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Role of the Isocitrate Dehydrogenases and Other Krebs Cycle Enzymes

in Lactating Bovine Mammary Gland
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ABSTRACT

The role of the isocitrate dehydro-
genases and other Krebs cycle enzymes in
bovine mammary metabolism was studied
by investigation of their distribution
between cytosol and mitochondria. Cit-
rate synthase was used as a marker for
mitochondrial disruption, and distribu-
tions were normalized to this enzyme.
Aconitase, fumarase, and NAD*:malate
dehydrogenase were distributed between
the mitochondria and the cytosol; evi-
dence for the possible involvement of an
aspartate:malate shuttle was also found.
The NADP+*:lsocitrate dehydrogenase is
predominantly cytosolic with a small but
significant amount of mitochondrial
component. Using the dye dichloro-
phenol-indophenol, a low level of NAD*:
isocitrate dehydrogenase activity was
observed in bovine mammary tissues.
This assay also allows for detection of the
enzyme in fresh mitochondria from a
variety of other bovine tissues (heart,
liver, kidney, and brain). Activities of the
isocitrate dehydrogenases were also ex-
amined as a function of gestation and
lactation. The NAD+*:isocitrate dehy-
drogenase is apparently depressed during
gestation with the NADP+ form of the
enzyme (cytosolic) clevated postpartum.
These results indicate that a substantial
portion of Krebs cycle activity may
become extramitochondrial in bovine
mammary gland at the onset of lactation.
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INTRODUCTION

Since the original exposition of the citric
acid cycle by Krebs and Johnson (20), this
cycle has been shown to be an integral part of
the energy metabolism of many species. Regu-
lation and control of this pathway can be
achieved by constraint of substrates, com-
partmentation, of the cycle between mito-
chondria and cytosol (15), or by hormonally
induced changes in key enzymes to limit flux
through the cycle (27). In the case of the
lactating ruminant, where over 65% of an
animal’s net energy may be diverted to milk
synthesis (14), hormonally induced subcellular
compartmentation of the Krebs cycle may be
important in adaptation to the available sub-
strates. For a recent review of mammary energy
metabolism, see Smith et al. (29). The oxida-
tion of Dg-threo-isocitrate to a-ketoglutarate is
accomplished in various tissues by three distinct
enzymes: an NAD*, allosterically regulated
enzyme, which is primarily mitochondrial in
occurrence (5, 6), and two distinct forms of
NADP+:isocitrate dehydrogenase, which ap-
parently are selectively localized in either the
cytosol or in the mitochondria (25). The
subcellular distribution (2, 31) of these and
other Krebs cycle enzymes has not been pre-
cisely determined for mammary tissue. The
objective of this work was to study their
subcellular distributions. These data should
lead to a better understanding of regulation and
control of mammary metabolism in general and
of ruminants in particular. In order to assess the
particular significance of isocitrate oxidation, it
was necessary to adapt a modified assay for
NAD*:isocitrate dehydrogenase.

MATERIALS AND METHODS

Materials

All coenzymes, substrates, and biochemicals
were purchased from Sigma Chemical Com-
pany.? All other chemicals were reagent grade.

Samples of fresh bovine mammary tissue and
bovine heart were obtained from cows of



known good health and productivity through
the cooperation of J. E. Keys and A. J. Guidry
of US Department of Agriculture, Beltsville,
MD. Whole mammary glands were obtained at
the time of slaughter, trimmed to remove
adipose tissue, and sectioned into pieces ap-
proximately 10 x 10 x 5 cm, which were
minced and weighed. Subcellular fractionation
of mammary tissue was essentially as outlined
by Keenan et al. (19). Three volumes (by
weight) of cold homogenization medium
containing .25 M sucrose, 50 mM Tris pH 7.4,
.5 mM EDTA, and 100 uM dithiothreitol were
added and the mixture homogenized for 1 min
in a Polytron 10 ST at medium speed. The
homogenate was then filtered twice through
cheesecloth and cooled on ice. All subsequent
operations were carried out at 5°C. The homo-
genate was centrifuged consecutively at 600 X g
for 15 min, 12,000 X g for 30 min, and 40,000
x g for 2.5 h. After each centrifugation, the
precipitate was removed, resuspended in
homogenization buffer, and washed twice by
recentrifugation. Washed pellets were resus-
pended in homogenization medium at 1/10 of
the original volume. The 12,000 x g pellet was
examined by electron microscopy and found to
represent primarily mitochondria. The 40,000
X g supernatant showed very little change in
the specific activity of the Krebs cycle enzymes
in. the 12,000 X g supernatant. Thus, the
12,000 X g supernatant values are taken to
represent cytosol. :

Due to the distance between the place of
slaughter and our laboratory, tissues from
lactating cows were processed on site, sub-
cellular fractions obtained, and samples then
frozen for 1 d prior to assay. Fresh bovine
heart, kidney, liver, and brain from meat
animals were obtained from a local slaughter
house and placed directly on ice for transport
to the laboratory (15 min). Rat mammary
tissue ‘was excised in our laboratory and treated
as was bovine mammary tissue, but enzyme
activities were assayed immediately.

Experiments on activity as a function of
stage of gestation and lactation were on frozen
crude precipitates (10,000 x g for 30 min) and
supernatants obtained from John Keys. In this
case, the precipitates were first diluted 1 to 4
in the homogenization buffer, homogenized
gently by hand, and then briefly sonicated

before assay.

Enzyme Assays

Succinate dehydrogenase was assayed by the
method of Pennington (23) using a zero time
blank and a 15-min incubation. All other
enzyme assays were at 25°C in 1-cm cells and
monitored on a Gilford spectrophotometer
with a scale setting of O to .200 absorbance
units. Time courses of the reaction were linear
for the period of the assay. One enzyme unit
catalyzes the formation of 1.0 umol of pro-
duct/min at 25°C. Specific activity is defined as
enzyme mU/mg protein. Krebs cycle and
related enzymes were assayed in their respective
incubation mixtures as follows: citrate synthase
(28), aconitase (10), NADP+:isocitrate de-
hydrogenase (11), fumarase (17), NAD*:malate
dehydrogenase (9), aspartate amino transferase
(1), glucose 6-phosphate dehydrogenase (22),
glutamic dehydrogenase (32), and NADP+:
malic dehydrogenase (18).

Activity of NAD*:isocitrate dehydrogenase
was assayed by the method of Cook and Sanwal
(7), using excess “diaphorase” and coupling the
oxidation to the dye dichlorophenol-indo-
phenol (DCPIP). Conditions used for assay
(substrate, ADP, metal ion concentration, and
buffer) were those of Plaut (24). Decrease in
absorbance at 600 nm was measured as de-
scribed.

Protein Determination

Protein concentrations were determined by
the method of Bradford (4) with appropriate
buffer blanks and with bovine serum albumin as
the standard.

RESULTS AND DISCUSSION

Assay for Nicotinamide Adenine
Dinucleotide*:Isocitrate
Dehydrogenase

The discovery that NAD#:isocitrate de-
hydrogenase (IDH) is allosterically controlled
by ADP and ATP (5) has led to the belief that
this enzyme plays an important regulatory role
in Krebs cycle metabolism. In our initial studies
on bovine mammary gland we found virtually
no NAD+:IDH activity when employing the
standard spectrophotometric assay at 340 nm.



Fresh steer heart mitochondria, a relatively rich
source of NAD*:IDH, were tested using the
absorbance (As40) assay, and the results were
also negative; neither freeze thawing nor
sonication yielded positive results. The ratios of
NAD*+:NADP* isocitrate dehydrogenases in
animals have for the most part been obtained
with solubilized extracts of acetone powders of
mitochondria or of total homogenates (30). A
highly active NADH:oxidase was found in
heart. When isocitrate oxidation through NAD*
was measured in the presence of both diaphorase
and DCPIP, significant ADP-dependent NAD*:
IDH activity was found in fresh bovine heart
mitochondria (Table 1). Omission of the
diaphorase is nearly compensated for by the
endogenous NADH oxidase activity. Similar
studies were conducted on fresh mitochondria
from steer liver and kidney. These tissues were
also negative for assays conducted at Az, but
they gave reasonable activity when DCPIP was
employed. In the case of brain, which in rat has
been reported to be high in NAD*:IDH, the
A3qo assay gave positive results. However, the
DCPIP assay detected nearly five times the
activity. It appears as though a dye-coupled
assay may be necessary to quantify the NAD*:
IDH activity present in a variety of tissues.
Miscalculation of this important regulatory
enzyme could interfere with metabolic simula-
tions. The activity of the heart enzyme remains
relatively constant after storage for 1 d and
drops about one half after 3 mo at —20°C.

Relative Ratios of Isocitrate
Dehydrogenases in Fully
Lactating Animalis
Having established the conditions for assay

of the IDH activities in bovine tissue, heart and
mammary gland mitochondria from the same
fully lactating animal were prepared, frozen,
transported to the laboratory, and then assayed
the following day for dehydrogenase activities
after thawing and sonication. Succinate de-
hydrogenase is shown as a marker for mito-
chondria (Table 2). Bovine heart mitochondria
have a ratio of about 25:1 for NADP*+/NAD*:
IDH activity as measured on samples that were
frozen overnight and thawed and sonicated
prior to assay. Freshly prepared and sonicated
mitochondria from bovine tissues exhibit little
or no loss of the NAD+:IDH activity on storage
for 1 d (Table 1), while the NADP+:IDH
activity actually increases about 10% under
these conditions. The NADP*/NAD+:IDH
concentrations in mammary mitochondria
would be roughly 12:1. Thus, mammary and
heart mitochondria prepared from the same
lactating cow have a very dissimilar NADP+/
NAD*:IDH ratio, and overall, total heart
mitochondrial IDH activity is 13 times greater
than the total mammary mitochondrial IDH
concentration. Experiments in which mixtures
of mammary and heart preparations were
coincubated showed no inhibition of NAD*:
IDH activity, indicating that the lower NAD+:
IDH found in the mammary gland is not the
result of endogenous inhibitors.

TABLE 1. Activity of nicotinamide adenine dinucleotide*:isocitrate dehydrogenase in fresh and frozen mito-

chondria from bovine tissues.

Specific activity

Conditions Heart' Kidney? Liver? Brain?
(mU/mg protein)
X SD

Complete assay first day 23.3 33 5.64 4.06 451
Complete assay 24 h frozen and sonicated 23.5 3.2 5.14 3.98 59.7
No ADP, 2nd d 128 1.6 2.81 3.47 50.5
No isocitrate, 2nd d 3 03 .01 .01 .3
No diaphorase, 2nd d 19.9 4.3 5.47 2,72 57.3
Frozen and sonicated, 3 mo 10.7 2.6 e

! Average of three preparations from three animals.

? One preparation each, assayed in triplicate.
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TABLE 2. Distribution of dehydrogenase activities among frozen fractions from bovine tissues.

Specific activity
Succinate
Distribution dehydrogenase NADP*:IDH? NAD+:IDH
{mU/mg protein)
Heart
600 X g Supernatant 30.0 135 9.27
12,000 X g Pellet 140 414 16.5
12,000 X g Supernatant 4.0 114 3.30
Mammary
600 X g Supernatant 3.0 607 .70
12,000 X g Pellet 35.1 30 2.53
12,000 X g Supernatant 7.0 590 1.03
Heart and mammary
12,000 X g Pellets 16.3

1 Both heart and mammary tissues were from the same lactating cow; the fractions were frozen and assayed

the following day.
2 IDH = Isocitrate dehydrogenase.

Mitochondria were also prepared from
lactating rat mammary gland. No activity for
NAD+:IDH was observed with the A3 assay;
using the DCPIP assay, significant NAD*:IDH
activity was observed in rat mammary mito-
chondria (Table 3). However, the cytosolic
NADP+:IDH is much lower in rat than in
bovine mammary gland.

Changes in the Activities During
Mammary Development

Development of the mammary gland,
particularly in primiparous animals, requires a
number of metabolic and structural changes. In
the fully lactating animal, the mitochondrial
forms of IDH (both NAD+ and NADP*)
predominate in the heart, while the cytoplasmic
form predominates in the mammary gland
(Table 2). Studies of changes in the IDH as a
function of time of gestation and lactation
might shed some light on the relative expression
of these enzymes. Assay of the postmito-
chondrial supernatants and precipitates from
mammary gland showed a dramatic increase of
soluble NADP+:IDH at the onset of lactation
(Figure 1A). The mitochondrial activity for
succinate dehydrogenase also increased at
lactation, but not as dramatically (Figure 1B).
The NAD*:IDH initially occurred at a low
concentration, then decreased during gestation.

In contrast, the NADP* activity in the crude
mitochondria (precipitate) remained relatively
constant throughout (Figure 1A). It would
appear that in ruminant mammary tissue
the changes observed in the activities of these
enzymes are related to hormonal changes
accompanying gestation and parturition, pos-
sibly resulting in a switch to an extramito-
chondrial flux of metabolites for a portion of
the Krebs cycle. Because heart tissue from the
same fully lactating animal showed significant
NAD*:IDH activity, it would seem that there
may be repression of this enzyme in the de-

TABLE 3. Distribution of isocitrate dehydrogenase
activities from lactating rat mammary gland.

Specific activity’

Distribution NAD*:IDH? NADP*:IDH
(mU/mg protein)
12,600 X g 11.6 39.7
Pellet
12,000 X g .10 77.4
Supernatant

1 Averages from two animals 14 d lactating.
2IDH = Isocitrate dehydrogenase.
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Figure 1. Changes in the activities of selected
dehydrogenases as a function of stage of gestation
and lactation. Assays were conducted as described
on A) nicotinamide adenine dinucleotide*: isocitrate
dehydrogenase (NADP+:IDH) for both postmito-
chondrial supernatants (&) and mitochondrial pellets
(e); and B) mitochondrial pellets for NAD*:IDH (o)
and succinate dehydrogenase (o). Data are plotted
in days prepartum and postpartum.

veloping mammary gland. In contrast, NAD:
IDH is significantly expressed in the lactating
rat mammary gland (Table 3).

Subcellular Distribution of Krebs
Cycle Enzymes in Lactating
Bovine Mammary Gland

To understand better the roles of the iso-
citrate dehydrogenases in ruminant mammary
metabolism, their total activities and intracellu-
lar compartmentation were compared with other
Krebs cycle enzymes. The total activities of
Krebs cycle and related enzymes in homo-
genates of lactating bovine mammary gland are

in Table 4. For comparison with previous
partial compilations (2, 8, 26, 30), data are
expressed as micromoles per minute per gram of
tissue and adjusted to 37°C. The values for
aconitase, fumarase, and NAD':IDH are
reported here for the first time. Other activities
found in this study are in good agreement with
those in the literature, except for malate
dehydrogenase, which -appears quite variable.
The lowest activities appear to be (with the
exception of citrate synthase) associated with
enzymes, which are thought to occur exclu-
sively within mitochondria (15). Therefore, a
survey of the distribution of Krebs cycle
enzymes between cytosol and mitochondria
was undertaken. Tissue was obtained -from
three cows that were in midlactation and free
of infection. The data for mitochondria and
cytosol are in Table 5. Specific activities of the
intramitochondrial portion of the Krebs cycle
show that in terms of overall synthetic capa-
bilities, the total IDH (NAD*+ + NADP?) is
lowest and may represent the limiting en-
zyme(s) within the mitochondrial pathway. As
shown, the NAD* may be repressed and the
mitochondrial NADP* may not be stimulated
during mammary development.

When citrate synthase was used as a marker
for mitochondrial disruption, as suggested by
Fatania and Dalziel (12), succinate dehydro-
genese increased to 130%, indicating about 30%
breakage of mitochondria. Taking this into
account, about 65% of the aconitase and 95%
of the NADP+:IDH activity is cytosolic in
nature. The NAD+:IDH was low and the values
were erratic even employing the DCPIP assay.
Table 2 shows the highest value found, but the
NAD*:IDH activities for all lactating cows
studied ranged from .1 to 2.5. Whatever the
actual number, when combined with NADP+:
IDH, the mitochondrial potential of this step in
the cycle is small when compared with the
cytosolic NADP+:IDH activity and the specific
activities of other mitochondrial enzymes.
Thus, diversion of a high percentage of meta-
bolic flux from the mitochondria could occur
in the lactating bovine mammary gland. As seen
previously, this increase would be coincident
with the onset of full lactation. In computer
models for mammary metabolism, only NADP+:
IDH has been considered extramitochondrial
(31). The extramitochondrial occurrence of
aconitase and fumarase had not been reported



. TABLE 4. Activities of Krebs cycle and related enzymes in homogenates of lactating bovine mammary gland.

Reference

Enzyme (8, 26) (31) 2) This study’
(umol/min per g tissue at 37°C)
X SE

Citrate synthase 13.2 3.3 7.37 1.03
Aconitase 245 1.18
NADP* :IDH? 24.5 58.8 59.9 43.2 15.7
NAD* :IDH 14 .10
a-Ketoglutarate dehydrogenase .22 .35
Succinate dehydrogenase .07 .56 .28
Fumarase 7.42 2.18
Malate dehydrogenase 110 9.66 41.6 23.8 8.42
Aspartate aminotransferase 4.56 6.33 7.80 3.86
Glutamic dehydrogenase 3.6 .10 .05

! Averages from three different cows at midlactation all in good health with moderate milk yields.

?IDH = Isocitrate dehydrogenase.

previously. The cytosolic NADP+:IDH (3) has
been postulated to be a potential source of
reducing equivalents necessary for de novo
synthesis of fatty acids and cholesterol in
bovine mammary gland. The ratio of cytosolic
NADP+:IDH to glucose 6-phosphate dehydro-
genase was found to be 33:1, supporting this
latter hypothesis, at least from the point of
metabolic potential. This value is close to that
of 26:1 previously given (31).

There has also been speculation that mito-
chondrial NADP+:IDH could generate citrate
by reversing the Krebs cycle. At first glance, the
enzyme’s low synthetic capability, coupled
with relatively high total isocitrate concen-
tration (2), would seem to argue against this
pathway. Hardwick (16), however, presented
clear evidence that perfused goat mammary
gland could incorporate ' CO, into citrate via
a-ketoglutarate. The cycle could be reversed

TABLE 5. Krebs cycle enzymes in mitochondria and cytosolic fractions from lactating bovine mammary gland.

Mitochondria Cytosol
Specific % Specific %
Enzyme activity' Ratio? Particulate®  activity' Soluble®
(nmol/min per (mnol/min per
mg protein) mg protein)
X SE X SE
Citrate synthase 790 230 6.7 100 30.7 25.4 7
Aconitase 53.9 8.8 1.6 24 31.8 10.9 65
NADP* :IDH 28.8 9.0 A 2 715 109 95
NAD* :IDH 1.4 9 3.7 80 .6 6 0
Succinate dehydrogenase 89.4 133 0.1 130 2.6 1.2 0
Fumarase 489 92 4.5 68 89.0 14.3 30
NADY :malate dehydrogenase 1550 170 5.9 66 248 32 33

! Averages from three different cows at midlactation all in good health with moderate milk yields.

2 Ratio of specific activity in mitochondria to that found in the total homogenate.

3 Percentage of total activity present normalized to citrate synthase.



TABLE 6. Distribution of activities of enzymes of malate aspartate shuttle in fractions of lactating bovine

mammary gland.
Specific activity
Succinate NAD* :malate Aspartate
Distribution dehydrogenase dehydrogenase aminotransferase
(mU/mg protein)
X SE X SE X SE
600 X g Supernatant 7.0 9 263 47 76.4 7.3
12,000 X g Pellet 89.4 133 1550 170 444 100
12,000 X g Supernatant 3.5 .5 221 10 54.8 9.8
% Soluble? 0% 33% 35%

! Samples as described in Table 5.
? Normalized as described in Table 5.

within the mitochondria by NADP+:IDH; lack
of the irreversible NAD*:IDH prevents com-
petition for the newly formed isocitrate, and so
reversal here could contribute to the net export
of citrate into milk (13). In addition, the
absence of the citrate cleavage enzyme (which
requires ATP) is well-documented for bovine
mammary gland (2, 3). Clearly, the apparently
low NAD*:IDH argues against significant
contribution to NADH production by a pro-
posed NADPH-NADH shuttle (16) employing
only isocitrate dehydrogenases.

The relatively high specific activity of
NAD+*:malate dehydrogenase and its distribu-
tion between mitochondrial and cytosolic
fractions suggests that a malate-aspartate
shuttle might be a part of mammary mito-
chondrial metabolism so that NADH produced
in the cytoplasm could be shuttled into the
mitochondria. For this to occur (21), both
malate dehydrogenase and aspartate amino-
transferase must be present in' both mito-
chondrial and cytosolic compartments. Table 6
shows that this is the case and points toward
further extramitochondrial Krebs cycle activity
in lactating bovine mammary gland. Further
experiments on intact mitochondria are neces-
sary to substantiate this hypothesis.

In summary, in fresh or frozen preparations
of bovine tissues, also at least in rat mammary
gland, estimation of NADH producing enzymes
must be done using a dye coupled assay when
comparable NADH oxidase activity is pre-
sent. In the case of NAD+:IDH, this results in a
more reasonable estimation. In contrast,

NAD*:malate dehydrogenase is present in
bovine mammary gland at such high con-
centrations that effects of NADH oxidases are
minimized. The data confirm the speculation
that the cytosolic form of NADP+:IDH pre-
dominates in ruminant mammary gland. In rat
mammary gland, however, both NAD* and
NADP+*:IDH occur in the mitochondria and are
significant parts of the Krebs cycle. The cyto-
solic NADP*:IDH is under hormonal control
and in bovine mammary gland increases with
increasing gestation and lactation, as does
succinate dehydrogenase. In contrast, low
NAD+:IDH is apparently further depressed at
lactation. Comparison of the distribution of the
Krebs cycle enzymes in lactating mammary
gland indicates that a relatively high percentage
of flux through the cycle may occur outside of
the mitochondria. A high citrate synthase
activity coupled with reversible NADP+:IDH
allows for the known net export of citrate;
a high degree of conversion of citrate to a-
ketoglutarate may thus occur outside of the
mitochondria to potentially produce NADPH
for de novo fat synthesis. On the other end of
the cycle, high levels of NAD*:malate and
asparatate aminotransferase indicate a possible
involvement of the malate and asparatate
shuttle in bovine mammary metabolism.

ACKNOWLEDGMENT

The authors would like to thank Robert J.
Carroll of this laboratory for his examination of
mitochondrial preparations by electron micro-

scopy.



REFERENCES

1 Baldwin, R. L., and L. P. Milligan. 1966. En-
zymatic changes associated with the initiation and
maintenance of lactation in the rat. J. Biol. Chem.
241:2058.

2 Baldwin, R. L., and Y. T. Yang. 1974. Enzymatic
and metabolic changes in the development of
lactation. Page 349 in Lactation. a comprehensive
treatise. B. L. Larson and V. R. Smith, ed. Vol. I.

3 Bauman, D. E., R. E. Brown, and C. L. Davis.
1970. Pathways of fatty acid synthesis and re-
ducing equivalent generation in mammary gland of
rat, sow, and cow. Arch. Biochem. Biophys.
140:237,

4 Bradford, M. M. 1976. A rapid and sensitive
method for the quantitation of microgram quanti-
ties of protein utilizing the principle of protein-dye
binding. Anal. Biochem. 72:248.

5 Chen, R. F., and G.W.E. Plaut. 1963. Activation
and inhibition of DPN-linked isocitrate dehy-
drogenase of heart by certain nucleotides. Bio-
chemistry 2:1023.

6 Colman, R. F. 1983. Aspects of the structure and
functions of the isocitrate dehydrogenases. Page 41
in Peptide and protein reviews. M.T.W. Hearn, ed.
Vol. 1. Marcel Dekker, Inc., New York, NY.

7 Cook, R. A., and B. D. Sanwal. 1969. Isocitrate
dehydrogenase from Neurospora crassa. Page 42 in
Methods in enzymology. J. M. Lowenstein, ed. Vol
13. Academic Press, New York, NY.

8 Crabtree, B., D. J. Taylor, J. F. Coombs, R. A.
Smith, S. P. Templer, and G. H. Smith. 1981. The
activities and intracellular distributions of enzymes
of carbohydrate, lipid and ketone-body metab-
olism in lactating mammary glands from ruminants
and non-ruminants. Biochem J. 196:747.

9 Englard, S., and L. Siegel. 1969. Mitochondrial
L-malate dehydrogenase of beef heart. Page 99 in
Methods in enzymology. J. M. Lowenstein, ed.
Vol. 13. Academic Press, New York, NY.

10 Fansler, B., and J. M. Lowenstein. 1969. Aconitase
from pig heart. Page 26 in Methods in enzymology.
J. M. Lowenstein, ed. Vol 13. Academic Press, New
York, NY.

11 Farrell, H. M., Jr. 1980. Purification and properties
of NADP*:isocitrate dehydrogenase from lactating
bovine mammary gland. Arch. Biochem. Biophys.
204:551.

12 Fatania, H. R., and K. Dalziel. 1980. Intracellular
distribution of NADP-linked isocitrate dehy-
drogenase, fumarase and citrate synthase in bovine
heart 'muscle. Biochem. Biophys. Acta 631:11.

13 Faulkner, A., and M. Peaker. 1982. Secretion of
citrate into milk. J. Dairy Res. 49:159.

14 Flatt, W. P, and P. W. Moe, 1974. Page 311 in
Lactation: a comprehensive treatise. B. L. Larson
and V. R. Smith, ed Vol. 3. Academic Press, New
York, NY.

15 Greville, G. D. 1969. Page 1 in Citric acid cycle:

"~ control and compartmentation. J. M. Lowenstein,
ed. Marcel Dekker, Inc., New York, NY.

16 Hardwick, D. C. 1965. The incorporation of
carbon dioxide into milk citrate in isolated and
perfused goat udder. Biochem J. 95:233.

17 Hill, R. L., and R. A. Bradshaw. 1969. Fumarase.
Page 91 in Methods in Enzymol. J. M. Lowenstein,
Vol. 13. Academic Press, New York, NY.

18 Hsy, R. Y., A. S. Mildvan, G.-G. Chang, and C.-H.
Fung. 1976. Mechanism of the malic enzyme from
pigeon liver. J. Biol. Chem. 251:6574.

19 Keenan, T. W, D. J. Morre, and C. M. Huang.
1974. Membranes of the mammary gland. Page 191
in Lactation: A comprehensive treatise. B. L.
Larson, and V. R. Smith, ed. Vol. 2. Academic
Press. New York, NY.

20 Krebs, H. A., and W. A. Johnson. 1937. The role of
citric acid in intermediate metabolism of animal
tissue. Enzymology 4:148.

21 Mcdonald, M. J. 1982. Evidence for the malate
aspartate shuttle in pancreatic islets. Arch. Bio-
chem. Biophys. Acta 213:643.

22 Olive, C., and H. R. Levy. 1967. Preparation and
some properties of crystlline glucose 6-phosphate
dehydrogenase from L. mesenteroides. Biochem-
istry 6:730.

23 Pennington, R. J. 1961. Biochemistry of dy-
strophic muscle. Biochem. J. 80:649.

24 Plaut, G.W.E. 1969. Isocitrate dehydrogenase
(DPN-specific) from bovine heart. Page 34 in
Methods in enzymology. J. M. Lowenstein, ed.
Academic Press, New York, NY.

25 Plaut, G.W.E,, M. Cook, and T. Aogaichi. 1983.
The subcullular location of isozymes of NADP-
isocitrate dehydrogenase in tissues from pig, ox
and rat. Biochim. Biophys. Acta 760:300.

26 Read, G., B. Crabtree, and G. H. Smith. 1977. The
activities of 2-oxogluturate dehydrogenase and
pyruvate dehydrogenase in hearts and mammary
glands from ruminants and non-ruminants. Bio-
chem. J. 164:349.

27 Salter, M., R. G. Knowles, and C. I. Pogson. 1986.
Quantification of the importance of individuai
steps in the control of aromatic amino acid me-
tabolism. Biochem. J. 234:635.

28 Shepherd, D., and P. B. Garland. 1969. Citrate
synthase from rat liver. Page 11 in Methods in
enzymol. J. M. Lowenstein, ed. Vol. 13. Academic
Press, New York, NY.

29 Smith, G. H., B. Crabtree, and R. A. Smith. 1983.
Energy metabolism in the mammary gland. Page
121 in Biochemistry of lactation. T. B. Mepham,
ed. Elsevier Science, New York, NY.

30 Stein, A. M,, J. H. Stein, and S. K. Kirkman. 1967.
Diphosphopyridine nucleotide specific isocitrate
dehydrogenases of mammalian mitochondria. Bio-
chemistry 6:1370.

31 Waghorn, G. C,, and R. L. Baldwin. 1984. Model of
metabolite flux within mammary gland of the
lactating cow. J. Dairy Sci. 67:531.

32 Williamson, J. R., and Corkey, B. E. 1969. Assays
of intermediates of the citric acid cycle. Page 41 in
Methods in enzymology. J. M. Lowenstein, ed.
Vol. 13. Academic Press, New York, NY.



