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Background: Oxidation of glycerol 3-phosphate generates superoxide/H,O, from multiple sites within mitochondria.
Results: Some of the superoxide/H,0O, originates specifically from mGPDH, but much can come from complex II; this demands

a reassessment of prior investigations.

Conclusion: The ubiquinone binding site in mGPDH produces superoxide to both sides of the inner membrane.
Significance: mGPDH can generate superoxide at rates comparable with other major sites.

The oxidation of su-glycerol 3-phosphate by mitochondrial
sn-glycerol 3-phosphate dehydrogenase (mGPDH) is a major
pathway for transfer of cytosolic reducing equivalents to the
mitochondrial electron transport chain. It is known to generate
H,0, atarange of rates and from multiple sites within the chain.
The rates and sites depend upon tissue source, concentrations of
glycerol 3-phosphate and calcium, and the presence of different
electron transport chain inhibitors. We report a detailed exam-
ination of H,O, production during glycerol 3-phosphate oxida-
tion by skeletal muscle, brown fat, brain, and heart mitochon-
dria with an emphasis on conditions under which mGPDH itself
is the source of superoxide and H,O,. Importantly, we demon-
strate that a substantial portion of H,O, production commonly
attributed to mGPDH originates instead from electron flow
through the ubiquinone pool into complex II. When complex II
is inhibited and mGPDH is the sole superoxide producer, the
rate of superoxide production depends on the concentrations of
glycerol 3-phosphate and calcium and correlates positively with
the predicted reduction state of the ubiquinone pool. mGPDH-
specific superoxide production plateaus at a rate comparable
with the other major sites of superoxide production in mito-
chondria, the superoxide-producing center shows no sign of
being overreducible, and the maximum superoxide production
rate correlates with mGPDH activity in four different tissues.
mGPDH produces superoxide approximately equally toward
each side of the mitochondrial inner membrane, suggesting that
the Q-binding pocket of mGPDH is the major site of superoxide
generation. These results clarify the maximum rate and mecha-
nism of superoxide production by mGPDH.

sn-Glycerol 3-phosphate is important in both lipid and car-
bohydrate metabolism. As the product of cytosolic sn-glycerol
3-phosphate dehydrogenase and substrate of mitochondrial sn-
glycerol 3-phosphate dehydrogenase (mGPDH? EC 1.1.5.3;
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gene symbol GPD?2), glycerol 3-phosphate can be a significant
carrier of cytosolic reducing equivalents that feed directly into
the electron transport chain (1). This shuttle activity is thought
to coordinate glycolytic and mitochondrial metabolism in
highly active tissues, and fittingly, mGPDH shows the highest
expression in thermogenic brown fat, type II skeletal muscle
fibers, brain, sperm, and pancreatic beta cells (2—4). Tissues
with characteristically low expression of mGPDH, such as liver,
kidney, and heart, show increased enzyme activity in response
to thyroid and steroid hormones, whereas those with high
expression are generally insensitive to this regulation (3, 5-7).
Variations in mGPDH expression, activity, or genetic sequence
have been associated with increased plasma levels of glycerol
and free fatty acids (8), mental retardation (9), cancers (5,
10-12), and diabetes (13, 14). Despite its important role in var-
ious metabolic processes, mGPDH remains poorly character-
ized relative to other components of the electron transport
chain.

mGPDH is an FAD-linked ubiquinone (Q) oxidoreductase
that is integrally embedded in the outer leaflet of the mitochon-
drial inner membrane (1, 15). Crystal structures of the homol-
ogous GlpD enzyme from Escherichia coli suggest that the FAD
(substrate binding region) resides in the mitochondrial inter-
membrane space, whereas the Q-binding site sits in the outer
leaflet (16). Both vertebrate and invertebrate mGPDH contain a
calcium-binding EF-hand domain in the intermembrane space
that lowers the K, for glycerol 3-phosphate at physiological
levels of free calcium (17, 18). The orientation of mGPDH
toward the cytosolic environment therefore allows changes in
either cytosolic glycerol 3-phosphate or free calcium to influ-
ence mitochondrial activity directly.

Mitochondrial oxidation of glycerol 3-phosphate is linked to
the generation of superoxide and (through superoxide dismu-
tase activity) H,O, (19-25). Glycerol 3-phosphate oxidation
can drive electrons in both the forward direction from Q

lo, ubiquinone-binding site of complex |; site ll, flavin site of complex II; site
lllo,, outer ubiquinone-binding site of complex IlI; site llly;, inner ubiqui-
none-binding site of complex Ill; Q, ubiquinone; FCCP, carbonyl cyanide-
4-(trifluoromethoxy)phenylhydrazone; DCPIP, 2,6-dichlorophenolindo-
phenol; CDNB, 2,4-dinitrochlorobenzene; ETF, electron-transferring
flavoprotein; ETFQOR, electron transferring flavoprotein ubiquinone oxi-
doreductase; ANOVA, analysis of variance.
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through complex III and cytochrome ¢ to complex IV and the
reverse direction from Q through complex I to matrix NAD ™.
This can lead to production of superoxide and H,O, from mul-
tiple sites within mitochondria, including mGPDH, complex I,
complex III, and lipoate-linked matrix dehydrogenases (20 —22,
26). The total and site-specific rates of superoxide and H,O,
production depend on the tissue source, the concentrations of
glycerol 3-phosphate and calcium, and the presence of various
electron transport chain inhibitors, making it more difficult to
identify superoxide production specifically from mGPDH and
to compare effects between groups.

Despite numerous attempts, purification of mGPDH has
been unsuccessful without significant losses in cofactors and
overall activity (15,27, 28). As a result, few mechanistic analyses
of enzymatic activity or superoxide production exist. More suc-
cess has come from pharmacological isolation of mGPDH
activity in intact mitochondria to investigate its production of
superoxide and H,O,. Most commonly, combinations of com-
plex I and complex III inhibitors (e.g. rotenone and myxothia-
zol) have been used to prevent production of superoxide from
complex I during reverse electron transport and from the outer
Q-binding site of complex III (site IIl,,) (21-23, 25). These
studies identified mGPDH as a likely site of mitochondrial
superoxide production and provided evidence that mGPDH
generates superoxide to both sides of the mitochondrial inner
membrane (20). However, no study has investigated rigorously
the conditions and potential mechanisms that control superox-
ide production by mGPDH specifically. In the present work, we
provide a detailed examination of superoxide and H,O, pro-
duction during glycerol 3-phosphate oxidation by mitochon-
dria from rat skeletal muscle, brown fat, brain, and heart, with
an emphasis on conditions under which mGPDH itself is the
source of superoxide.

During our characterization, we discovered that much of the
measured H,O, commonly attributed to mGPDH actually orig-
inates from the flow of electrons from the mobile Q-pool into
complex II. Inhibitors of complex II prevent this flow without
inhibiting mGPDH or other aspects of mitochondrial activity.
Using refined conditions where mGPDH is pharmacologically
isolated as the superoxide producer, we find that the rate of
H,O, production varies with the concentration of glycerol
3-phosphate and calcium in a manner that correlates positively
with the predicted reduction state of the Q-pool and with the
expected total activity of mGPDH. Further, the superoxide-
producing center of mGPDH shows no sign of being overreduc-
ible. Topological assessment indicates that the major reactive
species produced by mGPDH is superoxide that is released
approximately equally to each side of the mitochondrial inner
membrane. This topology favors the Q-binding pocket in the
outer leaflet as being the primary site of superoxide generation
in mGPDH.

EXPERIMENTAL PROCEDURES

Reagents, Animals, Mitochondrial Isolation, and Standard
Assay Buffers—Reagents were from Sigma-Aldrich except for
the CaCl, standard (Thermo Scientific), fatty acid-free bovine
serum albumin (Calbiochem), Amplex UltraRed (Invitrogen),
rabbit anti-GPD2 polyclonal antibody (Proteintech), mouse
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anti-electron-transferring flavoprotein ubiquinone oxido-
reductase (ETFQOR or ETFDH) mAb (Abcam), and atpenin
A5 and rabbit anti-SDHA polyclonal antibody (Santa Cruz Bio-
technology). sn-Glycerol 3-phosphate was added as disodium
rac-a/B-glycerol phosphate (25% active optical isomer sn-glyc-
erol 3-phosphate, 25% inactive optical isomer sn-glycerol
1-phosphate, and 50% inactive structural isomer glycerol
2-phosphate) unless stated otherwise. Unless further distinc-
tion is required, this mixture will be referred to as glycerol phos-
phate. Mitochondria were isolated from 5—8-week-old female
Wistar (Harlan Laboratories) rat hind limbs (skeletal muscle),
interscapular brown fat, heart, or forebrain (cortex and stria-
tum) as described previously (29-32), except mannitol was
replaced with sucrose (320 mwm total), and 0.05% (w/v) fatty
acid-free bovine serum albumin was included in the brain mito-
chondria isolation buffer. The animal protocol was approved by
the Buck Institute Animal Care and Use Committee, in accord-
ance with institutional animal care and use committee stand-
ards. Freshly isolated heart and skeletal muscle mitochondria
were assayed in buffer containing 120 mm KCl, 5 mm HEPES, 1
mMm EGTA, 0.3% (w/v) bovine serum albumin without or with
added CaCl, to yield a final free concentration of 250 nm cal-
cium at pH 7.0 at 37 °C. Freshly isolated brown fat mitochon-
dria were assayed in buffer containing 50 mm KCl, 5 mm HEPES,
1mMEGTA, 0.4% (w/v) bovine serum albumin with 250 num free
calcium. Freshly isolated brain mitochondria were assayed in
buffer containing 320 mm sucrose, 5 mm HEPES, 1 mm EGTA,
and 0.1% (w/v) fatty acid-free bovine serum albumin. Total
and free calcium concentrations were calculated using the
Extended MaxChelator program (available through Chris Pat-
ton on the Stanford University Web site). Experiments were
performed at 37 °C except for measurement of aconitase activ-
ity, which was assayed at 30 °C.

Measurement of Total Superoxide and H,O, Production—
Rates of superoxide and H,O, production were quantified fluo-
rometrically as H,O,, without distinguishing between them, in
the presence of exogenous superoxide dismutase, horseradish
peroxidase, and Amplex UltraRed, as described previously (29,
33, 34). Amplex UltraRed fluorescence was measured on a Var-
ian Cary Eclipse fluorimeter (excitation at 550 nm, emission at
590 nm). Briefly, 0.1- 0.3 mg of mitochondria/ml were stirred
continuously at 37 °C with all assay components present from
the start except for substrate, which was added after 2—5 min of
equilibration. Direct comparisons of variables like substrate
concentration, calcium concentration, or the presence/absence
of inhibitors were tested in parallel cuvettes except for the illus-
trative experiment in Fig. 2b. Rates of fluorescence change were
measured once steady state was attained for each condition,
typically within 3—4 min after substrate addition. Fluorescence
changes were calibrated to H,O, standards assayed under iden-
tical conditions (33). The concentration of glycerol phosphate
significantly affected these calibrations (Fig. 1a) independently
of other variables (i.e. the presence or absence of mitochondria,
calcium, or various mitochondrial inhibitors). If uncorrected,
this effect resulted in an overestimation in the calculated rates
of H,O, production. Therefore, to determine true rates of
H,O, production, a correction factor proportional to the per-
centage change versus no glycerol phosphate added was applied
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to calibration slopes (measured as fluorescence units/pmol of
H,O, added) for each concentration of glycerol phosphate
greater than 1 mm. This effect of glycerol phosphate on the
calibration was verified periodically to ensure the consistency
of these corrections over the course of all experiments. All rates
were determined empirically except for those in Fig. 8, which
were corrected for H,O, consumption by endogenous peroxi-
dases according to Ref. 35. This correction was determined
empirically for mGPDH-specific H,O, production by treating
skeletal muscle mitochondria with 2,4-dinitrochlorobenzene
(CDNB) (35) and subsequently measuring the rate of H,O, pro-
duction in the presence of 1.7 mm glycerol phosphate, 4 um
rotenone, 2.5 uM antimycin A, 2 uMm myxothiazol, 1 mm malo-
nate, and 250 nm free calcium. Maximal rates of site-specific
H,O,/superoxide production were measured in brown fat
mitochondria (Fig. 80). The maximal rate from mGPDH was
determined as above but without CDNB pretreatment. The fla-
vin mononucleotide site of complex I (site I.) was driven using
5 mM malate in the presence of 4 um rotenone as described (35)
with the additions of 5 mM glutamate to facilitate malate oxida-
tion as well as 2 uM FCCP to ensure oxidation of redox centers
downstream of complex I. The Q-binding site of complex I (site
I,) was driven with 10 mM succinate in the presence of 1 mm
GDP to inhibit uncoupling protein 1 and defined as the rote-
none-sensitive component (36). These empirical rates in brown
fat were subsequently corrected for H,O, consumption by
endogenous peroxidases according to Ref. 35.

Topology of mGPDH Superoxide Production—This was
assessed by two methods (Fig. 7a). Superoxide release by
mGPDH toward the intermembrane space was determined in
the presence of acetylated cytochrome c as the percentage of
total H,O, signal dependent upon the addition of exogenous
superoxide dismutase as described previously (33, 37). Briefly,
two cuvettes were set up as described above for the standard
H,O, measurements with superoxide dismutase omitted from
one cuvette. The increased rate in the presence of exogenous
superoxide dismutase represented superoxide that was pro-
duced in the intermembrane space. Superoxide release by
mGPDH toward the mitochondrial matrix was estimated using
rates of aconitase inactivation as previously described (21) cal-
ibrated against two sites of superoxide production instead of
just the rotenone-sensitive component of complex I superoxide
production. These two sites, site Iz and site Ill,,, are well
defined sources of superoxide (34, 36, 38). Site I was selectively
driven using 5 mm malate in the presence of either 0.6 or 4 um
rotenone as described (35) with the addition of 2 um FCCP to
ensure oxidation of redox centers downstream of complex L.
Site Ill,, was driven by 15:85 or 35:65 ratios of succinate/mal-
onate (5 mwm total dicarboxylate) in the presence of 4 um rote-
none and 2.5 uM antimycin A (38). Site I produces superoxide
solely into the matrix (33), whereas site IIl,, produces super-
oxide roughly equally to the matrix and intermembrane space
(33, 35, 37). Therefore, the rate of aconitase inactivation for
each of these sites was calibrated to the total (Iz) or half of the
total (Il ,) H,O, production rate detected after dismutation of
superoxide by endogenous and exogenous superoxide dismu-
tases. After calibration against these sites, the estimated rate of
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production toward the matrix by mGPDH was expressed as a
percentage of the total H,O, production rate.

Cytochrome by, Reduction—The reduction of cytochrome
bse was monitored at the wavelength pair 566 and 575 nm on
an Olis DW-2 dual wavelength spectrophotometer (34, 39).
The reduction state of b5, was used as a proxy for the reduction
state of the Q-pool as outlined elsewhere (34, 38, 40).

Respiration—Glycerol 3-phosphate-driven respiration was
measured in a Clark-type chamber as described previously (41)
except that mitochondria were at 1 mg of protein'ml™". Follow-
ing the addition of glycerol phosphate, the oxygen consumption
rate was measured in the presence of oligomycin and following
the subsequent addition of the uncoupler FCCP.

Expression of Mitochondrial Proteins—Relative protein levels
of mGPDH, complex II, and ETFQOR in mitochondria from
brain, brown fat, heart, and skeletal muscle were assessed by
Western blotting using standard procedures.

Activity of mGPDH—The activity of mGPDH was measured
in standard buffer as the rate of reduction of 50 um 2,6-dichlo-
rophenolindophenol (DCPIP) by 26.7 mm glycerol phosphate
as described previously (42) except for the inclusion of 4 um
rotenone, 2 uM myxothiazol, 2.5 um antimycin A, and 1 mm
potassium cyanide. The effects of vehicle, 1 mm malonate, or 1
M atpenin A5 on mGPDH activity were measured in parallel in
fresh skeletal muscle mitochondria. For direct comparison of
activities in mitochondria isolated from different tissues,
10-100 ug of frozen/thawed mitochondrial protein was
assayed in clear 96-well plates using the condition described
above with the inclusion of 1 mM malonate. Linear rates of
change in absorbance (A = 600 nm) were measured on a
PHERAstar Plus microplate reader and converted to rates of
DCPIP reduction using an extinction coefficient of 21
mMm ™~ *cm ™' and a calculated path length of 0.6 cm. No differ-
ence in maximal activity was observed between intact and fro-
zen/thawed mitochondria for at least two freeze/thaw cycles.

Activity of Complex II—The activity of complex II in skeletal
muscle mitochondria was measured as phenazine methosul-
fate-linked reduction of DCPIP as described in Ref. 43. The
basal condition was 4 uM rotenone, 2.5 uM antimycin A, and 2
M myxothiazol, and the effect of glycerol phosphate was com-
pared with maximal activation with 5 mm succinate.

Maximal Activation of mGPDH—As mentioned under
“Measurement of Total Superoxide and H,O, Production,”
glycerol phosphate concentrations greater than 1 mm caused
progressive artifacts in H,O, calibration that required correc-
tion. We also observed progressive inhibition of H,O, produc-
tion, respiration, and membrane potential at higher concentra-
tions of glycerol phosphate that varied with the type and
amount of counterion used for glycerol phosphate preparation
(not shown; see Fig. 5). To mitigate these artifacts yet still fully
engage mGPDH, four strategies were employed. First, glycerol
phosphate concentration was limited to less than 20 mm in
most experiments. Second, the known allosteric activation of
mGPDH by calcium was exploited to achieve comparable activ-
ity while reducing the amount of glycerol phosphate required
by up to an order of magnitude. The effect of 250 nm free cal-
cium on muscle mitochondria respiring on glycerol 3-phos-
phate is demonstrated in Fig. 1, b and c. For both oligomycin-
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FIGURE 1. Optimization of conditions for measurement of superoxide production by mGPDH. g, H,0, calibration curves (fluorescence units per pmol of
H,0, added) in the presence of glycerol phosphate normalized as percentage change versus no glycerol phosphate added. Data are means = S.E. (error bars)
(n = 24 independent titrations). b, effect of 250 nm free calcium on respiration rate driven by glycerol 3-phosphate in the presence of 4 um rotenone and 1
ug-ml~" oligomycin (p < 0.01 versus no calcium added for 1.7, 13.3, or 26.7 mm glycerol phosphate; two-way ANOVA with Bonferroni post-test). Data are
means = S.E. (n = 3). ¢, effect of 250 nm free calcium on uncoupled respiration rate driven by glycerol 3-phosphate (p < 0.001 versus no calcium added for 13.3
or 26.7 mm glycerol phosphate; two-way ANOVA with Bonferroni post-test). Data are means * S.E. (n = 3). d, effect of calcium on the reduction state of
cytochrome b4 in the presence of glycerol phosphate, 4 um rotenone, and 2.5 um antimycin A (p < 0.001 versus no calcium added for 0.07-26.7 mm glycerol
phosphate; two-way ANOVA with Bonferroni post-test). Data are means =+ S.E. (n = 3-7). e, reduction state of cytochrome b, in the presence of rac-a/B-

glycerol phosphate or rac-a-glycerol phosphate, 4 um rotenone, and 2.5 um antimycin A. Data are means *+ S.E. (n = 3-11).

inhibited and uncoupled respiration, calcium reduced the
concentration of glycerol phosphate required for both partial
and full activity without itself uncoupling the mitochondria or
altering the maximal rate of glycerol 3-phosphate oxidation.
Similarly, lower concentrations of glycerol phosphate progres-
sively reduced the Q-pool in the presence of activating calcium
(Fig. 1d). Third, we used only the disodium salt of glycerol phos-
phate. Other available salts of glycerol phosphate (calcium,
magnesium, and cyclohexylammonium) had more potent
inhibitory effects on mGPDH activity or mitochondrial func-
tions, whereas the disodium salt appeared innocuous below 20
mM glycerol phosphate. Most experiments were performed
with disodium rac-a/B-glycerol phosphate (25% active optical
isomer su-glycerol 3-phosphate). For crucial experiments in
which maximal Q-pool reduction was necessary in the absence
ofinhibition of site I11,,, (Fig. 5), a fourth strategy was employed
in which we used rac-a-glycerol phosphate (50% active sn-glyc-
erol 3-phosphate, 50% inactive sn-glycerol 1-phosphate). As
demonstrated in Fig. 1e, approximately half the concentration
of rac-a-glycerol phosphate (and sodium counterion) was
required to achieve the reduction states of the Q-pool observed
with rac-a/B-glycerol phosphate. Practicalities prevented us
from utilizing rac-a-glycerol phosphate in all experiments.
However, our combined strategies resulted in a much greater
range of conditions in which to probe the mechanisms of
mGPDH superoxide production.

42924 JOURNAL OF BIOLOGICAL CHEMISTRY

Data Analysis—Data are presented as mean or mean * S.E.
Statistical differences between conditions were analyzed as
appropriate by unpaired ¢ test or one-way or two-way ANOVA
with Bonferroni post-test as specified in the legends of Figs. 1, 3,
4, and 7. p values of <0.05 were considered significant.

RESULTS

Glycerol 3-Phosphate Oxidation Results in H,O, Production
from Multiple Sites, Including Complex II—Electron flow dur-
ing oxidation of glycerol 3-phosphate by mGPDH is shown in
Fig. 2a. Electron flow reduces the Q-pool, which in turn sends
electrons in the forward thermodynamically favored direction
to complex III and ultimately to oxygen at complex IV. In the
process, proton pumping by complexes III and IV generates a
protonmotive force across the mitochondrial inner membrane.
This combination of a reduced Q-pool and high protonmotive
force will drive electrons from the Q-pool in reverse through
complex I to reduce matrix NAD*. This reverse electron trans-
port caused high rates of H,O, production, as demonstrated by
the addition of glycerol phosphate (addition i) in Fig. 2b. The
majority of this H,O, production can be attributed to superox-
ide production at site I because it was sensitive to the site I
inhibitor rotenone (addition ii). The highest rates of H,O, pro-
duction with glycerol phosphate as substrate were obtained in
the presence of the complex III Q; site inhibitor antimycin A
(addition iii). The bulk of this H,O, production is commonly
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FIGURE 2. Mitochondria oxidizing glycerol 3-phosphate produce H,0, from multiple sites, including complex Il. g, electrons from the oxidation of
glycerol 3-phosphate can move in the forward direction (solid line with white arrowheads) to oxygen at complex IV or be transported in reverse to matrix NAD™
through complex | driven by protonmotive force (dashed line with black arrowheads). These flows can be prevented or diverted with site-specific inhibitors as
shown. Lowercase Roman numerals beside substrates and inhibitors correspond to additions in b. G, FAD site in mGPDH; G, Q-binding site in mGPDH.
b, example trace of sequential inhibition of sites in the electron transport chain to reveal the different sites involved in H,0, production during glycerol
3-phosphate oxidation (see “Results”). Additions were as follows: 6.7 mm glycerol phosphate (i); 4 um rotenone (ii); 2.5 um antimycin A (jii); 2 um myxothiazol (iv);
and 1 mm malonate (v). Numbers beside the trace indicate rates of H,0, production in pmol of H,0,'min ~*mg of protein . ¢, no effect of complex Il inhibitors
on the reduction of cytochrome b4 by glycerol phosphate. The reduction of cytochrome by was used as a proxy for the reduction state of the Q-pool (see
“Experimental Procedures”). Glycerol phosphate in the presence of 4 um rotenone (squares) or rotenone and 2.5 um antimycin A (circles) was used to reduce the
Q-pool in the presence of T mm malonate (black symbols) or 1 um atpenin A5 (gray circles). Data are means = S.E. (error bars) (n = 3-7 except 3.3 mm glycerol
phosphate where n = 1 in the absence or 2 in the presence of antimycin A, and error bars represent ranges).

attributed to superoxide generation from site I, because it is A possible trivial explanation for the inhibition of H,O, pro-
sensitive to the site Ill,, inhibitor myxothiazol (addition iv). It ~ duction rate by complex Il inhibitors is that they directly inhibit
is this condition, oxidation of glycerol 3-phosphate in the pres- mGPDH. Multiple lines of evidence do not support this possi-
ence of rotenone and myxothiazol, inhibitors of sites I and  bility. First, this H,O, production rate was equally sensitive to
I, that has previously been taken to define H,O, production  both malonate and atpenin A5, despite their structural dissim-
specifically from mGPDH (20, 22, 24). ilarities and different binding sites in complex II, making a com-

In the present work, we found that inhibitors of complex II  mon off-target effect unlikely (43). Second, there was no effect
more than halved the rate of H,O, production by skeletal mus-  of malonate or atpenin A5 on mGPDH activity monitored as
cle mitochondria during oxidation of glycerol 3-phosphate in  the rate of reduction of DCPIP under conditions identical to
the presence of rotenone and myxothiazol (malonate, addition  those in which H,O, production by mGPDH was measured
v). This effect was reproducible and elicited by complex II  (not shown). Third, the ability of glycerol 3-phosphate to
inhibitors acting at either the Q-binding site (site I, targeted reduce cytochrome by, a proxy for Q-pool reduction (34, 38,
with atpenin A5) or the substrate binding site (site II, targeted  40), was not altered by either inhibitor (Fig. 2¢), indicating that
with malonate). Recently, we discovered that the flavin site of there was no effect on electron flux into the Q-pool. Fourth,
complex II (site IIz) can generate superoxide and/or H,O, at neither malonate nor atpenin A5 changed various indicators of
high rates in both the forward and reverse reactions (43). Our  glycerol 3-phosphate oxidation, including maximal respiration
observation that a large portion of the H,O, production rate rates (43) and resting protonmotive force (not shown). Finally,
commonly attributed to mGPDH probably originates from the degree of inhibition matched the relative activities of com-
electron flow from the Q-pool into complex II (dotted line with  plex Il and mGPDH in these tissues (see below; Fig. 3, b and c).
white arrowheads in Fig. 2a) raises the possibility that all prior ~ Altogether, there is no evidence that the inhibition of H,O,
work characterizing mGPDH-specific H,O, production is production by complex II inhibitors during glycerol 3-phos-
inaccurate and in need of clarification. phate oxidation was caused by off-target effects of these inhib-
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FIGURE 3. Definition of H,0, production specific to mGPDH. g, effect of 1
mM malonate on the rate of H,O, production in the presence of glycerol
phosphate, 4 um rotenone, 2 um myxothiazol, 2.5 um antimycin A, and 250 nm
free calcium. The total rate of H,O, production (black circles) was significantly
inhibited by malonate above 0.017 mm glycerol phosphate (p < 0.001; two-
way ANOVA with Bonferroni post-test). The malonate-insensitive rate was
assumed to define mGPDH-specific H,O, production (white circles). Data are
means * S.E. (error bars) (n = 3-8). Rot, rotenone; myx, myxothiazol; ant A,
antimycin A. b, effect of calcium on the malonate-sensitive component (site
Ile) of H,0, production rates in skeletal muscle mitochondria for the condition
described in a. The presence of 250 nm free calcium (black circles) significantly
increased the H,0, production rates versus the absence of added calcium
(white circles) for all concentrations of glycerol phosphate between 0.07 and
1.7 mm (p < 0.001; two-way ANOVA with Bonferroni post-test). Data are
means = S.E. (n = 3-8). ¢, effect of calcium on the malonate-insensitive com-
ponent (MGPDH-specific) of H,O, production rates in skeletal muscle mito-
chondria for the condition described in a. The presence of 250 nm free calcium
(black circles) significantly increased the H,O, production rates versus the
absence of added calcium (white circles) for all concentrations of glycerol
phosphate between 0.07 and 1.7 mm (p < 0.001; two-way ANOVA with Bon-
ferroni post-test). Data are means = S.E. (n = 3-8).

itors at mGPDH; therefore, we ascribe this component of glyc-
erol 3-phosphate-driven H,O, production to electron flow into
complex II from the Q-pool. Because we observed no difference
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between the effects of atpenin A5 or malonate under any con-
dition tested, all further experiments utilized malonate to
inhibit complex IIL.

The Rate of H,O, Production by mGPDH Is Best Defined
When Complexes I, 1, and III Are Fully Inhibited—W orking
under refined conditions in which complexes I, II, and III were
all selectively blocked, we sought to define the maximal rate of
mGPDH-specific H,O, production in mammalian skeletal
muscle, brown fat, brain, and heart mitochondria. Starting
with mitochondria inhibited with rotenone, myxothiazol, and
antimycin A in the presence of 250 nMm free calcium, we mea-
sured the rate of H,O, generation in response to increasing
concentrations of glycerol 3-phosphate (Fig. 3a, black circles).
The rate of total H,O, production progressively increased with
added substrate until plateauing near 1 mm glycerol phosphate.
The addition of 1 mM malonate either in series (not shown) or
in parallel (Fig. 3a, white circles) revealed a significant contri-
bution by site I of complex II at all concentrations of glycerol
phosphate. The mGPDH-specific H,0, production rate mir-
rored the total rate by progressively increasing until plateauing
near 1 mm glycerol phosphate. The contributions of H,O, pro-
duction from mGPDH and complex II under these conditions
were determined as the malonate-insensitive and malonate-
sensitive components, respectively (full titrations in Fig. 3, b
and ¢; peak rates in Fig. 4c). In muscle mitochondria, mGPDH
maximally produced ~300 pmol of H,O,'min™"*mg of pro-
tein !, whereas complex Il driven by electrons from the Q-pool
produced H,O, at twice this rate. Under these conditions, com-
plex II was only ~40% active due to inhibition by endogenous
oxaloacetate. The basal activity of complex II was 35 = 5 nmol
of DCPIP reduced-min~'*mg of protein™' compared with a
maximal activity of 89 = 5 nmol of DCPIP reduced'min™'mg
of protein™! (means *+ S.E., n = 3) after incubation with 5 mm
succinate. Basal activity was not significantly altered (unpaired
t test) by the addition of up to 27 mm glycerol phosphate (41 =
4 nmol of DCPIP reduced'min ™~ '*mg of protein™'). Given this
partial activation, the rate of H,O, production observed from
complex I during oxidation of glycerol 3-phosphate was in line
with the maximum rate from complex II observed under opti-
mal conditions (4:3).

Next, we utilized mitochondria from the brain, brown fat,
and heart to investigate the relative contributions of H,O, pro-
duction from mGPDH and complex II in tissues with different
mGPDH activity and expression (Fig. 4, 2 and b) (3). If, as we
assert, our refined conditions report mGPDH specifically, then
mGPDH-specific H,O, production should parallel the relative
activity and expression in each tissue. Fig. 4, ¢ and d, shows that
these predictions were fulfilled. The total rate of H,O, produc-
tion during oxidation of glycerol 3-phosphate in the presence of
complex I and complex III inhibitors was more than 3 times
higher in brown fat mitochondria than in skeletal muscle. The
rate of H,O, production attributed to mGPDH was 7 times
higher in brown fat. In contrast, the rate of H,O, production
that was sensitive to complex II inhibition accounted for only
38% of the total in brown fat mitochondria compared with 68%
in muscle. Brain mitochondria, which have slightly lower
mGPDH activity (Fig. 4a), also displayed an mGPDH-specific
rate of H,O, production that was slightly lower than but not
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significantly different from that of skeletal muscle, and 43% of
the total was attributable to mGPDH. Finally, heart mitochon-
dria had the lowest activity, expression, and rate of mGPDH-
specific H,O, production and had the lowest proportion attrib-
utable to mGPDH (23%). Together, there was a strong positive
correlation between mGPDH activity and the rate of mGPDH-
specific H,O, production (Fig. 4d). These data support our def-
inition of both mGPDH and complex II H,O, production using
selective complex II inhibition in mitochondria from multiple
sources.

The effect of co-varying the free calcium and glycerol phos-
phate concentrations on the rate of H,O, production from
complex II (Fig. 3b) and mGPDH (Fig. 3¢) begins to clarify the
mechanisms controlling H,O, production under these condi-
tions. Like total and mGPDH-specific H,O, production (Fig.
3a), H,O, production from electron flow into complex II from
the Q-poolin the presence of 250 nm free calcium (Fig. 3b, black
circles) plateaued near 1 mm glycerol phosphate. Further, the
stimulation by calcium of H,O, production by complex II (Fig.
3b) and mGPDH (Fig. 3c) was very similar. These observations
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are additional evidence that H,O, production sensitive to mal-
onate and atpenin A5 was not from the forward reaction of
complex II (i.e. from oxidation of succinate in the matrix rather
than from electrons entering the Q-pool from mGPDH),
because, unlike electron flow from mGPDH via the Q-pool,
electron flow into complex II from succinate should not
respond to free calcium concentration. The similar profiles of
these two components of glycerol 3-phosphate-driven H,O,
production indicate a shared link (probably the reduction state
of the Q-pool). Importantly, the plateauing of each component
and the common maximal production by each in the presence
and absence of calcium suggest that neither of the species that
donates electrons to oxygen in each enzyme is overreducible
(i.e. these species are not readily reducible semiquinones or
semireduced flavins).

The suggestion that the electron donor species to oxygen in
mGPDH is not overreducible is important for understanding
the mechanism of superoxide generation from this enzyme and
its contribution in more complex systems. To clarify this pos-
sibility, we set out to better define the relationship between
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H,O, production by mGPDH and the reduction state of the
Q-pool. The reduction state of cytochrome b can be used to
assess Q-pool reduction (34, 38, 40) but only if site Il is
accessible by the Q-pool. However, to define H,O, production
from mGPDH, we need to add myxothiazol to inhibit the
10-fold greater rate from site Ill,,. To resolve these conflicting
requirements and measure the relationship between H,O, pro-
duction by mGPDH and the reduction state of the Q-pool, we
used a two-step approach. First, we measured the relationship
between H,O, production by complex I and b, reduction in
the absence of myxothiazol, and then we used H,O, production
by complex II to calibrate the relationship between mGPDH
and the reduction state of the Q-pool in the presence of
myxothiazol.

Relationship between the Rate of H,0O, Production by Com-
plex Il and the Reduction State of Cytochrome bs,,—In the first
step, we used the malonate sensitivity of glycerol 3-phosphate-
driven H,O, production to define H,O, production during
electron flow from the Q-pool into complex II, as described in
the legend to Fig. 3a, except for the omission of the Il inhib-
itor myxothiazol to permit the measurement of b, reduction
(Fig. 5a). Similar to the previous conditions in which myxothia-
zol was present, this malonate-sensitive component can be
attributed to H,O, production by complex II and not to any
other site within the electron transport chain. The presence of
rotenone ruled out any contribution from ssite I,. H,O, produc-
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tion from site I is reported by the reduction state of the matrix
NAD(P)H pool (36, 38). This site can be ruled out because mal-
onate had no effect on the matrix NAD(P)H reduction level in
this condition (not shown). Similarly, site ITl,, can be ruled out
because the b, reduction level remained unchanged upon the
addition of malonate (see Fig. 2¢ and Refs. 34 and 38). There-
fore, the malonate-sensitive component was attributed to H,O,
production by complex I and measured at different concentra-
tions of glycerol phosphate (Fig. 5b).

The rate of H,O, production by complex II declined at the
highest concentrations of glycerol phosphate. As mentioned
under “Experimental Procedures,” we observed several artifacts
when using rac-a/B-glycerol phosphate (25% active substrate)
that were probably caused by high counterion concentrations.
To test if this decline in H,O, production by complex IT at high
glycerol phosphate concentrations was an artifact of excessive
counterion, we used rac-a-glycerol phosphate (50% active sub-
strate) to maximally activate the system while reducing the
counterion by half (Fig. 1e). As shown by the squares in Fig. 5b,
this strategy revealed that it was the counterion concentration
that caused the inhibition of H,O, production by complex II; at
concentrations below 20 mm total glycerol phosphate, rac-a-
glycerol phosphate generated H,O, at a faster rate than rac-a/
B-glycerol phosphate. However, above 20 mm, both forms gave
a similar decline in H,O, production rate that correlated more
closely to the counterion than to the concentration of active
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substrate. Measurement of b, reduction under these condi-
tions (Figs. le and 2¢) supported the conclusion that excess
counterion can lead to errors in measurements of H,O, pro-
duction during electron flow from the Q-pool into complex II.
Replotting H,O, production by complex II against b, reduc-
tion (Fig. 5¢) showed that the higher concentrations of glycerol
phosphate stimulated H,O, production from complex II less
than expected at a given reduction state of the Q-pool. It is
possible that this impairment was caused by osmotic effects on
the interaction between Q and complex II or on the H,O,-
producing center of complex II itself. Because these changes at
high glycerol phosphate appeared artifactual, we omitted them
from further analysis but have included them in Fig. 5, b and ¢,
for transparency.

Next, we assumed 100% reduction of the Q-pool when com-
plexes I and III were fully inhibited and mGPDH activity was
high in the presence of calcium and substrate and added the
rate of H,O, production from site II. under these conditions
(from Fig. 3b) to Fig. 5¢. The compiled data set was refigured to
show the overall relationship between the rate of H,O, produc-
tion by complex II and the reduction state of the Q-pool (Fig.
5d). This compiled data set revealed that the rate of H,O, pro-
duction by complex II increased progressively as glycerol
3-phosphate reduced the Q-pool through mGPDH. An expo-
nential function was fit to the data in Fig. 5d to yield the equa-
tion, Rate of H,O, production driven by electron flow from the
Q-pool into complex II in pmol'min~'mg of protein ' =
8.0-¢(0-045%b566 reduced) 1 nortantly, this equation can be more
generally applied and reversed to predict the reduction state of
the Q-pool under similar conditions.

Relationship between the Rate of H,O, Production by
mGPDH and the Reduction State of Cytochrome bs,,—In the
second step, we applied this equation to predict the b, reduc-
tion level from the rates of H,O, production by complex II in
the presence of the Ill,, inhibitor myxothiazol (Fig. 3b), a con-
dition under which the actual b4 reduction level is not rele-
vant because it no longer reflects the reduction state of the
Q-pool. The resulting relationship is shown in Fig. 6a. In turn,
these predicted values for b, and the Q-pool reduction level
can be assigned to the rates of mGPDH-specific H,O, produc-
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tion determined under the same conditions (Fig. 3¢) to generate
a plot of the relationship between these two variables. As shown
in Fig. 6b, the rate of H,O, production by mGPDH increased
progressively as glycerol 3-phosphate reduced b4, and the
Q-pool. Again, the relationship demonstrates that the electron
donor to oxygen during H,O, production by mGPDH shows no
sign of being overreducible. Therefore, a fully reduced donor
(i.e. enzyme-bound FADH, and/or QH,) and not an overreduc-
ible half-reduced flavin or semiquinone is the likely superoxide
producer in mGPDH.

mGPDH Produces Superoxide to Both Sides of the Mitochon-
drial Inner Membrane—Both redox centers of mGPDH, the
FAD in the substrate binding pocket and the Q-binding site in
the outer leaflet of the mitochondrial inner membrane, might
be involved in superoxide production. Previous studies have
concluded that mGPDH produces superoxide to both the
matrix and the intermembrane space (21). Superoxide anion
does not readily diffuse across lipid bilayers (44), and the FAD
in mGPDH is located well into the intermembrane space (16),
leaving no obvious mechanism for the flavin site to be involved
in matrix-directed superoxide production. Therefore, the
Q-binding site embedded in the membrane is the most likely
source of this superoxide (21). However, our discovery that a
significant portion of the glycerol 3-phosphate-driven H,O,
production rate measured in prior studies probably arises
from site II. of complex II in the matrix casts doubt on these
conclusions and demands further studies to help clarify the
donor species and topology of mGPDH and whether it pro-
duces superoxide or H,O,. To address these questions, we per-
formed two superoxide-specific topological measurements in
mitochondria from two tissues (Fig. 7a).

First, we measured the rate of inactivation of aconitase, a
sensitive and specific reporter of superoxide production in the
matrix (21, 45, 46). We measured total rates of H,O, produc-
tion (after dismutation of superoxide by endogenous and exog-
enous superoxide dismutases) and, in parallel, the rates of aco-
nitase inactivation for two sites with well characterized
superoxide production, sites I and IIl,,. The aconitase inacti-
vation signal under conditions specific for mGPDH was then
calibrated to these rates. Calibration plots were generated
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nm free calcium. The estimated rate of matrix-direct superoxide production by mGPDH was then compared with twice the peak rates of H,0, production
by mGPDH in Fig. 4c to yield the percentage of superoxide generated by mGPDH that is directed toward the matrix. There was no significant difference
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under similar conditions for mitochondria from both skeletal the protein, the physical orientation of the redox centers, or the

muscle (Fig. 7b) and brown fat (not shown). As shown in Fig. 75,
the rate of aconitase inactivation increased when the rate of
superoxide produced toward the matrix was higher. The
observed fractional change in aconitase activity during
mGPDH-specific superoxide production with 1.7 mm glycerol
phosphate was 0.069 = 0.016 min™ ' (z = 3) in skeletal muscle
mitochondria. This corresponded to a rate of superoxide pro-
duction into the matrix of 298 * 32 pmol of superoxide-
min~ "mg of protein~ " or 149 pmol of H,0,'min~'*mg of pro-
tein ! after dismutation. This value is 50% of the total rate of
H,O, formation detected under mGPDH-specific conditions
in skeletal muscle mitochondria (Fig. 7c; total mGPDH rate
shown in Fig. 3, a and c¢), showing that about half of the total
observed rate of H,O, production from mGPDH appeared as
superoxide in the matrix.

The untranslated regions of mGPDH transcripts differ in dif-
ferent tissues, but the mature protein does not (47, 48). Thus,
there is no expectation that the three-dimensional structure of
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directionality of superoxide production should differ between
tissues. To test this, we repeated our calibration of mGPDH
superoxide production in brown fat mitochondria. Following
the same calibration, we found that mGPDH in these mito-
chondria also produced considerable superoxide toward the
matrix (31%). This value was not significantly different from
that observed in skeletal muscle mitochondria (unpaired ¢ test;
Fig. 7¢).

Second, we measured superoxide production directed
toward the intermembrane space by quantifying the amount of
total H,O, production in the presence of acetylated cyto-
chrome ¢ that was sensitive to exogenously added superoxide
dismutase (the acetylated cytochrome c¢ removes extramito-
chondrial superoxide that can give a spurious Amplex UltraRed
signal in the absence of exogenous superoxide dismutase but is
out-competed when superoxide dismutase is added, allowing
virtually all extramitochondrial superoxide to then be assayed
as H,0,). Because of endogenous superoxide dismutase activity
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FIGURE 8. mGPDH can produce superoxide at rates comparable with other major sites in mitochondria. a, maximal rates of superoxide production from
distinct sites in skeletal muscle mitochondria. The first four bars are taken from Ref. 43, where they were corrected for H,O, consumption by matrix glutathione-
dependent peroxidases according to Ref. 35. The maximal rate from mGPDH was experimentally determined using mitochondria treated with CDNB
according to Ref. 35 and subsequently assayed for H,0, production in the presence of 1.7 mm glycerol phosphate, 4 um rotenone, 2.5 um antimycin A,
2 wMm myxothiazol, and 250 nm free calcium. Data are means = S.E. (error bars) (n = 3). b, predicted maximal rates of superoxide production from distinct
sites in brown fat mitochondria. Mitochondria (not treated with CDNB) were assayed for maximal H,O, production from sites I, Io, and mGPDH, as
described under “Experimental Procedures” (white bars). Maximal rates were corrected for H,0, consumption by matrix peroxidases by applying the
correction equation in Ref. 35, assuming for the purposes of comparison with muscle that the equation was also valid for mitochondria from brown fat.
Only the half of the total rate of mGPDH-specific H,0, production that was matrix-directed was corrected. Data are means = S.E. (or range) (n = 2).

in the intermembrane space, this method will underestimate
the superoxide directed toward the intermembrane space. As
shown in Fig. 7d, mGPDH produced at least 31 * 2% (n = 5)
and 30 = 4% (n = 4) of total measured H,O,, as superoxide into
the cytosolic environment in muscle and brown fat mitochon-
dria, respectively.

Therefore, nGPDH can generate superoxide to both sides of
the mitochondrial inner membrane in roughly equal propor-
tions, a finding that strongly implicates the Q-binding site of
this enzyme in superoxide production. Together, our data sug-
gest that the most likely source of superoxide production in
mGPDH is an enzyme-bound QH, or an enzyme-bound
semiquinone that is not further reducible.

mGPDH Can Produce Superoxide at Rates Comparable with
Those Observed for Other Major Sites—Maximal rates of H,O,/
superoxide production from distinct sites in the electron trans-
port chain can be estimated by correcting for the consumption
of H,0, by endogenous glutathione-dependent peroxidase
activities. Fig. 8 shows that the maximal rates of superoxide
production by mGPDH in skeletal muscle and brown fat mito-
chondria are comparable with the maximum capacities of other
major sites.

DISCUSSION

Understanding the bioenergetic role of mGPDH has diverse
implications due to the central position of this enzyme between
carbohydrate and lipid metabolism and between cytosolic and
mitochondrial energy production and redox balance. mGPDH
is one of at least eight sites of mitochondrial superoxide and
H,0, production and, along with site IIl,,, one of only two
known to produce significant amounts of superoxide directly
toward the cytosolic side of the mitochondrial inner membrane
(26). Expression and activity of mGPDH are known to differ
widely between different tissues and in different environmental
and hormonal states (Fig. 4, a and b) (3, 5-7). Therefore,
depending on metabolic conditions, mGPDH not only coordi-
nates cellular energy production but also probably participates
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in oxidative signaling both within mitochondria and beyond.
Our findings clarify the factors that control superoxide produc-
tion by mGPDH in mammalian mitochondria.

The most important distinction between the present work
and all prior examinations of mGPDH superoxide and H,O,
production is our discovery that much of the H,O, produc-
tion typically attributed to mGPDH is actually generated by
flow of electrons through the Q-pool into site I of complex
II. This complex II H,O, production can be blocked selec-
tively and equally by inhibition of either the Q-binding site
(atpenin A5) or substrate binding pocket (malonate) of com-
plex IT without effect on any measured parameter of mGPDH
activity. Importantly, this contribution from complex II dur-
ing glycerol 3-phosphate oxidation occurs under all condi-
tions tested with glycerol phosphate as sole substrate, not
only standard conditions of respiration on glycerol phos-
phate (i.e. in the presence of rotenone only) (43) but also in
the presence of the Il inhibitor antimycin A (Fig. 5a) or
the IIl,, inhibitor myxothiazol (Figs. 2 and 3). Therefore, all
previous investigations of H,O, production during glycerol
3-phosphate oxidation are in need of reevaluation. We assert
that future studies of superoxide production during glycerol
3-phosphate oxidation must account for the contribution
from complex Il and that superoxide production by mGPDH
is best defined in the presence of complete inhibition of com-
plexes I, II, and III.

Our evidence suggests that the superoxide/H,O, production
from complex II is dependent upon reduction of the Q-pool by
glycerol 3-phosphate oxidation followed by flow of electrons
from the Q-pool into complex II. We have strong evidence
against the hypothesis that glycerol 3-phosphate oxidation
drives forward electron flow into complex II by generating suc-
cinate or some other substrate in the matrix. First, atpenin A5
blocks H,O, production by complex II driven by oxidation of
glycerol 3-phosphate (43) but increases superoxide/H,O, pro-
duction from site II. when electrons enter the site from sub-
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strates in the matrix (43).% Second, atpenin A5 does not inhibit
maximal respiration with glycerol phosphate as substrate but
does inhibit H,O, production by complex II under identical
conditions (43).

Interestingly, in the absence of exogenously added succinate,
H,O, production by site I of complex II can be driven by
electrons from the Q-pool with glycerol phosphate as substrate
(Figs. 3 (b and c¢) and 5d). This suggests that other enzymes
linked to the Q-pool (e.g. ETFQOR, dihydroorotate dehydro-
genase, sulfide ubiquinone oxidoreductase, proline dehydro-
genase) might also contribute to total H,O, production even
under our refined conditions for evaluating superoxide produc-
tion by mGPDH. This possibility would be best tested with
inhibitors selective for the Q-binding site of each enzyme to
prevent reverse electron flow from a reduced Q-pool.

Although such inhibitors currently are not known, various
lines of evidence indicate that reverse flow of electrons from the
Q-pool into these enzymes cannot account for the superoxide
production that we assign to mGPDH. Two candidates can be
readily ruled out. Sulfide ubiquinone oxidoreductase is not
highly expressed outside the colonic epithelium, but, of the tis-
sues studied here, its activity has been investigated in brain and
heart mitochondria (49, 50). Although there was low activity
observed in heart mitochondria, two studies demonstrated that
there was no activity in brain tissue or mitochondria (49, 50).
We observe the opposite relative pattern for superoxide pro-
duction assigned to mGPDH in these two tissues, indicating
that sulfide ubiquinone oxidoreductase is not an important
contributor to the attributed superoxide production. Proline
dehydrogenase has been linked to mitochondrial superoxide
production (51, 52), but we observed no H,O, production with
proline as substrate in skeletal muscle mitochondria (not
shown).

Interestingly, we were able to detect low but reproducible
rates of H,O, production in muscle mitochondria that could be
attributed to dihydroorotate dehydrogenase. Mitochondria
oxidizing 3.5 mm dihydroorotate in the presence of rotenone,
malonate, antimycin A, and myxothiazol produced 39.7 = 10.1
pmol of H,0O,'min~"*mg of protein ™! (n = 4) that was sensitive
to the dihydroorotate dehydrogenase inhibitor brequinar
(53). However, in brain mitochondria, which are similar to
skeletal muscle mitochondria in their mGPDH activity,
expression, and rates of H,O, production, there was no
H,O, production by dihydroorotate oxidation. Therefore,
electron flow into dihydroorotate dehydrogenase from the
Q-pool cannot account for the superoxide production that
we attribute to mGPDH.

A stronger candidate is the ETF system (ETF and ETFQOR)
because it has been implicated in superoxide/H,O, production
in skeletal muscle (54).% Several lines of evidence do not support
a role for it in what we define as mGPDH-specific superoxide
production. Most importantly, the expression pattern of
ETFQOR in different tissues (Fig. 4b) does not follow the rela-
tive rates of H,O, production attributed to mGPDH in these
mitochondria. Additionally, in muscle mitochondria oxidizing

31.V.Perevoshchikova, C.L.Quinlan, A.L.Orr, A. A. Gerencser, and M. D. Brand,
submitted for publication.
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fatty acids, the maximal rate of H,O, production attributable to
the ETF system under fully reduced conditions and with site Il
inhibited with malonate (i.e. conditions most similar to those
used to define peak rates from mGPDH) is only ~40 pmol-
min~"*mg of protein~'.? Further, the peak rate attributable to
the ETF system (~200 pmol'min~'smg of protein™ ') is lower
than that seen for mGPDH and occurs when the system is par-
tially oxidized. This relationship does not match that observed
for mGPDH. Therefore, it is extremely unlikely that the ETF
system or another Q-linked enzyme accounts for the super-
oxide production we attribute to mGPDH.

The rates of superoxide production from sites I, and Ill,
are both linked to the reduction state of the Q-pool (34, 36).
Similarly, we provide evidence that superoxide/H,O, produc-
tion by both site II and mGPDH can be influenced by the
reduction state of the Q-pool. The relationship between b,
reduction and H,O, production by site II. (Fig. 54) demon-
strates that when complex II is reduced by electrons from the
Q-pool, the rate of electron leakage to oxygen increases expo-
nentially. This observation indicates that the electron donor to
oxygen in complex II is unlikely to be an overreducible species
(i.e. semireduced flavin). An overreducible species would pre-
dict a bell-shaped relationship between H,O, production and
the reduction state of the Q-pool, whereas a fully reduced elec-
tron donor would predict our observed relationship. However,
when complex II is reduced by electrons from succinate, H,O,
production does decrease at high succinate concentrations (i.e.
a highly reduced Q-pool) (43). This is probably not due to
overreduction of a half-reduced flavin donor because the
decrease also occurs with the addition of malonate and is not
reversed by additional succinate although this succinate can
fully restore the reduction state of the Q-pool; instead, it may
reflect exclusion of oxygen by competition with substrate
binding or a change in the midpoint potential of the flavin
(43).

On the specific site of H,O, production within mGPDH, our
topological analyses clarify that mGPDH produces consider-
able superoxide to the matrix side of the mitochondrial inner
membrane. This observation favors a prominent role for the
Q-binding site embedded in the outer leaflet of the mitochon-
drial inner membrane in superoxide production rather than the
flavin site, which is more exposed to the intermembrane space.

At least 80% of the observed H,O, production by mGPDH
in skeletal muscle mitochondria is generated as superoxide.
We cannot rule out the possibility that either redox center in
mGPDH also produces H,O, directly, but our results indi-
cate that, if produced at all, it must be the minor species.

Our data reveal the conditions that will ultimately control
superoxide production by mGPDH under normal and patho-
physiological conditions. Our comparative analysis of four tis-
sues highlights that the foremost determinant is the expression
level of mGPDH in a given tissue. Therefore, the tissue with the
highest expression, brown fat (3), has the greatest potential for
superoxide production from mGPDH. However, three other
factors, the concentrations of glycerol phosphate and calcium
and the reduction state of the Q-pool, converge to set the
reduction state of the enzyme pool. It is this combination of
enzyme expression and redox poise that will determine the
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magnitude of mGPDH-specific superoxide production in a
given tissue. Predicting the precise physiological circumstances
that drive significant mGPDH superoxide production is there-
fore a complicated but important pursuit.

In general, redox centers in mitochondria actively synthesiz-
ing ATP or uncoupled (as in brown fat with activated uncou-
pling protein 1) will probably be more oxidized and produce
less superoxide/H,O, than those in mitochondria at rest but
supplied with sufficient substrate (38). Type Il muscle fibers are
predominantly glycolytic and express mGPDH and, at rest, will
have adequate glycerol 3-phosphate and free calcium in the
cytosol to drive mitochondrial oxidation of glycerol 3-phos-
phate (55-59). Therefore, it is expected that mGPDH will pro-
duce superoxide even in resting muscle. As intracellular levels
of calcium rise during muscle activity, it is expected that further
activation of mGPDH will induce higher rates of superoxide
production, particularly if mitochondrial respiration is disfa-
vored over glycolytic energy production. A similar induction
might be expected upon glucose stimulation of pancreatic beta
cells. Although this stimulation activates mitochondrial ATP
synthesis that might otherwise oxidize mGPDH redox centers,
oscillating cytosolic calcium levels and a higher demand placed
on the glycerol phosphate shuttle to maintain cytosolic NAD ™"
levels for glycolysis may better poise the system for higher pro-
duction of superoxide from mGPDH.

In a pathological context, superoxide production from
mGPDH is probably significant in neurological conditions like
epilepsy or ischemia, where both calcium and glycerol 3-phos-
phate levels rise significantly (60— 62). Superoxide production
by mGPDH, possibly as an intracellular signal, may also be a
factor in the reported increased expression of mGPDH in many
cancers (5, 10—-12). The multifaceted control of superoxide
production by mGPDH will make it necessary to carefully test
the role of this enzyme in each of these scenarios. Our work
advances our ability to make such determinations.

Altogether, our refined analysis indicates that, like site 11,
mammalian mGPDH can generate superoxide at roughly equal
rates to both sides of the mitochondrial inner membrane, that
the Q-binding site is probably involved in most or all of this
mGPDH-specific superoxide production, and that the electron
donor to oxygen cannot readily be overreduced. These factors
make it unlikely that it is a simple semiquinone intermediate in
the reaction mechanism and better support the likelihood that
a fully reduced QH, (or a non-reducible semiquinone) bound to
the enzyme is the superoxide producer. By taking into account
the significant contribution from complex II, our findings pro-
vide a new foundation for future work on mGPDH-specific
superoxide production, including its role in vivo.
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