position, compatible with the endoprotease
specificity of TPPII. Most MHC class I-
binding peptides have hydrophobic COOH-ter-
minal amino acids generated by proteasomes.
However, we have observed occasional endo-
proteolytic cleavage after hydrophobic amino
acids by TPPII as well (/3). Limited peptide
supply may also be compensated by protection
of peptides by increased levels of heat shock
proteins. In combination, these factors may ac-
count for the partially maintained MHC class I
expression in LLL(VS)-adapted cells (2) and in
lactacystin-adapted cells (/3). Cell-cycle pro-
gression and degradation of ubiquitinated pro-
teins appear to continue in the absence of nor-
mal proteasome function (2). What role TPPII
plays in these processes is not yet clear. We
envisage multiple compensatory mechanisms
operating in cells with compromised proteaso-
mal function.
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Role of NADH Shuttle System

in Glucose-Induced Activation

of Mitochondrial Metabolism
and Insulin Secretion
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Glucose metabolism in glycolysis and in mitochondria is pivotal to glucose-
induced insulin secretion from pancreatic 3 cells. One or more factors derived
from glycolysis other than pyruvate appear to be required for the generation
of mitochondrial signals that lead to insulin secretion. The electrons of the
glycolysis-derived reduced form of nicotinamide adenine dinucleotide (NADH)
are transferred to mitochondria through the NADH shuttle system. By abol-
ishing the NADH shuttle function, glucose-induced increases in NADH autofluo-
rescence, mitochondrial membrane potential, and adenosine triphosphate con-
tent were reduced and glucose-induced insulin secretion was abrogated. The
NADH shuttle evidently couples glycolysis with activation of mitochondrial
energy metabolism to trigger insulin secretion.

Glucose metabolism through glycolysis in the
cytosol and then through the tricarboxylic
acid (TCA) cycle in mitochondria has been
proposed to promote glucose-induced insulin
secretion through generation of metabolic
signals such as adenosine triphosphate (ATP)
or an increase in the ratio of ATP to adeno-
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sine diphosphate (ADP) in pancreatic 3 cells
(I). However, pyruvate, an end-product of
aerobic glycolysis, fails to stimulate insulin
secretion, although it can be oxidized in islets
as efficiently as glucose (2). Studies with an
inhibitor of pyruvate transport into mitochon-
dria or an inhibitor of the TCA cycle suggest
that metabolism of glucose-derived pyruvate
in mitochondria or in the TCA cycle is not
well correlated with glucose-induced insulin
secretion (3). These findings imply that one
or more factors derived from glycolysis other
than pyruvate are required for the generation
of mitochondrial signals that lead to insulin
secretion. One candidate for these metabolic
coupling factors is NADH generated by the
glycolytic enzyme glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) (4). The cy-
tosolic NADH is transferred into mitochon-
dria for oxidative metabolism and ATP pro-
duction through two NADH shuttles, the
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glycerol phosphate shuttle (5) and the malate-
aspartate shuttle (6).

To determine the role of the NADH shut-
tle system in glucose-induced insulin secre-
tion, it may be necessary to inhibit both of the
shuttles. We generated mice with a targeted
disruption of mitochondrial glycerol 3-phos-
phate dehydrogenase (mGPDH) (7), a rate-
limiting enzyme for the glycerol phosphate
shuttle. By administration of aminooxyac-
etate (AOA), a well-characterized inhibitor of
the malate-aspartate shuttle (6, &), to mGPDH-
deficient islets, we obtained a state in which the
activities of both the shuttles were abolished.
We then observed that the NADH shuttle sys-
tem is essential for coupling glycolytic metab-
olism with activation of mitochondrial energy
generation and thus for glucose-induced insulin
secretion.

The absence of mGPDH protein in the
islets from mice homozygous for the mu-
tated mGPDH gene was confirmed by pro-
tein immunoblotting and by enzyme activ-
ity assay (9). The mGPDH™~ mice were
fertile and had no gross abnormalities ex-
cept for a small but significant impairment
of body weight gain (10). The mGPDH*"~
and mGPDH'~.mice were normoglycemic
after overnight fasting and after feeding ad li-
bitum, and both groups showed normal changes
in blood glucose and serum insulin concentra-
tions in an intraperitoneal glucose tolerance test
(Fig. 1A) (11). In static incubation (/2), wild-
type, nGPDH*'"~, and mGPDH ™'~ islets secret-
ed the same amounts of insulin in the pres-
ence of 2.8 or 22.2 mM glucose (Fig. 1B).

These results indicated that the other
NADH shuttle, the malate-aspartate shuttle,
might account for continued NADH transfer
into mitochondria. We therefore administered
AOA, an inhibitor of aspartate aminotransfer-
ase in the malate-aspartate shuttle, to islets.
AOA (5 mM) suppressed aspartate amino-
transferase activity in cytosolic fractions
from wild-type and mGPDH™'~ islets (3.3 =
1.3% and 3.8 * 2.4% of activities without
AOA, respectively; n = 4) (13). In wild-type
and mGPDH"''"~ islets, 5 mM AOA only
slightly suppressed insulin release at 22.2
mM glucose (Fig. 1B). However, glucose-
induced insulin release from mGPDH™~ is-
lets treated with AOA was almost completely
abolished, demonstrating that NADH shuttles
are essential for glucose-induced insulin se-
cretion. Perifusion experiments revealed that
the first phase of glucose-induced insulin se-
cretion from mGPDH™~ islets treated with
AOA was severely suppressed and the second
phase was completely abolished (Fig. 1C)
(14). A similar severe reduction in insulin
secretion was observed in response to 10 mM
D-glyceraldehyde, which is metabolized by
glycolysis and generates NADH in the cy-
tosol (Fig. 1D). In contrast, mGPDH~ islets
with AOA responded normally to 10 uM

REPORTS

response to fuel molecules that are metabo-
lized by glycolysis and trigger mitochondrial
metabolism through the transfer of NADH.
We studied the metabolic fate of isotope-
labeled glucose molecules under these condi-
tions. According to the prevailing hypothesis,
when both shuttles are halted, glycolysis

glibenclamide, which bypasses mitochondrial
metabolism and directly closes the ATP-sen-
sitive potassium channel, or to 10 mM methyl
pyruvate, which is metabolized solely within
mitochondria, independent of NADH shut-
tles. These results demonstrate that NADH
shuttles are required for the insulin secretory
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Fig. 1. Characteristics of insulin release by glucose and other secretagogues in mice and in islets. (A)
Blood glucose profiles in a glucose tolerance test. Values were from wild-type (®, n = 13), mGPDH"/~
(m, n = 8), and mGPDH~'~ (A, n = 10) mice. (B) Insulin release from islets in static incubation. Ten
islets were incubated in buffer containing 2.8 or 22.2 mM glucose with or without 5 mM AOA. Data are
from four to six independent experiments; *P < 0.01 as compared to wild-type controls (28). (C) Insulin
release from islets in perifusion. Glucose (G) concentration was raised from 2.8 to 16.7 mM at 0 min.
Data are from four to six independent experiments with islets from wild-type mice treated without (@)
or with 5 mM AOA (M), or from mGPDH™~~ mice treated without (O) or with 5 mM AOA (0J), with 5
mM AOA that was added to buffer at 15 min (A), or with 5 mM AOA that was removed from buffer
at 10 min (A). (D) Insulin release from islets in response to 10 mM D-glyceraldehyde, 10 pM
glibenclamide, or 10 mM methyl pyruvate in static incubation; *P < 0.01 as compared to wild-type
controls (28).
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Fig. 2. Glucose usage in glycolysis and glucose oxidation in mitochondria and in the TCA cycle.
Ten islets were incubated at 37°C for 1 hour in buffer containing 2.8 mM (open bars) or 22.2
mM glucose (solid bars) with or without 5 mM AOA. Data are from four to six independent
experiments; *P < 0.01 as compared to wild-type controls g28). (A) [5-2H]glucose usage in glycolysis,
as assayed by measurement of [H]H,O production. (B) [U-'“Clglucose oxidation in mitochondria, as
assayed by measurement of [*C]CO, production. (C) [6-"“C]glucose oxidation in the TCA cycle, as
assayed by measurement of ['“C]CO, production.
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should also be halted by depletion of the
oxidized form of nicotinamide adenine dinu-
cleotide (NAD™) required for the reaction
catalyzed by GAPDH (5, 6). However, glu-
cose usage in glycolysis, measured by
[*HJH,O production from [5-*H]JH,O, was
not affected in mGPDH™~ islets incubated
with 5 mM AOA (Fig. 2A). Moreover, oxi-
dation of [U-'*C]glucose in mGPDH ™" islets
with AOA was not significantly different
from that in wild-type islets (Fig. 2B). Ad-
ministration of 1 mM monoiodoacetic acid
(IAA), an inhibitor of GAPDH, to wild-type
islets completely suppressed oxidation of
[U-1%C]glucose. These results indicated that
production -of pyruvate from glucose via gly-
colysis and transport of the glucose-derived
pyruvate into mitochondria for oxidation
were not significantly affected even when
both shuttles were halted.

We thus hypothesized that the abolition of
insulin secretion observed in mGPDH™'~ is-
lets treated with AOA was caused not by an
insufficient supply of pyruvate to mitochon-
dria but by a halt of NADH supply to mito-
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chondria. To assess the contribution of the
TCA cycle to glucose oxidation, we also
measured [6-1%C]glucose oxidation (75). In
the presence of 5 mM AOA, [6-!“C]glucose
oxidation in mGPDH™~ islets was decreased
by 58% at 22.2 mM glucose relative to that in
wild-type islets (Fig. 2C).

To explore the potential mechanism by
which TCA cycle activity was impaired in the
absence of NADH shuttles, we monitored the
autofluorescence of the reduced form of nic-
otinamide adenine dinucleotide (phosphate)
[NAD(P)H] (16). These signals are thought
to originate from the mitochondrial pool of
NADH (17). In mGPDH™~ islets (Fig. 3C) or
in wild-type islets treated with 5 mM AOA
(Fig. 3B), the increase in autofluorescence in
response to 22.2 mM glucose (28.4 £ 2.2%
and 23.8 * 3.1%, respectively) was not dif-
ferent from that in wild-type islets (27.1 =
3.8%) (Fig. 3A). However, the increase in
AOA-treated mGPDH™~ islets was attenuat-
ed to a rise of only 7.2 * 1.3% (Fig. 3D).
These amounts of NAD(P)H were well cor-
related with the extent of mitochondrial

membrane hyperpolarization measured by
fluorescence of Rhodamine 123 (Rh123)
(18). In mGPDH™ islets (Fig. 3G) or AOA-
treated wild-type islets (Fig. 3F), the decrease
in Rh123 fluorescence in response to 22.2
mM glucose (28.0 * 4.0% and 22.8 = 1.4%,
respectively) was comparable to that in wild-
type islets (28.4 * 4.3%) (Fig. 3E). In AOA-
treated mGPDH™~ islets, however, the de-
crease was attenuated to a drop of only 7.9 *
0.8% (Fig. 3H). The ATP content and ATP/
ADP ratio in islets were significantly de-
creased at 22.2 mM glucose in AOA-treated
mGPDH™~ islets relative to those of wild-
type islets (Table 1) (/9). The glucose-re-
sponsive increase in ATP content of AOA-
treated mGPDH ™~ islets was reduced to 38%
of that of wild-type islets. The ATP content
measured in this manner contained glycoly-
sis-derived ATP, which was assumed to be
unaffected under these conditions, and ATP
sequestered in a metabolically inert pool,
which corresponds to ~30% of cellular ATP
(20). Moreover, the insulin secretory processes
themselves consume large amounts of ATP
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Fig. 3. Glucose-induced changes of metabolic parameters in mitochon-
dria and [Ca?*] in mitochondria and cytosol. Representative traces from
at least six experiments are shown in each panel. Glucose (G) concen-
trations in perifusate were raised to 22.2 mM and lowered to 2.8 mM at
the indicated time points. (A to D) Profiles of NAD(P)H autofluorescence.
(E to H) Profiles of Rh123 fluorescence to monitor mitochondrial mem-
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brane potential. Downward changes indicate hyperpolarization. The mi-
tochondrial electron transport uncoupler carbonyl cyanide p-(trifluoro-
methoxy)phenyl-hydrazone (FCCP) (1 M) was applied in (H). (I to L)
Profiles of Rhod 2 fluorescence to monitor [Ca®*] .. (M to P) Profiles of
Fura 2 fluorescence to monitor [Ca?*].. Application of 10 uM gliben-
clamide (Gli) (M) or 150 mM KCl (M and P) further elevated [Ca®*]..
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in wild-type islets but not in AOA-treated
mGPDH™~ islets. Therefore, the glucose-
responsive increase in mitochondrial ATP
generation is estimated to be more severely
affected than these results might indicate.
Collectively, NADH shuttles appear to
have a major regulatory role in the activa-
tion of B cells’ mitochondrial energy me-
tabolism in response to glucose. -

The intramitochondrial concentration of
Ca?* ([Ca**]) rises in parallel with the
concentration of cytoplasmic Ca** ([Ca?*] )
in response to glucose stimulation and is
closely linked to insulin release (27). Ca?*
entry into mitochondria is mediated through a
Ca?* unipdﬁer on the inner membrane, the
activity of which is dependent on change in
mitochondrial membrane potential (22). To
test whether the reduced hyperpolarization of
mitochondrial membrane potential in re-
sponse to glucose observed in AOA-treated
mGPDH™~ islets was insufficient to activate
the Ca®™" uniporter, we used Rhod 2 to mea-
sure [Ca®*]  (23). The increase in Rhod 2
fluorescence in mGPDH™ islets (Fig. 3K) or

REPORTS
wild-type islets treated with 5 mM AOA (Fig.

3J) in response to 22.2 mM glucose (11.9 = -

3.4% and 10.5 £ 2.1%, respectively) was not
significantly different from that in wild-type
islets (12.2 £ 2.9%) (Fig. 3I). However, in
AOA-treated mGPDH™~ islets, no increase in
Rhod 2 fluorescence was observed (0.5 =
0.4%) (Fig. 3L). Thus, the glucose-induced in-
crease in [Ca’*]_ is under the influence of
NADH transfer via the shuttles. Abolition of
the rise in [Ca?*]  may impair the activation
of intramitochondrial Ca®*-dependent dehy-
drogenases (24), and thus may explain (at least
in part) the attenuated feedforward activation
of the TCA cycle by glucose. Responses of
[Ca®*]_ were also monitored by Fura 2 fluores-
cence (25). In mGPDH™~ islets (Fig. 30), a
normal [Ca®*]_ response to 22.2 mM glucose
was observed: an initial dip and subsequent
sharp rise (first phase) followed by a sustained
plateau (second phase), as was observed in
wild-type islets (Fig. 3M). Wild-type islets
treated with 5 mM AOA also showed a normal
response (Fig. 3N). In mGPDH '~ islets treated
with AOA, however, the initial dip and the

Table 1. ATP content and ATP/ADP ratio in glucose-stimulated islets. Islets were incubated at 2.8 or 22.2
mM glucose at 37°C for 1 hour, and the metabolism was snap-stopped by addition of ice-cold 1N
perchloric acid and liquid nitrogen freezing. After thawing, samples were sonicated and neutralized with
NaOH. ATP and ADP contents were measured with a luciferase-luciferin system (79). Data are from six
to eight independent experiments; *P < 0.01 as compared to wild-type islets (28).

Glucose WT WT + AOA Null Null + ACA
ATP (picomoles per islet)

2.8 mM 8.03 + 0.36 8.11 = 0.26 7.50 = 0.67 7.38 = 0.36
22.2 mM 13.32 = 1.06 13.24 = 0.94 12.72 = 0.39 9.41 +0.51*
ATP/ADP ratio
2.8 mM 2.24 +0.29 2.49 £ 0.27 2.56 = 0.35 2.36 = 0.30
22.2 mM 5.41 £ 0.41 4.96 = 0.44 5.07 +0.28 3.17 + 0.34*
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Fig. 4. Schematic models for classical and alternative pathways of glucose-induced insulin secretion
in B cells. (A) A classical model. (B) The alternative model. (C) Alternative model when both NADH

shuttles are halted.

first-phase peak did not occur. Still, [Ca®*],
gradually reached the second phase in 10 to 15
min, which was comparable in amplitude to that
observed in wild-type islets (Fig. 3P). Thus, the
rise in [Ca”*]_ and insulin secretion appeared
not to be coupled in the absence of functional
NADH shuttles (compare Figs. 1C and 3P).

We construe the dissociation between the
[Ca?*], rise and the inhibited insulin secre-
tion as follows. First, a marked reduction in
ATP generation may not provide sufficient
energy for the movement of secretory granules
toward the plasma membrane, for priming of
the exocytosis machinery, or for the final fusion
process of secretory granules (/). Second, the
time course of [Ca®*]_ rise to the second-phase
plateau was disordered. The disappearance of
the initial dip and the first-phase rise of [Ca®*]_
suggests that Ca®" uptake of endoplasmic re-
ticulum by Ca?*-adenosine triphosphatase and
Ca®* influx through voltage-dependent Ca?™*
channels from the extracellular compartment
are severely impaired (26). Thus, the [Ca**],
rise may not take place at the time and site that
are critical for exocytosis.

We tested whether the 58% decrease in the
activity of the TCA cycle alone in mGPDH ™'~
islets treated with AOA might be sufficient to
abolish insulin secretion. However, when glu-
cose oxidation in the TCA cycle was inhibited
with monofluoroacetic acid (an inhibitor of the
TCA cycle enzyme aconitase) by 48 to 62%
in wild-type islets, glucose-induced increases
in NAD(P)H autofluorescence, mitochondrial
membrane potential, [Ca®*] , and ATP con-
tent were largely unaffected and insulin se-
cretion was completely retained (27), consis-
tent with previous results (3). Thus, the activity
of the TCA cycle alone appears not to account
for the abolition of glucose-induced insulin se-
cretion. Rather, the halt of the NADH shuttle
system itself may be the cause.

Glucose is thought to be metabolized to
pyruvate in aerobic glycolysis, and the sub-
sequent oxidation of pyruvate in the TCA
cycle is thought to almost exclusively provide
the mitochondrial NADH and the reduced
form of flavin adenine dinucleotide (FADH,)
(Fig. 4A). In contrast to this hypothesis, in-
hibition of both shuttles was associated with
the suppression of glucose-induced increases
in NAD(P)H autofluorescence, mitochondrial
membrane potential, and mitochondrial ATP
content to 25 to 30% of the normal state, and
insulin secretion was abolished. Abolition of
the NADH shuttle system resulted in a ~50%
reduction of the TCA cycle activity, so contri-
butions of the TCA cycle and NADH shuttle

“system to mitochondrial ATP production may

be approximately equal in the physiological
state. Thus, we propose an alternative model for
metabolic phases of glucose-induced insulin se-
cretion (Fig. 4B). Glucose stimulation of 3 cells
can both produce NADH in the cytosol and
provide pyruvate for the TCA cycle. Cytosolic
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NADH can be transferred into mitochondria
through the NADH shuttles, and concomitantly
it leads to an increase in [Ca®"]  after the
formation of mitochondrial membrane poten-
tial, thereby activating pyruvate oxidation in the
TCA cycle. The NADH shuttles thus would
contribute to sufficient ATP generation to trig-
ger glucose-induced insulin secretion. When
NADH shuttles are halted, the activity of the
'TCA cycle is also decreased by ~50%, at least
* in part because of concurrent inhibition of Ca?™
entry into mitochondria. The resultant severe
decrease in mitochondrial ATP synthesis to
~25% of the normal state no longer maintains
glucose-induced insulin secretion (Fig. 4C).
Thus, defects.in the generation of mitochondrial
metabolic signals through the NADH shuttles
might contribute to the impairment of glucose-
induced insulin secretion seen in non-insulin-
dependent diabetes mellitus.
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Conserved Structures of
- Mediator and RNA Polymerase i
Holoenzyme

Francisco J. Asturias,* Yi Wei Jiang, Lawrence C. Myers,
Claes M. Gustafsson, Roger D. Kornberg?

Single particles of the mediator of transcriptional regulation (Mediator) and of
RNA polymerase Il holoenzyme were revealed by electron microscopy and
image processing. Mediator alone appeared compact, but at high pH or in the
presence of RNA polymerase Il it displayed an extended conformation. Ho-
loenzyme contained Mediator in a fully extended state, partially enveloping the
globular polymerase, with points of apparent contact in the vicinity of the
polymerase carboxyl-terminal domain and the DNA-binding channel. A simi-
larity in appearance and conformational behavior of yeast and murine com-
plexes indicates a conservation of Mediator structure among eukaryotes.

Mediator was isolated as a complex of nearly
20 proteins required to support transcriptional
activation in a fully reconstituted yeast RNA
polymerase II transcription system (7, 2). Me-
diator subunits fall into three groups: Srb pro-
teins (3), a Sind/Rgrl group shown to form a
distinct module that functions in repression as
well as in activation (4, 5), and a group of
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proteins termed “Med” for Mediator (5). A
related complex, containing four homologs of
yeast Mediator subunits, has been isolated from
murine cells (6). Yeast and murine complexes
interact with RNA polymerase II through the
polymerase’s COOH-terminal domain (CTD)
to form a 1.5-MD holoenzyme (2, 3, 5). We
report here on the structures of Mediator and
the holoenzyme as seen in projection.

Yeast Mediator, resolved to homogeneity as
described (7, 8), was adsorbed to carbon-coated
grids and negatively stained with uranyl acetate
for imaging in the electron microscope. Fields
of many similar particles were observed, which
suggests that Mediator exists as a discrete enti-
ty, as was previously inferred from biochemical
studies. A large fraction of the particles ap-
peared to be nearly identical, which is indica-
tive of a preferred orientation on the grid (9).
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