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Elevated mitochondrial O-GlcNAcylation caused by hyperglycemia,
as occurs in diabetes, significantly contributes to mitochondrial
dysfunction and to diabetic cardiomyopathy. However, little is
known about the enzymology of mitochondrial O-GIcNAcylation.
Herein, we investigated the enzymes responsible for cycling
O-GIcNAc on mitochondrial proteins and studied the mitochondrial
transport of UDP-GIcNAc. Analyses of purified rat heart mitochon-
dria from normal and streptozocin-treated diabetic rats show
increased mitochondrial O-GIcNAc transferase (OGT) and a con-
comitant decrease in the mito-specific O-GIcNAcase (OGA). Strik-
ingly, OGT is mislocalized in cardiac mitochondria from diabetic rats.
Interaction of OGT and complex IV observed in normal rat heart
mitochondria is visibly reduced in diabetic samples, where OGT is
mislocalized to the matrix. Live cell OGA activity assays establish the
presence of O-GlcNAcase within the mitochondria. Furthermore, we
establish that the inner mitochondrial membrane transporter, py-
rimidine nucleotide carrier, transports UDP-GIcNAc from the cytosol
to the inside of the mitochondria. Knockdown of this transporter
substantially lowers mitochondrial O-GIcNAcylation. Inhibition of
OGT or OGA activity within neonatal rat cardiomyocytes signifi-
cantly affects energy production, mitochondrial membrane poten-
tial, and mitochondrial oxygen consumption. These data suggest
that cardiac mitochondria not only have robust O-GIcNAc cycling,
but also that dysregulation of O-GlcNAcylation likely plays a key
role in mitochondrial dysfunction associated with diabetes.
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Protein O-GlcNAcylation is a nutrient sensor occurring within
nuclear, cytoplasmic, and mitochondrial cellular compart-
ments (1-3). Using UDP-GIcNAc, O-GleNAc transferase (OGT)
modifies myriad proteins on serine and/or threonine residues (4).
Cycling of O-GlcNAc is also maintained by an O-GlcNAcase (OGA)
(5, 6). O-GlcNAcylation regulates protein functions in response to
nutrient availability, metabolic state, and cellular stress levels (7, 8).
The extent of protein O-GlcNAcylation at a site on a protein is de-
termined collectively by the cycling enzyme activities, specificities,
localizations, and by the concentration of UDP-GIcNAc. Thus, an
understanding of protein O-GlcNAcylation’s biological roles must
take into account the presence, expression, interactions, and levels of
these important players in the O-GlcNAc cycle.

Increased protein O-GlcNAcylation within chronic high glu-
cose-mediated diabetic tissues indicates a causal link between
high O-GlcNAcylation and diabetes (9). Within the cardiovas-
cular system, significant levels of O-GlcNAcylation have been
observed on myofilament proteins, which severely affect con-
tractile force generation (10). Alterations in cardiac O-GlcNAc
levels significantly affect Ca** handling and Serca2a function
(11). STIM1 a modulator of cardiomyocyte calcium entry is
modified by O-GIcNAc, which affects cellular calcium trans-
location (12). Modification of CaMKII by O-GIcNAc during
diabetes activates it to sensitize Ca®* release from the sarco-
plasmic reticulum causing cardiac mechanical dysfunction and
arrhythmias (13, 14). Both ADP and Ca®* signals control ATP
production by the mitochondria. Mitochondria are also significantly
regulated by nutrient levels and by calcium trafficking in the cell.
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Because O-GIcNAc is an end point of nutrient-sensitive pathways,
and O-GlcNAcylation significantly affects calcium handling, it
stands to reason that this Post translational modification (PTM)
exerts influence on mitochondrial function. Indeed, PGCla, the
master regulator of mitochondrial biogenesis and survival is
O-GIcNAc modified and serves as a cofactor targeting OGT to
FOXO transcription factors (15, 16). O-GlcNAcylation of Milton
affects mitochondrial motility in neurons (17). Hu et al. reported
the modification of mitochondrial electron chain complexes by
O-GIcNAc, which affected activities of complexes I, II, and IV (18).
Altering O-GIcNACc levels by overexpression of cytoplasmic OGT
or OGA had significant effects on mitochondrial function and
mitochondrion-related protein expression (19). The existence of a
mitochondrial isoform of OGT suggests that O-GlcNAcylation
occurs within the mitochondria and on mito-specific proteins (20,
21). However, there have been no reports of an O-GlcNAc hy-
drolase activity within the mitochondria, as well as no reported
mechanism of donor nucleotide sugar (UDP-GIcNAc) presence or
import inside the mitochondria (22).

In this paper, we find that not only are the levels of mitochondrial
OGT and OGA dramatically altered in mitochondria from diabetic
hearts, but we also show that OGT is mislocalized in diabetic mi-
tochondria. We use live cell imaging to show the presence of OGA
within the mitochondria and report the presence of a specific mi-
tochondrial transporter that imports UDP-GIcNAc. Together our
data suggest that not only does O-GlcNAcylation appear to regulate
mitochondrial functions in normal cells, but also that diabetes-
associated changes in O-GlcNAcylation likely contribute to mito-
chondrial dysfunction associated with diabetic cardiomyopathy.

Significance

Mitochondrial dysfunction contributes significantly to glucose
toxicity in diabetes. Increased O-GlcNAcylation is emerging as a
major molecular cause of glucose toxicity via many mecha-
nisms. The studies herein provide a direct molecular link be-
tween hyperglycemia and mitochondrial dysfunction. We show
that mitochondrial O-GIcNAc transferase (OGT) and O-GlcNAcase
(OGA) expression levels and localizations are strikingly differ-
ent between normal and diabetic rat hearts. We also discover
how UDP-GIcNAc enters the mitochondrial space. Finally our
data demonstrate that OGT and OGA play significant roles in
ATP production, mitochondrial membrane potential, and oxy-
gen consumption. These studies are of general interest not only
with respect to nutrient regulation of mitochondrial function,
but also are important to elucidate mechanisms of diabetic
complications.
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Fig. 1. TEM analysis of mitochondrial O-GIcNAc and OGT from normal and
diabetic rat hearts. (A) TEM image of rat heart mitochondria labeled with
anti-O-GIcNAc antibody, RL2. Control samples were treated with only sec-
ondary antibody. (B) Quantification of immunogold labeling in normal and
diabetic mitochondria from A above (n = 3). (C) Western blotting of purified
mitochondrial lysate obtained from normal and diabetic rat hearts immu-
noblotted with an anti-OGT and a succinate dehydrogenase (SDH) antibody
(N, normal and D, diabetic). (D) Quantification of OGT intensity upon SDH
intensity from purified mitochondria lysate (n = 3). () TEM image of rat
heart mitochondria labeled with anti-OGT antibody. Control samples were
treated with only secondary antibody. (F) Quantification of immunogold
labeling in normal and diabetic mitochondria from E above (n = 3).
(G) Quantification of immunogold labeling on anti-OGT-treated mitochondria
at inner membrane (mito IM) and within the matrix (mito matrix) regions of
the sample. (H) Total activity of mitochondrial OGT from normal and diabetic
samples as assessed by radioactive transferase assay on purified mitochondrial
lysate with an external substrate peptide from CKIl. (*P < 0.05).

Results

Mitochondrial OGT Is Increased and Mislocalized in Diabetic Rat
Hearts. Mitochondria purified (Fig. S1) from normal and strep-
tozocin (STZ)-treated rat hearts were analyzed by Transmission
Electron Microscopy (TEM) for levels of overall protein
O-GlcNAc. Using an anti-O-GlcNAc antibody (RL2), we ob-
served significant increases in the total O-GlcNAc levels in the
STZ-treated rat mitochondria compared with control rats (Fig. 14).
Quantifying gold particles indicated more than twofold increases in
mitochondrial protein O-GlcNAcylation in diabetic heart samples
(Fig. 1B). Western blot analysis of purified mitochondrial lysates
also showed a twofold increase in the levels of mitochondrial OGT
(observed around 105 kDa) in diabetic samples (Fig. 1 C and D).
Western blots showed a band at 78 kDa, indicating that the short
isoform of OGT is also present in the mitochondria (Fig. 1C). TEM
analysis on mito sections validates the twofold increase in OGT
levels as observed by immunoblotting (Fig. 1 E and F). Closer ex-
amination of OGT-labeled mitochondria revealed a distinct differ-
ence in the localization of gold particles between normal and
diabetic samples. Localization of total mitochondrial OGT for
control rats was mostly on the inner membrane of the purified
mitochondria. In contrast, for diabetic rats, there is a significant
amount of matrix localization of OGT (Fig. 1 E and G). The overall
in vitro activity of mitochondrial OGT from purified mitochondrial
lysate was observed to be similar for the normal and diabetic sam-
ples (Fig. 1E) (23). Thus, more OGT protein is required to maintain
activity levels similar to normal, indicating a potential reduction in
specific activity of mito-specific OGT in diabetic samples.

Banerjee et al.

Interaction of OGT with Mitochondrial Electron Transport Chain
Complex IV in Normal Rats Is Greatly Reduced in Diabetic Animals.
To examine the associations of mitochondrial OGT, we analyzed
the mitochondrial samples using Blue Native PAGE. With an anti-
OGT antibody, we observed a band at 78 kDa for both normal and
diabetic samples (Fig. 24). Whereas the normal samples showed a
high association of OGT with complex IV proteins, in the diabetic
samples more OGT is associated with complex III (Fig. 24). To
confirm this observation, we performed immunoprecipitation (IP)
experiments of these complexes and immunoblotting for OGT.
For complex IV immunoprecipitations, we observed a similar
band at 78 kDa for the normal samples, which was reduced in the
diabetic samples (Fig. 2 B and C). The O-GlcNAcylation pattern
of complex IV subunits in the immunoprecipitated samples show
changes in O-GIcNAc levels in a number of bands (Fig. 2D). We
also observed a reduction in complex I'V activity within diabetic rat
heart mitochondria (Fig. 2 F and G). It has previously been
reported that high-glucose-treated cardiomyocytes show signifi-
cant loss in complex IV activity (11, 18). Our results directly im-
plicate O-GlcNAcylation in the mechanism of this loss of complex
IV activity. We also confirmed that the 78-kDa band is indeed
OGT by assaying complex IV immunoprecipitated samples for
OGT enzymatic activity. Higher OGT transferase activity was
observed within IPs of complex IV from normal samples (Fig. 2E).

OGA Levels Are Reduced in Diabetic Heart and OGA Activity Occurs
Within the Mitochondria. Using an antibody against OGA, thin
sections containing purified mitochondria were analyzed by TEM
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Fig. 2. Interaction of mitochondrial complex IV with the putative short OGT
isoform within normal and diabetic cardiac mitochondria and the corresponding
complex IV activity assay. (A) BN PAGE analysis of purified heart mitochondria
samples followed by second dimensional SDS gel immunoblotted with anti-OGT
antibody. (B) Immunoprecipitation of complex IV from normal and diabetic
mitochondria with anti-complex IV antibody labeled beads (Abcam) and
immunoblotted against OGT and complex IV antibody. (C) Quantification of
immunoprecipitated OGT/complex IV levels (n = 3). (D) CTD blot on complex IV
immunoprecipitated sample showing changes in O-GlcNAcylation pattern of
complex IV subunits between normal and diabetic samples. Arrows indicate
bands that show altered O-GIcNAc labeling. (E) OGT activity on immunopreci-
pitated complex IV beads with and without external substrate peptide (NH,
normal and DH, diabetic samples). (F) Complex IV activity assay as analyzed by
following oxidation of cytochrome c resulting in loss of absorbance at 550 nm.
(G) Rate of cytochrome ¢ oxidation from normal and diabetic samples obtained
by the initial slope from F above (n = 3). (*P < 0.05).
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for OGA levels with secondary immune-gold labeling. The data
(Fig. 3A4) suggest the presence of mitochondria-specific OGA. The
levels of OGA decrease in diabetic rat heart mitochondria. These
findings partially explain why O-GIcNAc levels in mitochondria
are up-regulated in diabetic samples. To further visualize the
presence of mitochondrial OGA, we immunostained for OGA
and mitochondria (using mito-tracker RED). Immunofluoresence
imaging of labeled cells show significant colocalization between
OGA antibody and mito-tracker (Fig. S2).

Because hydrolase activity from purified mitochondria is in-
herently problematic due to the low levels of lysosomal impurities
(24), we used live cell imaging analysis to ascertain mito-specific
OGA activity. Neonatal rat cardiomyocytes were plated and allowed
to grow in 5 mM glucose media (25), which were then treated with
two inhibitors, Thiamet G (TMG), which is highly specific for OGA
(26), and M-31850 for lysosomal hexosaminidases (ICs, for Hex
A and Hex B are 6 and 3.1 pM, respectively). Two hours after
treatment, the cells were fed the OGA substrate, fluorescein-
GlcNAc. The cells were also treated with Tetramethyl Rhoda-
mine Methyl ester (TMRM) and Hoesht for mito-tracking and
nuclear localization. Live cell imaging showed significantly en-
hanced fluorescence signal from hydrolyzed fluorescein-GIcNAc
within cells treated with M-31850 compared with TMG-treated
cardiomyocytes (Fig. 3 C and D, green filter), indicating that the
observed activity differences were OGA specific. For mitochon-
dria-specific activity, TMRM signals were used to segment areas
within cells and the fluorescein intensity within these areas were
measured. Total segmented fluorescein intensity is also signifi-
cantly higher within M-31850-treated cells (Fig. 3D), indicating
that cardiomyocyte mitochondria retain substantial OGA hy-
drolysis activity. This is the first demonstration to our knowledge
that OGA is indeed present within the mitochondria.
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Fig. 3. Mitochondria OGA and mito-specific live cell OGA activity. (A) TEM
image of rat heart mitochondria labeled with anti-OGA antibody. Control
samples were treated with only secondary antibody. (B) Quantification of
immunogold labeling in normal and diabetic mitochondria from A above
(background subtracted, n = 3). (C) Live cell OGA activity assay on neonatal
rat cardiomyocytes treated with M-31850 and TMG to inhibit lysosomal
hydrolases and OGA, respectively. Nuclear labeling is seen with Hoest, hy-
drolase activity with fluorescein (green), mitochondria with TMIRM (red), and
merged image. White circles represent regions used for mitochondrial seg-
mentation using TMRM signals. (D) Total mean fluorescence intensity
obtained from green channel from specific region of interest between TMG-
and M-31850-treated samples (n = 3). (E) Mean fluorescence intensity
obtained from green channel using specific segmented regions as specified
by white circles in C between TMG- and M-31850-treated samples (n = 3),
representing mito-specific regions within the cell. (*P < 0.05).
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Radioactive *H UDP-GIcNAc Is Efficiently Transported into Purified Rat
Heart Mitochondria. The transport of nucleotide sugars into the
mitochondrial matrix has not been investigated. To ascertain
whether UDP-GIcNAc could be transported through the mito-
chondrial membranes, we used radioactive UDP-GIcNAc to query
whether purified mitochondria from rat hearts would efficiently
incorporate the nucleotide sugar. As shown in Fig. 44, we observed
effective uptake of the nucleotide sugar by purified rat heart mi-
tochondria. The transport was affected by uridine nucleotides, UTP
and UMP, but remained unaffected by ATP, membrane decouplers
[Carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone, FCCP]
and mitochondrial permeability transition pore inhibitors. Control
mitochondria treated with 1% triton lost a significant amount of the
transported UDP-GIcNAc. We analyzed the ability of the inner
mitochondrial membrane to control transport function. Mitoplast
preparations (Fig. 4B) used in the transport assay (Fig. 4C) show
that mitoplasts are also capable of transporting UDP-GIcNAc,
which is affected by pore-forming toxins (27), hinting that inner
membrane transporter proteins may be responsible for UDP-
GlcNAc transport. We confirmed this hypothesis by using known
mitochondrial inner membrane transporter inhibitors in our ra-
dioactive uptake assay. The data showed that only two inhibitors
produced a significant loss in transport of radioactive UDP-
GIcNAc. Pyridoxal phosphate, a universal mitochondrial trans-
porter inhibitor and bathophenanthroline, reportedly affecting
one of the pyrimidine nucleotide carriers (pncl) or deoxy nucle-
otide carrier (dnc) (28, 29). Our data suggest that either of these
two transporters might be responsible for uptake of UDP-GIcNAc
into the mitochondrial matrix (Fig. 4D).

Pnc1 Transporter Protein (SLC25A33) Is Responsible for Transport of
Mitochondrial UDP-GIcNAc. We reconstituted transport activity in
vitro using liposome—-protein preparations. Toward this aim, we
obtained the expression plasmid for the dnc (29) and pnc (30)
genes. Proteins were expressed in Escherichia coli, and overex-
pressed proteins were purified (31) and used for preparation of
proteoliposomes for analysis of transport activity. Phosphatidyl-
choline (PC) liposomes mixed with protein and 10 mM nucleotide
sugar in buffer were detergent exchanged to generate proteolipo-
somes. Dynamic light scattering spectroscopy was used to de-
termine the size and polydispersity (Fig. S34) of the liposomes.
Subsequently, the liposomes were used to determine transport of
radioactive UDP-GIcNAc. Control experiments were set up using
liposomes that were preincubated with 20 mM bathophenanthro-
line and liposomes containing the Sodium Bicarbonate Co-
transporter (NBC). Transport data suggested that the pyrimidine
nucleotide carrier, pncl, may be a major transport protein re-
sponsible for uptake of UDP-GIcNAc (Fig. 54), although the de-
oxy nucleotide carrier also showed significant uptake. We also
analyzed a number of nucleotide substrates that may act as ex-
change substrates for UDP-GIcNAc and found UDP to give the
highest transport activity (Fig. 5B), indicating that pncl may act as
an antiporter. Using a stealth siRNA, we were successful in
knocking down pncl protein partially from HeLa cells (Fig. 5 C
and D). The mitochondria-enriched fractions of these cells showed
significant reduction in protein O-GlcNAcylation compared with
controls. Finally, we used enriched mitochondria from control and
pnc knockdown cells to analyze uptake of radioactive UDP-
GlcNAc. The data (Fig. SE) show a significant reduction in
transport activity in the pnc knockdown-enriched mitos, sup-
porting the role of pnc as a transporter for UDP-GIcNAc.

TMG and Ac,;SGIcNAc Affect ATP Levels and Mitochondrial Membrane
Potential in Neonatal Rat Cardiomyocyte Cells. Our data show that
rat heart mitochondria contain both OGT and OGA, whose
levels and localization are altered in diabetes. To interrogate
effects of inhibiting these key enzymes on cardiac tissue, we used
neonatal rat cardiomyocyte (NRCM) culture to access the
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functional effects of altering O-GlcNAcylation on NRCM. For
this analysis we used a short-term treatment of TMG and per-
acetyl thio-GIcNAc (Ac;SGIcNAc) as inhibitors for OGA and
OGT, respectively (6 h for TMG and 18 h for Ac,SGIcNAC).
Western blotting of whole cell lysates and mitochondrial fraction
of cardiomyocytes confirm effective inhibition of both these
enzymes (Fig. 64). Inhibitor-treated cells were also used to de-
termine total cellular ATP levels. OGA inhibition using TMG
lowers the total cellular ATP levels by 40% compared with
normal glucose, whereas inhibition of OGT did not significantly
alter the overall ATP levels (Fig. 6B). Reduced mitochondrial
membrane potential attenuates total ATP generated by the mi-
tochondria and can cause dysfunction in cardiac mitochondria.
To investigate how O-GIcNAc affects membrane potential, we
tested mitochondrial potential in NRCMs after inhibition of
OGT and OGA. Using live NRCMs, relative membrane poten-
tials were determined by using a membrane potential activated
dye, JC-1. We also used a mitotracker RED dye to look at fixed
cells that were pretreated with the inhibitors. Both live and fixed
cell analysis showed that cells treated with TMG had significantly
reduced membrane potential compared with control cells (Fig. 6
C and D), whereas upon Ac,SGIcNAc treatment, a slight
strengthening of the potential was observed (Fig. 6 C and D).

Effects of TMG and Ac,SGIcNAc on Mitochondrial Oxygen Consumption.
Inhibition of neonatal rat cardiomyocyte OGT and OGA using
Ac,SGIcNAc and TMG, respectively, showed that short-term
treatment of these enzymes significantly affect total cellular ATP
levels and mitochondrial membrane potential. We decided to query
whether OGT and OGA inhibition had an effect on mitochondrial
oxygen consumption. For these measurements, we used XF96
seahorse analysis. Cardiomyocytes plated in 96-well plates were
treated with Ac,SGIcNAc and TMG as described. The cells were

Banerjee et al.

Fig. 4. Transport assay showing uptake of radioac-
tive UDP-GIcNACc into purified rat heart mitochondria
and mitoplasts in the presence of different substrates
and inhibitors. (A) Incorporation of time-dependent
UDP-[3H]GIcNAC into purified mitochondria and its
effect on presence of detergent, UTP, UMP, FCCP,
ATP, and cyclosporine A (n = 3). (B) Immunoblot on
mitoplast preparations showing intact inner mito-
chondrial membrane and ruptured outer membrane.
(C) Uptake assay on mitoplasts showing efficient up-
take on only mitoplast prep but reduced uptake on
mitoplasts treated with either detergent or strepto-
lysin O (n = 3). (D) Effect of major mitochondrial
transport inhibitors on UDP-GIcNAC transport (n = 3).
(t test was carried out for mito samples vs. different
treatments with P < 0.05 considered significant.)

then put in the seahorse analyzer and basal oxygen consumption
rate (OCR) and extracellular acidification rate (ECAR) were
obtained, after which the cells were subsequently treated with oli-
gomycin, FCCP, rotenone and antimycin, and both OCR and
ECAR were measured. Our data (Fig. 6E and Fig. S4) suggest that
short-term TMG treatment significantly increases basal oxygen
consumption. A significant portion of this increase seems to be ATP
linked, which points to the loss in total cellular ATP levels as ob-
served in Fig. 6C and the corresponding lowering of membrane
potential. Conversely, OGT inhibition slightly lowers basal mito-
chondrial oxygen consumption. Maximal OCR levels remain un-
changed between untreated and TMG-treated cells, whereas
inhibition of OGT seems to slightly lower maximal OCR levels. This
may be due to the slight increase in mitochondrial membrane po-
tential as observed in Fig. 6 C and D. Also, probably as a result of
increased basal OCR, mitochondrial reserve capacity is lowered
significantly upon TMG treatment. A look at the cellular glycolytic
rate (Fig. 6F) reveals that both TMG and AcsSGIcNAc increases
the glycolytic rate, although the increase due to TMG is much
higher. TMG also elevates the maximal glycolytic capacity, which
OGT inhibition does not seem to affect. In this regard, lowering of
the basal OCR levels and maximal OCR levels upon Ac,SGIcNAc
treatment might indicate a mito-specific effect of OGT inhibition in
the neonatal rat cardiomyocytes, underscoring the important role of
mitochondrial OGT in its function.

Discussion

A significant volume of literature suggests that O-GIlcNAcylation
is a nutrient and stress sensor. Mitochondria—the cells’ own
energy generator—is significantly affected by alterations in
nutrient types and levels. Recent research in the field has
attempted to understand how mitochondrial function is affected
by alterations in cellular O-GlcNAc without focusing on the raw
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Fig. 5. SLC25A33 gene encoding for mitochondrial pyrimidine nucleotide
carrier is majorly responsible for UDP-GIcNAc incorporation to mitochondrial
matrix. (A) Transport assay on phosphatidylcholine (PC)-based preformed
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carbonate transporter as a negative control. (B) Transport assay with internal
substrate to assess antiporter activity of pnc protein. Control sample contains
no protein and others contain ATP, ADP, UDP, and UTP inside preformed
proteoliposome. (C) Knockdown of SLC25A33 protein from Hela cells using
500 pmol (0.5) and 2 nmol (2) of stealth siRNA. Control samples contain
500 pmol control siRNA. Both whole cell lysate and mitochondrial fraction
are run on gel to analyze total O-GIcNAc, pnc1, and mito complex | levels.
(D) Quantification of mito-enriched fractions of O-GIcNAc blot from C above
against complex | (n = 3). (E) Transport assay of radioactive UDP-GIcNAC
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pmoles/ mg (10°)
P
wn (=}

'S
=

control pnc_ko

materials that alter O-GlcNAc cycling within the mitochondria.
This paper attempts to understand how the enzymes responsible
for O-GlcNAc cycling affect mitochondrial O-GIcNAc and its
functioning. The observation that OGT levels are increased in
diabetic mitochondria, without significantly affecting its in vitro
specific activity, hints at the aberrant nature of OGT functioning
within diabetic organelles. Interestingly, EM data suggest a loss of
membrane association for OGT in diabetic mito samples; this al-
teration in localization likely changes the subset of proteins that get
O-GlcNAc modified within diabetic tissues, thereby implicating al-
tered O-GIcNAc status of mitoproteins in certain mitochondrial
dysfunction observed during diabetes. This loss of membrane-as-
sociated protein~OGT interaction is observed in complex [V-OGT
interaction that falls off in diabetic samples. The OGT isoform
observed in this case seems to be the short 78-kDa form, although
there is a possibility that this observed band is just a proteolytic
fragment of the mitochondrial OGT. Complex IV activity is sig-
nificantly reduced in diabetic mitochondria and its OGT association
may be a reason for its loss of functionality.

In our study, we observe OGA levels in normal mito by EM,
which is reduced in diabetic samples. We also show by Immuno
Fluoresence (IF) analysis that OGA colocalizes with mito-tracker
RED in both NRCMs and NIH 3T3 cells. Our live cell assay shows
that a significant portion of the cellular OGA activity occurs within
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the mitochondria. Taken together with the presence, localization,
and interaction of mito-specific OGT, this observation for the first
time to our knowledge puts both of the two cycling enzymes within
the mitochondria, thus indicating real-time O-GIcNAc cycling oc-
curs inside the mitochondrion.

We also show here that purified mitochondria are indeed capable
of transporting UDP-GIcNAc, and this transport is affected specif-
ically by UTP nucleotides. Using mitoplast preparations, inhibitor-
based transport assays and in vitro liposome assay, we identified the
pyrimidine nucleotide carrier as a mitochondrial transporter re-
sponsible for transport of UDP-donor sugar. Finally using stealth
siRNA-based knockdown assay, we observed significant loss of
O-GIcNAc levels in mitochondrial O-GIcNAc and a lowering of
UDP-GIcNAc transport capacity. This finding implicates pnc as the
significant contributor to mitochondrial UDP-GIcNAc levels. It must
be acknowledged that even though pnc seems to be the predominant
transporter for UDP-GIcNACc, the deoxyribonucleotide carrier (dnc)
also transported a certain amount of the external radioactivity.
Given the structural similarities of these transporters as well as the
substrates they reportedly transport, both of these proteins could be
partially responsible for uptake of nucleotide sugars.

Finally, our results indicate a real effect of OGT/OGA in-
hibition on mitochondrial function. Short-term inhibition of
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Fig. 6. Effect of inhibition of OGT (with Ac;SGIcNAC) and OGA (with TMG)
on neonatal rat cardiomyocyte mitochondrial function. (A) Western analysis
of whole cell and mitochondrial preps of cardiomyocytes treated with
Ac;SGIcNAc and TMG (A, AcsSGIcNAC treated; C, control; T, TMG treated).
(B) Relative ATP levels of whole NRCM treated with OGT and OGA inhibitors,
analyzed by luciferase ATP determination kit (n = 2). Standard curve with
known ATP levels were used to determine concentration. (C) Mitochondrial
membrane potential of NRCMs treated with Ac4SGIcNAc and TMG visualized
by confocal microscopy with two different mito-tracker dyes, JC-1 for live
cells and Mito-tracker Red for fixed cardiomyocyte cells. (D) Quantification
of relative membrane potential obtained from JC-1-labeled cells, value
calculated by dividing red fluorescence (for higher potential) by green
fluorescence (for lower potential) (n = 3). (E) Mitochondrial oxygen con-
sumption of inhibitor-treated NRCM cells under basal level, ATP linked (from
oligomycin treatment), proton leak (basal - ATP linked), maximal OCR (FCCP
treated — rotenone, antimycin treated) reserve capacity (FCCP treated — basal)
and nonmitochondrial (rotenone, antimycin treated — iodoacetate treated)
(n = 5). (F) Cellular glycolysis levels as measured by ECAR rates of NRCMs
treated with TMG and OGT inhibitor under basal level and maximal ECAR
(oligomycin treated — basal level) (n = 5). (t test was carried out for control vs.
TMG- or Ac,SGIcNAc-treated samples; with P < 0.05 considered significant.)
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OGA lowers ATP levels and mitochondrial membrane potential.
Concurrently at the basal level, we observe a significant increase
in mitochondrial oxygen consumption upon TMG treatment.
There is also an increase in basal glycolytic rate upon TMG
treatment. These observations can be understood as an increase in
overall cellular metabolic rate, which effects glycolysis, oxygen
consumption, and membrane potential. These data indicate short-
term increase in O-GIcNAc levels allows the cell to become more
metabolically active and possibly assists in cardioprotection. Con-
versely, targeting OGT slightly strengthens mitochondrial mem-
brane potential and cellular ATP levels. The ECAR data show a
slight increase in glycolytic rates upon OGT inhibition, whereas a
decrease in OCR is observed. This finding indicates that OGT’s
effects may be more mitoprotein specific and that lowering of
O-GlcNAc possibly lowers mitochondrial metabolism rates.

In conclusion, through this work we characterize the players in
O-GlcNAc cycling within the mitochondria. We delineate how the
enzyme levels, their location, and their interactions change in going
from normal to diabetic heart samples. We show for the first time
to our knowledge mito-specific OGA activity within live neonatal
rat cardiomyocytes. And we report the presence of a mitochondrial
transporter that uptakes UDP-GIctNAc. A knockout of one of
these transporters also lowers the O-GIcNAc levels in the mito-
chondria. Because O-GlcNAcylation is highly dynamic, the presence
of the full repertoire of responsible elements in the mitochondria
indicates effective machinery that possibly alters the mitochondria’s
functioning in response to not just nutrient and other cellular
stresses but also to alteration in overall cellular O-GIlcNAcylation
conditions. Overall, current data suggest that O-GIlcNAcylation
not only plays a role in nutrient regulation of mitochondrial
functions, but also its alterations in diabetes, both in terms of
extent and types of proteins modified, plays a role in mito-
chondrial dysfunction in diabetic heart tissue.

1. Hart GW, Slawson C, Ramirez-Correa G, Lagerlof O (2011) Cross talk between
O-GlcNAcylation and phosphorylation: roles in signaling, transcription, and chronic
disease. Annu Rev Biochem 80(1):825-858.

2. Torres CR, Hart GW (1984) Topography and polypeptide distribution of terminal
N-acetylglucosamine residues on the surfaces of intact lymphocytes. Evidence for
O-linked GIcNAc. J Biol Chem 259(5):3308-3317.

3. Harwood KR, Hanover JA (2014) Nutrient-driven O-GlcNAc cycling: Think globally but
act locally. J Cell Sci 127(Pt 9):1857-1867.

4. Kreppel LK, Blomberg MA, Hart GW (1997) Dynamic glycosylation of nuclear and
cytosolic proteins. Cloning and characterization of a unique O-GIcNAc transferase
with multiple tetratricopeptide repeats. J Biol Chem 272(14):9308-9315.

. Dong DL, Hart GW (1994) Purification and characterization of an O-GIcNAc selective
N-acetyl-beta-D-glucosaminidase from rat spleen cytosol. J Biol Chem 269(30):19321-19330.
6. Gao Y, Wells L, Comer Fl, Parker GJ, Hart GW (2001) Dynamic O-glycosylation of

nuclear and cytosolic proteins: Cloning and characterization of a neutral, cytosolic
B-N-acetylglucosaminidase from human brain. J Biol Chem 276(13):9838-9845.

7. Zachara NE, et al. (2004) Dynamic O-GIcNAc modification of nucleocytoplasmic pro-
teins in response to stress. A survival response of mammalian cells. J Biol Chem
279(29):30133-30142.

8. Zachara NE, Hart GW (2004) O-GlcNAc modification: A nutritional sensor that mod-
ulates proteasome function. Trends Cell Biol 14(5):218-221.

9. Dassanayaka S, Jones SP (2014) O-GIcNAc and the cardiovascular system. Pharmacol
Ther 142(1):62-71.

10. Ramirez-Correa GA, et al. (2008) O-linked GIcNAc modification of cardiac myofilament
proteins: A novel regulator of myocardial contractile function. Circ Res 103(12):1354-1358.

11. Suarez J, et al. (2008) Alterations in mitochondrial function and cytosolic calcium
induced by hyperglycemia are restored by mitochondrial transcription factor A in
cardiomyocytes. Am J Physiol Cell Physiol 295(6):C1561-C1568.

12. Zhu-Mauldin X, Marsh SA, Zou L, Marchase RB, Chatham JC (2012) Modification of
STIM1 by O-linked N-acetylglucosamine (O-GIcNAc) attenuates store-operated cal-
cium entry in neonatal cardiomyocytes. J Biol Chem 287(46):39094-39106.

13. Dias WB, Cheung WD, Wang Z, Hart GW (2009) Regulation of calcium/calmodulin-
dependent kinase IV by O-GlcNAc modification. J Biol Chem 284(32):21327-21337.

14. Erickson JR, et al. (2013) Diabetic hyperglycaemia activates CaMKIl and arrhythmias
by O-linked glycosylation. Nature 502(7471):372-376.

15. Housley MP, et al. (2009) A PGC-1a-O-GIcNAc transferase complex regulates FoxO
transcription factor activity in response to glucose. J Biol Chem 284(8):5148-5157.

16. Housley MP, et al. (2008) O-GIcNAc regulates FoxO activation in response to glucose.
J Biol Chem 283(24):16283-16292.

17. Pekkurnaz G, Trinidad JC, Wang X, Kong D, Schwarz TL (2014) Glucose regulates mito-
chondrial motility via Milton modification by O-GIcNAc transferase. Cell 158(1):54-68.

v

Banerjee et al.

Materials and Methods

Animals and Mitochondrial Purification. All rats were treated in accordance
with animal safety regulations according to The Johns Hopkins University
School of Medicine. Rat hearts were taken from both diabetic and control
animals and used for mitochondrial purification. See S/ Materials and
Methods for further details.

NRCM Mitochondrial Oxygen Consumption. Live cell oxygen consumption was
measured by using a XF96 flux analyzer. The oxygen consumption rate was
measured over a period of 100 min over which time oligomycin, FCCP,
antimycin A, and rotenone and iodoacetate were sequentially added to each
well. See S/ Materials and Methods for further details.

Live Cell OGA Activity Assay. Cardiomyocytes were treated with OGA and
lysosomal hexosaminidase inhibitors and used to determine live cell mito-
specific OGA activity. See S/ Materials and Methods for further details.

Generation of Proteoliposomes for UDP-GIcNAc Uptake Assay. Liposomes were
generated and transport of radioactive UDP-[?H]GIcNAc was carried out as
described (31, 32). See S/ Materials and Methods for details.

Statistics. Data from Western blots and IF samples were processed by
ImagelJ quantification software. All data are expressed as mean + SD. Each
‘n" represents the number of rats used or the number of biological repeats
as applicable. Comparisons between different groups were performed
with the use of a two-tailed, unpaired Student t test, with P < 0.05
considered significant.
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