdynamic, leading to theredistribution of glycolytic enzymes
within minutes. This dynamic rearrangement underscores the exist-
ence of a spatially and temporally synchronized system for glucose
uptake, processing and ATP production, reinforcing cellular energy
homeostasis.

In the context of neurons, a cell type with substantial and local-
ized energy needs, coupling glycolysis to mitochondria through the
O-GlcNAcylation mechanism becomes particularly crucial. Despite
their significant energy demands, neurons lack stored ATP and pre-
dominantly metabolize glucose through glycolysis to meet acute
energy requirements®>*>*+¢+%_Synaptic activity and AP firing also
create arapid and highly dynamic energetic demand for neurons. In
response to periods of high activity, neuronsincrease in both surface
glucose transporter levels and glucose uptake, aligning with the
intensified demand for ATP****, This dynamicis underscored by find-
ings that synaptic activity boosts glucose consumption by amedian
of 1.9-fold®*® and also promotes O-GlcNAcylation®. Intriguingly, a
previous publication indicated that in a resting adult mouse brain,
HK operates at a mere 3% of its maximum capacity, suggesting an
available 33-fold increase in activity®. Here, we provide a molecular
mechanism in which the O-GlcNAcylation of HK1 would increase its
activity and ATP production at presynaptic sites, thus supplying the
high energy demand during intense synaptic activity (Fig. 7). Dys-
regulation of HK1 0-GlcNAcylation resulting from the introduction of
aT259A mutation causes chronicimpairmentin glucose metabolism
and energy depletion, and likely impairs presynaptic vesicle recycling
owing to ATPinsufficiency®. Moreover, alterations in the cytoplasmic
or mitochondrial localization of HK1 could affect the local availability
of ATP and ADP pools. The docking, exocytosis and endocytosis of
synaptic vesicles at the active zone are ATP-dependent processes*>*.
Although endocytosis is significantly more sensitive to decreases in
energy levels**, exocytosis still requires some ATP to proceed effec-
tively®®. The synaptic vesicles themselves also demand a significant
amount of ATP, especially given their reliance on vesicular v-ATPase
activity for filling vesicles with neurotransmitters®’. Therefore, it is
consistent that silencing neurons using TTX—which blocks neuronal
activity and conserves ATP levels, and potentially other metabolites—
rescues the synaptic vesicle recycling defects observed with the T259A
mutation (Fig. 7).
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Neurological diseases, including Alzheimer’s disease’®”, depres-
sion’? and schizophrenia”, have been correlated with metabolic dys-
function, such as the dissociation of HK1 from mitochondria and
reduced glucose metabolism’ ", The prevalence of O-GlcNAcylation
within the brain, coupled with the changes in glucose metabolism
in the brains of patients with Alzheimer’s disease, suggests that
O-GlcNAcylation may have important roles in the progression of
Alzheimer’s disease’””®'. The precise regulation of glucose sensing,
uptake and processing is fundamental to cellular metabolic adapt-
ability. In this study, we elucidate how nutrient-sensing influences
HK10-GIcNAcylationandits interaction with neuronal mitochondria,
optimizing metabolic efficiency through the post-translational modi-
fication mechanism. Disruptions in this metabolic pathway correlate
with various neurological disorders, suggesting a previously uniden-
tified involvement in neuropathologies. By unravelling this essential
feedback mechanism, which integrates synaptic activity with ATP
synthesis, we set the stage for discovering potential therapeutic targets
inneuronal dysfunction.

Methods

Mice and rat strains and maintenance

All animal experiments were conducted according to the National
Institutes of Health Guide for the Care and Use of Experimental Animals
and approved by the University of California San Diego Animal Care
and Use Committee. C57BL/6) strain 10-15-week-old WT male and
female mice (Jackson Laboratory) were used for fasting-refeeding
studies. Mice were singly housed at 22-24 °C in a room with ambi-
ent humidity using a 12 h light-dark cycle with ad libitum access to
standard chow diet and water. For experiments involving fasting and
refeeding, food was removed either for 24 h or 6 h, then replaced for
24 hforrefed conditions. Mouse blood glucose levels were measured
using an Accu-Chek Aviva Plus Glucose Monitor. Food intake, body
weight and blood glucose levels were monitored weekly throughout
the experiments as previously described'®. Sprague Dawley strain WT
rats (Envigo) were used for primary neuron cultures. Timed pregnant
female rats (embryonic days 13-16) were singly housed inaroom with
al2 hlight-dark cycle with ad libitum food, water access and environ-
mental enrichment. Primary hippocampal and cortical neuron cultures
were generated as described in the section below.

Caenorhabditis elegans strains and maintenance

All strains were maintained at 20 °C on nematode growth medium
plates seeded with E. coli OP50 as previously described®. Hermaph-
rodites were used for all experiments, and males were only used for
crossing. To label mitochondria in cholinergic motor neuron DA9,
mitochondria matrix localization signal (as in pPD96.32) was fused
with TagRFP expressed as extrachromosomal arrays. The microinjec-
tion mix contained Pitr-1pB::mito::TagRFP::1et858 3’'UTR (pYW217)
at 30 ng pl™ to label the mitochondria in DA9 neuron, Podr-1::gfp at
20 ng pl™ to label the AWB/C neurons as the co-injection marker and
PromegalkbDNA ladder as thefiller. The hxk-1::7xgfp11 knock-in was
generated by CRISPR-Cas9 using a pre-assembled Cas9 ribonucleo-
protein complex®® (Extended Data Fig. 2f). In brief, the injection mix
contained 0.25 pg pl™ S. pyogenes Cas9 (IDT), 0.1 pg pl™ tracrRNA
(IDT), 0.056 pg pl™ crRNA, 25 ng pl™ pre-melted double-stranded DNA
repair template and 40 ng pl™ PRF4 (rol-6 (su1006)) plasmid. The mix
was injected into a strain that expresses the GFP1-10 fragment in the
DA9 neuron and another neuron in the ventral cord®*. Non-roller F,
progeny from P, roller jackpot plates were screened by single-worm
PCR. Homozygotes from the F, generation were verified by Sanger
sequencing. The repair template contained 35 bp homology arms on
both ends and a GSGGGG liker between hxk-1and 7xgfp1l. The repair
template was synthesized as a Gblock by IDT (specific sequences are
listed in Supplementary Table 1), amplified by PCR, gel-purified and
further cleaned up with the MinElute PCR purification kit.

Primary neuronal culture

Primary neuron cultures were established fromrat embryos (E18) as pre-
viously described®. Hippocampal and cortical neurons were plated ata
density of 5-7 x 10* cells per cm?on round (12 mm diameter) coverslips
(CarolinaBiological Supplies) forimaging or on 6-well plates at1-2 x 10°
cells per cm? for biochemical assays. Before plating, coverslips and
plates were coated with 20 ug ml™ poly-L-lysine and 3.5 pg mI™ laminin
overnight at room temperature. Primary neuron cultures were main-
tained in Neurobasal medium containing 5 mM glucose, supplemented
with B27, GlutaMAX and penicillin-streptomycin unless modified as
specified. Glucose levels in neuron culture media were monitored every
24 hto maintain a concentration of 5 mM glucose. For neuron culture
media containing 1 mM glucose, glucose levels were monitored every
12 h.Eachindependent experiment was performed with the preparation
of new primary neuron cultures. For biochemical assays, cortical neu-
ronswere treated with1 M cytarabine (Ara-C) at 3 daysin vitro (DIV) to
preventglia proliferation for 2 days. The Ara-C-containing medium was
replaced with fresh neuron maintenance medium at 5 DIV. The primary
neuron cultures were maintained for 11-17 DIV by replacing one-third of
the culture medium with afreshmedium every 3 days. Whenindicated,
hippocampal and cortical neurons were treated with Thiamet-G or
OSMI-4 at a final concentration of 5 uM for 16-18 h. Primary neuron
cultures were transfected with indicated plasmid DNA constructs
using Lipofectamine 2000 for each experiment and imaged 2-3 days
later. For each experiment, co-transfection efficiency of 80-90% (up to
four plasmids) was confirmed retrospectively. Supplementary Table 1
contains detailed information about the reagents and materials used
for primary neuron cultures.

Cellline culture

HEK293T, monkey kidney COS-7 and Neuro-2a cell lines were used to per-
formindicated experiments. The cell lines were obtained from American
Type Culture Collection (ATCC) and were tested every 6 months for myco-
plasma contamination using LookOut Mycoplasma PCR DetectionKit. To
achieve consistency in cellular metabolic properties, the cell lines were
used for no more than 15 passages. HEK293T cells were CRISPR-edited
to endogenously tag HK1, as described in the section below. Both WT
and CRISPR-edited HEK293T cells were maintained in DMEM containing
5 mMglucose, supplemented with penicillin (100 U ml™)-streptomycin
(100 pg mI™?)-L-glutamine (2 mM), 10% FBS at 37 °C in a 95% air, 5% CO,
humidified incubator. For biochemistry experiments and respirometry
measurements, HEK293T cells were plated on 6-well plates at a density
of 6.3 x10* cells per cm?. For microscopy experiments, HEK293T cells
were plated on round (12 mm diameter) coverslips ata density of 2.6 x 10*
cells per cm?. Plasmid DNA transfections were performed with calcium
phosphate protocol® when HEK293T cells reached at least 30% conflu-
ency, using 0.5-1 g of DNA per well. When indicated, HEK239T cells
weretreated with Thiamet-G atafinal concentration of 10 uMfor16-18 h.
COS-7 and Neuro-2a cell lines were maintained in DMEM containing
25 mM glucose, supplemented with penicillin (100 U mI™)-streptomy-
cin (100 pg ml™)-L-glutamine (2 mM) and 10% FBS at 37 °C in a 95% air,
5% CO, humidified incubator. For microscopy experiments, COS-7 cells
were plated onround (12 mm diameter) coverslips at adensity of 2 x 10*
cells per well and transfected with plasmid DNA (0.4-2.9 pg of DNA per
well) confluency using the calcium phosphate protocol®* when they
reached30%. Neuro-2a cells were transfected with plasmid DNA (2.5 ug
DNA per well) at 50% confluency using Lipofectamine 3000 transfection
reagentin Opti-MEM medium. Cells were lysed for biochemical analysis
or processed for microscopy 2-3 days after transfection, asindicated for
each experiment. Supplementary Table 1 contains detailed information
about the reagents and materials used for cell line cultures.

Plasmid constructs
The following previously published or commercially available DNA con-
structs were used: VGLUT1-pHluorin® (agift from Dr. Ghazal Ashrafi),
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mCherry® (a gift from Dr. Gentry Patrick), pRK5-Myc-OGA®*® and
nucleocytoplasmic OGT (ncOGT)° (agift from Gerald Hart laboratory,
Johns Hopkins and the NHLBI PO1HL107153 Core C4), mEGFP-PKM2*
(agift from Dr.Songon An), mCherry-mito-FKBP°' and pDsRed2-Mito'
(a gift from Thomas Schwarz), pAAV.CAG.GCaMP6s.WPRE.SV40°?
(a gift from Douglas Kim and GENIE Project; Addgene, plasmid
100844), Synapsin-cyto-mRuby3-iATPSnFR1.0” (a gift from Baljit
Khakh; Addgene, plasmid 102557; http://n2t.net/addgene:102557;
RRID: Addgene_102557), CMV-Hylight* (a gift from Richard Goodman;
Addgene, plasmid 193447; http://n2t.net/addgene:193447; RRID:
Addgene_193447), FLHKI-pGFPN3, TrHKI-pGFPN3 and FLHKII-
pGFPN3" (a gift from Hossein Ardehali; Addgene, plasmids 21917,
21918 and 21920), (294)pcDNA3.1-myc-OGA(1-400) and (344)
pcDNA3.1(+)-HA-nLaG6-(EAAAK)4-OGA(544-706) (a gift from
Christina Woo; Addgene, plasmids 168095 and 168197). The lenti-
virus packaging plasmids psPAX2 and pMD2.G were a gift from
Didier Trono (Addgene, plasmids 12260 and 12259; http://n2t.net/
addgene:12260; RRID: Addgene_12260; http://n2t.net/addgene:12259;
RRID: Addgene_12259). Additionally, the shRNA plasmid against mouse
HK1 and empty vector control were purchased from Sigma-Aldrich
MISSION.

Thefollowing plasmids were generated in this study: T259A-HK1-
GFP was PCR-amplified from WT HK1-GFP with the Thr259 to alanine
mutation by using the In-Fusion HD Cloning Kit. WT T259A-HK1-BFP
and FLAG-APEX2 were generated from WT T259A-HK1-GFP by excis-
ing GFP using Apal and Notl digestion and replacing it with gene block
containing TagBFP or FLAG-APEX2 (specific sequences are listed in
Supplementary Table1). Furthermore, pEGFP-FRB*:.Tr-hHK1 (vector ID
VB181221-1086jen), pEGFP-FRB*:Tr-T259A-hHK1 (vector ID VB181221-
1158hep), HK1shRNA-SYN-WT-HK1-mNeonGreen-mCherry (vector ID
VB210910-1051quh) and HK1 shRNA-SYN-T259A-HK1-mNeonGreen-
T2A-mCherry (vector ID VB210910-1046tmk) used in this study were
constructed by VectorBuilder. The vector ID numbers can be used to
retrieve detailed information.

CRISPR-mediated EGFP tagging of endogenous HK1in
HEK293T

To generate endogenously fluorescently tagged HK1 (with EGFP)
expressing HEK293T cells (HEK293T-EGFP-HK1), single guide RNAs
(sgRNAs) were designed to target the region between exon 18 and 3’
UTR of the human transcript HK1-202 (NM_000188). Candidate sgRNAs
were designed by the CRISPR design tool from the Wellcome Sanger
Institute. To confirm the on-target activity of the designed sgRNAs,
we used Universal CRISPR Activity Assay (UCATM), a sgRNA activity
detectionsystem developed by Biocytogen. The targeting donor vector
used in this study contained a PuroDeltatk-resistant cassette flanked
byloxPsitesinintronl7 and alinker-EGFP cassette inserted before the
TAA stop codon of the human HK1gene. Thus, the fluorescent protein
EGFP is fused to and under control of the endogenous HK1 promoter
(Extended DataFig.3a). Tointroduce the sgRNA2 and targeting vector
into the HEK293T cell line, electroporation was used. After the selec-
tion of cells for drug resistance and performing PCR, mixed positive
clones were further electroporated with a Cre-expressing vector to
remove the antibiotic-resistant cassette. Subsequently, 14 clones were
picked and expanded in semisolid media. Finally, two homozygous
clones were obtained by further genotyping characterizationand PCR
product sequencing.

C. elegansimaging and analysis

ST045849 was used to inhibit the OGT in C. elegans®. A 20 mM stock
solution was prepared in DMSO and added to NGM media to achieve
afinal concentration of 50 uM. The media was poured into 12-well
plates at a volume of 2 ml per well. The plate was left to dry overnight
at room temperature with a loose cover. The following day, 50 pl of
concentrated OP50 bacteria containing 50 pM ST045849 was added

to each well. After the plate had dried for approximately 30 min, L2
worms were transferred onto the plate immediately and incubated at
20 °C.Worms at thelarval L4 to adult transition stages were imaged the
next day (approximately 24 h later). For the control group, the same
amount of DMSO was added to both NGM and OP50.

Forimaging, L4 animals wereimmobilized with 50 mM muscimol
and mounted on 3% agarose pads. Animals oriented with the ven-
tral side facing the coverslip were selected for imaging the cell body.
Images were acquired on a VT-iSIM system (BioVision) built around a
Leica Laser Safe DMi8 inverted scope with an HC PL APO x63/1.40 Oil
CS2objective and an ORCA-Flash 4.0 camera (Hamamatsu). Emission
filters 525/50 nm and 605/52 nm were used for 488 nm and 561 nm
illumination, respectively. Z-stacks were acquired with 0.2 um step
size on an ASI-XYpZ Piezo stage. Images were taken sequentially for
488 nmand 561 nmat each Zposition, and 400 ms exposure time was
used for each channel. Image acquisition was controlled by the Meta-
Morph Advanced Confocal Acquisition software package. Maximum
projections were generated in Fiji’* from microscopy data. To calculate
the ratio of HXK-1::7xSplitGFP intensity on mitochondria versus the
cytoplasm in the cell body, all images were blinded and randomized.
Mitochondriawere traced manually in the TagRFP channel, and average
intensities from the GFP channelin areas with mitochondria or without
mitochondria were recorded. The auto-fluorescent signal from the
surrounding area was selected as background and subtracted from
the GFP intensity. The subtracted values were then used to calculate
the mitochondrial to cytoplasmic ratio.

Brainsliceimmunohistochemistry

Immediately after the end of the fasting-refeeding experiments,
mice were anaesthetised by inhalation of isoflurane and perfused
transcardially first with ice-cold phosphate-buffered saline (PBS, pH
7.4) containing heparin (19.5 U ml™), followed by freshly prepared 4%
paraformaldehyde (PFA) in PBS. Brains were extracted and post-fixed
with 4% PFA solution overnight, rinsed with PBS, cryoprotected in
30% sucrose and embedded with Tissue-Tek O.C.T. compound for
cryosectioning. Brain sections of 20 um thickness were obtained using
acryostat. The sections were placed in Mouse-on-Mouse blocking
solution (1 drop in 2.5 ml of 1x PBS) for 30 min at room temperature
to reduce nonspecific binding. To further prevent nonspecific bind-
ing, the sections were incubated in blocking buffer (3% normal goat
serum, 1% bovine serum albumin, 1% fish gelatin, 0.1% Triton X-100,
1x PBS, ddH,0) for 1 h at room temperature. The sections were then
incubated overnight at 4 °C with the following antibodies (see Sup-
plementary Table 1 for detailed information about the antibodies) in
the staining solution (10% blocking buffer, 0.1% Triton X-100, 1x PBS,
ddH20): rabbit anti-HK1 (1:500), mouse anti-pyruvate dehydrogenase
(1:500) and chicken anti-NeuN (1:500). After washing with1x PBS three
times, the sections were incubated with secondary antibodies con-
jugated with Alexa Fluor 488, 568 and 647 (1:500 dilution for each)
for1h at room temperature. The sections were then washed twice
with 1x PBS before incubating with DAPI 4’,6-diamidino-phenyindole
(1:1,000 in 1x PBS) for 10 min at room temperature to label nuclei.
Lastly, the sections were washed twice with 1x PBS and mounted on
Superfrost Plus Microscope slides and no. 1.5 rectangle Platinum Line
cover glass using VECTASHIELD Vibrance antifade mounting medium.
Images were acquired using both Zeiss Axio Imager Z2 upright micro-
scope with ZEN pro Elements, and the fluorophores were excited using
the 385 nm, 475 nm, 555 nm and 630 nm lines of the six-line (385 nm,
430 nm, 475 nm, 511 nm, 555 nm, 630 nm), Plan-Apochromat objective
of x20/0.4 objective, the camera used was AxioCam 712 mono, pixel
size 3.45 pm x 3.45 um, 1,388 x 1,040 pixels and Zeiss LSM 780 confo-
cal laser scanning microscope, Plan-Apochromat x100/1.40 Qil DIC
M27 objective with the highly sensitive low dark noise PMTs (2x) and
GaAsP (32x) array. Image acquisition settings were kept constant across
different conditions and sections. A total of 27-30 hippocampal CA3
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regionimages were acquired and analysed using Fiji/ImageJ software™,
and linear adjustments of brightness and contrast were made only for
visualization purposes. To quantify co-localization between HK1 and
mitochondria, first, all images were blinded and randomized, and
then the Fiji/Image) plugin COLOC2 was used to calculate Manders’
coefficients”. Indicated regions from mice hippocampus were used
for this analysis. The calculated values were extracted, and statistically
analysed using GraphPad Prism version 7.0 for Mac OS.

Immunocytochemistry
HEK293T and COS-7 cells were fixed with 4% PFA in 1x PBS for 10 min
atroomtemperature. Fixed cells were washed three times with1x PBS,
followed by blocking with 0.5% saponinand 1% BSA in 1x PBS for 1 hat
room temperature. The cells were then immunostained with primary
antibodies at4 °C overnightinblocking buffer. The primary antibodies
used were rabbit anti-GFP, mouse anti-GFP, rabbit anti-Tomm?20,
rat anti-HA and chicken anti-myc (1:500 dilution for each) (see Sup-
plementary Table 1 for detailed information about the antibodies).
After washing cells three times with 1x PBS, they were incubated with
secondary antibodies conjugated with Alexa Fluor dyes at 1:500 dilu-
tionfor1hatroomtemperature. The secondary antibodies used were
goat anti-rabbit Alexa Fluor 488, goat anti-chicken Alexa Fluor 405,
goatanti-mouse Alexa Fluor 488, goat anti-rabbit Alexa Fluor 568 and
goat anti-rat Alexa Fluor 647. Following another three washes with 1x
PBS, coverslips were mounted using DAPI Fluoromount-G. Images were
acquired using a Zeiss LSM 780 confocal laser scanning microscope
equipped with Plan-Apochromat x100/1.40 Oil DIC M27 objective.
Immunocytochemistry of 11-15 DIV disassociated primary neuron
cultures was performed as previously described’. In brief, neurons
expressingindicated plasmids were fixed with 4% PFA and 4% sucrose
in1x PBS for 10 minatroom temperature. The fixed neurons were then
washed three timesin1x PBS, followed by blockingin1x GBD (10% goat
serum, 1% BSA and 0.1% Triton X-100 in1x PBS) for 1 hat room tempera-
ture. Primary antibodies were diluted in 1x GBD and incubated with the
neuronsovernightat4 °C.Secondary antibodies were also diluted in 1x
GBD andincubated with the neurons for1 hatroomtemperature. The
following primary and secondary antibodies were used: rabbit anti-HK1
(Invitrogen, 1:500) or rabbit anti-HK1 (Cell Signaling, 1:250) and goat
anti-rabbit Alexa Fluor 647 (1:500). The coverslips were mounted using
Fluoromount-G.Images were acquired using a Zeiss LSM 780 confocal
laser scanning microscope equipped with a C-Apochromat x40/1.20 W
Korr FCS M27 objective. The image acquisition settings were kept
consistent across different conditions and coverslips for HEK293T,
COS-7 and primary neuronimmunostaining. The acquired images were
analysed using Fiji®*, and only linear adjustments of brightness and
contrast were made for visualization purposes. All experiments were
performed at least three times, and representative images are shown.
Quantification of staining intensity and co-localization was performed
onFiji/lmageJ, and statistical analysis was conducted using GraphPad
Prism version 7.0 for Mac OS.

Mitochondriaisolation

Mitochondrial fractions were prepared from 11-15 DIV primary cor-
tical neuron cultures or HEK293T cells, plated on 6-well plates, by
homogenization in mitochondrial isolation buffer (10 mM Tris-HCI
(pH7.4),10 mMKCI, 250 mM sucrose,1 mM EDTA (pH 8.0), 1x Protease
Inhibitor Cocktail Set Il EDTA Free, 0.1 mM phenylmethylsulfonyl
fluoride (PMSF), 4 pM Thiamet-G and 2 mM dithiothreitol (DTT)) and
differential centrifugation. Each well containing cells (-1.5 x 107 cells per
condition) was first washed with1 mlice-cold1x PBS and thenincubated
with 330 pl of freshly prepared mitochondrial isolation buffer on ice
for10 min with gentle agitation. Cells were detached witha cell scraper
and homogenized with 20-30 strokes using atight-fitting B pestleina
1 ml Dounce homogenizer. The homogenate was centrifuged at 700g
for 10 min at 4 °C to pellet nuclei and large cell debris. Then, 20 pl of

the first supernatant (input, containing mitochondria) was saved
for western blot analysis as whole cell lysate. The supernatant was
centrifuged again at 10,000g for 10 min at 4 °C to pellet the crude
mitochondrial fraction. The second supernatant (cytoplasmic
fraction) was collected and concentrated using 0.5 ml Centrifugal
Filters, Ultracel-10K. Then, 50% of the mitochondrial fraction (20%
for Extended Data Fig. 5k) and 50% of the cytoplasmic fraction (5%
for Extended Data Fig. 5k) were loaded in SDS-PAGE and analysed
by western blotting. For western blot analysis, samples were resus-
pended in 1x Laemmli sample buffer and denatured at 95 °C for 5 min
beforeloading onto an SDS-PAGE. After separation, the proteins were
transferred to nitrocellulose membranes and stained with primary
or secondary antibodies as previously described'®. Stripping buffer
was used to reprobe the western blots with different antibodies, and
blots were only reprobed after confirming the absence of the previous
signal. Chemiluminescent detection was performed with SuperSignal
West Dura Extended Duration Substrate. For quantitative westernblot
measurements, image exposure times were optimized for the linear
range of detection using the Azure C600 Biosystem gel documenta-
tion system. All experiments were performed atleast three times. The
images were further analysed using Fiji gel analyser®*, using only linear
adjustments of brightness and contrast for visualization.
Thefollowing antibodies (see Supplementary Table 1for detailed
information about the antibodies) were used for probing blots
to analyse mitochondrial and cytoplasmic fractions: rabbit anti-HK1
(Invitrogen) at 1:500; rabbit anti-PKM2 at 1:500; mouse anti-PKM at
1:250; rabbit anti-Aldolase A at 1:250; mouse anti-Aldolase A at 1:500;
mouse anti-PGK at 1:250; rabbit anti-GPI at 1:500; mouse anti-PFKM
at 1:500; mouse anti-GAPDH at 1:1,000; mouse anti-PGAM1 at 1:500;
mouse anti-NSE at 1:500, mouse anti-TPI at 1:500; rabbit anti-ATP5B
at 1:1,000; mouse anti-tubulin alpha-4A chain at 1:1,000; mouse
anti-actin at 1:2,000; mouse and rabbit anti-LAMP2 at 1:1,000; rabbit
anti-Golgin-97 at1:1,000; mouse anti-KDEL at 1:1,000; rabbit anti-PEX19
at1:1,000; mouse anti-Lamin A at1:1,000; rabbit anti-CKAP4 at 1:1,000;
goat anti-mouse horseradish peroxidase at 1:2,000 and goat anti-rabbit
horseradish peroxidase-conjugated peroxidase at 1:2,000.

HK1release assay

To evaluate the release of HK1 from mitochondria as a function of
G6P concentration, mitochondria were isolated from HEK239T cells
(expressing WT or T259A-HK1-GFP together with OGT overexpres-
sion and 10 pM Thiamet-G treatment or under control conditions)
using modified mitochondria isolation buffer (5 mM HEPES (pH 7.4),
250 mM sucrose, 5mM D-glucose, 1x Protease Inhibitor Cocktail Set
11l EDTA Free, 0.1 mM PMSF, 2 mM DTT, 10 uM Thiamet-G, 40 mM
N-acetyl-D-glucosamine), as described above. To perform the HK1
release assay, equal amounts of purified mitochondria were resus-
pended in a release buffer (5 mM MgCl,-6H,0 added into modified
mitochondria isolation buffer) containing O uM, 250 uM or 500 uM
G6P (Fig. 6d). The samples were incubated for 30 min at room tempera-
ture. The mitochondriawere pelleted by centrifugation at 10,000g for
10 min at 4 °C. The supernatant containing the HK1 fraction released
by various concentrations of G6P (flowthrough) was collected. The
mitochondrial pellet was resuspended in modified mitochondriaisola-
tion buffer and centrifuged again. The mitochondriaand flowthrough
samples were loaded into SDS-PAGE for western blot analysis and
evaluated with indicated antibodies.

0-GIcNAcylation measurements

HEK293T or HEK293T-EGFP-HK1 cells were plated in a 6-well plate
as mentioned above and transfected with the indicated plasmid
constructs the next day. Then, 3 days after reaching confluency, cells
werewashed once withice-cold 1x PBS containing 8 pM Thiamet-G and
lysedin 500 plbuffer containing 2% NP-40 alternative, 50 mM Tris-HCI
(pH 7.5),150 mM NaCl, 1 mM EDTA, 40 mM N-acetyl-D-glucosamine,
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8 mM Thiamet-G,2 mM DTT, 0.1 mg mlI™ PMSF and protease inhibitor
cocktail at 1:1,000. Lysates were centrifuged 10 minat13,000g at 4 °C
and the supernatants were collected. Forimmunoprecipitations of
HK2-GFP, and HK1-GFP WT or GIcNAc site mutant (T259A), 2 ug of
anti-GFPwasincubated for2 hat4 °Cwith 500 pl of whole-cell lysates,
thenfor1hat4 °CwithProtein ASepharose beads. Beads were washed
three times with lysis buffer and resuspended with 1x Laemmli buffer.
Next, 80-90% of theimmunoprecipitants were separated by SDS-PAGE
and transferred to nitrocellulose membranes. For O-GIcNAcylation
measurements, blots were first incubated with blocking buffer contain-
ing3%BSAin1x TBST, then probed with anti-O-GlcNAc antibody (RL2)
overnight”. To demonstrate O-GlcNAc modification of endogenous
HK1inneurons, weimmunoprecipitated O-GlcNAcylated proteins from
mitochondrial fractions using 5 pg anti-O-GlcNAc (RL2) antibody and
probed with Anti-HK1 antibody (Extended Data Fig. 3c,d). All buffers
havetobe made or added fresh and all steps mentioned above have to
be done in the same day to preserve O-GlcNAcylation. The same blot
was re-probed with rabbit anti-GFP used at 1:1,000, rabbit anti-HK1
(Invitrogen) used at1:500 or rabbit anti-OGT antibody used at 1:1,000
after washing thoroughly and blocking with 5% non-fat milkin1x PBST
(1x PBS with 0.1% Tween20) for 1-2 h at room temperature. For quantita-
tive westernblot measurements, image exposure times were optimized
for the linear range of detection using the Azure C600 Biosystem
gel documentation system. The images were further analysed using
the Fiji gel analyser function to quantify the intensity of each band.

Mass spectrometry analysis

HK1-GFP was immunoprecipitated from HEK293T cells as described
above. HEK293T cells were treated either with 5 uM Thiamet-G or
vehicle overnight. Then, 80-90% of each sample was separated by 7.5%
Mini-PROTEAN TGX precast gel. The SimpleBlue-stained gel band cor-
responding to HK1-GFP as well as the control lane were excised, minced
and prepared for mass spectrometry analysis as previously described””.
In brief, the gel was cut into 1 mm x 1 mm cubes and destained three
times by first washing with 100 plof 100 mM ammonium bicarbonate
for 15 min, followed by addition of the same volume of acetonitrile
(ACN) for 15 min. The supernatant was removed and samples were
driedinaspeedvac.Samples were then reduced by mixing with 200 pl
0of 100 mM ammonium bicarbonate and 10 mM DTT and incubated
at 56 °C for 30 min. The liquid was removed and 200 pl of 100 mM
ammonium bicarbonate and 55 mM iodoacetamide was added to gel
piecesand incubated at room temperature in the dark for 20 min. After
theremoval of the supernatant and one wash with100 mM ammonium
bicarbonate for 15 min, the same volume of ACN was added to dehy-
dratethe gel pieces. The solution was then removed and samples were
driedinaspeedvac. For digestion, enough solution of ice-cold trypsin
(0.01 pg pl™) in 50 mM ammonium bicarbonate was added to cover
the gel pieces and set on ice for 30 min. After complete rehydration,
the excess trypsin solution was removed, replaced with fresh 50 mM
ammonium bicarbonate and left overnight at 37 °C. The peptides were
extracted twice by the addition of 50 pl of 0.2% formicacid and 5% ACN
with vortex mixing at room temperature for 30 min. The supernatant
was removed and saved. A total of 50 pl of 50% ACN and 0.2% formic
acid was added to the sample, which was vortexed again at room tem-
perature for 30 min. The supernatant was removed and combined with
thesupernatant from the first extraction”. The combined extractions
were analysed directly by liquid chromatography in combination with
tandem mass spectroscopy using electrospray ionization.

Trypsin and gluc-digested peptides were analysed by ultra-high-
pressure liquid chromatography coupled with tandem mass spectro-
scopy using nanospray ionization. The nanospray ionization experi-
ments were performed using an Orbitrap fusion Lumos hybrid mass
spectrometer (Thermo) interfaced with nano-scale reversed-phase
ultra-high-pressure liquid chromatography machine (Thermo
Dionex UltiMate 3000 RSLC nano System) using a 25 cm, 75 um ID

glass capillary packed with 1.7 pm C18 (130) BEHTM beads (Waters
corporation). Peptides were eluted from the C18 columninto the mass
spectrometer using a linear gradient (5-80%) of ACN at a flow rate
of 375 pul min™ for 1 h. The buffers used to create the ACN gradient
included buffer A (98% H,0, 2% ACN, 0.1% formic acid) and buffer B
(100% ACN, 0.1% formic acid). Mass spectrometry (MS1 survey scan
using the orbitrap detector (mass range (m/z):400-1,500 (using quad-
rupoleisolation)), 60,000 resolution setting, spray voltage of2,400V,
ion transfer tube temperature of 285 °C, AGC target of 400,000 and
maximum injection time of 50 ms) was followed by data-dependent
scans (top speed for most intense ions, with charge state set to only
include +2-5ions, and 5 s exclusion time, while selecting ions with
minimal intensities of 50,000 at in which the collision event was car-
ried out with high energy collision cell dissociation (HCD collision
energy of 30%), and the fragment masses where analysed in the ion trap
mass analyser (withion trap scanrate of turbo, first mass m/zwas 100,
AGC target 5,000 and maximum injection time of 35 ms), followed by
electrontransfer dissociation (ETD collision energy of 25%, and EThcD
setting active (SA collision energy of 25%)), and the fragment masses
where analysed in the ion trap mass analyser (with ion trap scan rate
of turbo, first mass m/z was 100, AGC target of 5,000 and maximum
injection time of 35 ms). Data analyses were carried out using Byonic
(Protein Metrics) or Peaks v.8.5 (Bioinformatics Solutions).

Structural analysis of HK1 using computational modelling

An X-ray crystallography structure of HK1 (PDB 1CZA) was used for
the structural analysis”. The secondary structure of the unmodelled
portion of HK1 (amino acid residues 1-15) was predicted with Iterative
Threading Assembly Refinement®® and manually appended to the crys-
talstructure using Visual Molecular Dynamics. The full-lengthstructure
was then minimized using stochastic gradient descent and equilibrated
for 200 ns in explicit water. The equilibrated HK1 structure was then
used to construct avariant with the T259 O-GIcNAc post-translational
modification using Charmm-GUI’s standard procedures’. The
O-GIcNAc modified variant of HK1 was minimized using stochastic
gradient descent and equilibrated for 200 ns in water and counter
ions ataconcentration of 0.15 M. Finally, aconformational searchwas
performed using REST2 in Nanoscale Molecular Dynamics*'°°. The
REST2 simulations were performed with 30 replicas over alinear tem-
perature range from300 K to 500 K. The number of exchange attempts
was 5,000, with 20,000 integration steps between each exchange
for 200 ns for each of the 30 replicas, totalling 6 ps of sampling.

To determine how T259 O-GlcNAcylation alters HK1 function,
Poisson-Boltzmann calculations were performed using the APBS
software suite'” with the following parameters. First, the linearized
Poisson-Boltzmann equation was solved with the single Debye-Huckel
boundary condition and the smol option for representation of the
molecular surface. The cglen and fglen options were chosen toensure a
1Aresolution electrostatic potential grid. Temperature and ion concen-
trationswere setat 300 Kand 0.15 M. The protein and solvent dielectric
constantswere setto12.0 and 78, respectively. The radius of the solvent
was set to that of water, 1.4 A. Finally, the atomic radii and charges were
set as defined in the CHARMM36 force field'®.

G6P measurements

Tomeasure G6P levels, HEK293T cells were transfected withindicated
constructs and detached from 6-well plates with a cell scraper. Cell
lysates were prepared in 500 pl ice-cold 1x PBS using 25G 5/8 inch
and 30G 1/2 inch syringe needles. Lysates were centrifuged for 5 min
at13,000g and 4 °C, and the supernatants were collected. The super-
natant was filtered through Amicon Ultra-0.5 ml centrifugal filters
(Ultracel-10K) and centrifuged for 15 min at 14,000gand 4 °C. The con-
centrated samples were used to measure total protein concentrations
with aBCA Protein Assay and the deproteinized samples were used to
measure G6P levels following the protocol provided in the G6P Assay
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Kit. Colorimetric measurements were made at room temperature using
a Spark 20M reader. Expression levels of WT or GIcNAc site mutant
(T259A) HK1-GFP were analysed by western blotting from cell lysates.

Respirometry measurements with HEK293T

OCR and ECAR were measured using an Agilent Seahorse XFe96
Analyzer with a Seahorse XF Mito Stress Test and Seahorse XF Real-Time
ATP Rate protocol from HEK293T cells. HEK239T cells were initially
cultured on 6-well plates as described above; after 16-18 h of trans-
fection, cells were re-plated on XF96e plates at 2.5 x 10> mm ™2 density.
After 2-3 h of replating, cells were treated with 10 pM OGA inhibitor
Thiamet-G or vehicle control (DMSO) overnight. For respirometry
measurements, the DMEM was exchanged with XF DMEM base medium
(pH7.4) withno phenol red supplemented with 5 mMglucoseand1 mM
pyruvate. NucBlue Live Cell Stain was included to stain nuclei for cell
countingimmediately after the assay. Respiration was measured under
basal conditions as well as after injections of 2 uM (for ATP production
rate assay) or 0.5 uM (for mitochondria stress test) oligomycin, 0.5 pM
FCCP and 0.5 puM rotenone/antimycin A. To recruit HK1 to the mito-
chondria surface using a chemically induced dimerization strategy”
(Fig. Se,f), AP21967 was applied at a final concentration of 500 nM to
HEK239T cells for 15-20 min before respirometry measurements. ATP
production rates were calculated according to the protocol provided
by Agilent. Basal and maximal OCR as well as ECAR values were plotted
after cell count normalization with FluxNorm Normalization, with cell
counts done by FluxNorm®.,

Verification of HK1 knockdown with shRNA and rescue

For the HK1 knockdown experiments, 14 shRNA constructs from the
SigmaMISSION shRNA library were screened. The most effective sSiRNA
construct (TRCN0000297076) was selected and subsequently used to
examine the HK1knockdown efficiency. Given that the target sequence
was conserved between mouse and rat HK1, the knockdown efficiency
was first validated in Neuro-2a cells. The specificity of the HK1-shRNA
construct was verified by co-expressing shRNA-resistant human WT or
T259A-HK1-GFP for 3 days and then measuring the level of GFP signal
from cell lysates (Extended Data Fig. 1b,c). After confirming the mouse
HK1knockdown efficiency, the HK1-shRNA construct was further char-
acterized in rat primary neuron cultures. Rat hippocampal neurons
were transfected with either TRC2 pLKO.5-puro empty vector control
plasmid DNA or HK1-shRNA construct together and Mito-DsRed. Given
the half-life of HK1 protein was estimated to be ~72 h'*?, the shRNA
construct was expressed in rat neurons for 3 days, allowing efficient
knockdown of endogenous HK1 to be achieved. The efficiency of rat
HK1 knockdown was verified retrospectively for each transfection by
immunocytochemistry using an antibody against endogenous HK1
(Extended DataFig. 4f,g). shRNA-resistant human GFP or BFP-tagged
WT HK1 and T259A O-GIcNAc silent base mutation constructs were
used together with the shRNA construct to maintain endogenous HK1
levels for all experiments (Extended Data Fig. 4f,g).

Live HEK293T cell imaging and analysis

HEK293T cells were transfected with a plasmid expressing Tom20-
mCherry-FKBP” and FRB-Tr-HK1-GFP. After 24 h, cells were imaged
using a Zeiss LSM 780 confocal laser scanning microscope equipped
with a C-Apochromat x40/1.20 W Korr FCS M27 objective with excita-
tion at 488 nm and 561 nm separately. To investigate the time course
of rapalog (AP21967)-induced dimerization, cells were treated with
500 nM AP21967 or DMSO as a vehicle control, and live-cell imaging
was performed for 20 min. It was found that 10-15 min of AP21967
treatment was sufficient toinduce HK1recruitment to mitochondria.
HEK293T cells were continuously perfused at 0.2-0.25 ml min with
Hibernate Elow fluorescent, 5 mM glucose during image acquisition at
37 °C.Time-lapse images were acquired every 5 s at <1.5% laser power
for each channel to minimize phototoxicity.

Live neuronimaging and analysis

vGLUT1-pH, iATPSnFR, HYlight and GCaMP live imaging with elec-
trical stimulation. Primary hippocampal neurons were transfected
with indicated DNA constructs using Lipofectamine 2000. Live-cell
imaging of neurons was performed 2-3 days after transfections, at
11-14 DIV. Coverslips were mounted on a stimulation chamber with
laminar flow for perfusion and imaged at 37 °C using a Zeiss LSM 780
laser scanning confocal microscope equipped with a heated stage
and C-Apochromat x40/1.20 W Korr FCS M27 objective with a highly
sensitive low dark noise PMTs (2x) and GaAsP (32x) array. Laser power
was set to <1% for each channel to minimize phototoxicity during
time-lapse image acquisition. For all experiments, neurons were con-
tinuously perfused at 0.2-0.25 ml min™ with modified Tyrode buffer
(50 mM HEPES (pH 7.4), 119 mM Nacl, 2.5 mM KCI, 2 mM CacCl,, 2 mM
MgCl,, 5 mM D-glucose, 2 mM pyruvate and 2 mM lactate, supple-
mented with 0.01 mM CNQX, 0.05 mM APV to suppress postsynaptic
responses), pH measured at 37 °C. Trains of APs were evoked by current
pulsesof 100 mA, at 10 Hz for 10 s with 5 min of recovery between runs
for live-cell imaging to measure synaptic vesicle recycling rates with
vGLUT1-pH (pHluorin-tagged vesicular glutamate transporter 1)'°*,
calcium dynamics with GCaMP6s, ATP levels with iATPSnFR* and FBP
levels with HYlight*° sensors. For these measurements, endogenous
HK1 was knocked down with shRNA and rescued with BFP-tagged
or FLAG-tagged WT HK1 and T259A-HK1 to avoid overexpression.
The stimulus pattern was generated with an Arduino connected to an
isolated bipolar stimulator.

For vGLUT1-pH imaging, time-lapse movies were acquired from
11-14 DIV neurons foratotal of 120 s at 10 Hz. For eachimaging session,
the first pre-stimulus fluorescence baseline (F,) measurements were
performed for 20 s in the absence of electrical activity, and then APs
were evoked by electrical field stimulation (100 mA, 10 Hz, 100 APs).
Atthe end of experiments, neurons were perfused with Tyrode buffer
containing 50 mM NH,Cl at pH 7.4, which rapidly equilibrates pH and
increases the vGLUT1-pH signal, and imaging continued at1sintervals
to obtain an F,, value for each imaged axonal segment. When indi-
cated, 1 uM TTX was added to the neuron maintenance media right
after transfection with WT or T259A-HK1-BFP constructs to preserve
ATP use owing to spontaneous neuronal activity. Then, 2 hbefore live
imaging, TTX was removed and washed off twice using culture media.

For calcium imaging, time-lapse movies were acquired from
11-12 DIV neurons expressing GCaMP6s°” and the indicated HK1
constructs for atotal of 30 s at 10 Hz. For each imaging session, first,
pre-stimulus fluorescence baseline (F,) measurements were performed
for5sintheabsence of electrical activity and then APs were evoked by
electricalfield stimulation (100 mA, 10 Hz,100 APs). At the end of each
experiment, the neurons were perfused with Tyrode buffer contain-
ing 50 mM KCl to achieve a maximal response (F,,,,) for each imaged
axonal segment. Neurons that did not respond to KCl stimulation were
excluded from the analysis.

Images were analysed using the Fiji plugin Time Series Analyzer
(v.3.0). Approximately 2 umregions of interest from 8-11 neurons cor-
responding to presynaptic boutons were selected for image analysis.
AF values for vGLUT1-pH and GCaMPé6s images were calculated as
previously described after background substructions®. F, values were
defined by averaging data points from the pre-stimulus period, and
F..x Values were determined by averaging data points following NH,CI
application for vGLUT1-pH and KCl application for GCaMPé6s images.
Endocytic time constants were calculated by fitting the fluorescent
change after the electrical stimulus to a single exponential decay’*.

For cytoplasmic ATP level measurements, single-wavelength
genetically encoded fluorescent sensor mRuby-iATPSnFR® was used
(Synapsin-cyto-mRuby3-iATPSnFR?)**. Neurons were transfected
with shRNA-resistant BFP-tagged WT or T259A-HK1, shRNA-HK1 and
mRuby-iATPSnFR! plasmids. Time-lapse movies were acquired from
13-14 DIV neurons for atotal of 10-15 min at 0.1-0.2 Hz using 488 nm,
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568 nmand 405 nmlasers for excitation. In2-DG and oligomycin experi-
ments, 5 mM glucose in the Tyrode buffer (50 mM HEPES (pH 7.4),
119 mM Nacl, 2.5 mM KCl, 2 mM CacCl,, 2 mM MgCl,, 5 mM b-glucose,
2 mM pyruvate and 2 mM lactate) was replaced with 5 mM 2-DG, and
2 pMoligomycinwas added during live-cellimaging. For eachimaging
session, first, pre-stimulus fluorescence baseline (F,) measurements
were performed for 2 min in the absence of electrical activity as a
control and then APs were evoked by field stimulation (100 mA,10 Hz,
100 AP as indicated). Changes in mRuby-iATPSnFR'® fluorescence
(AF/F,) were calculated by dividing the fluorescent intensity differences
between frames with pre-stimulus intensity for each stimulation. For
each neuron, axonal processes (<150 pm away from the soma) were
selected forimage analysis. AF/F,for mRuby and iATPSnFR' channels
were plotted independently without the ratiometric calculations for
each condition for the mRuby-iATPSnFR'® sensor data.

For FBP level measurements with the HYlight sensor, hippocampal
neurons were transfected with shRNA-resistant FLAG-tagged WT or
T259A-HK1, HK1-shRNA and HYlight, and imaged 2 days after trans-
fection at 11-12 DIV. Before the beginning of image acquisition, the
neuronswere pre-equilibrated with Tyrode buffer perfusion for 5 min
in the stimulation chamber. Then, 5 mM glucose in the Tyrode buffer
was replaced with 5 mM of 2-DG for the indicated condition in Fig. 5d.
For eachimagingsession, first pre-stimulus fluorescence baseline (R,)
measurements were performed for 3 min in the absence of electrical
activity as a control and then APs were evoked by field stimulation
(100 mA, 10 Hz, 100 APs). Time-lapse movies from neurons express-
ing HYlight were acquired as described previously** for 10 min. In
brief, the neuron images were acquired for each time point by using
488 nmand 405 nmlasers for excitation and emission detection ranges
at 498-551 nm. The HYlight fluorescence ratio was calculated from
individual axons. Then the normalized HYlight emission induced by
488 nmand 405 nm excitations (AR/R,) was calculated as areadout of
temporal changes in FBP level by dividing the HYlight intensity data
points by the pre-stimulus intensity (R,).

Glucose level-dependent cytoplasmic and mitochondrial HK1
imaging. For live-cellimaging, endogenous HK1was knocked down
with shRNA, and then rescued with GFP-tagged WT and T259A-HK1
to avoid overexpression. Primary hippocampal neurons were trans-
fected with indicated DNA constructs using Lipofectamine 2000.
Live-cell imaging of neurons was performed 2-3 days after trans-
fections at 11-14 DIV. The Yokogawa W1 SoRa scan head on a Nikon
Ti-2E microscope equipped with NIS Elements software and a Photo-
metrics Prime 95B camera was used in SoRa mode with a x2.8 zoom
lens. The fluorophores were excited using the 488 nm and 561 nm
lines of a six-line (405 nm, 445 nm, 488 nm, 515 nm, 561 nm, and
640 nm) LUN-F-XL laser engine. For simultaneous acquisition, a
quad bandpass filter (Chroma ZET405/488/561/640mv2) was placed
inthe emission path of the Wlscan head, and the emission was split
with a Cairn TwinCam with a 580LP filter. The GFP emission was
reflected and passed through a 514/30 BP filter onto camera two. The
mCherry fluorescence was passed through a 617/73 and an additional
600/50 filter to camera one. Camera alignment was carried out by
parking the W1 disk and projecting transmitted light through the
pinholes of the disk onto both cameras. The image from camera two
of the pinholes was shifted relative to camera one until the patterns
matched at 1.200% zoom. An Okolab Bold Line stage-top incubator
that was designed tofitin the piezo Z-stage (MadCity Labs) was used
tomaintain 37 °C and 5% CO,. For all the experiments, neurons were
continuously perfused with 0 mM (also containing1 mM lactate and
pyruvate),1 mM (also containing 1 mM lactate and pyruvate), 2 mM
or 5mM glucose (when indicated with 5 uM OSMI-4) containing
Hibernate E low fluorescent imaging media asindicated. Distal axons
were selected for live-cell imaging. Images were analysed using the
Fiji intensity plot function.

Multi-electrode array recordings and analysis

Rat cortical neurons were cultured at a density of 85,000 neurons per
wellon CytoView 24-well MEA plates (Axion Biosystems) for 14-17 DIV.
Before cell plating, each well was prepared by coating with a 0.1%
poly(ethyleneimine) solution (Polyscience) in borate buffer (pH 8.4)
for 1h at room temperature. After coating, wells were washed four
times with water and left to air dry overnight. Additionally, 2 h before
neuron plating, wells were coated with 20 pg ml™ laminin. Lentiviral
transduction was used to deliver HK1-shRNA and either WT HK1-GFP
or T259A-HK1-GFP into cells, along with a cell filler mCherry under the
control of the human synapsin promoter to ensure neuron-specific
expression. To produce lentiviruses, cDNA encoding the gene of
interest was co-transfected with the envelope plasmid pMD2.G and
the packaging plasmid psPAX2 into HEK293T cells using TransIT-LT1
transfection reagent in Opti-MEM medium. Then, 18 h after transfec-
tion, the medium was replaced with complete DMEM HEK293T cell
culture medium and the virus supernatants were collected after 48 h.
The neurons were transduced with indicated lentiviral particles at a
concentration of 7 x 10° IFU mI™ for 3 days, achieving a transduction
efficiency of >95%. Recordings were carried out on the Maestro MEA
platform using AxIS navigator (Axion Biosystems) with a200 Hz to
3 kHzbandpassfilter. Spike detection was performed using an adaptive
threshold set to six times the standard deviation of the estimated noise
oneachelectrode. Each plate was allowed to acclimate to the Maestro
instrument for 3-5 min before recordings. Following acclimatization,
a10-15 minrecording session was conducted to assess the mean firing
rates and network burst frequencies. Multi-electrode data analysis
was performed using the Neural Metrics Tool (Axion Biosystems), and
an active electrode was considered once five spikes occurred over a
1 min period (five spikes per min). Network bursts were identified in
the datarecorded fromeachindividual electrode using aninter-spike
interval threshold requiring a minimum number of five spikes with a
maximum inter-spike interval of 100 ms. Network bursts were defined
as having a minimum number of 50 spikes across an entire well with a
maximum inter-spike interval of 100 ms and a minimum percentage
of participating electrodes of 35%.

Statistics and reproducibility

Throughout the paper, data are expressed as mean + s.e.m. unless
otherwise noted. All Pvalues and number of replicas are indicated in the
figure legends for each experiment. Data collection and analysis were
performedblind to the conditions of the experiments. The order of data
acquisition was randomized to prevent bias. No data were excluded
fromtheanalyses. Allexperiments were replicated with three biological
replicates. No statistical methods were used to pre-determine sample
sizes but our sample sizes are similar to those reported in previous
publications'®****, Statistical analysis was performed with GraphPad
Prismv.7.0 for Mac OS. Datawere tested for normality, and appropriate
statistical tests were subsequently chosen based on the results. The
Mann-Whitney U-test was used to determine the significance of dif-
ferences between two unpaired conditions. Multiple conditions were
compared by Kruskal-Wallis nonparametric ANOVA test, which was
followed by Dunn’s multiple comparisons test or by one-way ANOVA
withposthoc Tukey’s test as appropriate to determine the significance
of differences across every condition relative to the control condition.

Resource availability

Allbiological resources and tools are either available from commercial
sources (see Supplementary Table 1 for detailed information) or the
lead contact. Further information and requests for resources should
be directed and will be fulfilled by the lead contact.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Nature Metabolism | Volume 6 | September 2024 | 1712-1735

1731


http://www.nature.com/natmetab

Article

https://doi.org/10.1038/s42255-024-01121-9

Data availability
Source data are provided with this paper.

Code availability

Agilent Seahorse XF96e Metabolic Flux Analyzer data normalization
is performed with the custom-written macro ‘FluxNormalyzer’, avail-
able at https://doi.org/10.5281/zenodo.11111133 (ref. 105). The elec-
trical field stimulation code is available at https://doi.org/10.5281/
zenodo.11462693 (ref.106). HK1structure simulation dataare available
at https://doi.org/10.5281/zenodo.11462797 (ref. 107). Any additional
information required to reanalyze the data reported in this paper is
available from the lead contact upon request.
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Extended Data Fig.1| The mitochondrial localization of Hexokinase 1
depends on glucose metabolism. a, Experimental scheme detailing the
sequence of plating, transfection, imaging, and alteration of extracellular
glucose levels in cultured rat hippocampal neurons. b, Evaluation of HK1-shRNA
knock-down efficiency in Neuro-2a cells. HK1-shRNA and shRNA resistant eGFP
tagged HK1 (HK1-GFP) were expressed for 48-72 hrs, and whole cell lysate (Input)
were probed with anti-HK1and anti-Tubulin (loading control) antibodies.
Asterisk indicates endogenous HK1. ¢, Quantification of endogenous HK1 (left)
and eGFP-tagged HK1 (WT-HK1-GFP) (right) expression levels as shown in (b).

All values are shown as mean + SEM. n = 4 (two-tailed Mann-Whitney U test).

d, Experimental scheme detailing the sequence of plating, transfection,

and imaging conditions for the 0 mM glucose experiments in cultured rat
hippocampal neurons. e, Axonal localization of HK1in cultured rat hippocampal
neurons transfected with HK1-shRNA, shRNA-resistant eGFP-tagged HK1
(pseudo-color, fire), and Mito-DsRed (gray). Representative axonal images

were captured at 5 mM glucose, following a 2-hour exposure to 0 mM glucose,
and at5 mM glucose after 2 hours exposure to O mM glucose (1 mM lactate and
pyruvate), as depicted in (d). Scale bar represents S pm. f, The mitochondrial
(Mito) and cytoplasmic (Cyto) HK1intensity ratios were quantified along axons.
Dataare presented as a violin plot with individual data points and associated

p-value. n=94-117 mitochondria, 9-10 axons from three biological replica
(one-way ANOVA with post hoc Tukey’s multiple comparison test).

g, Axonal localization of HK1in cultured rat hippocampal neurons transfected
with HK1-shRNA, shRNA-resistant eGFP-tagged HK1 (pseudo-color, fire), and
Mito-DsRed (gray). Representative images of axons were captured after 2 hours
in2 mMglucose, and subsequently following 2 hours in 5 mM glucose after initial
exposure to 2 mM glucose. The switch from2 mM to 5 mM glucose was performed
inthe presence of either vehicle or OSMI-4 treatments. Scale bar represents 5 um.
h, Quantification of mitochondrial (Mito) and cytoplasmic (Cyto) HK1intensity
ratios along axons. Data are presented as a violin plot with individual data points
and associated p-value. n = 65-79 mitochondria, 10, 11 axons (unpaired two-tailed
t-test). i, Blood glucose measurements from the Fasted and Re-fed mice used for
comparing subcellular localization of Hexokinase 1as shownin Fig.1.n =3 mice
for each condition, three biological replicas. All values are shown as mean + SEM
(Mann-Whitney U test). j, HK1distribution patternin the CA3 region of the
hippocampus in Ad-lib, and after 6 hours fasting (6hrs Fasted) states. Scale bar
represents 10 pm. k, Co-localization analysis to measure the percent intensity of
HK1on mitochondria for each condition. Data are presented as violin plots with
individual data points and associated p-values. n =9 hippocampal CA3 regions,

9 mice from three biological replica (unpaired two-tailed t-test).
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Extended DataFig. 2| O-GIcNAcylation promotes mitochondrial enrichment
ofHexokinase1in various cell types. a, The experimental timeline illustrating
the sequence of HEK293T cell plating, OGT transfection, administration of
vehicle or Thiamet-G, and mitochondrial isolation. b, Analysis of mitochondrial
sizein cultured rat hippocampal neurons co-transfected with HK1-shRNA and
eGFP-tagged HK1to achieve endogenous HK1 levels. O-GlcNAcylation level

was upregulated by ectopic OGT expression and Thiamet-G treatment, and
downregulated by OGA expression and OSMI-4 treatment. Data are presented
asaviolin plot with individual data points and associated p-values. n = 83-120
mitochondria, 11-13 neurons, three biological replicas (one-way ANOVA with post
hoc Kruskal-Wallis multiple comparison test). ¢, Experimental timeline outlining

the sequence of plating, transfection, Thiamet-G and OSMI-4 treatments, and
imaging of cultured rat hippocampal neurons in 5 mM glucose for experiments
illustrated in Fig. 2d. d, Western blot analysis of whole cell lysate (Input), isolated
mitochondrial and cytoplasmic fractions from HEK293T. The samples were
probed with antibodies against HK1, ATP5B (mitochondrial marker), and Tubulin
(cytoplasmic marker) with or without ectopic OGT expression and Thiamet-G

or vehicle treatments. e, Quantification of HK1 levels in mitochondrial (left),
cytoplasmic (middle), and whole cell lysate (right) under indicated different
conditions. n =3 (all values are shown as mean + SEM, one-tailed Mann-Whitney
Utest). f, Aschematicillustration of Native and Tissue-specific Fluorescence
(NATF) method used for endogenous labeling of HK1in C. elegans DA9 neuron.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3| Elucidating the O-GIcNAc modification of Hexokinase 1
and 2. a, lllustration of CRISPR-based approach to add eGFP tag at the C-terminal
of HK1in HEK293T cells. The strategy is based on transcript-202 (NM_000188.2)
and wasimplemented by BioCytogen. b, Western blot analysis of the whole
celllysate (Input), used for the generation of mitochondrial and cytoplasmic
fractions as showninFig. 3, from HEK293T cells. The whole cell lysate (Input)
from CRISPR edited HEK293T cells was probed with antibodies against O-GIcNAc
(RL2), GFP (HK1), OGT and tubulin (loading control), with or without OGT
overexpression and Thiamet-G treatments. ¢, Schematic demonstrating the
sequence of mitochondrial isolation and O-GIcNAcimmunoprecipitation (IP)
using the anti-O-GIcNAc antibody RL2 from cultured rat hippocampal neurons.
d, Western blot analysis of mitochondrial fraction (Input) and O-GIcNAc IP using
antibody against HK1and ATP5B (mitochondrial marker). e, f, Western blot
analysis of whole cell lysate from cortical neuron cultures. The lysate was probed
withantibodies against O-GIcNAc (RL2), OGT, OGA, and tubulin (as aloading

control), following treatments with Thiamet-G or OSMI-4. (f) Quantification

of O-GlcNAcylation levels, normalized to tubulin. All values are presented as
mean + SEM. n =3 independent experiments (one-tailed Mann-Whitney U test).
g, eGFP tagged Hexokinase 2 (HK2) was expressed in HEK293T cells. GFP antibody
was used toimmunoprecipitate (IP) HK2, with or without OGT overexpression
and Thiamet-G treatments. The IPs were probed with anti-GIcNAc (RL2) and anti-
GFP antibodies. Whole cell lysates (Input) were probed with anti-GFP and anti-
tubulin antibodies. Rabbit IgG serves as an IP control. h, Quantification of HK2
O-GlcNAcylation levels. All values are shown as mean + SEM, unpaired one-tailed
t-test. n =3.i-k, Quantification of the expression levels of HK1-GFP (i), myc-OGA
(1-400) (j) and nGFP-HA-OGA (544-706) (k) in COS-7 cells, as shown in Fig. 3d.
Data are presented as a violin plot with individual data points and associated
p-value. n =42 cells, three independent experiments (Unpaired two-tailed t-test,
and one-way ANOVA with post hoc Tukey’s multiple comparison test).
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Identification and functional analysis of Hexokinase
1T259 O-GIcNAcylation Site. a, Tandem mass spectra showing O-GIcNAc

on peptides derived from human Hexokinase 1. Data were acquired using

HCD fragmentation and prominenty and b-type ions are labeled. Blue arrow
indicates the O-GlcNAc modified threonine (T). Bottom figure demonstrating
the survey scan and prominent y/b-type ions. b-e, Quantitative analysis of
HK1 co-localization to measure the percentage of mitochondrial HK1 intensity
in HEK293T cells, cultured in 5 mM glucose containing media. (b and d)

Representative images of HEK293T cells expressing WT-HK1-GFP or T259A-HK1-

GFP (green) and Mito-DsRed (magenta) with or without OGT overexpression
and Thiamet-G treatments. Scale bars represent 10 pm (c and e) WT and
T259A HK1intensity on mitochondria, percentage of total WT and T259A HK1
onmitochondriaand the Pearson’s correlation coefficient (R value) for each
condition. Data are presented as violin plots with individual data points and

associated p-values. n =9 cells, three biological replicas (two-tailed Mann-
Whitney U test). f, Representative images of hippocampal neurons expressing
HK1-shRNA, WT-HK1-GFP, and the O-GlcNAc mutant T259A HK1-GFP (T259-HK1-
GFP) are showningreen, along with Mito-DsRed in magenta. These images were
stained with an HK1antibody (in cyan) to visualize the total HK1 expression. Scale
bar represents S pm. g, Quantification of HK1 expression levels was performed
retrospectively for all experiments by analyzing the anti-HK1 staining to ensure
consistent endogenous HK1 levels throughout all experiments. All values

are shown as mean = SEM (one-way ANOVA with post hoc Tukey’s multiple
comparison test). h, Quantification of the size of the mitochondria along the
axons as depicted in Fig. 4g. n = 81-86 mitochondria from 10-13 axons from
three biological replica (one-way ANOVA with post hoc Kruskal-Wallis multiple
comparison test).
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Extended DataFig. 5| See next page for caption.
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Extended Data Fig. 5| 0-GIcNAcylation modifies Hexokinase 1activity and
contributes to the formation of mitochondrial glycolytic metabolon.

a, b, Quantification of WT and T259A-HK1 expression levelsin HEK293T cells,
corresponding to the Fig. 5b. Whole cell lysates (Input) were probed with
anti-HK1and anti-tubulin (loading control) antibodies. All values are shown as
mean + SEM. n = 4 (one-way ANOVA with post hoc Tukey’s multiple comparison
test). c-e, Glucose-6-phosphate (G6P) levels were measured in HEK293T

cells (maintaining endogenous HK1 levels) following OGT overexpression

and treatment with either Thiamet-G or vehicle. G6P levelsin untreated cells
were set as 1,and fold changes in response to Thiamet-G treatment and OGT

overexpression were calculated (mean + SEM, one-tailed Mann-Whitney U test).

(d and e) Endogenous HK1levels were quantified from whole cell lysates (Input)
using anti-HK1and anti-tubulin (loading control) antibodies (mean + SEM,
Kruskal-Wallis test). f, Mitochondrial oxygen consumption rates (left) and
extracellular acidification rates (right) were measured in HEK293T cells
expressing control vector, eGFP-tagged WT, or T259A HK1, following treatment
with either vehicle (DMSO) or overnight Thiamet-G treatment. The subsequent
injections of Oligomycin (Oligo, 2 uM), FCCP (2 pM), and a combination of
rotenone (Rot, 0.5 pM) and antimycin A (AA, 0.5 uM) were used to calculate
ATP production rates. All values are presented as the mean + SEM. g-i, HK1
levels in HEK293T cells used for metabolic measurements were quantified
using western blot analysis of whole cell lysates, probed with antibodies
against HK1and tubulin (serving as a loading control). The asterisk indicates
the presence of endogenous HK1. All values are shown asmean + SEM.n=3
(Mann-Whitney U test and and post hoc Kruskal-Wallis multiple comparison
test). j, k, Western blot analysis of mitochondrial (Mito) and cytoplasmic

(Cyto) fractions from HEK293T (j) and Cortical neurons (k) using antibodies

against ATP5B (mitochondrial marker), Actin (cytosolic marker), Golgin 97
(GolgiMarker), KDEL and CKAP4 (endoplasmic reticulum marker), PEX19
(peroxisome marker), LAMP2 (lysosome marker) and Lamin A (nuclear marker).
Input indicates whole cell lysate from Cortical neurons. Total loading amount
per laneisindicated as percentage for each fraction. I, m, Analysis of glycolytic
enzymes in mitochondrial and cytoplasmic fractions from rat cortical neurons.
Mitochondrial (left) and cytoplasmic fractions (right) from rat cortical neurons,
treated overnight with vehicle or Thiamet-G to upregulate O-GIcNAcylation,
were analyzed for all glycolytic enzymes using the following antibodies: HK1,
Glucose-6-phosphate isomerase (GPI), Phosphofructokinase muscle isoform
(PFKM), Aldolase A (Aldo A), Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), Phosphoglycerate kinase (PGK), Phosphoglycerate mutase 1 (PGAM1),
Neuron-specific enolase (NSE), Triosephosphate isomerase (TPI), Pyruvate
kinase (PKM), ATP5B (mitochondrial loading control), and Tubulin (cytoplasmic
loading control) (I). Quantified enzyme levels under baseline conditions (m)
were normalized to 1(dashed line), and fold changes in response to Thiamet-G
treatment were calculated. All values are shown as mean + SEM. n = 3-4 biological
replica. n, 0, Axonal segments of hippocampal neurons cultured in 5 mM glucose,
co-transfected with Mito-DsRed (gray), and human PKM2 tagged with mEGFP
(pseudocolor, fire). O-GlcNAcylation level was upregulated by Thiamet-G
treatment, and downregulated by OSMI-4 treatment. Scale bar represents 5 pum.
(0) Quantification of mitochondrial (Mito) and cytoplasmic (Cyto) PKM2-mEGFP
intensity ratios along axons. Data are presented as a violin plot with individual
data points and associated p-values. n = 93-110 mitochondria from 9-12 axons,
three biological replicas (one-way ANOVA with post hoc Tukey’s multiple
comparison test).
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Extended Data Fig. 6 | Hexokinase 10-GIcNAcylationis required for
glycosome formation. a-d, Analysis of glycolytic enzymes in mitochondrial
and cytoplasmic fractions from HEK293T cells expressing WT-HK1-GFP or
T259-HK1-GFP. Whole cell lysates, as well as mitochondrial and cytoplasmic
fractions from HEK293T cells expressing WT (a and b) and T259A HK1 (cand
d) with or without ectopic OGT expression and overnight vehicle (DMSO) or

Thiamet-G treatment, were analyzed to quantify the glycolytic enzyme levels.

The following antibodies were used: HK1, Aldolase A (Aldo A), Phosphoglycerate
kinase (PGK), Pyruvate kinase 2 (PKM2), ATP5B (mitochondrial loading control),
and Tubulin (cytoplasmic loading control). Quantified enzyme levels under
baseline conditions were normalized to1, and fold changes in response to OGT
overexpression and Thiamet-G treatment were calculated. All values are shown as
mean + SEM. n =3 biological replica (one-tailed Mann-Whitney U test).
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Extended Data Fig. 7| Hexokinase 1 0-GIcNAcylation and neuronal functional
measurements. a, Representative images of neuronal soma expressing shRNA-
resistant BFP tagged WT or T259A-HK1 (blue) with HK1-shRNA, mCherry cell

filler (magenta), and vGLUTI1-pH (green). b-c, Retrospective quantification of
WT-HK1 and T259A-HK1-BFP, and vGLUTI1-pH (c) in rat hippocampal neurons
used for imaging experiments depicted in Fig. 7. Scale bar represents 5 um. All
values are presented as mean + SEM. n = 12-13 neurons from three biological
replica (unpaired two-tailed t-test). d-g, The experimental design outlines

the timeline for the plating, transfection, Tetrodotoxin (TTX) treatment, and
imaging of cultured rat hippocampal neurons. (e) Hippocampal neurons were
transfected with shRNA-resistant BFP-tagged WT or T259A-HK1-BFP, HK1-shRNA,
and vGLUT1-pH. Following transfection, 1 pM TTX was added to neuronal culture.

Two hours before imaging, TTX was washed-off as shownin (d). Neurons were
electrically stimulated with 100 APs 10 Hz. Images showing vGLUT1-pH (pseudo-
color, fire) and the cell filler mCherry (gray) before and after stimulation with WT-
HK1or T259A-HK1-BFP expressing neurons. Neutralization of vVGLUT1-pH vesicles
with NH4Cl reveals total axonal vesicle pool. (f) Average traces of vVGLUT1-pH with
100 APs 10 Hz stimulation in WT-HK1 (black) or T259A-HK1 (orange) expressing
neurons, previously TTX treated. AF values were normalized to maximal AF
obtained from NH4Cl treatment. Error bars represent SEM. n = 8-9 neurons

and 20-55 presynaptic boutons from four biological replicas. (g) Baseline and
maximal (after electrical stimulation) vGLUT1-pH AF/F values. All values are
shown as mean + SEM (unpaired two-tailed t-test).
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Extended Data Fig. 8 | Impact of Hexokinase 1 0-GIcNAcylation on
Presynaptic Calcium Dynamics. a, Hippocampal neurons were transfected with
shRNA-resistant BFP-tagged WT or T259A-HK1-BFP, HK1-shRNA, and GCaMPé6s.
The displayed images illustrate the GCaMPé6s signal (pseudo-colored, fire) and
the cell filler mCherry (magenta) prior to and following stimulation with 100 APs
at10 Hz.in neurons expressing either WT-HK1 or T259A-HK1-BFP. The peak of
the Ca2+ response elicited by KCI defines the maximum GCaMPés intensity. The
scale bar represents 5 um. b, The average trace of GCaMP6s during the 100 APs at
10 Hz stimulation in neurons expressing either WT-HK1 or T259A-HK1. AF values
were normalized to the maximal AF observed during KCI treatment. All values
are presented as mean + SEM. n =132 ROIs, 12 neurons from three biological
replica. ¢, Maximum GCaMPé6s AF/Fmax values. Dataare presented asa violin
plot withindividual data points and associated p-value (unpaired two-tailed
t-test). d-f, Retrospective quantification of WT-HK1 and T259A-HK1-BFP (blue),
GCaMPé6s,and mCherry cell filler (magenta) in rat hippocampal neurons used

forimaging experiments depicted in (d-f). Scale bar represents 10 pm. All values
are presented as mean + SEM. n = 12-13 neurons from three biological replica
(unpaired two-tailed t-test). g, Representative raster plots of demonstrating

the firing patterns of rat cortical neurons (cultured on microelectrode array
plates) across 64 electrodes at different time points, following transduction with
lentiviral particles containing shRNA-resistant GFP-tagged WT or T259A-HK1,
and HK1-shRNA. Each black line indicates a detected spike (action potentials),
while blue lines represent a single-channel burst, defined as asequence of at
least five spikes with aninter-spike interval not exceeding 100 milliseconds.
Each magentalineindicates coordinated bursts across the electrodes, known
asnetworkbursts. h, Mean firing rate (Hz) and network bursts were calculated
from MEA recordings of neurons expressing WT or T259A-HK1. Data are shown
as mean values + SEM with associated p-values (unpaired two-tailed t-test),
n=5-6 MEA recordings across conditions, from two independent primary neuron
preparation.
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