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FHL2 anchors mitochondria to actin and adapts
mitochondrial dynamics to glucose supply

Himanish Basu®?3®, Gulcin Pekkurnaz?@®, Jill Falk*®, Wei Wei!, Morven Chin®?3@®, Judith Steen!, and Thomas L. Schwarz"*®

Mitochondrial movement and distribution are fundamental to their function. Here we report a mechanism that regulates
mitochondrial movement by anchoring mitochondria to the F-actin cytoskeleton. This mechanism is activated by an increase in
glucose influx and the consequent O-GlcNAcylation of TRAK (Milton), a component of the mitochondrial motor-adaptor
complex. The protein four and a half LIM domains protein 2 (FHL2) serves as the anchor. FHL2 associates with 0-GlcNAcylated
TRAK and is both necessary and sufficient to drive the accumulation of F-actin around mitochondria and to arrest mitochondrial
movement by anchoring to F-actin. Disruption of F-actin restores mitochondrial movement that had been arrested by either
TRAK O-GlcNAcylation or forced direction of FHL2 to mitochondria. This pathway for mitochondrial immobilization is present

in both neurons and non-neuronal cells and can thereby adapt mitochondrial dynamics to changes in glucose availability.

Introduction

Mitochondria are highly dynamic organelles (Schwarz, 2013).
They serve as hubs for calcium buffering, ATP production, nu-
trient sensing, and innate immune signaling (Beck et al., 2012;
Friedman and Nunnari, 2014; Latorre-Muro et al., 2021; Sliter
et al., 2018; Trigo et al., 2019; Williamson and Cleveland, 1999;
Yu et al., 2020). They also participate in reactive oxygen species
signaling, cell division, and cell migration (Chung et al., 2016;
Cunniff et al., 2016; Debattisti et al., 2017; Katajisto et al., 2015;
Schuler et al., 2017).

In most metazoans, mitochondria form distinct pools of sta-
tionary and motile organelles. The motile pool of mitochondria
can move up to several microns every minute, pause repeatedly,
and undergo fission and fusion. Signaling pathways, by regu-
lating this behavior, serve to distribute healthy mitochondria to
appropriate intracellular locations according to changing meta-
bolic needs. Regulated mitochondrial motility and distribution are
particularly important in neurons (Misgeld and Schwarz, 2017).
Neuronal axons contain widely spaced energetically demanding
synapses that require local mitochondrial activity (Economo et al.,
2016). The mechanisms that regulate mitochondrial movement
and positioning are as yet incompletely understood. They involve
an interplay of movement driven by microtubule-bound molec-
ular motors and proteins that inhibit this movement.

In mammalian cells, mitochondria move on microtubule
tracks powered by microtubule-based molecular motors.

Kinesin-1 heavy chain (KHC, KIF5A-C) and the cytoplasmic
dynein-1-dynactin complex serve as the anterograde and ret-
rograde motors, respectively. The molecular motors are re-
cruited to the mitochondria by the adaptor protein Milton
(whose two isoforms are known as TRAK1 and TRAK2), which
in turn is bound to Miro (whose two isoforms are RHOT1
and RHOT?2), a mitochondrial outer-membrane protein with a
transmembrane domain (Brickley et al., 2005; Glater et al.,
2006; Goérska-Andrzejak et al., 2003; Hurd and Saxton, 1996;
MacAskill et al., 2009a; Pilling et al., 2006; Stowers et al., 2002;
Tanaka et al., 1998). This motor-adaptor complex serves as a
molecular hub that is modified by many cellular pathways to
modulate mitochondrial motility. Modifications to the motor-
adaptor complex can switch the motors on or off (MacAskill
et al., 2009b; Wang and Schwarz, 2009) or trigger the recruit-
ment of anchoring proteins, such as syntaphilin, that can oppose
motor-driven movements (Chen and Sheng, 2013; Gutnick et al.,
2019; Kang et al., 2008).

Here we report a mechanism wherein a modification of
the mitochondrial motor-adaptor machinery results in the an-
choring of mitochondria to the F-actin cytoskeleton in response
to increases in extracellular glucose. Glucose sensing is a
prominent physiological signaling pathway that influences mi-
tochondrial motility (Pekkurnaz et al., 2014). Normally, ~1-3%
of intracellular glucose enters the hexosamine biosynthetic

IF.M. Kirby Neurobiology Center, Boston Children’s Hospital, Boston, MA; ?Division of Medical Sciences, Harvard Medical School, Boston, MA; 3Department of

Neurobiology, Harvard Medical School, Boston, MA.

Correspondence to Thomas L. Schwarz: thomas.schwarz@childrens.harvard.edu; G. Pekkurnaz's present address is Division of Biological Sciences, Neurobiology Section,
University of California, San Diego, San Diego, CA; W. Wei's present address is Department of Biology, Stanford University, Palo Alto, CA.

© 2021 Basu et al. This article is distributed under the terms of an Attribution-Noncommercial-Share Alike-No Mirror Sites license for the first six months after the
publication date (see http://www.rupress.org/terms/). After six months it is available under a Creative Commons License (Attribution-Noncommercial-Share Alike 4.0
International license, as described at https://creativecommons.org/licenses/by-nc-sa/4.0/).

Rockefeller University Press
J. Cell Biol. 2021 Vol. 220 No. 10 201912077

W) Check for updates

https://doi.org/10.1083/jcb.201912077

1of23


https://orcid.org/0000-0001-8236-1157
https://orcid.org/0000-0002-7388-6178
https://orcid.org/0000-0003-2910-9803
https://orcid.org/0000-0002-7578-1580
https://orcid.org/0000-0001-7532-0250
mailto:thomas.schwarz@childrens.harvard.edu
http://www.rupress.org/terms/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://doi.org/10.1083/jcb.201912077
http://crossmark.crossref.org/dialog/?doi=10.1083/jcb.201912077&domain=pdf

pathway (Bond and Hanover, 2015; Chaveroux et al.,, 2016;
Marshall et al., 1991). The hexosamine biosynthetic pathway
results in the production of UDP-N-acetylglucosamine (UDP-
GlcNAc). Increased glucose influx leads to increases in the flux
of glucose through the hexosamine biosynthetic pathway, re-
sulting in the up-regulation of UDP-GlcNAc concentrations. The
enzyme O-GIcNAc transferase (OGT) transfers the GIcNAc to
serine and threonine residues of target proteins (O-GlcNAcyla-
tions). This modification can be reversed by O-GlcNAcase (OGA;
Ma and Hart, 2014). Milton (TRAK) is one such protein that
is O-GlcNAcylated in various tissues, especially in the brain
(Trinidad et al., 2012). In vivo, the GIcNAcylation state is
enhanced by feeding, and in vitro TRAK becomes heavily
0-GlcNAcylated following an increase in extracellular glu-
cose (Pekkurnaz et al., 2014). The O-GlcNAc modification of
TRAK suppresses mitochondrial motility (Pekkurnaz et al.,
2014).

While investigating the consequences of the O-GlcNAcylation
of TRAK to understand how it arrests mitochondrial motility,
we uncovered a mechanism by which mitochondria bearing
the O-GlcNAcylated TRAK become anchored to F-actin. We
found that four and a half LIM domains protein 2 (FHL2), a
member of the LIM domain family of proteins, associates
with O-GlcNAcylated TRAK. We show that FHL2 is both
necessary and sufficient to recruit F-actin to mitochondria and
effectively anchor them. The motor-adaptor machinery in this
anchored state remains functional, with the consequence that the
mitochondria regain their motility when the F-actin network is
disrupted. FHL2 recruitment thus provides a reversible mecha-
nism for immobilizing mitochondria in response to changes in
glucose availability.

Results

Mitochondrial motility arrest upon O-GlcNAcylation of Milton
is mediated by F-actin

In rat hippocampal neurons, mitochondrial motility is suppressed
following an acute increase in glucose supply (Pekkurnaz et al.,
2014). We elected to study this phenomenon under conditions
closely approximating the neuronal environment in vivo. To do
this, we established neuronal cultures under low-glucose con-
ditions. The neurons were initially dissected in typical neuro-
basal media containing 25 mM glucose, after which we washed,
plated, and fed the neurons until day in vitro (DIV) 6 with
media containing 5 mM glucose. At DIV 6, we switched the
established cultures to a preconditioning 1 mM glucose medium
for ~72 h (3 d).

On DIV 9, we shifted the neurons (which were now condi-
tioned to grow in 1 mM glucose) into a medium containing 5 mM
glucose for 2 h and then monitored the consequences of the
shift for mitochondrial motility (Fig. 1 A). We monitored mi-
tochondria by expressing Mito-DsRed, which contains the
mitochondrial matrix targeting sequence of COX8 fused to
DsRed2. The shift in extracellular glucose concentrations from
1 mM to 5 mM causes an increase in the intracellular glucose
concentration in neurons (Hou et al., 2011; Pekkurnaz et al.,
2014) and represents the range of physiological variations
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reported for the extracellular space in mammalian brain
(Silver and Erecifiska, 1994).

The shift to 5 mM glucose sharply decreased mitochondrial
motility (Fig. 1, B and C). To determine whether F-actin is
involved in this response, we treated the neurons with 5 uM
Latrunculin A (LatA; a fungal toxin that depletes F-actin by
blocking polymerization) or a vehicle control (DMSO). Disrupting
the actin cytoskeleton with LatA rendered mitochondrial motility
resistant to the shift in glucose (Fig. 1, B and C; and Video 1), but it
had little effect on motility when the neurons were held in 1 mM
glucose.

Overexpression of OGT increases O-GlcNAcylation of Milton,
thereby mimicking the mitochondrial response to increased
glucose (Pekkurnaz et al., 2014). To test the effect of F-actin
depletion on mitochondrial motility arrest brought about by
OGT, we treated neurons expressing GFP-2A-OGT (Fig. S1) or
GFP (control) with 5 uM LatA. As expected, OGT significantly
reduced mitochondrial motility. F-actin disruption had little effect
in the absence of OGT expression. By contrast, LatA treatment in
OGT-expressing neurons completely reversed the mitochondrial
arrest brought about by OGT (Fig. 1, D and E). These results show
that O-GlcNAcylation-mediated arrest of mitochondria is de-
pendent on the F-actin cytoskeleton. Moreover, the ability of
mitochondria to resume motility upon the disruption of F-actin
implied that OGT overexpression or glucose shift does not inac-
tivate the mitochondrial motors or release them from mitochon-
dria but instead triggers an anchoring mechanism that overrides
the motors.

O-GlcNAcylation-mediated arrest of mitochondrial motility
occurs in non-neuronal cell types

We also examined mitochondrial motility in COS-7 and U20S
cell lines. Mitochondria in these cells are extensively inter-
connected and make only short linear runs that are poorly an-
alyzed by kymography. We therefore developed an algorithm
(Basu and Schwarz, 2020) that reflects the extent to which they
move by analyzing the variance in pixel occupancy of mito-
chondrial fluorescence over time (Fig. S2 A). The mitochondrial
motility is depicted as a 2D heatmap, from which a motility score
is derived for quantification. The variance could serve as the
basis of the algorithm, because any pixel occupied by a stationary
mitochondrion will have a constant value and low variance,
whereas pixels that change between mitochondrion-occupied
and -unoccupied states will have a high variance. By normaliz-
ing the variance in pixel occupancy to the total occupancy of each
pixel over time, this algorithm also puts more weight on fast
processive movements than on back-and-forth movements (see
Materials and methods for more details).

As in neurons, overexpressing OGT caused a significant de-
crease in mitochondrial motility (Fig. 2, A and B; Fig. S2, B and G;
Fig. S2, F and G; and Videos 2 and 3). This OGT-induced reduction
was relieved by disrupting F-actin (LatA treatment; Fig. 2, A and B;
and Video 4). Movement of Rab5-mCherry-labeled endosomes,
however, was not altered by OGT expression (Fig. S2, D and E; Fig.
S2, H and I; and Video 5). Thus O-GlcNAcylation-mediated arrest of
mitochondria is a feature of multiple cell types, consistently de-
pendent on the actin cytoskeleton, and selective for mitochondria.
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Figure 1. Glucose- and OGT-induced arrest of neuronal mitochondrial motility requires F-actin. (A) Experimental timeline and measured glucose levels
for neuronal glucose shift experiments. Experimental outline (top) is aligned with measured glucose levels (bottom). Primary neurons were dissected in
standard neurobasal media (containing 25 mM glucose). Neurons were then washed and plated in low-glucose media (containing 5 mM glucose). At the time of
plating, the glucose levels are slightly higher than 5 mM due to incomplete washing. These cultures were then maintained by feeding with 5 mM glucose media
until DIV 6. The neuronal cultures were then transfected with Mito-DsRed and GFP on DIV 6, at which time glucose was reduced to 1 mM. On DIV 9, the
neurons were treated with 5 pM LatA or DMSO (vehicle control [Veh]) 2 h before being subjected to a glucose shift. Mitochondrial motility was quantified 2 h
after the glucose shift. Glucose levels in the media were measured before every feeding or transfection and are marked with dotted vertical lines. (B) Mi-
tochondrial motility in response to a glucose shift in neurons pretreated with LatA or vehicle control, as schematized in A. For each condition, representative
images of axons (top), mitochondria (middle), and kymographs of mitochondrial motility (bottom) are shown and correspond to Video 1. Scale bars represent
20 um (horizontal) and 30 s (vertical). Here and throughout, kymographs and axon segments are oriented such that rightward movement is toward the axon
terminal. (C) Quantification of mitochondrial motility (each data point represents the average percentage of time spent in motion by all mitochondria in an axon
segment) from kymographs such as those in B; n = 15-20 axons per condition from 3 independent animals. (D) Mitochondrial motility in neurons expressing
GFP-2A-OGT with or without 4-h exposure to 5 pM LatA or DMSO (vehicle control) before imaging. Representative images as in B. Horizontal scale bars
represent 20 um, and vertical scale bars represent 30 s. (E) Quantification of mitochondrial motility from kymographs as in D; n = 15-20 axons per condition
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from 3 independent animals. Glucose measurements in A are represented as the mean of three measurements, with whiskers indicating SEM. All motility
quantifications (C and E) are represented as box-and-whisker plots. The line indicates the median, the box indicates the interquartile range, and whiskers
indicate the 10th and 90th percentiles. Outliers are represented as individual dots and were included in all statistical calculations. All P values were calculated

from two-tailed unpaired t tests with Welch’s correction.

F-actin is enriched on mitochondria following
0-GlcNAcylation-mediated motility arrest

To visualize any OGT-induced changes in the relationship of the
actin cytoskeleton and mitochondria, we imaged F-actin in COS-7
cells by transfection with LifeAct-RFPt and labeled mitochondria
with Mito-BFP. Consistent with an anchoring mechanism, OGT
expression caused mitochondria to become associated with dense
F-actin structures (Fig. 2, C and D). Some mitochondria appeared
to be aligned with adjacent actin filaments (arrowhead), while
others appeared to be surrounded by a ring of actin (arrow). The
F-actin enrichment was also observed with phalloidin (Fig. S2J) as
well as F-Tractin (Fig. 2 E).

OGT-induced mitochondrial arrest depends on TRAK
O-GlcNAcylation (Pekkurnaz et al., 2014). If the OGT-induced
F-actin accumulation is part of the same arrest pathway, we
predicted that it would require the presence of TRAK. We
therefore knocked down TRAKI in COS-7 cells with two inde-
pendent shRNAs against TRAK1 (Fig. S2, K and L) and imaged
F-actin with and without OGT overexpression. OGT expression
did not increase F-actin density around mitochondria after
knockdown of TRAKI (Fig. 2, E and F). Thus, the OGT-induced
F-actin rearrangement around the mitochondria following mo-
tility arrest is indeed mediated by TRAKI.

Mislocalizing the motor-adaptor complex to peroxisomes is
sufficient to subject peroxisomes to regulation by OGT

We hypothesized that misdirecting the TRAK1-Miro complex to
peroxisomes would confer OGT-dependent regulation on that
organelle. To test this hypothesis, we targeted the complex to the
surface of peroxisomes by removing the transmembrane do-
main from the C-terminus of Miro, which normally attaches it to
the mitochondrial outer membrane, and by adding the trans-
membrane domain of a peroxisomal membrane protein, per-
oxisomal biogenesis factor 3 (PEX3), to the N-terminus of Miro
(Fig. 3, A and B). Peroxisomes were labeled by directing a flu-
orophore to their lumen by addition of a targeting sequence
(serine-arginine/lysine-leucine [SRL, SKL]): mTurquoise-SRL or
mCitrine-SKL. Upon expression in COS-7 cells, the peroxisome-
targeted Miro (Pex-Miro) localized to peroxisomes (Fig. 3 C) and
coprecipitated with TRAK]I, indicating assembly of the complex
on this surrogate organelle (Fig. 3 D). Consequently, the perox-
isomes in cells expressing Pex-Miro were more mobile than
those in cells expressing a control construct in which Miro was
replaced by the inert, unrelated protein FK506-binding protein
(Pex-FKBP; Fig. 3, E and F; and Video 6).

We also analyzed the distribution of these peroxisomes by
developing software that calculates the frequency of occurrence
of peroxisomes within a series of concentric shells that expand
from the cell’s center to the cell membrane in parallel to the
outline of the cell (Fig. S3). The peroxisomes with Pex-Miro
were more broadly dispersed throughout the cytoplasm than
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those in control cells whose peroxisomes were typically con-
centrated closer to the nucleus (Fig. 3 G); this redistribution was
a likely consequence of their increased motility.

Consistent with our hypothesis, the motile peroxisomes (in
cells expressing Pex-Miro) were arrested by OGT expression,
and their distribution became more perinuclear (Fig. 3, E-G). To
determine whether F-actin was required for the effect of OGT,
we treated the cells with LatA. As predicted, the Pex-Miro per-
oxisomes regained their motility and broad distribution despite
the expression of OGT (Fig. 3, E-G). F-actin disruption in control
cells had minimal effect on the peroxisomal motility. Thus, re-
locating the TRAK1-Miro complex to peroxisomes is sufficient to
confer properties of mitochondrial motility on peroxisomes,
including the actin-dependent regulation of motility by OGT.

O-GlcNAcylated Milton associates with FHL2
The finding that OGT-stimulated mitochondrial arrest was me-
diated by the TRAK1-Miro complex and F-actin suggested that
an additional protein might be recruited to the O-GlcNAcylated
complex to bring about the actin recruitment. We therefore
employed stable isotope labeling by amino acids in cell culture
mass spectrometry (SILAC-MS) to compare endogenous TRAKI
immunoprecipitates from HEK293T/17 cells expressing either
OGT or OGA, representing conditions in which TRAK1 would be
maximally or minimally O-GlcNAcylated (Fig. 4 A and Fig. S4 A;
and Table S1). Two related proteins from the family of the four
and a half LIM domains proteins, FHL2 and FHL3, were enriched
in the TRAKI immunoprecipitate from the OGT-expressing cells.
FHL2 and FHL3 can directly or indirectly bind to F-actin and can
influence F-actin polymerization and bundling (Boateng et al.,
2016; Coghill et al., 2003; Johannessen et al., 2006; Li et al., 2001;
Ng et al.,, 2014; Olson and Nordheim, 2010; Tran et al., 2016).
Because FHL3 is not detectably expressed in neurons (Zhang
et al., 2014), we focused on FHL2. We confirmed on the basis
of Western blots that 60% more FHL2 coprecipitated with en-
dogenous TRAKI from HEK293T/17 cells expressing OGT than
from those expressing OGA (Fig. 4, B and C). The OGT-dependent
association was also observed upon coexpression of Flag-tagged
FHL2 and Myc-tagged TRAKI (Fig. 4, D and E; and Fig. S4 B). In
anti-Flag immunoprecipitates, there was fivefold greater Myc-
TRAKI in the hyper-O-GlcNAcylated condition of OGT over-
expression than with OGA overexpression. Treatment of these
cells with LatA before the immunoprecipitation (IP) neither
prevented the association of FHL2-Flag with Myc-TRAKI (Fig. 4 F)
nor altered the degree of TRAKI O-GlcNAcylation (Fig. S4 C).
Therefore, the FHL2-TRAKI interaction is not a secondary conse-
quence of actin recruitment to the mitochondria, but rather might
serve as the anchor connecting mitochondria to F-actin when the
OGT pathway is activated.

We had previously shown that both glucose-mediated and
OGT-mediated arrest of mitochondria depend on O-GlcNAcylation
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Figure 2. OGT expression results in F-actin accumulation around mitochondria. (A) Mitochondrial motility in COS-7 cells expressing OGT or a control
plasmid (GFP; Cntrl) after treatment with 0.05 uM LatA or its vehicle (DMSO; Veh) for 90 min. Upper panels show representative images of mitochondria in
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outlined cells. Lower panels show heatmaps of the variance in pixel occupancy (of Mito-DsRed) over time. (B) Quantification of mitochondrial motility from
cells as in A, as reflected in the variance heatmaps. n = 15-20 cells per condition from 3 independent transfections. (C and D) Enrichment of F-actin on
mitochondria in COS-7 cells expressing GFP-2A-OGT, the F-actin marker LifeAct-RFPt (magenta), and the mitochondrial marker Mito-BFP (cyan). In repre-
sentative images (C), some mitochondria appear encapsulated by actin (arrow), whereas others align with actin bundles (arrowhead). For quantification (D),
F-actin intensity was calculated within the area of a mask formed from the mitochondrial signal and then dilated by 2 pixels (to include the F-actin-enriched
area around the mitochondria). This intensity was then normalized to the total amount of F-actin within the cell. n = 10-15 cells per condition from 3 in-
dependent transfections. (E and F) shRNA to TRAKI prevents the enrichment of F-actin on mitochondria in COS-7 cells expressing GFP-2A-OGT. (E) Rep-
resentative images of cells expressing the F-actin marker F-Tractin-RFP (magenta) and the mitochondrial marker Mito-BFP (cyan). GFP-2A-OGT increases
F-actin accumulation around mitochondria in the presence of a control shRNA but not in the presence of two unique shRNAs to TRAK1. Quantification in F is as
in D. n = 10-15 cells per condition from 3 independent transfections. All quantifications are represented as box-and-whisker plots. The line indicates the
median, the box indicates the interquartile range, and whiskers indicate the 10th and 90th percentiles. Outliers are represented as individual dots and are

included in all statistical calculations. The indicated P values are from the two-tailed unpaired t test in which Welch'’s correction was used.

of TRAKI at four identified serine and threonine residues. The
OGT-induced mitochondrial arrest can be prevented by mutating
these four sites to alanine (Pekkurnaz et al., 2014). We used this
quadruple-mutant TRAK1 (TRAK1?M) to determine whether the
recruitment of FHL2 to TRAKI is consistent with the mechanism
that regulates mitochondrial motility. We immunoprecipitated
FHL2-Flag from HEK293T/17 cells also expressing OGT and either
Myc-TRAK19Mut or Myc-TRAKIWT. The association of FHL2 with
Myc-TRAKIMUt was 60% less than with Myc-TRAKIWT (Fig. 4, G
and H). Thus, the O-GlcNAcylation state of TRAKI regulates the
association of FHL2 with the TRAK1-Miro complex. The residual
association of FHL2 with the complex, even when Myc-TRAK1QMvut
or OGA is expressed, may represent FHL2-TRAK interactions
arising from other signaling events unrelated to the OGT pathway.

OGT recruits FHL2 to mitochondria to mediate mitochondrial
association with actin

The OGT-driven association of TRAK1 and FHL2 predicted that
FHL2 will be enriched on mitochondria when OGT is expressed.
We therefore stained COS-7 cells expressing either OGT or a
control plasmid with antibodies to endogenous FHL2 (for details
of antibody validation, see Fig. S5, A-D) and the mitochondrial
marker ATP5A. FHL2, normally diffuse in the cytosol and con-
centrated at focal adhesions (Boateng et al., 2016; Nakazawa
et al., 2016), was significantly enriched on mitochondria in
OGT-expressing cells (Fig. 5, A and B). We then proceeded to
validate shRNAs against FHL2 (Fig. S5) and knockdown FHL? in
COS-7 cells to determine if the TRAK1-FHL2 interaction was
necessary for the OGT-evoked association of actin with mito-
chondria. Knockdown of FHL2 prevented the mitochondrial
accumulation of F-actin due to OGT expression (Fig. 5, C and D).

FHL2 is required for mitochondrial arrest induced by OGT
expression or by glucose shift

To ask whether FHL2 is required for the mitochondrial arrest
driven by TRAK1 O-GlcNAcylation, we monitored mitochondrial
motility in COS-7 cells when FHL2 was knocked down (Fig. 6, A
and B). Consistent with the FHL2-dependent mitochondrial ar-
rest model, OGT expression failed to suppress mitochondrial
movement in COS-7 cells expressing the shRNA to FHL2.

To test whether this mechanism also pertained to neurons,
we identified shRNA sequences effective against endogenous rat
FHL2 upon lentiviral transduction. The most effective shRNA
construct or a control construct (Fig. 6, C and D) was transfected
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into rat hippocampal neurons along with a mitochondrial marker,
Mito-DsRed, and OGT (Fig. 6, E and F). As expected, neurons
overexpressing OGT showed significantly suppressed mito-
chondrial motility compared with neurons expressing GFP
alone (control). However, in the presence of the FHL2 shRNA
construct, mitochondrial motility was resistant to OGT. To rule
out sequence-specific and backbone-specific off-target effects,
we tested two additional shRNA sequences built on different
vector backbones (Fig. S6) and verified their efficacy in knock-
ing down both overexpressed and endogenous FHL2 (Fig. S,
A-C). These additional shRNA constructs also effectively sup-
pressed the OGT-mediated mitochondrial arrest in rat hippo-
campal neurons (Fig. S6, D and E). Thus, FHL2 is required for
O-GlcNAcylation-induced mitochondrial movement arrest in
neurons and non-neuronal cells.

The requirement for FHL2 in OGT-mediated mitochondrial
arrest predicted that FHL2 would also be required for the decrease
in motility observed in response to increases in extracellular
glucose. We therefore transfected neurons with Mito-DsRed, GFP,
and either shRNA against FHL2 or a nontargeting control shRNA.
As in Fig. 1, neurons were grown in 1 mM glucose before DIV 9, at
which time the extracellular glucose was increased to 5 mM.
Mitochondrial motility was measured 2 h after the glucose shift
(Fig. 7 A). As we observed before, mitochondrial motility decreased
in response to the glucose shift in neurons expressing the control
shRNA. The expression of FHL2 shRNA had minimal effect on
mitochondrial motility in neurons that were not subjected to the
glucose shift (with a slight trend toward a decrease in motility).
In contrast, neurons expressing the FHL2 shRNA and subjected
to the glucose shift were resistant to decreases in mitochondrial
motility (Fig. 7, B and C; and Video 7).

Localizing FHL2 to mitochondria causes actin-dependent
mitochondrial arrest independent of O-GlcNAcylation

Having demonstrated that FHL2 was required for the glucose/
OGT pathway to arrest mitochondria, we asked whether the
presence of FHL2 on mitochondria was sufficient to recruit actin
and arrest mitochondria. We artificially directed FHL2 to the
mitochondrial surface by fusing FHL2 to the transmembrane
domain of OMP25, a mitochondrial outer membrane protein
(FHL2-HA-OMP25; Fig. 8, A and B), and confirmed by im-
munostaining that FHL2-HA-OMP25 localizes to mitochondria
(Fig. 8 C). We transfected FHL2-HA-OMP25 or a control construct
(SNAP-OMP25) into neurons cotransfected with Mito-DsRed and
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Figure 3. Mislocalizing the mitochondrial motor-adaptor complex to peroxisomes is sufficient to make peroxisomal motility subject to regulation
by OGT and F-actin. (A and B) Schematic of redirecting the TRAK1-Miro complex onto peroxisomes. (A) The transmembrane domain (N-terminal 44-aa
residues) of a peroxisomal membrane protein (Pex3) was attached to the N-terminus of Mirol (first 592 aa residues) lacking its own transmembrane domain.
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(B) In consequence, the complex assembles on the peroxisomal surface. (C) Representative images of cells demonstrating the localization of Pex-Miro to
peroxisomes. The cells have been transfected with the mitochondrial marker Mito-BFP and the peroxisomal marker mCitrine-SKL in addition to RFP-tagged
full-length Miro or Pex-Miro. Full-length WT Mirol localized to mitochondria (upper panels), whereas Pex-Miro localized to peroxisomes (lower panels).
(D) Myc-TRAK1 association with Pex-Miro. Pex-Miro (mol wt 105 kD) or Pex-FKBP (control; mol wt 60 kD) were immunoprecipitated by their 6XHis tags from
HEK293T cells also expressing Myc-TRAKL. Immunoprecipitates were probed for His and Myc immunoreactivity to detect the Pex constructs and TRAKI.
Molecular weights (in kD) are indicated on the right. (E-G) Expression of Pex-Miro conveys OGT regulation on the motility and dispersion of peroxisomes. COS-
7 cells were transfected with BFP-2A-OGT or BFP (control) in addition to Pex-Miro or Pex-FKBP. The cells were also treated with 0.05 uM LatA or DMSO
(control). Time-lapse images from these cells were quantified by variance analysis using the same software used for quantifying mitochondrial motility in COS-7
cells. (E) Representative images of the peroxisomes (upper panels) and a heatmap of the variance (lower panels) are shown and correspond to Video 6.
(F) Quantification of peroxisomal motility from variance images as shown in E. Higher motility of peroxisomes yielded a higher variance signal in the cells
expressing Pex-Miro. This was significantly reduced when BFP-2A-OGT was expressed in these cells. On treatment with LatA, the OGT-mediated arrest of Pex-
Miro peroxisomes was reversed, thereby demonstrating the role of F-actin to bring about the arrest. (G) Quantification of peroxisomal distribution in COS-7
cells expressing constructs as in E. The distribution quantification was done by custom software that analyzes their distribution as a function of distance from
the cell center, normalized for cell shape. Peroxisomes in control cells are close to the cell center but are broadly distributed in cells expressing Pex-Miro.
Expression of OGT reduces peroxisomal dispersion, but this reduction is reversed by LatA. n = 15-21 cells per condition from 3 independent transfections. The
data from the conditions Pex-Miro + BFP + DMSO and Pex-Miro + OGT + DMSO have been replicated in both panels for ease of comparison with the other
datasets. For calculating peroxisomal distributions, each cell was divided into 10 shells, each representing 10% growth from the cell center. Peroxisomal
frequencies are represented as the relative percentage of peroxisomes at each concentric shell. Each point indicates the means of all cells, and the whiskers
indicate SEM. The motility quantifications in F are represented as box-and-whisker plots. The line indicates the median, the box indicates the interquartile
range, and whiskers indicate the 10th and 90th percentiles. Outliers are represented as individual dots and are included in all statistical calculations. A two-

tailed unpaired t test with Welch’s correction was used to generate the indicated P values.

GFP (Fig. 8, D and E). Mitochondrial motility was greatly reduced
in axons that expressed FHL2-HA-OMP25 compared with those
expressing a control construct or cytosolic FHL2 (Fig. 8 E; and Fig.
S7, A and B). Thus, mitochondrial FHL2 was sufficient to arrest
motility even in the absence of induced O-GlcNAcylation. When
we depleted F-actin in these neurons with LatA, mitochondrial
motility was indistinguishable from axons without FHL2-HA-
OMP25 (Fig. 8, D and E). Thus, the direct localization of FHL2
to the mitochondrial surface, like that mediated by O-GlcNAcylated
TRAK], immobilizes mitochondria by an F-actin-dependent
mechanism.

To ask whether FHL2 is sufficient to increase the amount of
actin associated with mitochondria (similar to that caused by the
overexpression of OGT; Fig. 2), we expressed the FHL2-HA-
OMP25 construct in COS-7 cells. As seen in neurons, FHL2-HA-
OMP25 strongly suppressed mitochondrial motility in COS-7
cells (Fig. 8, F and G). This reduction in motility was specific to
mitochondria; it was not observed for Rab5-labeled endosomes
(Fig. S7, C and D). Staining with phalloidin-488 revealed that the
F-actin intensity associated with the mitochondria was in-
creased by expression of FHL2-HA-OMP25 (Fig. 8, H and [; and
Fig. S7 E). Thus, mitochondrially bound FHL2 suffices to recruit
F-actin and thereby immobilize mitochondria.

Discussion

Mitochondrial dynamics can bolster mitochondrial efficiency.
By regulating their movement, mitochondria position them-
selves at areas of high metabolic demand, such as neuronal
synapses (Gutnick et al., 2019; Shlevkov et al., 2019) or the
leading edge of migrating cells (Cunniff et al., 2016). In addition,
as proteins from older mitochondria are turned over, newer
mitochondria can arrive to replace them or fuse with them
to maintain a steady distribution of healthy mitochondria
throughout the cell (Misgeld and Schwarz, 2017; Schwarz,
2013). To achieve a proper distribution, cells have distinct
stationary and motile pools of mitochondria. Under certain
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conditions, mitochondria become stationary by losing their
molecular motors (Chung et al., 2016; Wang et al., 2011). Many
mitochondria, however, are stationary despite retaining their
motors (Wang and Schwarz, 2009). This may involve inactiva-
tion of their motors (Wang and Schwarz, 2009) or anchoring to
immovable cytoskeletal elements. One such anchoring protein
that has been studied extensively is syntaphilin (Chen and
Sheng, 2013; Kang et al,, 2008; Lin et al., 2017; Park et al,
2016; Seo et al., 2018). It is predominantly expressed in neuro-
nal axons and anchors the mitochondria to microtubules in re-
sponse to metabolic signaling.

We have now elucidated an additional anchoring mechanism,
one that tethers the mitochondria to F-actin in many cell types.
We have studied this process in the context of the mitochondrial
arrest resulting from increases in extracellular glucose concen-
trations. An increase in extracellular glucose levels leads to
O-GlcNAcylation of Milton (TRAKI; Pekkurnaz et al., 2014; Su
and Schwarz, 2017), a protein on the outer mitochondrial
membrane. We have found the resulting arrest to be mediated
by actin via FHL2. We demonstrate the following. (1) Polymerized
actin is responsible for immobilizing O-GlcNAcylated mito-
chondria, which can be remobilized upon actin depolymerization
(Fig. 1). (2) F-actin accumulation around O-GlcNAcylated mito-
chondria is dependent on TRAKI. (3) FHL2 coimmunoprecipitates
with TRAK]1 and is detectably recruited to mitochondria under
conditions that promote TRAK1 O-GlcNAcylation (Fig. 4). (4)
Mutation of the O-GlcNAcylation sites on TRAK1 that are required
for arrest also reduce its association with FHL2 (Fig. 4). (5) Knock-
down of FHL2 prevents F-actin accumulation around O-GlcNAcylated
mitochondria and prevents mitochondrial arrest by OGT expres-
sion or glucose elevation (Figs. 5, 6, and 7). (6) Artificially teth-
ering FHL2 to mitochondria is sufficient to drive their association
with actin and to stop their movement (Fig. 8).

A growing number of studies have addressed the interactions
of mitochondria with actin (Chada and Hollenbeck, 2004;
Kruppa et al., 2018; Moore et al., 2016; Pathak et al., 2010). Some
of the reported actin-mitochondria interactions assist in fission
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Figure 4. GlcNAcylated Milton coprecipitates with FHL2. (A) TRAKI-interacting proteins identified by SILAC-MS after IP of endogenous TRAK1 from
HEK293T cells expressing either OGT or OGA. The OGT-expressing cells were also treated with 100 pM PUGNAc (an inhibitor of OGA) to maximize
O-GlcNAcylation. Protein enrichment is plotted against peptide counts. Commonly detected contaminants were removed from the plot. (See Table S1 for the
fulllist of proteins.) The constituents of the motor-adaptor complex and key hits (enriched in immunoprecipitates from cells expressing OGT) are labeled. FHL2
is marked by an arrow. (B and C) Endogenous TRAK1 was immunoprecipitated from HEK293T cells expressing OGT, OGA, or GFP (control). (B) Representative
Western blots demonstrating the expression and co-IP efficiency of FHL2 with TRAK1 are shown for OGT-, OGA-, and GFP-expressing cells. (C) Quantification
of co-IP efficiency of FHL2 with TRAK1 as the ratio of the intensity of the FHL2 band to that of TRAK1, normalized to the GFP condition. Immunoreactivity for
endogenous FHL2 was enriched by ~60% in the immunoprecipitates from cells expressing OGT. n = 3 independent transfections per condition. (D and E) OGT
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expression enhanced interaction of Myc-TRAK1 and FHL2-Flag coexpressed in HEK293T cells. HEK293T cells were cotransfected with Myc-TRAK1, FHL2-Flag,
and OGT or OGA. After IP of FHL2-Flag, immunoblots (D) were probed for Myc-TRAK1, FHL2-Flag, OGT, HA-tagged OGA, and O-GlcNAc moieties (using the
antibody RL2). Cells expressing GFP instead of FHL2-Flag were used as a control for nonspecific binding of Myc-TRAK1 to the Sepharose beads. The IP (E) was
quantified as the ratio of the intensity of the Myc-TRAK1 band to that of the FHL2-Flag, normalized to the OGA condition. Myc-TRAK1 coprecipitated with
FHL2-Flag strongly in the presence of OGT but weakly in the presence of OGA. n = 3 independent transfections per condition. (F) Interaction of Myc-TRAK1 and
FHL2-Flag is independent of the actin cytoskeleton. Co-IP as in D, but cells were treated with DMSO or 0.05 pM LatA for 90 min before lysis. During IP, DMSO
or 5 uM LatA was added to the IP buffer to prevent actin repolymerization in the lysate. Disruption of the actin cytoskeleton via LatA did not prevent the OGT-
enhanced association of FHL2-Flag with Myc-TRAKL (G and H) Interaction of Myc-TRAK1 and FHL2-Flag is dependent on the O-GlcNAcylation state of
Myc-TRAKL. FHL2-Flag and OGT were coexpressed in HEK293T cells with either Myc-TRAKIWT or Myc-TRAK1QMut, (G) Representative Western blot of the
FHL2-Flag immunoprecipitates. (H) Quantification of co-IP efficiency of Myc- TRAKIWT or Myc-TRAK1QMUt with FHL2-Flag. Immunoprecipitates were quan-
tified by measuring the ratio of the intensity of the Myc-TRAK1 band to that of the FHL2-Flag, normalized to the Myc-TRAKIWT condition. Although Myc-
TRAKIWT coprecipitated with FHL2-Flag strongly in the presence of OGT, Myc-TRAK1?Mut showed a 60% decrease in the FHL2-Flag interaction even in the
presence of OGT. n = 6 from 3 independent transfections per condition. For all quantifications, P values are from ratio paired t tests. All data points are shown.

Bars indicate mean + SEM. For panels showing Western blots, molecular weights (in kD) are indicated on the right.

(Manor et al.,, 2015) and short-range movements powered by
Myol9 (Lépez-Doménech et al.,, 2018; Shneyer et al., 2016).
Others likely entail anchoring and contribute to the stationary
pool of mitochondria. In neurons, F-actin anchoring is known to
hold mitochondria at specific axonal and dendritic sites (Gutnick
et al., 2019; Pathak et al., 2010). In non-neuronal cells, circu-
lating pools of F-actin dynamically associate with mitochondria
(Moore et al., 2016) and help position them at areas requiring
high ATP, such as the leading edge (Cunniff et al., 2016). F-actin
binding proteins, such as myosin V and myosin VI, have pre-
viously been implicated as the mitochondria-bound links to
actin (Kruppa et al., 2018; Lépez-Doménech et al., 2018; Pathak
etal., 2010; Shneyer et al., 2016). However, with the exception of
Myol9 (Bocanegra et al., 2020; Lépez-Doménech et al., 2018;
Oeding et al., 2018; Shneyer et al., 2016), it is largely unclear how
myosins associate with mitochondria. In other situations, the
proteins bridging the gap between actin and mitochondria are
not known (Cunniff et al., 2016; Gutnick et al., 2019).

We took an unbiased approach to discover proteins that are
enriched on highly O-GlcNAcylated mitochondria and might
therefore mediate their interaction with actin. By immuno-
precipitating TRAKI1 and quantifying its binding partners with
SILAC-MS, we discovered FHL2 to be the primary actin-
associated protein enriched on O-GlcNAcylated TRAKI (Fig. 4).
This FHL2-TRAKI association provides a mechanism by which
mitochondria anchor to F-actin in response to increased nutrient
availability. Although FHL2 is also known to have transcriptional
activities (Boateng et al., 2016; Johannessen et al., 2006; Ng et al.,
2014) that influence cell metabolism and actin dynamics (Olson
and Nordheim, 2010), we find that the transcription-related
functions of FHL2 are not essential for mitochondrial arrest.
Our artificial construct, FHL2-OMP25, that forces FHL2 specifi-
cally on the mitochondrial outer membrane is sufficient to stop
the mitochondria and recruit F-actin (Fig. 8). Additionally, the
FHL2-OMP25 construct demonstrates that O-GlcNAcylation-induced
changes of actin and cofilin, which may occur in response to an
up-regulation of glucose flux (Hédou et al., 2009; Hedou et al.,
2007; Huang et al., 2013) are not necessary for mitochondrial
arrest. Apart from influencing F-actin structure and dynamics,
OGT (and O-GlcNAcylation) influences several other proteins
on mitochondria, thereby impacting mitochondrial structure,
tethering to the ER, import, export, and turnover (Latorre-Muro
et al., 2021; Murakami et al., 2021; Sacoman et al., 2017). The
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FHL2-OMP25 construct, however, demonstrates that these ad-
ditional OGT actions are not required for mitochondrial an-
choring to F-actin.

Our data using the Pex-Miro construct demonstrates that the
FHL2- and TRAKI-mediated tethering to F-actin can occur even
on surrogate organelles such as peroxisomes. Although studies
have localized small amounts of Mirol to peroxisomes (with
overexpression; Castro et al., 2018; Covill-Cooke et al., 2020), the
Mirol that is normally present on peroxisomes appears to me-
diate not peroxisomal motility but instead peroxisomal fission
(Covill-Cooke et al., 2020) and contacts with ER. Indeed, ER
contacts can be greatly increased by directing more Miro to
peroxisomes (Guillén-Samander et al., 2021). In agreement with
these reports, we show that peroxisomes normally have low
motility in COS-7 cells. Upon misdirection of excess Mirol and
consequently TRAKI to peroxisomes, their motility increases
and becomes subject to regulation by OGT and F-actin. Thus,
O-GlcNAcylation-triggered anchoring to F-actin requires pro-
teins associated with the mitochondrial motor protein-adaptor
complex but is independent of other mitochondrial proteins.

The expression of OGT caused a substantial accumulation of
F-actin around mitochondria in non-neuronal cells (Fig. 2). A
gross change in the organization of F-actin, however, is not a
priori necessary for mitochondrial arrest. In axons, which are
inherently actin rich, no significant OGT-induced enrichment of
F-actin on mitochondria was detectable (Fig. S8), although the
OGT-induced arrest required F-actin (Fig. 1). Small accumu-
lations of F-actin may have escaped detection, but it is likely that
axonal mitochondria can be acutely anchored to preexisting
F-actin filaments, without any large structural changes to the
cytoskeleton. This feature of the FHL2 mechanism would allow
mitochondrial motility to be highly responsive; transient changes
in glucose availability could thus modulate mitochondrial move-
ment without necessitating large cytoskeletal rearrangement.

We found small amounts of FHL2 to be associated with
TRAKI in cells where OGA is expressed and O-GlcNAcylation is
low (Fig. 4). Some O-GlcNAcylation sites are resistant to the
expression of OGA and have extremely slow turnover rates (Qin
et al., 2017). These may partially explain the residual FHL2. The
residual association of FHL2 on TRAKI with OGA overexpression
or on TRAK1MY (a version of TRAKI that is partially resistant to
O-GlcNAcylation) may also be a reflection of FHL2 and TRAK1
interactions arising from other cellular events unrelated to
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Figure 5. FHL2 accumulation on mitochondria is necessary for OGT-induced mitochondrial recruitment of F-actin. (A) FHL2 enrichment on mito-
chondria in COS-7 cells expressing OGT. COS-7 cells expressing GFP-2A-OGT or a control (CNTRL) GFP plasmid were fixed and probed with antibodies against
FHL2 (green) and mitochondria (ATP5A, red). Full cells (left) and enlargements (right) of the indicated regions are shown. (B) Quantification of FHL2 enrichment
on mitochondria in cells as in A. The enrichment of FHL2 on mitochondria was quantified as the intensity of the FHL2 in the mitochondrial mask normalized to
the average intensity of FHL2 in the cytosol. n = 10-15 cells per condition from 3 independent transfections. (C and D) Mitochondrial F-actin enrichment in
COS-7 cells expressing GFP-2A-OGT is dependent on FHL2. (C) Representative images, full cells (left panels), and enlarged regions of cells expressing the
F-actin marker F-Tractin-RFP (magenta) and the mitochondrial marker Mito-BFP (cyan) along with GFP-2A-OGT or GFP (control). (D) Quantifications of F-actin
enrichment around mitochondria were done as described for Fig. 2. When FHL2 is knocked down (shFHL2), the OGT-mediated increase of F-actin around
mitochondria is prevented. n = 10-15 cells per condition from 3 independent transfections. Data are represented as box-and-whisker plots. The line indicates
the median, the box indicates interquartile range, and whiskers indicate the 10th and 90th percentiles. Outliers are represented as individual dots and are
included in all statistical calculations. For significance testing, a two-tailed unpaired t test with Welch’s correction was used, and P values are indicated.

2012; Debattisti et al., 2017; Schuler et al., 2017; Su et al., 2014;
Trigo et al.,, 2019), for which the mechanisms are not fully es-
tablished. Any of these modes of regulation might result in the
direct or indirect binding of FHL2 to TRAKI independent of its
O-GlcNAcylation. TRAK also undergoes multiple phosphorylations

glucose and OGT. For example, mitochondrial capture and en-
richment at developing presynapses (Lewis et al., 2016) involves
actin (Gutnick et al., 2019) and may involve FHL2. Mitochondrial
motility responds to many other signals, including reactive
oxygen species, ATP/ADP levels, and growth factors (Beck et al.,
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Figure 6. Knockdown of FHL2 prevents OGT-mediated mitochondrial arrest. (A and B) Mitochondrial motility in COS-7 cells expressing OGT or a control
plasmid (GFP) along with shRNA to FHL2. (A) Representative images of mitochondria (upper panels) and heatmaps of the variance in Mito-DsRed over time
(lower panels). (B) Quantification of mitochondrial motility as determined from the variance. The expression of OGT decreased mitochondrial motility in control
cells, but not in those expressing shRNA to FHL2. n = 15-20 cells per condition from 3 independent transfections. (C and D) Knockdown of endogenous FHL2 in
rat hippocampal neurons by lentiviral expression of shRNA. (C) Representative neuronal cell lysates on Western blots probed for FHL2 and GAPDH (as a loading
control) are shown. Molecular weights (in kD) are indicated on the right. (D) Knockdown efficiency was quantified by measuring the ratio of the intensity of the
FHL2 band to that of GAPDH, normalized to the control shRNA condition. n = 3-5 independent transductions per condition. P values were determined by ratio
paired t tests. All data points are shown. Bars indicate mean + SEM. (E and F) Effect of FHL2 knockdown in neurons on OGT-mediated mitochondrial arrest.
Neurons were cotransfected with Mito-DsRed, GFP-2A-OGT or GFP, and shRNA against FHL2 or a control nontargeting shRNA. (E) Representative images of
axons with GFP (top, green) and Mito-DsRed (middle, red) and kymographs (bottom) of mitochondrial motility. (F) Quantification of mitochondrial motility
(percentage of time spent in motion for all mitochondria in the imaged regions) from kymographs. n = 10-12 axons per condition from 3 independent animals.
Horizontal scale bars represent 20 pm, and vertical scale bars represent 30 s. All data except for bar graphs in D are represented as box-and-whisker plots. The
line indicates the median, the box indicates the interquartile range, whiskers indicate the 10th and 90th percentiles. Outliers are represented as individual dots

and are included in all statistical calculations. Significance testing was done using a two-tailed unpaired t test with Welch’s correction, and P values are
indicated.
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Figure 7. Glucose-mediated mitochondrial arrest requires FHL2. (A) Schematic of experimental timeline (top) and measured glucose levels (bottom).
Neurons were maintained at 5 mM glucose until DIV6, transfected, and then grown in 1 mM glucose. After 72 h, the glucose levels were either shifted back to
5 mM (glucose shift) or maintained in 1 mM (control) and imaged 2 h later. Glucose levels were measured before and after every feeding. n = 3 biological
replicates, and mean and SEM are shown. (B and C) Neurons, cultured as in A, were transfected with shRNA against FHL2 or a nontargeting control shRNA, in
addition to Mito-DsRed and GFP. (B) Images and kymographs of mitochondrial motility in neurons transfected as indicated (corresponding to Video 7).
Horizontal scale bars represent 20 pum, and vertical scale bars represent 30 s. (C) Quantification of the percentage motility from kymographs as in B. The
glucose shift did not decrease motility in neurons expressing FHL2 shRNA. n = 27-30 axons per condition from 4 independent animals. All quantifications are
represented as box-and-whisker plots. The line indicates the median, the box indicates interquartile range, and whiskers indicate the 10th and 90th percentiles.

Outliers are represented as individual dots and are included in all statistical calculations. The indicated P values are from two-tailed unpaired t tests with
Welch'’s correction.

that alter its binding partners (Chung et al., 2016; Hornbeck et al.,
2012). It will be interesting to learn whether these events influ-
ence O-GlcNAcylation and FHL2 binding.

This mechanism of anchoring mitochondria in response to
glucose supply likely operates in vivo. Several observations
support this model: (1) The F-actin-based anchoring mechanism
is activated when glucose levels are varied to mimic normal
blood and brain glucose variations (Silver and Erecifiska, 1994;
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Tirosh et al., 2005; Figs. 1 and 7); (2) previous work has shown
that the GlcNAcylation state of TRAKI in mammalian brains
can be altered by a fasting-refeeding protocol; and (3) Dro-
sophila lines overexpressing OGT show decreased mitochon-
drial movement (Pekkurnaz et al., 2014). Such a mechanism
that tunes mitochondrial distribution to glucose levels is vital to
efficient ATP generation by oxidative phosphorylation of glu-
cose. In vivo, the misregulation of this pathway would therefore
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Figure 8. FHL2 localization to mitochondria is sufficient for actin-dependent mitochondrial immobilization. (A and B) Schematic of the rat (r)FHL2-HA-
OMP25 construct (A) and strategy (B) for localizing FHL2 on the mitochondrial outer membrane. Full-length FHL2 was conjugated to an HA tag and the last 40
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aa of OMP25. (C) Representative images showing that hippocampal mitochondria become highly immunoreactive for FHL2 when FHL2-HA-OMP25, but not
SNAP-OMP25 (as a control), is expressed. The neurons were fixed and stained with antibodies toward FHL2, MAP2, and ATPSA. (D and E) Effect of FHL2-HA-
OMP25 on mitochondrial motility and its dependence on F-actin. Neurons were transfected with FHL2-HA-OMP25 or a control vector (SNAP-OMP25) in
addition to GFP and Mito-DsRed. FHL2-HA-OMP25 expression inhibited motility, which could be reversed by 5 uM LatA. (D) Representative images of axons
(GFP, top), Mito-DsRed (middle), and kymographs (bottom) of mitochondrial motility in hippocampal axons. (E) Quantification of mitochondrial motility
(average percentage of time spent in motion by all mitochondria in an axon segment) was calculated from kymographs as in D. n = 20-25 axons per condition
from 3 independent animals. Horizontal scale bars represent 20 um and vertical scale bars represent 30 s. (F and G) Mitochondrial motility in COS-7 cells
expressing FHL2-HA-OMP25 or FLAG-HA-OMP25 (control). (F) Representative images of Mito-GFP (top) and heatmap of the temporal variance in the mi-
tochondrial fluorescence (bottom). (G) Quantification of motility from analyzing the temporal variance of mitochondrial fluorescence from images as in F. n =
40-45 cells per condition from 3 independent transfections. (H and 1) Actin enrichment on mitochondria bearing FHL2-HA-OMP25. COS-7 cells expressing
FHL2-HA-OMP25 or Flag-HA-OMP25 (control) were fixed and stained with antibodies to HA and ATP5A (red) and with phalloidin conjugated to Alexa Fluor 488
(green). (H) Representative images of full cells (left) and enlarged insets of the indicated area (right). (1) Quantification of mitochondrial F-actin enrichment as
in Fig. 2. F-actin around the mitochondria was significantly enriched in cells expressing FHL2-HA-OMP25 compared with control cells. n = 40-45 cells per
condition from 3 independent transfections. All quantifications are represented as box-and-whisker plots. The line indicates the median, the box indicates the
interquartile range, and whiskers indicate the 10th and 90th percentiles. Outliers are represented as individual dots and are included in all statistical cal-

culations. P values are from a two-tailed unpaired t test with Welch’s correction.

be expected to disrupt mitochondrial efficacy and potentially
impair the function of cells with high energy demands, such
as neurons (Su and Schwarz, 2017) and muscle cells (Shi et al.,
2018). The misregulation of mitochondrial motility may
therefore be a factor in the neurological phenotypes reported
in OGT mutant mice. These phenotypes include altered elec-
trophysiology and function in the brain regions that govern
appetite and body weight (Lagerléf et al., 2017; Lagerlof et al.,
2016; Ruan et al., 2014) and poor development and survival of
peripheral neurons (Su and Schwarz, 2017). Indeed, diabetic
patients having abnormal O-GlcNA as a result of poor glucose
regulation often suffer from peripheral and central neu-
ropathies and myopathies (Banerjee et al., 2015; Ma et al.,
2016; Ma and Hart, 2013; Semba et al., 2014; Vincent et al.,
2011). Understanding the influence of GlcNAcylation (Sheng,
2014) on mitochondrial behavior may therefore reveal
therapeutic avenues for conditions in which the GlcNAcome
is misregulated.

The actin-anchoring mechanism described here adds to an
expanding catalog of mechanisms that regulate mitochondrial
motility through changes to the motor-adaptor complex. The
FHL2-TRAKI association is driven by a reversible protein modi-
fication and is thus well suited for responding to transient
changes in glucose availability. In this regard, it is similar to the
reversible change in kinesin-Miro interaction that underlies
Ca**-mediated arrest of mitochondria or the transient shedding
of motor proteins that occurs during mitosis (Chung et al., 2016;
Wang and Schwarz, 2009) or in response to inhibitory sub-
strates for axon growth (Kalinski et al., 2019). The FHL2-
dependent mechanism stands in contrast to the irreversible
dissolution of the motor-adaptor complex that occurs when
the PINK1/Parkin pathway causes the degradation of Miro on
damaged mitochondria (Course et al., 2018; Newman and Shadel,
2018; Pickrell and Youle, 2015; Wang et al., 2011). Elucidating
the different ways by which the motor-adaptor complex, and
thereby mitochondrial motility, is fine-tuned is essential to ex-
plain the normal distribution of mitochondria and to understand
the pathological states that arise from its misregulation (Devine
and Kittler, 2018; Mattson et al., 2008; Misgeld and Schwarz,
2017; Pickrell and Youle, 2015; Schwarz, 2013; Vanhauwaert
et al., 2019).
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Materials and methods
Primers and shRNA sequences are presented in Table S2.

Plasmid constructs

Previously published constructs

The following previously published DNA constructs were used in
this study: pEGFP-NI (Clontech), Mito-DsRed, eBFP2-N1, LifeAct-
RFPt, mCitrine-Peroxisomes-2 (a gift from Michael Davidson,
Florida State University, Tallahassee, FL; Addgene plasmids 55838,
54595, 54586, and 54672, respectively), Mito-BFP (a gift from Gia
Voeltz, University of Colorado Boulder, Boulder, CO; Addgene
plasmid 49151; Friedman et al., 2011), pmTurquoise2-Perox (a gift
from Dorus Gadella, Swammerdam Institute for Life Sciences,
Amsterdam, Netherlands; Addgene plasmid 36203; Goedhart
et al,, 2012), FHL2-Flag, Flag-FHL2 (a gift from Beat Schifer,
University of Zurich, Zurich, Switzerland; Scholl et al., 2000),
3XFlag-FHL2 (a gift from Patrick Mehlen, Centre Léon Bérard,
Lyon, France; Mille et al., 2009), Myc-TRAKI, Myc-TRAK1QMut,
OGT, GFP-OGT, Myc-OGA (Pekkurnaz et al., 2014), Mito-GFP
(Chung et al,, 2016), and SNAP-OMP25 (a gift from David Sabatini,
Whitehead Institute, Cambridge, MA; Addgene plasmid 69599;
Katajisto et al., 2015).

Purchased constructs

The lentiviral GFP vectors containing shRNA against FHL2 and
the corresponding control were purchased from OriGene Tech-
nologies, Inc. (TL711478). The untagged lentiviral vectors con-
taining the shRNA construct against FHL2, TRAKI1, and the
corresponding control shRNA were purchased from the Sigma-
Aldrich MISSION shRNA library.

Constructs cloned in this study

We used six constructs in this study: (1) GFP-2A-OGT: The GFP-
2A-OGT construct was made by standard Gibson assembly
(Gibson et al., 2009)-based cloning strategies from the OGT
constructs described in Pekkurnaz et al. (2014). To build the
GFP-2A-OGT construct, the GFP expression cassette was am-
plified from the GFP-OGT vector (Pekkurnaz et al., 2014) using
the primers GFP_ForPrimer and GFP_RevPrimerP2AOverhang.
The untagged OGT vector (Pekkurnaz et al., 2014) was linearized
by PCR using the primers OGT_ForPrimerP2AOverhang and
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OGT_RevPrimerGFPOverhang and was recircularized with the
GFP and 2A sequences fused to the N-terminus of OGT by Gibson
assembly. The following P2A sequence was incorporated in the
primers to situate it between the two coding regions (i.e., be-
tween GFP and OGT): 5-GGAAGCGGAGCTACTAACTTCAGC
CTGCTGAAGCAGGCTGGCGACGTGGAGGAGAACCCTGGACCT-
3'. (2) BFP-2A-OGT: The GFP-2A-OGT construct was used as a
template to make BFP-2A-OGT. To do this, the GFP was excised
from the GFP-2A-OGT vector using Xmal and HindIII digestion,
and the BFP expression cassette was amplified from the Mito-
BFP construct described above, using the primers BFP_ForPri-
merOGTOverhang and BFP_RevPrimerP2AOverhang that contained
appropriate overhangs to the backbone of the OGT vector. The
BFP was then fused in place of the GFP using Gibson assembly.
(3) GFP-2A-HA-OGA: To make the GFP-2A-HA-OGA construct,
the Myc-OGA construct described in Pekkurnaz et al. (2014) was
linearized by PCR with the primers OGA_ForPrimerHAOverhang
and OGA_RevPrimerGFPOverhang. These primers were designed
to omit the Myc tag in the backbone and instead code for an HA
tag. The GFP-2A cassette was amplified from the GFP-2A-OGT
vector using primers GFP_ForPrimer and P2A_RevPrimerHAO-
verhang that had appropriate overhangs to the OGA vector. The
linearized OGA vector containing the HA tag was recircularized
after incorporating the GFP-2A cassette at the N-terminus
of HA-OGA by Gibson assembly. This construct was used
to overexpress OGA in all IP experiments except for the IP of
endogenous TRAK1 (Fig. 4, A and B) where Myc-OGA was
overexpressed. The GlcNAcylation activities of the OGT and
OGA vectors and the cleavage and liberation of GFP from 2A-
OGT or 2A-OGA vectors were confirmed by Western blotting
and immunocytochemistry (Fig. S1). (4) FHL2-HA-OMP25: To
generate the FHL2-HA-OMP25 construct, the rat FHL2 ORF was
initially cloned from neuronal cDNA into a pcDNA3.1 expression
vector. The primers FHL2_ Rev_pcDNA3.10verhang and FHL2_
For_pcDNA3.10verhang were used to amplify the FHL2 coding
sequence with an overhang to the pcDNA3.1 backbone. The
vector backbone was linearized by digestion with Xhol and
BamHI and then recircularized by inserting the FHL2 coding
sequence by Gibson assembly. The pcDNA 3.1 vector having
rat FHL2 was then linearized by PCR using primers rFHL2-
OMP25_ForPrimerl and rFHL2-OMP25_revPrimerl followed by
recircularization by inserting the OMP25 mitochondrial target-
ing domain (aa 110-145, amplified from the SNAP-OMP25
with the primers rFHL2-OMP25_forPrimer2 and rFHL2-OMP25_
revPrimer2) along with the HA tag at the C-terminus of FHL2 by
Gibson assembly. (5) Flag-HA-OMP25: To make the Flag-HA-
OMP25 construct, primers encoding the Flag tag were used to
amplify the FHL2-OMP25 vector backbone (GSLinker-HA-OMP25_
ForPrimer and Flag-GSLinker-OMP25_RevPrimer), excluding the
FHL2 sequence. The ends of this amplicon containing the poly-
linker, HA tag, and OMP25 sequence were then ligated to each
other using the KLD (kinase-ligase-Dpnl) kit (E0554S; New
England Biolabs). All these constructs were validated by se-
quencing and expressing in HEK293T/17 cells followed by
Western blotting with antibodies to FHL2, HA, and Flag. Our rat
FHL2, cloned from three independent hippocampal cultures, had
a silent single-base difference at the R59 amino acid residue

Basu et al.
FHL2 anchors mitochondria to F-actin

TR
(J’ k(J
IV

(from CGC to CGG) as compared with the Rattus norvegicus mRNA
annotation in the GenBank database (accession no. 63839). (6)
Pex3-HIS-mRFP-Mirol: The pex3-Mirol construct was made by
amplifying the first 592 amino acid residues from isoform 3 of
human Mirol as cloned in Fransson et al. (2003) with the pri-
mers pex-mirol_ForPrimer and pex-mirol_RevPrimer. The pex3
peroxisomal targeting domain (aa 1-42) along with mRFP (i.e.,
Pex3-mRFP) was obtained by excising the FKBP from the pex3-
mRFP-FKBP construct (a gift from Casper Hoogenraad, Utrecht
University, Utrecht, Netherlands; Kapitein et al., 2010) using
EcoR1 and Ascl. This was followed by fusing the Mirol PCR
product into the Pex3-mRFP backbone by Gibson assembly.

Sequences and plasmid constructs will be made available for
redistribution through Addgene (https://www.addgene.org/
Thomas_Schwarz/) and directly upon request.

Antibodies used for Western blotting. The following primary
antibodies were used at the stated dilutions: anti-human TRAK1
at 1:2,000 (HPA005853; Sigma-Aldrich), anti-Myc at 1:5,000
(05-724; EMD Millipore), anti-OGT at 1:2,000 (DM-17; Sigma-
Aldrich), anti-HA at 1:5,000 (ab9110; Abcam), anti-FLAG 1:5,000
(F7425; Sigma-Aldrich), anti-FHL2 1:1,000 (HPA006028; Sigma-
Aldrich), anti-GAPDH 1:5,000 (6C5; EMD Millipore), and anti-
6X-HIS at 1:1,000 (MA1-21315; Thermo Fisher Scientific). For
chemiluminescence detection of proteins on Western blots,
HRP-conjugated secondary antibodies to mouse, rabbit, and rat
(Jackson ImmunoResearch Laboratories, Inc.) were used at 1:
5,000 along with Pierce SuperSignal West Dura (Thermo Fisher
Scientific). For fluorescence detection (used for all quantitative
blots), 800CW donkey anti-rabbit, 680RD donkey anti-rabbit,
680RD donkey anti-mouse, 800CW donkey anti-mouse, and
800CW goat anti-rat were used at 1:5,000 (LI-COR Biosciences),
and all blots were scanned by the Odyssey CLx Imaging System.

Antibodies used for immunocytochemistry. The primary anti-
bodies used for immunocytochemistry and their working dilutions
are as follows: anti-microtubule-associated protein 2 (anti-MAP2)
at 1:500 (NB300-213; Novus Biologicals), anti-HA at 1:500 (ab9110;
Abcam), anti-ATP5a at 1:500 (ab14748; Abcam), and anti-FHL2 at 1:
100 (HPA006028, Sigma-Aldrich; and ab202584, Abcam). For flu-
orescence detection of epitopes, Alexa Fluor 405-, Alexa Fluor 568-,
and Alexa Fluor 647-conjugated secondary antibodies (Thermo
Fisher Scientific) were used at a dilution of 1:500.

GlcNAcylation assays

From cell lysates by Western blotting

To assess the degree of O-GlcNAcylation upon OGT and OGA
expression in HEK293T/17 cells and COS-7 cells, the constructs
were expressed in these cell lines for 2 d (Fig. S1, A and B). The
cells were lysed, and proteins were separated by SDS-PAGE and
transferred onto a nitrocellulose membrane for Western blotting
with an antibody against O-GlcNAcylation [RL2] (ab2739; Ab-
cam). O-GlcNAcylation was quantified by the ratio of RL2 im-
munoreactivity in the entire lane to an anti-GAPDH band and
then normalized to lysates from cells expressing GFP alone.

In fixed cells by immunocytochemistry
To determine whether the OGT constructs increase O-GlcNAcylation
in rat hippocampal neurons, 3 d after transfection, neurons were
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fixed and stained with the antibody against O-GlcNAcylation (RL2)
and anti-OGT (Fig. S, C and D). Neurons positive for the OGT ex-
pression also had high levels of RL2 staining, indicating increased
cellular GlcNAcylation levels.

Cell cultures and transfections

Cell lines

HEK293T/17 and COS-7 cells were cultured in DMEM supple-
mented with L-glutamine, penicillin-streptomycin (Life Tech-
nologies), and 10% FBS (Atlanta Premium). Plasmid DNA
transfections in HEK293T/17 cells were performed with calcium
phosphate (Kingston et al., 2003) and in other cell lines with
TransIT-LT1 reagent (MIR 2300; Mirus Bio) using the manu-
facturer’s protocol. These cell lines were generally transfected
16-18 h after plating and assayed 2-3 d later.

Hippocampal neurons

Hippocampal neurons were dissected and dissociated from E18
rat (Charles River) embryos as previously described (Nie and Sahin,
2012) and plated at a density of 5-7 x 10* cells/cm? on glass-
bottomed dishes (D35-20-1.5-N; Cellvis) coated with 20 pg/ml
poly-L-lysine (Sigma-Aldrich) and 4 pg/ml laminin (Life Tech-
nologies). The neurons were maintained in neurobasal medium
supplemented with B27 (Life Technologies), L-glutamine, and
penicillin-streptomycin, unless specified otherwise. The hippo-
campal neurons were transfected 5 or 6 d after plating (DIV 5 or
DIV 6) using Lipofectamine 2000 (11668-019; Life Technologies)
and imaged 2-3 d later. The coexpression of multiple constructs
transfected into neurons was validated by retrospective im-
munostaining after live-cell imaging.

P

For all IPs, HEK293T/17 cells were plated at 5.5 x 10° cells/well
density in a six-well plate and transfected with the indicated
plasmid constructs the next day. HEK293T/17 cells expressing
OGT were also treated with 100 um Thiamet-G (110165CBC; EMD
Biosciences). 2 d after transfection, cells were washed once with
ice-cold PBS and lysed in 600 pl buffer containing 1% NP-40
(Calbiochem), 15 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1 mM
EDTA, 40 mM GlcNAc, 1 uM Thiamet-G, 1 mM DTT (GBio-
sciences), 0.1 mg/ml PMSF, and protease inhibitor cocktail set I1I
(539134-1SET; EMD Millipore) at 1:500 dilution. Lysates were
centrifuged for 10 min at 13,000 xg at 4°C, and the clarified
supernatants were collected. For IPs of endogenous TRAKI,
FHL2-Flag, Pex-His-Miro, or Myc-TRAKI, 2.0 pg anti-human
TRAKI1 antibody (HPA005853; Sigma-Aldrich), anti-Flag anti-
body (F7425; Sigma-Aldrich), anti-6X-HIS antibody, or anti-Myc
antibody (NB600-302; Novus Biologicals) was incubated with
500 pl of the clarified supernatants for 2 h at 4°C with constant
tumbling. Following the antibody incubation, the lysates were
mixed with protein A Sepharose beads and incubated for an-
other 1 h at 4°C with constant tumbling. The beads were then
washed three times with lysis buffer and resuspended in 1x
Laemmli buffer. 80-90% of this resuspension was then sepa-
rated by SDS-PAGE and transferred to nitrocellulose mem-
branes. The membranes were then incubated overnight at 4°C
with primary antibodies in the blocking buffer (3% BSA [wt/vol]
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in TBS with 0.1% Tween-20). The blot was then washed three
times with TBS with 0.1% Tween-20 and blotted with secondary
antibodies for 1 h at RT before ECL imaging or scanning with the
Odyssey CLx Imaging System.

Milton interactome analysis by SILAC-based quantitative
proteomics

We applied SILAC-MS to profile O-GlcNAcylation-dependent
protein-protein interactions for TRAKI, as summarized in
Fig. S4.

SILAC IP. Lyophilized preparation of heavy amino acids
L-lysine-2HCI (13C6, 15N2, 88209; Thermo Fisher Scientific) and
L-arginine-HCl (13C6, 15N4, 89990; Thermo Fisher Scientific)
and light amino acids L-lysine-2HCI (89987; Thermo Fisher
Scientific) and 1-arginine-HCl (89989; Thermo Fisher Scientific)
were dissolved in SILAC-DMEM (88364; Thermo Fisher Scien-
tific) according to the protocol provided by the manufacturer to
prepare the “heavy” and “light” SILAC media. HEK293T/17 cells
were cultured in the heavy and light SILAC media (supple-
mented with L-glutamine, penicillin-streptomycin [Life Tech-
nologies], and 10% FBS [Atlanta Premium]). To achieve >95%
heavy L-lysine and r-arginine incorporation efficiency, cells are
passaged for at least five cell doublings using enzyme-free cell
dissociation buffer (13151014; Gibco). IPs of endogenous TRAK1
from heavy or light labeled HEK293T/17 cells, expressing either
OGT or OGA, were performed as described above with 2 pg anti-
hTRAKI antibody (HPA005853 Lot A61497; Sigma-Aldrich) for
each well. The OGT-expressing cells were also treated overnight
with 100 um O-(2-acetamido-2-deoxy-p-glucopyranosylidene)
amino-Z-N-phenylcarbamate (PUGNAc; 3384; Tocris Biosci-
ence), an inhibitor of OGA, to further increase the levels of
O-GlcNAcylation (Pekkurnaz et al., 2014). For mass spectrome-
try analysis, four wells from a six-well plate for each condition
were combined. Upon validation of similar IP efficiencies by
Western blot analysis, the heavy and light TRAKI samples were
combined at a ratio of 1:1. 80-90% of the combined immu-
noprecipitates were separated by SDS-PAGE and stained with
SimplyBlue SafeStain (LC6060; Thermo Fisher Scientific). Pro-
tein bands were then excised, excluding IgGs, and in gel digested
using trypsin according to Shevchenko et al. (2006).

Mass spectrometry analysis. The resultant peptides were
analyzed by online C18 nanoflow reversed-phase HPLC (NanoLC
2D; Eksigent) linked to an LTQ Orbitrap mass spectrometer
(Thermo Fisher Scientific). Samples were loaded onto an in-
house packed 100-pm inner diameter x 15-cm C18 column
(Magic C18, 5 pm, 200 A; Michrom Bioresource) and separated
at 200 nl/min with 60-min linear gradients from 5% to 35%
acetonitrile in 0.4% formic acid. Survey spectra were acquired
in the Orbitrap with the resolution set to a value of 30,000.
Up to six of the most intense ions per cycle were fragmented
and analyzed in the linear trap. Raw files were processed using
version 1.1.1.21 of Cox et al. (2009). Cysteine carbamido-
methylation was used as a fixed modification, and oxidation (M),
deamidation (N), and N-acetyl (protein N-term) were set as
variable modifications. Two missed tryptic cleavages were al-
lowed, and the minimal length required for a peptide was six
amino acids. The initial precursor mass tolerance was set to
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10-20 parts per million, and the fragment mass tolerance was set
to 0.5 D. The peptide false discovery rate was set to 0.05, the
protein false discovery rate was 0.01, and all other parameters
were default settings. The datasets were searched against the
International Protein Index human database.

Image acquisition parameters for motility analysis in live cells
Neurons

For live-cell imaging of axonal mitochondria, hippocampal
neuronal cultures were grown on glass-bottomed dishes (D35-
20-1.5-N; Cellvis) at a density of 75,000 cells/cm? and imaged on
a Nikon Ti-Eclipse microscope equipped with an environmental
chamber that was supplied with humidified 5% CO, and main-
tained at 37°C. The neurons were illuminated by a Lumencore
Sola Light Engine light-emitting diode and imaged with an An-
dor Zyla scientific complementary metal-oxide-semiconductor
camera with a 63x/NA 1.4 plan apochromat (Plan Apo) objective.
The light-emitting diode intensity was always kept at minimum
(<5%). For each image, a 250-300-pm axon segment was se-
lected that was ~300 pm away from the growth cone and ~1 mm
away from the cell body. Images were captured every 0.5 s.
Kymographs were generated from 3- to 5-min time-lapse movies
and analyzed with Kymolyzer (Basu et al.,, 2020), a custom-
written Image] macro for the percentage of time spent in mo-
tion, velocity, total distance traveled, mitochondrial density, and
length. For final quantifications, the average measurement of all
mitochondria in each axon was considered as a single data point.
The percentage motility quantifications represent the average
percentage of time spent in motion by all mitochondria in each
axon segment.

Cell lines

The imaging and environmental parameters for live-cell imag-
ing of mitochondria, peroxisomes, and endosomes in COS-7,
HEK293T/17, and U20S cells were the same as those for the
neuronal cultures.

Quantifications of organelle motility in cell lines. The time-
lapse images of organellar movement in cell lines were ana-
lyzed with software we developed for this purpose, QuoVadoPro
(Basu and Schwarz, 2020). Briefly, the images are initially seg-
mented into binary masks. The masking allows the algorithm to
examine pixel occupancy instead of raw fluorescence levels. The
motility can be inferred from the variation in pixel occupancy
over time by the following formula:

. variancey .
mohllty = Z (71”16) / nP lxelssegmentzdﬁrstﬁ‘ame

nPixels SUMtime

where variance; . represents the occupancy variance of a single
pixel over time, sumy, represents the total time each pixel is
occupied over the entire time lapse, and nPixelssegmentedfirstframe
represents the number of pixels that were segmented in the first
frame (indicating the total amount of area occupied by the or-
ganelles). Pixels having sum,. = O were not considered in the
calculations.

Cells with fluorescently tagged intracellular objects with high
motility show a high pixel variance over time. This is because
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multiple pixels within the cell area have a high probability of
being transiently illuminated by a moving object. Conversely, a
cell having fluorescently tagged objects that are nonmotile or
less motile have pixels that that are constantly occupied or
constantly empty. The pixels in such cases will have low occu-
pancy variance. Based on this principle, the pixel occupancy
variance over time provides a proxy readout for the motility of
objects within the cells. It is important to note that QuoVadoPro
also normalizes the variance in pixel occupancy to the total oc-
cupancy during a time lapse. This normalization technique al-
lows QuoVadoPro to distinguish between processive movements
and back-and-forth movements. During processive movements,
a series of pixels get transiently illuminated and thereby show
high occupancy variance but low total occupancy. However,
when an object is moving back and forth, it occupies the same
set of pixels repeatedly by turns. These pixels will therefore
have a high total occupancy. Thus, normalizing for the total
occupancy allows QuoVadoPro to give more weight to processive
movements than to back-and-forth jitters (Basu and Schwarz,
2020).

The approach taken by QuoVadoPro can be applied to mul-
tiple intracellular organelles whose movements cannot be
measured by conventional approaches such as kymography or
particle tracking. QuoVadoPro is available to download as an
installable Image] macro package with detailed use instructions.
It is important to note that although it is a useful tool for ana-
lyzing mitochondrial movement in COS-7 and U20S cells, Quo-
VadoPro provides not absolute measures of processive
movement but a proxy readout.

Quantifications of organelle distribution in cell lines. For
quantification of the peroxisomal distribution, we developed
another custom software, DoveSonoPro. In this software pack-
age, the cell outline and cell center are selected by the user. Each
point on the cell outline is then projected to the cell center by a
curved line that never leaves the confines of the cell outline.
Each of these connections is then broken down into 10 segments
of equal length. The segments are then connected to define
concentric zones parallel to the cell membrane (i.e., that follow
the cell shape). The peroxisomal frequency within each ring is
then calculated (see Fig. S3).

Kymolyzer, QuoVadoPro, and DoveSonoPro are available to
download from GitHub (https://github.com/ThomasSchwarzLab).

TRAK1 shRNA validation. Five TRAK1 shRNA constructs
(SHCLND-NM_014965; Sigma-Aldrich Mission shRNA library)
were tested in both HEK293T/17 cells and COS-7 cells. These con-
structs were transfected into HEK293T/17 cells using the calcium
phosphate method or into COS-7 cells using TransIT-LT1 reagent.
After 3 d of expression, the two constructs, TRCN0O000036275 and
TRCN0000036277, were found effective in knocking down TRAK1
in both cell lines. These constructs were then chosen for further
experiments.

FHL2 shRNA validation. Five FHL2 shRNA constructs were
obtained from the Sigma-Aldrich Mission shRNA library
(SHCLNG-NM_001450) and were initially tested in HEK293T/17
cells for efficient knockdown. They were transfected in HEK293T/17
cells using the calcium phosphate method. 3 d later, the cells
were lysed and analyzed by SDS-PAGE. The shRNA construct,
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TRCNO000005773, was found to be the most effective of the con-
structs from Sigma-Aldrich; it reduced endogenous FHL2 by >50%.
This shRNA was capable of knocking down FHL2 in COS-7 cells and
in rat hippocampal neurons and was used in Figs. 5, S5, 6, and 7.

Four other shRNA constructs against FHL2 were tested from
OriGene Technologies, Inc. (TL711478). These constructs specif-
ically targeted rat FHL2. To initially select the most efficacious
sequences, these shRNAs were transfected in HEK293T/17 cells
along with the rat FHL2 expression vector (as described above).
These cells were lysed, and cell lysates were analyzed by SDS-
PAGE followed by Western blotting. Two sequences, TL711478B
(referred to as shRNA B) and TL711478D (referred to as shRNA
D), were capable of significantly knocking down rat FHL2 (Fig.
S6 A) and were chosen for further experiments in hippocampal
neurons.

TRCN0000005773, TL711478B, and TL711478D were also
tested for efficacy of knockdown of FHL2 in hippocampal neu-
rons. This was done by transducing the neurons with viral
particles containing the shRNA vectors. All the shRNA con-
structs were in lentiviral vector backbones. To generate lenti-
viral particles, we cotransfected the shRNA plasmids with viral
packaging plasmids (ENV, GAG-POL, RSV-REV, and TAT) into
HEK293T/17 cells in 15-cm dishes. 2 d later, 100 ml of culture
supernatant containing the viral particles was collected and
filtered through a 0.45-ym filter. The viral particles were then
pelleted by centrifugation at 82,000 xg for 90 min at 4°C and
resuspended in 50 pl of 0.001% Pluronic F-68 in PBS solution.
Aliquots were snap frozen in liquid nitrogen and stored at
-80°C. To test the shRNA efficacy, we infected neuronal cultures
on DIV 1. On DIV 6, these cultures were washed once with ice-
cold PBS and lysed and analyzed by SDS-PAGE. All three shRNAs
tested showed efficient knockdown of FHL2 in neurons com-
pared with their respective control sequences (Fig. 6 and
Fig. S6).

Low-glucose neuronal cultures. To establish low-glucose
neuronal cultures, hippocampal neurons were dissected in me-
dia containing the typical 25 mM glucose. Following dissection,
the neurons were washed once with media containing 5 mM
glucose and plated. At the time of plating, the final glucose
amount in the media was, in some cases, as high as 6.3 mM due
to incomplete washing. These neuronal cultures were then
maintained by feeding at the time points shown in Figs. 1 and 7
with media containing either 1 mM or 5 mM glucose. During
feeding, 75% of the old media was replaced with fresh media.
The feedings ensured that the neurons were maintained at the
intended 1 mM or 5 mM glucose level.

To make neuronal media with differing glucose concen-
trations, glucose-free neurobasal A medium (A2477501; Thermo
Fisher Scientific) supplemented with penicillin-streptomycin,
1.22 M pyruvate (P8574; Sigma-Aldrich), 1 M lactate (71718;
Sigma-Aldrich), and 1 mM or 5 mM D-glucose was used.

For the glucose shift, the initial glucose levels in the low-
glucose neuronal cultures were measured. Fresh D-glucose
was then added to these cultures to a final concentration of
5 mM or 1 mM (control). The control cultures also received
equivalent molar concentrations of D-sorbitol to prevent dif-
ferences in osmolarity.
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FHL2 immunocytochemistry. The protocol for immunostain-
ing neurons or COS-7 cells was adapted from that described in
Whelan and Bell (2015) and Xu et al. (2013). Cells cultured in 20-
mm glass-bottomed dishes were fixed with 4% PFA in PEM
buffer (80 mM Pipes at pH 6.8, 5 mM EGTA, and 2 mM MgCl, in
water) prewarmed to 37°C. The fixed neurons or COS-7 cells
were then permeabilized and blocked by treatment with 0.5%
(vol/vol) Triton X-100 in PBS for 30 min at RT followed by 5%
(wt/vol) BSA in PBS for 1 h at RT. To detect neuronal cell bodies,
mitochondria, and FHL2, primary antibodies to MAP2, ATP5a,
and FHL2 (described above) diluted in antibody dilution buffer
(3% [wt/vol] BSA, 0.2% Triton X-100 in PBS) were applied to the
blocked samples overnight at 4°C. The samples were then
washed three times in PBS and incubated with Alexa Fluor 405-,
Alexa Fluor 568-, and Alexa Fluor 647-conjugated secondary
antibodies diluted in antibody dilution buffer for 2 h at RT. The
cells were then further washed three times in PBS and mounted
with Fluoromount-G (SouthernBiotech).

Actin staining for fixed cells. The protocol for visualizing
mitochondrially associated actin in fixed COS-7 cells was adap-
ted from Xu et al. (2013). The COS-7 cells cultured in 20-mm
glass-bottomed dishes (D35-20-1.5-N; Cellvis) were fixed for
90-120 s with 0.4% (vol/vol) glutaraldehyde and 0.25% Triton X-
100 (wt/vol) in cytoskeleton buffer (150 mM NaCl, 10 mM MES,
pH 6.1, 15 mM MgCl,, 5 mM EGTA, and 5 mM sucrose in water)
and then postfixed for 15 min with 3% (vol/vol) glutaraldehyde
in cytoskeleton buffer. Fixed samples were treated with freshly
prepared 0.5% (wt/vol) sodium borohydride in PBS to minimize
background fluorescence. Samples were then blocked and per-
meabilized in blocking buffer (3% [wt/vol] BSA and 0.2% [vol/
vol] Triton X-100 in PBS) for 1 h at RT. To detect mitochondria
(ATP5a) and HA epitopes, primary antibodies (described above)
diluted in blocking buffer were applied for 48 h at 4°C. The cells
were then washed three times with blocking buffer (5 min/
wash) and incubated with Alexa Fluor 568- and Alexa Fluor
647-conjugated secondary antibodies overnight at 4°C. Actin
filaments were simultaneously stained overnight at 4°C with
Alexa Fluor 488-conjugated phalloidin (sc-363791; Santa
Cruz Biotechnology). The samples were then washed three
times with blocking buffer (5 min/wash) and mounted with
Fluoromount-G.

Image acquisition parameters for F-actin quantification in live
cells. Live COS-7 cells expressing LifeAct-RFPt or F-Tractin-RFP
were imaged on a Leica SP8 laser-scanning confocal microscope.
The cells also expressed Mito-BFP to visualize the mitochondria
and cytosolic GFP. This combination of fluorophores was chosen
to minimize bleed-through from the mitochondrial channel into
the F-actin channel and vice versa. For all experiments, bleed-
through controls, such as cells expressing Mito-BFP alone, cells
expressing LifeAct-RFPt, or cells expressing F-Tractin-RFP alone
and cells expressing GFP alone were used to set up imaging
parameters.

To visualize F-actin, mitochondria, and the cytosol, the cells
were illuminated by a 405-nm diode laser, an argon laser tuned
to 488 nm, and a white light laser tuned to 560 nm. Fluorescence
emissions were collected using hybrid and photomultiplier de-
tectors. A Plan Apo 63x/1.40 NA oil objective was used. During
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image acquisition, the live cells were kept within a humidified
chamber maintained at 37°C and 5% CO, (from Okolab).

Image acquisition parameters for imaging F-actin staining and
FHL2 immunocytochemistry in fixed cells. Fixed COS-7 cells
stained for mitochondria (ATP5a) and F-actin (phalloidin) or
FHL2 were also imaged on a Leica SP8 laser-scanning confocal
microscope. Similar to the imaging of live cells, the fixed cells
were also imaged using a Plan Apo 63x/1.40 NA oil objective.
The cells were illuminated by a 405-nm diode laser, an argon
laser tuned to 488 nm, and a white light laser tuned to 560 nm
and 647 nm. Fluorescence was detected using hybrid and pho-
tomultiplier detectors.

Actin quantification. Whole COS-7 cells were reconstructed
from serial Z-slices. All actin quantifications were performed
with a custom-written MATLAB script. In this analytical
method, cell masks were drawn in the actin channel for each
Z-slice by tracing the perimeter of the cell cytoplasm and ex-
cluding the peripheral cortical actin. The mitochondria were
then masked by applying a global threshold on the mitochond-
rially localized marker, Mito-BFP or the HA signal. The mito-
chondrial mask was then expanded by 2 or 3 pixels to account
for the actin enrichment around the mitochondria while the area
of the mitochondrial matrix was excluded from the mask. Slices
containing no discernible mitochondrial signal were discarded
from the analysis. Cytoplasmic masks were determined by
subtracting the mitochondrial matrix from the cell mask of each
slice. The actin enrichment on mitochondria in each cell was
then determined as:

Actin mitochondria ~ Actin Cytosol

Actin Enrichment = -
Actin (o)

where Actiny;itochondria T€presents the density of F-actin in the
dilated mitochondrial mask across all slices, Actingyoso1 repre-
sents the density of F-actin in the cytoplasmic mask across all
slices, and Actin, represents the density of F-actin in the cell
mask (i.e.,, summation of the mitochondrial and cytoplasmic
mask).

Statistical analysis

Quantification of organelle motility

Data regarding quantifications of organelle motility in neurons
are expressed as median + interquartile range. The error bars
represent the 10th and 90th percentiles of the data. Outliers are
shown as individual dots and are included in all calculations.
Each data point represents a separate neuron. The percentage of
time spent in motion by all mitochondria in a particular axon
segment is averaged to generate one such data point. The distri-
bution of these data points was assumed to be normal (as dem-
onstrated to be the case in WT neurons; Basu et al., 2020). Thus, a
two-tailed unpaired t test with Welch’s correction was used to
determine the significance of differences between populations.

Western blot quantification
Data regarding Western blot quantifications are represented as
mean + SEM. All data points (each arising from a separate bio-
logical repeat) are shown. For finding significant differences,
pairwise t tests were used.
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Online supplemental material

Fig. SI (related to Fig. 1) shows the efficacy of OGT and OGA
constructs in increasing or decreasing O-GlcNAcylation. Fig. S2
(related to Fig. 2) illustrates the steps used for quantifying mi-
tochondrial motility in non-neuronal cells, demonstrates the
specificity of OGT in suppressing mitochondrial motility in COS-
7 cells and U20S cells, illustrates phalloidin staining in COS-7
cells in the presence of OGT or a control plasmid, and shows the
testing of various shRNA constructs used to knock down TRAKI.
Fig. S3 (related to Fig. 3) illustrates the steps to quantify per-
oxisomal distribution in COS-7 cells. Fig. S4 (related to Fig. 4)
depicts a schematic of the workflow used to analyze the changes
in the TRAK1 interactome as a result of O-GlcNAcylation,
demonstrates the association of O-GlcNAcylated TRAKI to dif-
ferent Flag-tagged versions of FHL2, and demonstrates that
O-GlcNAcylation of TRAKI is independent of F-actin depoly-
merization. Fig. S5 (related to Fig. 5) shows the validation of
FHL2 shRNA and the validation of the FHL2 antibody for
staining endogenous FHL2 in COS-7 cells. Fig. S6 (related to
Fig. 6) shows that the knockdown of FHL2 prevents OGT-
mediated mitochondrial arrest using a set of shRNA sequences
and vector backbones different from that used in Fig. 6. Fig. S7
(related to Fig. 8) demonstrates that cytosolic FHL2 does not
inhibit mitochondrial motility, unlike FHL2-HA-OMP25 (mito-
chondrial FHL2); that expression of FHL2-HA-OMP25 in COS-7
cells does not inhibit endosomal motility; and the localization
of FHL2-HA-OMP25 to mitochondria. Fig. S8 (related to the
Discussion section of text) demonstrates that OGT-mediated
mitochondrial arrest in neurons does not involve a detectable
rearrangement of F-actin around the mitochondria. Table SI
(related to Fig. 4 A) lists high-confidence interactors of TRAKI as
detected by SILAC-MS. Table S2 (related to the Materials and
methods section of text) lists primer sequences and shRNA se-
quences used in this study. Video 1 (related to Fig. 1) shows that
F-actin is necessary for glucose-induced arrest of neuronal mi-
tochondrial motility. Video 2 (related to Fig. S2) shows that OGT
suppresses mitochondrial motility in COS-7 cells. Video 3 (re-
lated to Fig. S2) shows the comparison of mitochondrial motility
in COS-7 cells expressing OGT and OGA. Video 4 (related to
Fig. 2) demonstrates that F-actin disruption reverses OGT-
mediated mitochondrial arrest in COS-7 cells. Video 5 (related
to Fig. S2) shows that O-GlcNAcylation does not influence en-
dosomal motility. Video 6 (related to Fig. 3) demonstrates
that mislocalizing the mitochondrial motor-adaptor complex
to peroxisomes increases peroxisomal motility and makes it
subject to regulation by OGT. Video 7 (related to Fig. 7) dem-
onstrates the necessity of FHL2 for glucose-induced mito-
chondrial arrest.
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Figure S1. Verification of OGT and OGA constructs in COS-7 cells (related to Fig. 1). (A and B) Construct verification in COS-7 cells. COS-7 cells were
transfected with OGT or OGA constructs and lysed after 2 d. (A) Representative Western blot of lysates probed for OGT, OGA (HA), GAPDH, and
O-GlcNAcylation (with antibody RL2). Molecular weights (in kD) are indicated on the right. (B) O-GlcNAcylation was quantified by normalizing the intensity of
RL2 staining (full lane) to that of the GAPDH band. Values were then expressed relative to those cells expressing only GFP. Each bicistronic construct was
almost fully cleaved to release OGA or OGT. Expression of OGT increased, and OGA decreased, O-GlcNAcylation levels relative to the GFP (control)-expressing
cells. (C and D) Construct verification in neurons. GFP-2A-OGT, BFP-2A-OGT, or GFP constructs were expressed in rat hippocampal neurons for 3 d.
(C) Representative images of neurons stained with the O-GlcNAc antibody RL2. (D) To quantify the RL2 intensity, the BFP or GFP signal was used to mask the
cell bodies, and total RL2 intensity inside the mask was measured and normalized to the control. n = 25-30 cells per condition from 3 independent animals.
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Figure S2.  OGT suppresses mitochondrial motility in COS-7 and U20S cells (related to Fig. 2). (A) Stages in the quantification of mitochondrial motility in
non-neuronal cells, exemplified by representative COS-7 cells with high motility (control) and low motility (OGT expressing; for corresponding movie, see Video
2). The mitochondria are initially defined by a threshold that is based on the contrast of the fluorescence signal over the local background. This thresholding
makes the measurement independent of the differences in the real fluorescence of the mitochondria. To eliminate noise from individual pixels, a lower size
limit for a mitochondrion is also defined. After this segmentation step, the variance and the sum of fluorescence over time for each pixel are then calculated.
The final motility heatmap is constructed as the ratio of variance over sum. Parts of the image that have high and processive movement display high variance
and low sum and thereby appear as hot spots in the heatmap. To derive a motility value from such a heatmap, the sum of the values for all the pixels is
normalized to the area occupied by the mitochondria. See Materials and methods for details. (B and C) Upon overexpression, OGT increases O-GlcNAcylation
and decreases mitochondrial motility, whereas OGA decreases O-GlcNAcylation and increases mitochondrial motility. To monitor mitochondrial motility, COS-7
cells were transfected with Mito-DsRed along with GFP-2A-OGT or GFP-2A-HA-OGA or control (GFP) constructs. (B) Representative images of mitochondria in
each outlined cell (top) and a heatmap for each cell of the variance in mitochondrial fluorescence over time (bottom; corresponds to Video 3). (C) Quantification
of mitochondrial motility for cells such as those in B, as illustrated in A. n = 15-20 cells per condition from 3 independent transfections. (D and E) OGT and OGA
constructs do not influence endosomal motility. COS-7 cells were cotransfected with Rab5-mCherry to label endosomes, along with GFP-2A-OGT or GFP-2A-
HA-OGA or GFP and analyzed as in C. Representative images (D) and quantification of motility (E; similar cells expressing OGA and OGT are shown in Video 5).
n = 15-20 cells per condition from 3 independent transfections. (F and G) In U20S cells, OGT and OGA alter mitochondrial motility as they do in COS-7 cells.
(F) Representative images of U20S cells expressing Mito-DsRed and OGT or OGA are shown along with their variance heatmap. (G) Quantification of mi-
tochondrial movement in the U20S cells was done in the same manner as described for COS-7 cells. n = 10-15 cells per condition from 3 independent
transfections. (H and 1) OGT and OGA constructs do not influence endosomal motility in U20S cells. U20S cells were cotransfected with Rab5-mCherry to label
endosomes, along with GFP-2A-OGT or GFP-2A-HA-OGA or GFP (control) and analyzed as before. (H) Representative images of endosomes and their heatmaps
are shown. (1) Quantification of endosomal motility was done by measuring the variance of pixel occupancy as described in A. Neither OGA nor OGT changed
the endosomal motility significantly from that observed for the cells expressing GFP (control; I). n = 10-15 cells per condition from 3 independent transfections.
()) Enrichment of phalloidin-labeled F-actin around mitochondria upon expression of OGT. Cells expressing OGT or GFP (control) were fixed and stained with
phalloidin and an antibody against ATP5A. As seen with other F-actin markers (LifeAct-RFPt and F-Tractin), phalloidin staining revealed dense F-actin networks
around mitochondria in the cells expressing OGT. (K and L) Validation of shRNA against TRAK1 in COS-7 cells. COS-7 cells were transfected with three different
shRNA sequences against TRAK1 (shTRAK1 1-3) and a nontargeting control shRNA. Cell lysates were probed for TRAK1 to determine the efficiency of
knockdown. (K) Representative Western blot. Molecular weights (in kD) are indicated on the right. (L) Quantification of TRAK1 knockdown from Western blots
as in K. The intensity of the TRAK1 band was normalized to the intensity of the GAPDH band. Two shRNAs were effective at reducing TRAK1 levels and were
chosen as shTRAK1 (A) and shTRAK1 (B). n = 3 independent transfections per condition. Quantifications in C, E, G, and | are represented as box-and-whisker
plots. The line indicates the median, the box indicates the interquartile range, and whiskers indicate the 10th and 90th percentiles. Outliers are represented as
individual dots and are included in all statistical calculations. P values were determined with a two-tailed unpaired t test with Welch’s correction. In L, bars
indicate mean + SEM, and a ratio paired t test was employed to calculate P values.
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Figure S3. Quantification of peroxisomal distribution in COS-7 cells (related to Fig. 3). (A) Division of the cell into concentric shells. The cell outline is
automatically detected from fluorescence intensity above a defined global threshold. The outline can then be manually refined. A user-defined cell center is
then selected; for these studies, it was placed in the center of the nucleus. The distance of each point on the cell outline to the cell center is calculated using a
path that does not go outside the cell outline. These values are used to make equally spaced concentric shells that are parallel to the cell outline. As illustrated
here, 10 shells were used for each cell in this study. (B) The peroxisomes are detected based on their intensity over their local background and with upper and
lower size limits to eliminate pixel noise. (C) Representative graph showing the frequency of peroxisomal occurrence in each shell of the cellillustrated in A and
B. The average of multiple such frequency histograms from different cells was used to quantify each condition depicted in Fig. 3 G.
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Figure S4. Identification of FHL2 as an interactor of O-GlcNAcylated TRAK1 (related to Fig. 4). (A) Schematic for TRAK1 interactome analysis by SILAC-
based quantitative proteomics. HEK293T cells expressing either OGA or OGT were cultured through five doublings in media containing L-arginine and L-lysine
made of heavy and light C and N isotopes. OGT-expressing cells were cultured in the presence of the OGA inhibitor PUGNAc (100 pM). Cells were then
immunoprecipitated with 2 pg of anti-TRAKI antibody. A Western blot of the precipitate probed for TRAK1 and O-GlcNAc is shown and illustrates the dif-
ferences in the extent of TRAK1 O-GlcNAcylation in the two conditions. The immunoprecipitates were then combined in a 1:1 ratio to ensure equal amounts of
immunoprecipitated TRAK1 and interactors were quantified using mass spectrometry (Mass Spec). m/z, mass-to-charge ratio. (B) TRAK1 binds to Flag-tagged
FHL2 in OGT-expressing cells. HEK293T cells were cotransfected with OGT, Myc-TRAK1, and one of three Flag-tagged FHL2 constructs (FHL2-Flag, Flag-FHL2,
3XFlag-FHL2) or GFP as a control. A representative Western blot is shown for the IP with anti-Flag antibody and subsequent probing with anti-Flag and anti-
Myc. FHL2-Flag was most effective in immunoprecipitating TRAKL and was chosen for further experiments. (C) LatA treatment does not change
0-GlcNAcylation levels on TRAKL. HEK293T cells expressing OGT or GFP (control) along with Myc-TRAK1 were treated with 0.05 pM LatA or DMSO (control).
Myc-TRAK1 was then immunoprecipitated from these cells and probed for levels of O-GlcNAcylation on a Western blot. Myc-TRAK1 immunoprecipitated from
cells expressing OGT show higher levels of O-GlcNAcylation than control cells. This difference persisted in the presence of LatA. The TRAK1 band is indicated
with an arrowhead. For panels showing Western blots, molecular weights (in kD) are indicated on the right.
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Figure S5. Validation in COS-7 cells of shRNA and antibody against FHL2 (related to Fig. 5). (A and B) COS-7 cells were transfected with OGT, OGA, and
GFP along with an shRNA to FHL2. The cells were then lysed, and the lysates were probed for FHL2 and GAPDH to confirm FHL2 knockdown (A). In all cases,
the shRNA against FHL2 was effective in reducing the levels of FHL2 (as compared with GAPDH, loading control) by >50% (B). (C and D) Validation of antibody
against FHL2 used for immunocytochemistry in COS-7 cells. The FHL2 shRNA plasmid was modified to coexpress BFP to mark the transfected cells. Cultures
expressing the FHL2 shRNA or a control shRNA were fixed and stained with the antibody against FHL2 (C). Left panels indicate BFP-tagged cells; right panels
show the FHL2 staining as a sum projection of confocal slices. (D) The total intensity of FHL2 staining was quantified in the transfected cells. n = 10-15 cells
from 3 independent transfections. Quantifications are represented as box-and whisker plots. The line indicates the median, the box indicates the interquartile
range, and whiskers indicate the 10th and 90th percentiles. Outliers are represented as individual dots and are included in all statistical calculations. P value is
from two-tailed unpaired t test with Welch’s correction.
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Figure S6. Knockdown of FHL2 prevents OGT-mediated mitochondrial arrest (related to Fig. 6). (A) Validation of shRNA sequences against rat (r)FHL2 in
HEK293T cells transfected with a rat FHL2 overexpression vector and the indicated shRNA constructs. On Western blots probed for FHL2 and GAPDH (as a
loading control), shRNA B and shRNA D (out of a set of four shRNA constructs tested) potently reduced FHL2 levels. (B and C) Validation of knockdown of
endogenous neuronal FHL2 by shRNA. At DIV 1, neurons were transduced with lentiviruses encoding shRNA constructs B and D or a control construct.
(B) Representative Western blot of neuronal lysates harvested on DIV 6 and probed for FHL2 and GAPDH. (C) Knockdown efficiency was quantified as the ratio
of the intensity of FHL2 bands to that of GAPDH and normalized to the control shRNA. n = 5 independent transductions per condition. P values are from ratio
paired t tests, and all data points are shown. Bars indicate mean + SEM. (D and E) Mitochondria in OGT-expressing neurons remain motile if FHL2 shRNA is also
expressed using constructs distinct from those in Fig. 6. Hippocampal neurons were transfected with Mito-DsRed, BFP-2A-OGT or BFP (control), and shRNA
against FHL2 or a control nontargeting shRNA. A GFP expression cassette in the shRNA vector backbone reported expression levels of shRNA. (D) Repre-
sentative axonal images of shRNA expression (green), OGT expression (cyan), mitochondria (red), and kymographs constructed from the mitochondrial channel
(bottom). (E) Quantification of mitochondrial motility from kymographs as in D. n = 15-20 axons per condition from 3 independent animals. Horizontal scale
bars represent 20 pm, and vertical scale bars represent 30 s. OGT expression suppresses mitochondrial motility in the presence of the control shRNA. However,
in the presence of either FHL2 shRNA construct, mitochondrial motility was unimpaired by OGT. Data are represented as box-and-whisker plot. The line
indicates the median, the box indicates the interquartile range, and whiskers indicate the 10th and 90th percentiles. Outliers are represented as individual dots
and are included in all statistical calculations. P values are from two-tailed unpaired t tests with Welch’s correction. For panels showing Western blots,
molecular weights (in kD) are indicated on the right.
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Figure S7. FHL2-HA-OMP25 expression in neurons and COS-7 cells (related to Fig. 8). (A and B) Mito-FHL2 (FHL2-OMP25) inhibits mitochondrial motility
in neurons, whereas cytosolic FHL2 does not. Hippocampal neurons were transfected with FHL2, FHL2-HA-OMP25, GFP-2A-OGT, GFP (control), or Flag-HA-
OMP25 (control) along with Mito-DsRed. (A) Representative axonal images of FHL2 or OGT expression (magenta), mitochondria (red), and kymographs
constructed from the mitochondrial channel (bottom). (B) Quantification of mitochondrial motility (average percentage of time spent in motion by all mi-
tochondria in an axon segment) from kymographs shown in A. Although FHL2-HA-OMP25 and OGT significantly reduce mitochondrial motility, the expression
of cytosolic FHL2 does not. n = 15-20 cells per condition from 3 independent animals. Horizontal scale bars represent 20 um, and vertical scale bars represent
30 s. (C and D) Endosomal motility in COS-7 cells was not inhibited by expression of FHL2-HA-OMP25. FHL2-HA-OMP25 or FLAG-HA-OMP25 (control) were
expressed together with Rab5-mEmerald. (C) Representative images of endosomes (top) and heatmap of variance representing endosomal motility (bottom).
(D) Motility was quantified from the variance and normalized to the control cells. n = 40-45 cells per condition from 3 independent transfections. The
quantifications in B and D are represented as box-and-whisker plots. The line indicates the median, the box indicates the interquartile range, and whiskers
indicate the 10th and 90th percentiles. Outliers are represented as individual dots and are included in all statistical calculations. P values are from a two-tailed
unpaired t test with Welch’s correction. (E) Mitochondrial localization of FHL2-HA-OMP25 and Flag-HA-OMP25. Transfected COS-7 cells were fixed and
stained with antibodies to HA and to the mitochondrial protein ATP5A.
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Figure S8. OGT-mediated arrest in neurons does not require large redistribution of axonal F-actin (related to the Discussion text). (A and B) Neurons
were transfected with LifeAct-RFPt (actin marker), OGT or GFP (control), and Mito-BFP. Top: Representative images of LifeAct-RFPt (magenta) and mito-
chondria (cyan). The F-actin intensity was measured along each axon and normalized to the average intensity in that axon. Bottom: Normalized F-actin in-
tensity (magenta) along the corresponding axons and the locations of mitochondria (cyan). (C) Quantification of F-actin colocalization with mitochondria. To
calculate F-actin enrichment, the ratio of F-actin intensity on mitochondria to the mean F-actin intensity (along the axon) was considered. Although there is a
trend of increased F-actin on mitochondria in axons expressing OGT, the increase is slight. The quantification is represented as a box-and-whisker plot. The line
indicates the median, the box indicates the interquartile range, and whiskers indicate the 10th and 90th percentiles. Outliers are represented as individual dots
and are included in all statistical calculations. P values are from a two-tailed unpaired t test with Welch’s correction.

Video 1. F-actin is necessary for glucose-induced arrest of neuronal mitochondrial motility (related to Fig. 1). The axon segments expressing Mito-
DsRed and shown in Fig. 1 B were subjected to a glucose shift in the presence of LatA or its vehicle control (DMSO). The segments are oriented such that
rightward movement is toward axon terminals. Scale bar represents 20 pm. Video is played at 30x real-time speed and rendered at 20 frames per second.
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Video 2. OGT suppresses mitochondrial motility in COS-7 cells expressing Mito-DsRed and OGT or GFP (control; related to Fig. S2). Corresponding
images and motility heatmaps for these cells are shown in Fig. S2 A. Scale bar represents 20 pm. Video is played at 60x real-time speed and rendered at 60
frames per second.

Video 3. Comparison of mitochondrial motility in COS-7 cells expressing OGT and OGA (related to Fig. $2). Mito-DsRed was expressed with either GFP-
2A-0GT or GFP-2A-OGA. Corresponding images and motility heatmaps for these cells are shown in Fig. S2 B. Scale bar represents 20 pm. Video is played at
30x real-time speed and rendered at 60 frames per second.

Video 4. F-actin disruption reverses OGT-mediated mitochondrial arrest in COS-7 cells (related to Fig. 2). A COS-7 cell coexpressing Mito-DsRed and
GFP-2A-OGT is shown before and after its treatment with 0.05 pM LatA for 90 min. Scale bar represents 20 pm. Video is played at 60x real-time speed and
rendered at 10 frames per second.

Video 5. Hyper-O-GlcNAcylation by OGT or removal of O-GlcNAc by OGA expression does not influence endosomal motility (related to Fig. S2). COS-
7 cells expressed Rab5-mCherry and either GFP-2A-OGT or GFP-2A-OGA. Scale bar represents 20 um. Video is played at 30x real-time speed and rendered at
20 frames per second.

Video 6. Mislocalizing the mitochondrial motor-adaptor complex to peroxisomes increases peroxisomal motility and is sufficient to make per-
oxisomal motility subject to regulation by OGT (related to Fig. 3). COS-7 cells expressing Pex-HIS-RFP-Miro or Pex-HIS-RFP-FKBP (control) along with
OGT or GFP (control) and treated with LatA or DMSO. Corresponding images and motility heatmaps for these cells are shown in Fig. 3 E. Scale bar represents
20 pm. Video is played at 30x real-time speed and rendered at 20 frames per second.

Video 7. FHL2 is necessary for glucose-mediated arrest of neuronal mitochondria (related to Fig. 7). Axon segments expressing Mito-DsRed and either
an shRNA toward FHL2 or a nontargeting control shRNA were subjected to a glucose shift. Corresponding kymographs for these axons are shown in Fig. 7 B.
The segments are oriented such that rightward movement is toward axon terminals. Scale bar represents 20 um. Video is played at 30x real-time speed and
rendered at 20 frames per second.

Provided online are two tables. Table S1 (related to Fig. 4 A) lists high-confidence interactors of TRAK1 as detected by SILAC-MS.
Table S2 (related to the Materials and methods section of text) lists primer sequences and shRNA sequences used in this study.
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