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Abstract

Despite interest in malic enzyme(ME)s in insulin cells, mitochondrial malic enzyme (ME2) has
only been studied with estimates of mMRNA or with mRNA knockdown. Because an mRNA’s level
does not necessarily reflect the level of its cognate enzyme, we designed a simple
spectrophotometric enzyme assay to measure ME2 activity of insulin cells by utilizing the distinct
kinetic properties of ME2. Mitochondrial ME2 uses either NAD or NADP as a cofactor, has a
high K, for malate and is allosterically activated by fumarate and inhibited by ATP. Cytosolic
ME (MEZ1) and the other mitochondrial ME (ME3) use only NADP as a cofactor and have lower
Kms for malate. The assay easily showed for the first time that substantial ME2 activity is present
in pancreatic islets of humans, rats and mice and INS-1 832/13 cells. ME2’s presence was
confirmed with immunoblotting. There was no evidence that ME3 is present in these tissues.
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INTRODUCTION

Malic enzymes catalyze the oxidative decarboxylation of malate to produce pyruvate and
carbon dioxide with the reduction of NAD(P) to NAD(P)H. There are three malic enzyme
isoforms present in various amounts in organs of mammals, one cytosolic isoform (ME1)
and two mitochondrial isoforms (ME2 and ME3). ME1 (EC 1.1.1.40) and ME3 (EC
1.1.1.40) are specific for NADP as a pyridine nucleotide cofactor and have low K,s for
malate. ME2 (EC 1.1.1.38) has a dual cofactor specificity for NAD and NADP, but has a
higher affinity for NAD. In addition, distinct from ME1 and ME3, ME2 has a high K, for
malate, is allosterically activated by fumarate and is moderately sensitive to inhibition by
ATP [1-5]. Although the malic enzyme reaction is reversible, the flux of at least the
cytosolic malic enzyme reaction is thought to be only in the direction of pyruvate formation
in vivo [6].
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In 1995 our laboratory first suggested the feasibility of a pyruvate malate shuttle involving
MEL1 in the cytosol and pyruvate carboxylase in the mitochondria in rat pancreatic islets and
proposed that at least one role of the shuttle was to export NADPH equivalents from the
mitochondria to the cytosol to promote insulin secretion [7]. In support of this concept other
laboratories using 13C-NMR found evidence of pyruvate cycling involving (a) malic
enzyme(s) and pyruvate carboxylase in glucose-stimulated clonal beta cells [8-10].
However, subsequently we found evidence against our own hypothesis for the necessary
involvement of MEL1 in insulin secretion when we failed to detect ME1 enzyme activity in
pancreatic islets isolated from several normal mouse strains [11]. In agreement with this
idea, there exists the Mod-1 mouse that possesses a naturally occurring null mutation for the
Mel gene such that it has no MEL1 in any tissue of the body, yet is phenotypically normal
[12]. In even more support for the non-requirement of ME1 for insulin secretion we crossed
the Mod-1 mouse with a mouse that lacks cytosolic glycerol phosphate dehydrogenase to
derive the mmgg mouse that lacks both enzymes in all tissues. This mouse also has normal
blood glucose and insulin levels and glucose-stimulated insulin release from its pancreatic
islets is normal [13].

Recently the role of ME1 and mitochondrial malic enzyme (ME2) in insulin secretion has
become controversial with contradictory effects on insulin secretion in studies of sSiRNA
knockdown of the mRNASs that encode the enzymes in insulin secreting tissues [14-17] and
conflicting reports on ME1 levels in mouse islets from different laboratories. ME1 enzyme
activity is easy to measure with spectrophotometric assays and is readily detectable in the
cytosol of human and rat pancreatic islets and insulin cell lines [7,11,13]. Except for one
recent report that ME1 activity is present in mouse islets [15], ME1 activity has been found
to be absent in mouse islets [11,13,18-20]. However, the presence or absence of assayable
ME2 enzyme activity or ME2 protein in any insulin-secreting tissue has never been
reported. Pongratz et al [14] reported in 2007 that siRNA knockdown of Mel mRNA and
enzyme activity in INS-1 cells inhibited both glucose- and leucine-plus-glutamine-
stimulated insulin release and that knockdown of Me2 mRNA inhibited only leucine-plus-
glutamine-induced insulin release. They did not demonstrate ME2 activity with a
spectrophotometric enzyme assay, but did demonstrate its presence in a preparation of
isolated INS-1 mitochondria with an elegant approach in which heavy isotope tracers and
NMR analysis were used. Recently, Ronnebaum et al [17] reported that knockdown of either
Mel or Me2 mRNA in rat pancreatic islets did not inhibit glucose-stimulated insulin release,
but that knockdown of Mel mRNA or Me2 mRNA did inhibit glucose-stimulated insulin
release in INS-1 cells. However, they noted that the lower insulin release in the INS-1 cells
with the knocked down Me2 mRNA was associated with suboptimal cell density due to a
decreased rate of cell growth. They did not report measurements of levels of enzyme activity
or protein of either malic enzyme [17]. Although malic enzymes were not the primary
emphasis of a study by Li et al [21] of islets of a mouse with a knocked out sulfonylurea
receptor, they reported the presence of Mel, Me2 and Me3 mRNAs in islets of this mouse
and a normal mouse. In their article they raised the valid point that the enzyme assay
conditions we used to measure malic enzyme activity when we failed to detect malic
enzyme activity in cytosol and mitochondrial fractions of mouse islets reported in reference
11 would not detect ME2 activity because we used a low concentration of malate in our
enzyme reaction mixture that would permit detection of primarily ME1. However, Li et al
[21] did not report measurements of enzyme activity or protein of any malic enzyme.

The presence in a tissue of an MRNA that encodes an enzyme is not sufficient evidence for
the presence of the enzyme, the actual functional unit of metabolism. PCR methods used to
measure MRNAs are so sensitive that contamination of pancreatic islets with even a few
non-islet cells can cause false positives. Furthermore, the presence of an mRNA does not
accurately reflect the level of translation of the protein it encodes and even whether the
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protein is present in a tissue at all (Examples are briefly noted in the Results and Discussion
section.). In view of the interest in the role of malic enzymes in insulin secretion it would be
beneficial to have a procedure for quantifying ME2 activity in insulin-secreting tissues that
is as convenient as the spectrophotometric assay used to measure ME1 in the cytosol of
tissues. The distinct kinetic properties of ME2 have been discerned with purified
preparations of ME2 [1-4]. Taking advantage of these properties enabled us to develop a
simple spectrophotometric enzyme assay for measuring ME2 enzyme activity in crude
whole-cell homogenates and mitochondrial fractions of pancreatic islets and clonal
insulinoma cell lines. Although ME2 is two to three times more active in the presence of
NAD than NADP [1,4], NAD cannot be used to measure ME2 activity in crude tissue
preparations because malate dehydrogenase activity, which is usually 100-1000 fold the
level of malic enzyme activity in most tissues, including pancreatic islets, would be
detected. Since ME2 shows a significant enzyme rate in the presence of NADP [4], we
measured ME2 enzyme activity with NADP as the cofactor. The differentiation of ME2
activity from ME1 activity was made possible by measuring ME1 activity in the presence of
1 mM malate, a saturating concentration of malate in respect to the Vy,« rate for ME1 (and
also ME3 if ME3 was present) and that gives a negligible rate for ME2. ME2 activity was
measured in the presence of 10 mM malate plus fumarate, a condition that gives a maximal
rate for ME2. When ME2 activity was measured in whole-cell homogenates, the activity in
the presence of the low concentration of malate was subtracted from the higher activity in
the presence of the high malate plus fumarate to give the rate attributable to ME2. When a
mitochondrial fraction was the enzyme source, it mattered little whether the enzyme rate in
the presence of the low concentration of malate was subtracted from the enzyme rate in the
presence of high malate plus fumarate because the rate in the presence of low malate was
negligible compared to the rate in the presence of the high concentration of malate. Adding
ATP to the enzyme reaction mixture and observing inhibition of the enzyme rate confirmed
that the activity measured was that of ME2. Use of the assay indicates for the first time that
assayable ME2 enzyme activity is present in pancreatic islets of the human, rat and mouse
and the INS-1 832/13 cell line. In addition, the presence of ME2 protein in these tissues was
demonstrated with immunoblots with anti-ME2 antibody.

EXPERIMENTAL PROCEDURES

Materials

Chemicals, anti-human ME2 antibody (Catalog Number HPA008880) and anti-beta actin
antibody were from Sigma-Aldrich Corporation (St. Louis, MO). Sprague-Dawley rats and
ICR(CD-4) and NSA(CF-1) mice were from Harlan Sprague-Dawley (Madison, WI).
C57BL/6 mice were from the Jackson Laboratories (Bar Harbor, MA). Pancreatic islets
were isolated as previously described [7,11,13,22,23]. Human pancreatic islets were from
Prodo Laboratories Inc. and the Sharp-Lacy Research Institute, Irvine, CA, sponsored by the
Juvenile Diabetes Research Foundation and the University of Wisconsin Islet Cell Resource
Center, Madison, WI sponsored by the Islet Cell Resource Consortium.

Subcellular fractionation

Monolayers of INS-1 832/13 cells were released with trypsin and EDTA from four 150 mm
tissue culture plates, washed twice with PBS and homogenized in 2 ml of 220 mM mannitol,
70 mM sucrose, 5 mM potassium Hepes buffer, pH 7.5 (KMSH) containing 1 mM
dithiothreitol and protease inhibitor cocktail (ThermoScientific product no 78415) using 40
strokes in a Potter Elvehjem homogenizer (1.4 cm diameter Teflon pestle; 1.9 cm inner
diameter x 12 cm mortar). Homogenization and subsequent steps were at 4°. A portion of
the whole-cell homogenate was saved and the remainder was centrifuged at 600 x g for 10
min. The resulting supernatant fraction was centrifuged at 10,000 x g for 10 min to give the
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mitochondrial pellet. The mitochondrial pellet was suspended in 300 pl of the KMSH,
dithiothreitol and protease inhibitor solution and stored frozen at -20° until used. The
postmitochondrial supernatant fraction was centrifuged at 20,000 x g for 20 min to give a
supernatant fraction used as cytosol. The yield of mitochondria was calculated by comparing
the total amount of the activity of the exclusively mitochondrial enzyme glutamate
dehydrogenase in the mitochondria to that in the whole cell homogenate. The amount of
mitochondrial breakage was estimated from the amount of glutamate dehydrogenase activity
in the cytosol. Subcellular fractionation of pancreatic islets to prepare a whole cell
homogenate, cytosol and mitochondria was performed similarly to that for INS-1 832/13
cells except that homogenization was performed in 200-400 pl of KMSH in a microfuge test
tube and the post-600-x-g-x-10 min supernatant fraction was centrifuged at 5,500 x g for 10
min to give the mitochondrial pellet as previously described [7,11,13,23].

Enzyme assays

Cytosolic malic enzyme (ME1) (but also ME3 if present) activity was estimated
spectrophotometrically by monitoring NADPH formation at 340 nm in an enzyme reaction
mixture containing 1.0 mM malate, 0.3 MM NADP, 6 mM MgCl,, 1 mM DTT and 50 mM
Tris-chloride buffer, pH 7.6 at 37° as previously described [11,13]. Mitochondrial NAD(P)
(ME2) malic enzyme activity was measured in 1 ml of a reaction mixture containing 0.3
mM NADP, 1 mM dithiothreitol, 10 mM MgCl, and 50 mM Tris-chloride buffer, pH 7.4,
and 10-30 pl of a source of enzyme (whole-cell homogenate or mitochondria). The
formation of NADPH was monitored spectrophotometrically at 340 nm and 37°.
Background rates were measured with no added substrate and again with 1 mM malate. The
ME2 enzyme reaction was started with the addition of fumarate (5 mM), an activator of
MEZ2, and adding malate to increase its concentration to 11 mM. Enzyme rates were also
measured in the presence of 2 mM ATP, an inhibitor of ME2. Mitochondrial malic enzyme
rates were measured with various orders of addition of fumarate, malate and ATP to the
enzyme reaction mixture as shown in Table 1. When the enzyme activity in whole-cell
homogenates was measured, the enzyme rate in the presence of 1 mM malate attributable to
cytosolic malic enzyme (ME1) was subtracted from the total rate in the presence of fumarate
plus 11 mM malate to give the rate attributable to mitochondrial NAD(P) malic enzyme
(MEZ2). Because the activity of ME2 in the presence of 1 mM malate and no activator is
slightly > 0, this slightly underestimates the activity of ME2 in a whole cell homogenate
(See Results and Discussion). In a slightly different ME2 assay developed after all the
studies reported herein were completed, an alternate approach was sometimes used in which
the enzyme rate and the two background rates were measured simultaneously (instead of
sequentially) in duplicate or quadruplicate companion wells containing 200 ul of the ME2
reaction mixture described above and 4-8 pl of enzyme source in a 96-well plate monitored
in a Molecular Devices SpectraMax M2 Microtiter Plate Reader. The contents of the wells
were identical except that the ME2 enzyme rate wells contained 10 mM malate plus 5 mM
fumarate. The background rate wells contained either no malate and no fumarate or 1 mM
malate and no fumarate. The background rates were subtracted from the rate with fumarate
and high malate to give the rate attributable to ME2. In addition, 1.2 mM NADP was used as
this gives an enzyme rate 20%-30% higher than with 0.3 mM NADP. Glutamate
dehydrogenase enzyme activity was measured as previously described [23].

Immunoblotting

Immunoblotting was performed as previously described [23].
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RESULTS AND DISCUSSION

Importance of estimating enzyme activity

Measurements of enzyme activity provide quantitative estimates of the levels of the
functional units of metabolic pathways. The presence of an mRNA that encodes an enzyme
is often cited as evidence for the presence of the enzyme in a tissue, but detecting an mRNA
does not reflect the level of the cognate enzyme or even whether the enzyme is present.
However, if an mRNA is not present, its cognate enzyme is unlikely to be present. Two
examples of reports of the presence of MRNAs in rat pancreatic islets that encode proteins
that are not present are of those that encode the liver isoform of pyruvate kinase and
cytosolic phosphoenolpyruvate carboxykinase. Although the presence of these two mMRNAS
is frequently reported in pancreatic islets or clonal beta cells, the enzyme activity and
immunoreactivity of pyruvate kinase in pancreatic islets are that of the M2 isoform [24-26]
and phosphoenolpyruvate carboxykinase enzyme activity is not present in pancreatic islets
[22,27]. (Since phosphoenolpyruvate carboxykinase and the liver isoform of pyruvate kinase
are found in gluconeogenic tissues and the beta cell does not require or possess the capacity
for gluconeogenesis [28], there is no need for the beta cell to possess these two enzymes.).
Besides being the most quantitative, measurements of enzyme activity show that the enzyme
protein is functional. In the case of SiIRNA experiments, truncated mRNAs can be produced
and translated into truncated proteins [29]. The truncated mRNAs may be erroneously
assumed to reflect the level of full length mRNAs depending on the PCR primers used in the
amplification and measurement of the mRNA level and also truncated proteins can be
detected in immunoblots [29].

Mitochondrial malic enzyme ME2 vs ME3 in beta cells

Although ME2 uses both NAD and NADP as pyridine nucleotide cofactors and is more
active in the presence of NAD than in the presence of NADP, ME2 activity is one-third to
one-half as active in the presence of a saturating concentration of NADP compared to a
saturating concentration of NAD [1,4]. Since an enzyme reaction mixture containing NAD
would detect malate dehydrogenase, which is 100 - 1,000 times more active than any malic
enzyme in beta cells [30,31] as is typical of many tissues [32], it is necessary to use NADP
as the cofactor when measuring ME2 activity. ME3 uses exclusively NADP as a cofactor
and, thus, an assay mixture containing NADP would detect ME3 if ME3 was present.
However, Pongratz et al [14] reported that the level of Me3 mRNA in rat pancreatic islets
and INS-1 cells is very low compared to the levels of Mel and Me2 mRNAs and our data
from INS-1 832/13 cells agree with their data (The ratio of mMRNASs encoding ME1/ME2/
ME3 was 10: 6: 2 as judged from mRNA microarrays (NimbleGen, Madison, WI), L.J.
Brown and M.J. MacDonald, unpublished observation.). Li et al [21] also showed that Me3
mRNA is much lower than Mel mRNA and Me2 mRNA in mouse islets. In mouse islets we
found that the relative levels of mMRNASs that encode malic enzymes are Me2 >> Mel >
Me3. Perhaps more definitively, in our hands when Me2 mRNA was knocked down 85-95%
in the cell lines we derived from the INS-1 832/13 cell line, there was no longer detectable
malic enzyme activity in mitochondria from these cell lines and no ME2 protein seen in
immunoblots (L.J. Brown, M.J. Longacre, M.A. Kendrick and M.J. MacDonald,
unpublished observation). This is consistent with ME2 being the only mitochondrial malic
enzyme in this cell line. In addition, in mitochondria of islets from humans, rats and INS-1
cells, as well as in whole-cell homogenates of mouse islets that contain no ME1 activity
(11,13,18-20), we found that the enzyme rate in the presence of 1 mM malate in the malic
enzyme reaction mixture (that should measure ME3 activity if present) was not significantly
different from the background rate with no substrate. Collectively, these data suggest that if
ME3 is present at all in islets of the mouse, rat or human or INS-1 832/13 cells, its level is
very low.
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ME2 activity in the INS-1 832/13 cell line and pancreatic islets of three genera

ME1 and ME3 use only NADP and are maximally active at a low concentration of malate
[1]. In crude homogenates of whole cells an estimate of ME2 activity was obtained by
measuring malic enzyme activity in the cuvette in the presence of NADP and 1 mM malate
and then adding fumarate and increasing the malate concentration to 11 mM. The enzyme
activity in the presence of 1 mM malate was then subtracted from the enzyme activity in the
presence of fumarate plus 11 mM malate to give the enzyme activity attributable to ME2.
Since, as mentioned above, isolated mitochondria from our INS-1 832/13 cell lines in which
ME2 mRNA was knocked down 85-95% showed no enzyme rate in the presence of 1 mM
malate, this indicates there was no cytosolic malic enzyme contaminating the mitochondrial
preparation and very little or no ME3 present. In mitochondria from the INS-1 832/13 cell
line, which was the parent cell line for the knockdown experiments, as well as the cell line
studied in the current work, the enzyme rate in the presence of 1 mM malate equaled 7-9%
of the rate in the presence of fumarate and 11 mM malate (data not shown). This suggests
that this slow rate could be due to ME2. Thus, subtracting the enzyme rate in the presence of
1 mM malate from the total enzyme rate might underestimate ME2 activity by at most 10%.
Since MEZ2 is inhibited by ATP [1,4] adding ATP to the reaction mixture gives further
confirmation that the enzyme activity measured is indeed from ME2.

Table 1 shows that mitochondria of INS-1 832/13 cells possess a malic enzyme activity with
the properties of ME2 with activation by fumarate and inhibition by ATP. Inhibition by ATP
was greater in the absence of fumarate as is consistent with reports with purified ME2 [1,4].
Table 2 shows that the specific enzyme activity of ME2 in mitochondria of INS-1 832/13
cells is comparable to the specific enzyme activity of ME1 in the cytosol of these cells and
that about 35% of total cell malic enzyme activity is attributable to ME2. Table 3 shows that
whole-cell homogenates and/or mitochondrial preparations of rat, human and mouse
pancreatic islets possess ME2 activity. As mentioned above, our studies indicate that the
pancreatic islets and INS-1 cells possess little or no ME3 enzyme activity. However, since
MES3, like ME1, is maximally active in the presence of a low concentration of malate [1],
subtracting the activity in the presence of 1 mM malate when assaying a crude whole-cell
homogenate of the islets would also give activity attributable to ME2, even if ME3 were
present. Malic enzyme activity in the pancreatic islet and INS-1 whole-cell homogenates and
mitochondria assayed in the presence of high malate and fumarate was inhibited by ATP
(Table 3), consistent with the idea that ME2 was the enzyme activity detected. We observed
previously that mouse islets possessed no MEL enzyme activity (malic enzyme activity in
the cytosol fraction in the presence of 1 mM malate) [11]. Mouse whole-cell homogenate
ME?2 activity appeared to be higher than in homogenates of whole cells of islets from rats or
humans (Table 3). Whether the apparent higher level of ME2 is a compensation for the lack
of MEL1 in mouse islets will require further investigation. Immunoblotting with an anti-ME2
antibody confirmed that ME2 was present in pancreatic islets of humans, the Sprague
Dawley rat and the NSA and C57BL6 mouse strains and INS-1 832/13 cells (Figure 1).
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Figure 1. ME2 is present in human, rat and mouse pancreatic islets and INS-1 832/13 cells
Immunoblot of islets from individual humans and individual batches of islets from Sprague-
Dawley rats or mice (lanes 4 and 7, the NSA strain; lane 5, the C57BL6 strain) and INS-1
832/13 cells with 20 pg protein/lane probed with anti-human ME2 antibody. The blot was
additionally probed with anti-beta actin antibody to show equal loading of protein across
lanes.
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Table 1
Activation by fumarate and inhibition by ATP of ME2 malic enzyme assayed in a
mitochondrial extract of INS-1 832/13 cells

An extract of mitochondria was incubated in a reaction mixture in the presence of a saturating level of the
enzyme substrate, malate (10 mM), and with or without the activator fumarate (5 mM) or inhibitor ATP (2
mM) added in different sequences. Sequential additions to a single cuvette are separated from the additions to
other cuvettes by spaces between lines. Results show the individual rates or the mean + SE of three replicate
measurements.

Additions Malic Enzyme Rate

(Order of addition)  (nmol NADPH formed/min/mg protein)
Fumarate (1) 0(3)

Malate (2) 19.3+1.6 (3)

Malate (1) 10.6

Fumarate (2) 19.1

ATP (3) 9.5

Malate (1) 10.5

ATP (2) 32

Fumarate (3) 114
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Table 2
Activities of ME1 and ME2 in INS-1 832/13 cells
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Enzyme activities were measured and yields of mitochondria were calculated as described under Experimental

Procedures.

Specific Enzyme Activity of Malic Enzymes Based on Cytosol or Mitochondria Protein

ME1 in cytosol 29.1 £ 1.6 nmol NADPH/min/mg cytosol protein@
ME?2 in mitochondria 20.5 + 0.4 nmol NADPH/min/mg mitochondrial protein®
Specific Enzyme Activities Based on Cell
Protein (nmol NADPH/min/mg total cell % of Total
protein)
ME1 + ME2 o
(Measured in homogenate) 18.7£0.9 100%
ME1
8.7+04 47%
(Calculated from measurement in cytosol)@ 0
ME1
12+0.1 64%
(Calculated from measurement in whole cell homogenate)@ °
ME2
6+0. %
(Calculated from activity in mitochondria and yield of mi’(ochondria)b 66008 35%
ME2
6.7+0.9 36%

(Calculated by subtracting ME1 activity2 from total ME au:tivityb in homogenate)

a, . . .
Activity measured in presence of 1 mM malate

b, .. .
Activity measured in presence of 10 mM malate plus 5 mM fumarate.
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Table 3

Mitochondrial NAD(P) malic enzyme ME2 activity is present in INS-1 832/13 cells and
pancreatic islets of the mouse, rat and human

Mice were the ICR and NSA strains. ME2 activity was measured as described under Experimental Procedures
without or with ATP (2 mM). Results are the mean with the number of preparations of enzyme source in
parentheses and SE (when N = 3).

Enzyme Source
INS-1 832/13 homogenate
+ATP

INS-1 832/13 mitochondria
+ATP

Mouse islet whole cell homogenate
+ATP

Rat islet whole cell homogenate
+ATP

Rat islet mitochondria
+ATP

Human islet whole cell homogenate
+ATP

Human islet mitochondria

ME2 Specific Enzyme Activity (hmol NADPH/min/mg protein)
6.7+09 (3)2
23+02(3)2

25+3.9 (5)
48+26(3)

18 +3.6 (3)
51409 (3)

54+1.1(5)
12 (1)
0(1)

47+022(7)
0.8+0.5 (7)

18 £3.6(3)

a . . . L . .
Rate is extrapolated to basis of whole cell protein even though measured in mitochondrial fraction.
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