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The cytosolic form of NADP*:isocitrate dehydroge-
nase, a primary source of the NADPH required for de
novo fatty acid synthesis in lactating bovine mammary
gland, was studied to determine possible mechanisms
of regulation by fatty acyl-coenzyme A (CoA). The re-

duction of NADP* by the enzyme is inhibited by palmi-

toyl-CoA. In steady-state experiments, when added en-
zyme is used to start the reaction, analyses of velocity
versus palmitoyl-CoA concentration as a binding iso-
therm, following the assumptions of Wyman’s theory
of thermodynamic linkage, suggested that binding of
palmitoyl-CoA produced two different inhibitory ef-
fects on the enzyme. This analysis suggested inhibition
first through binding to sites with an average dissocia-
tion constant of 3.3 uM, then by binding to sites with
an average dissociation constant of 294 uM. When the
enzyme is preincubated with palmitoyl-CoA there is
an induction of a significant lag-burst reaction rate
(hysteretic kinetics). Preincubation of the enzyme
with its substrate, metal-isocitrate complex, nearly
abolished the lag time and decreased the degree of
inhibition. Changes in lag time and percentage inhibi-
tion as a function of concentration of palmitoyl-CoA
followed patterns, similar to those observed in steady-
state reactions, where the enzyme is not preincubated.
Examination of the effect of acyl chain length at 300 um
demonstrated that only long-chain CoA’s with carbon
numbers >14 have pronounced effects on kinetics.
CoA alone has little or no effect, while stearoyl-CoA
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completely inhibited the enzyme. Other C;3 acyl
groups produced varying effects depending on the de-
gree of unsaturation and cis-frans isomerism.
NADP"*:Isocitrate dehydrogenases, from other sources
including that from Escherichia coli, do not show such
sensitivity to acyl chain character under these condi-
tions. Concentration ranges observed for these transi-
tions are compatible with physiological conditions.
This suggests that complexes of acyl-CoA’s and
NADP":isocitrate dehydrogenase, in tissue rich in the
cytoplasmic form of the enzyme, could be related to
cytoplasmic events in the synthesis and secretion of
lipid and possibly protein, since palmitoyl-CoA is
known to promote secretory processes through acyla-
tion reactions which lead to vesicle fusion.

Academic Press, Inc.

The enzyme, NADP*-dependent isocitrate dehydro-
genase (IDH)? [threo-D4-isocitrate:NADP™* oxidoreduc-
tase (decarboxylating), EC 1.1.1.42], can serve as
source of NADPH for synthesis of metabolic end prod-
ucts in a variety of tissues such as adrenal gland, kid-
ney, and liver (1, 2). In lactating ruminant mammary
gland, this enzyme may be a primary source of the
NADPH required for fatty acid and cholesterol synthe-
sis (3, 4). A survey of the distribution of Krebs cycle
enzymes in bovine mammary tissue showed that
NADP*:IDH is predominately cytosolic (>90%) in na-
ture and that little or no NAD*:IDH activity is present

3 Abbreviations used: IDH, isocitrate dehydrogenase; MS, metal—
isocitrate complex; CoA, coenzyme A; G-6-PDH, glucose-6-phosphate
dehydrogenase.



(5). The latter enzyme is known to be allosterically reg-
ulated by metabolites and is thought to be a major
point of control of Krebs cycle activity (6, 7); its absence
in bovine mammary gland raises the question as to
what might control this important step in mammary
Krebs cycle activity. Previous reports from this labora-
tory have dealt with the effects of substrates, cofactors,
and inhibitors on the modulation of cytosolic IDH activ-
ity (8, 9). However, a recent report of the inhibition of
the mitochondrial dehydrogenases by fatty acyl-CoA
derivatives (10) raised the question as to whether such
inhibition could occur for the soluble form of IDH, since
Plaut et al. (11) have demonstrated immunologic and
electrophoretic differences for the cytosolic and mito-
chondrial forms of mammalian IDH. An intriguing fea-
ture of lactating mammary gland, a lipogenic tissue, is
the occurrence of long-chain CoA’s in the cytoplasm
(3), so investigations of the kinetic properties of the
cytosolic enzyme and the effects of CoA derivatives on
its structure and activity were undertaken to gain fur-
ther insight into possible mechanisms which may regu-
late this enzyme in lactating bovine mammary gland.

EXPERIMENTAL PROCEDURES

Materials. All coenzymes, substrates, and biochemicals (includ-
ing pig heart NADP™:isocitrate, and glutamic dehydrogenases) used
in this study were purchased from either Sigma Chemical Co. (St.
Louis, MO) or Calbiochem (San Diego, CA). Blue Sepharose CL-6B
and Sephacryl S-200 were products of Pharmacia (Piscataway, NJ),
and DE-32 was obtained from Whatman (Clifton, NJ). All other
chemicals were reagent grade.

Whole mammary glands from cows of known good health and pro-
ductivity were obtained through the cooperation of J. E. Keys of
USDA (Beltsville, MD). The whole mammary glands were obtained
at the time of slaughter, trimmed to remove adipose tissue, and
sectioned into pieces approximately 10 X 15 X 5 cm. The tissue was
frozen on dry ice and stored at —80°C until used. NADP*:IDH was
purified to homogeneity as described by Farrell (12). NADP*:
Isocitrate dehydrogenase from Escherichia coli was purified as pre-
viously described (13).

Enzyme assays. NADP™":Isocitrate dehydrogenase activity was
measured at a constant temperature of 25°C by monitoring the in-
crease in absorbance at 340 nm. The standard reaction mixture con-
sisted of 100 mM tris (hydroxymethyl) aminomethane hydrochloride
salt (Tris - HC]) at pH 7.4, 0.330 mM MnSO,, 3.00 mM D,L-isocitrate,
and 110 yM NADP* in a total volume of 1.00 ml; 10 yl of enzyme
was added to start the reaction. For the E. coli enzyme the only
change was to increase the concentration of NADP* to 200 uM to be
more in line with the reported K, (13). Throughout this study, only
Mn?** was used; therefore, “metal” will be used to refer to Mn2*,
although Mg?* can replace it with only minor effects (12). Concentra-
tions of metal—citrate, metal—isocitrate, and free metal ion were
computed as previously described (14). One enzyme unit catalyzes
the formation of 1.0 pumol/min of NADPH at 25°C. Specific activity
is defined as enzyme units per milligram of protein.

Data analysis of enzyme kinetics. Nonlinear regression analyses
of progress curves and variance of other parameters with concentra-
tion were carried out using the program Abacus, which is based on
the Gauss—Newton iterative method and which was developed by
William Damert (Eastern Regional Research Center). Choices be-
tween fits of models and statistical methods of analysis of the nonlin-

ear fits were as described by Meites (15). In each case, the iterative
analysis was carried out until a minimum value for the root mean
square was found. The data were tested by F test for improved fit
at each change in the integer values (15).

Estimation of the critical micelle concentration of palmitoyl-CoA.
The critical micelle concentration of palmitoyl-CoA was estimated
by using Ultrafree PF-membrane filter units (Millipore/Continental
Water Systems, Bedford, MA) containing polysulfone membranes
with a nominal cutoff of 30,000 molecular weight. The total concen-
tration of palmitoyl-CoA was estimated from the starting solution (1
ml) and the samples were filtered under pressure at 25°C in a con-
stant temperature box. Samples containing varying amounts of total
acyl-CoA were filtered and the nonmicellar concentration was taken
to be that of the filtrate. The retentate was assumed to be the micellar
fraction and its concentration was estimated by subtracting the con-
centration of the filtrate from total. The buffer system was identical
to the standard incubation assays but without NADP* or enzyme.
In these experiments the free Mn®* concentration is set at 80 uM by
the preselected concentrations of metal and isocitrate. Analysis of
the polymer vs monomer curves at fixed free metal gave an estimated
critical micelle concentration-of 35 + 3 uM for three experiments.

RESULTS

Effect of palmitoyl-CoA on NADP*:IDH. Using the
standard assay conditions developed for the soluble
form of IDH (12), slight inhibition by palmitoyl-CoA
(~10%) was observed. The palmitoyl-CoA concentra-
tion was 100 pM, and enzyme was added to start the
reaction. Since palmitoyl-CoA is somewhat structurally
homologous to the phosphoadenosine portion of
NADP*, it could act as a weak competitive inhibitor of
cofactor binding. The effects of 10, 100, and 300 yM
palmitoyl-CoA on the initial velocity of the enzyme as
a function of NADP* concentration were studied. In
the absence of palmitoyl-CoA, K, for NADP* was found
to be 12 uM, in agreement with previously reported
values (12). At 10 uM, palmitoyl-CoA appears to be a
competitive inhibitor of NADP* (Fig. 1b). However, at
100 uM palmitoyl-CoA (Fig. 1c), the fitted line diverges.
At 300 uM (Fig. 1d), V...« also appears to be effected,
and the parallel nature of the lines suggests noncom-
petitive inhibition. To further test the effects of palmi-
toyl-CoA, a greater range of concentrations was used
at a constant NADP* concentration of 110 uM (10 X
K,,). The reaction rate drops sharply at first, then
levels off and falls again, indicative of biphasic behav-
ior (Fig. 2a).

The traditional analysis of the Dixon plot (1/v vs I)
suppresses the sensitivity of the best data found at
lowest [/] but by the use of nonlinear regression analy-
sis, data can be directly fitted without the need for
mathematical transformations or weighting factors.
Following the concepts developed by Wyman (16) and
used in our laboratory for linked-function analysis of
the effects of ligand binding (17), a change in the ob-
served velocity of an enzyme by substrate or an inhibi-
tor is most likely thermodynamically linked to binding
(8) to the enzyme. As previously shown for IDH (8) it
may be assumed (for example, Fig. 2a) that for an en-
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FIG. 1. Effect of concentration of palmitoyl-CoA on the variation

of the reaction rate of NADP*:IDH from lactating bovine mammary
gland with NADP™*. The experiments were carried out in triplicate
under standard reaction conditions; the concentrations of palmitoyl-
CoA used were 10,100, and 300 pM. Data were fitted directly to
velocity (umol per minute per milligram of protein) vs [S] data by
nonlinear regression analysis of the standard Michaelis equation in
(a) (@, control; A, 10 uMm; O, 100 pM; O, 300 pM). The theoretical
double reciprocal lines from the calculated constants were then plot-
ted and reactions in the presence of palmitoyl-CoA compared with
control values (®). Comparisons are 10 yM (A) in (b), 100 uM (O) in
(c), and 300 uM (O) in (d).

zyme (E), whose final velocity (V) is affected by an
inhibitor () in two different ways, the following equi-
libria exist for the enzyme:
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FIG. 3. Time course of the reaction of NADP™*:isocitrate dehydroge-

nase. The enzyme was incubated under two conditions. Curve I: en-
zyme incubated with palmitoyl-CoA. The final linear portion can be
thought of as Vi; the intercept of this line at Azy, = 0 is the lag time
7, and its reciprocal is k. Curve II: enzyme preincubated with metal
substrate and no palmitoyl-CoA. In each case the solid line shown
is the actual fit to Eq. [5]; the concentrations after mixing are those
of standard assay and the palmitoyl-CoA is 300 pMm.

Preliminary analyses of Fig. 2a indicated two re-
sponses of V; to palmitoyl-CoA. The simplest mathe-
matical description of this observation yielding the best
fit to the data is

Vs = Vofe + Vi(fer, — far,) + Vafer, [2]

where V, is the apparent maximum velocity (V,,,) in
the absence of concentration-dependent binding of an
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(a) Plot of velocity at V., conditions (umol per minute per milligram of protein) for IDH against the concentration of palmitoyl-

CoA; the concentration of free Mn?** was fixed at 80 uM and that of Mn**—isocitrate at 250 uM; variations of palmitoyl-CoA were then
calculated. Reactions were started by addition of enzyme, and each point was run in triplicate. Data were fitted with Eq. [3] using the
assumptions of thermodynamic linkage of velocity to binding of I (palmitoyl-CoA). (b) Simulation of the inhibition of the IDH by the two
classes of sites suggested by analysis of (a). The fitted parameters for each site are given in Table I and the simulation is in percentage of

control. — — —, Site 1; ---, Site 2.



TABLE I

Parameters Obtained for Linked-Function Analysis of the
Variation of Isocitrate Dehydrogenase Velocity, Viax,
with Palmitoyl-CoA® Concentration

K, + SD? Ve
State® Exponents® (uM) (umol/min/mg)
Vo — — 50.1 + 0.1
Vi 3 3.3 £0.25 46.8 = 0.1
Ve, 2 294 + 26 375 + 0.8

@ Calculated values and error of coefficients of K; and V;, each
point in triplicate; total error of the fit was 2%. Data of Fig. 2a were
fitted as previously described (8).

® State of the enzyme =+ I as previously defined (8).

¢ Integer exponents n and m as previously defined (8).

4 Calculated dissociation constant (I/k), with standard error of esti-
mate.

¢V; represents the predicted theoretical V (with standard error)
contributed by each state and produced by the binding of each class
of palmitoyl-CoA as previously described; V, represents calculated
Vmex in the absence of palmitoyl-CoA.

effector molecule (1), and V; and V, represent velocities
contributed by each state represented in the stoichio-
metric Eq. [1] as modulated by the fraction (f) of en-
zyme in each state. The analysis presupposes that %,
> ky and that k; and &, represent binding to noninter-
acting classes of independent sites. Other models were
tested, including two cooperative sites and one inde-
pendent site, but the fits were poor and not justified
statistically (15). Following the method of Wyman (16),
thermodynamic linkage of the binding of I to change
in velocity can be derived by substituting terms for
binding of I into Eq. [2] and assuming total enzyme
concentration to be constant as previously described
(8). For data following the behavior seen in Fig. 2a, the
equation is

Vo B k3™
Vo PR —— + -
S T V1[1 + R 1+ k;"Im)] (31
VokgI™
1+ E3I™ -

Here the association constants (k;) and the terms n and
m have the meanings expressed in the stoichiometric
Eq. [1]. Because Michaelis—Menten conditions are em-
ployed, [I] is taken to be the total concentration of I
fixed at the beginning of the experiment. The data were
fitted by nonlinear regression analysis using integer
values for n and m; Eq. [3] implies no interaction be-
tween the two classes of sites.

Statistical analysis (15) of the data shown in Fig. 2a
with a variety of binding isotherms suggested the best
curve to be composed of two distinct functions. The
results of this analysis, using Eq. [3], are given in Table
I. The nonlinear analysis yields numbers for k; that,

when viewed in terms of dissociation constants, can
be related to physiological concentrations and allows
assessment of the relative contributions of V; to V.
The averages of these constants are given in Table 1.
Apparently binding to two different classes of sites may
yield two different mechanisms of inhibition in accord
with the data of Fig. 1.

Effect of palmitoyl-CoA on the time course of the IDH
reaction. Previous studies on the kinetics of
NADP*:IDH from lactating mammary gland showed
that the enzyme displayed nonlinear (hysteretic) kinet-
ics of the lag—burst type when examined by stopped-
flow techniques (8). In the determination of the Michae-
lis constants (12) particularly at low metal ion concen-
trations, early nonlinear portions of the initial velocity
curves were observed in standard kinetics experi-
ments. In preliminary experiments designed to test the
concentration-dependent effect of palmitoyl-CoA on
IDH activity it was noted that when IDH was preincu-
bated for 2 min at 25°C with palmitoyl-CoA (at concen-
trations of the acyl-CoA >100 uM) the enzyme kinetics
began to exhibit a very distinct lag time. The reaction
coordinate (Fig. 3, curve I) appeared to fit the lag—
burst kinetics observed in stopped-flow experiments,
where the apparent lag time for the enzyme was calcu-
lated to be 5 s (8). In the present experiments preincu-
bation with palmitoyl-CoA increased the apparent lag
time to minutes (Fig. 3, curve I). According to one of
the theories for hysteretic enzymes (enzymes with non-
linear kinetics) as developed by Frieden (18), the en-
zyme can be considered to occur in two states, an initial
(E°) and a final (E*) state; substrate binding facilitates
the transition between these states. The best fit found
in the stopped-flow work (8) was obtained with a model
in which the bound substrate (in the case of IDH, the
true substrate is a 1:1 complex of metal and isocitrate
(8, 12)) causes the conversion of E°MS, which is inac-
tive, to E*MS, which is fully active. For this model, the
general scheme given by Frieden (18) was simplified to

Kis k rans
E° + MS = E°MS = E*MS—>—E* + P, [4]

kr

where E° is inactive enzyme, E* is active enzyme, MS
is metal—isocitrate complex, Kj; is the dissociation con-
stant for E°MS, kyans is the rate constant for the conver-
sion of E°MS to E*MS, and k, is the reverse rate con-
stant for E*MS to E°MS.

The integrated form of the equation for appearance
of product P was derived (8) and is

-kt
Po = Vit — Vf<1 - ) [5]



TABLE I

Effects of Various Preincubation Conditions on the Lag
Time (1) and the Percentage Inhibition®

Components Components
first second 7 + SD° V¢ + SD°
incubation® incubation® (s) (%)
Enzyme alone None 82 +55 100.0
+MS None 74 +6.3 1004 = 0.5
+PCoA None 66.5 = 5.7 68.0 = 2.5
+PCoA +MS 60.7 + 7.0 716 + 34
+MS +PCoA 13.8 4.9 88.3 + 1.4
+MS + PCoA None 48.6 = 4.5 85.7 + 4.7
+NADP* None 9.7+59 99.0 + 0.6
+NADP* +PCoA 114 + 21 88.3 + 1.9
+NADP* + PCoA None 252 + 25 107 *=23

¢ Average of three determinations on each of three enzyme prepa-
rations using fits to Eq. [5]. Here the lag time, 7, is defined as 1/&,;
the final velocity, V%, is reported as percentage of control.
® Standard reaction concentrations: the concentration of metal—
substrate (MS) complex after mixing was fixed at 250 uM, and the
free Mn®* concentration was fixed at 80 uM. The total metal (M3*
was 0.330 mM, and the total substrate (St) was 3.00 mM. The preincu-
bation time was 2 min at ambient temperature. The total concentra-
tion of palmitoyl-CoA (PCoA) was 300 uM. Incubation volumes were
80 to 90% of final; the enzyme was always incubated in the presence
of buffers.
¢ Average value * SD for the average of three preparations which
therefore represents the between-preparation variation. The error
within a preparation was 3 to 5%.

where P, is concentration of observed product, V; is
velocity of NADP reduction by the enzyme in state E*,
k is rate constant for conversion of E°MS to E *MS (kirans
of Eq. [4]), and ¢ is time. Kinetic experiments on
NADP*:IDH were conducted with preincubation of pal-
mitoyl-CoA at selected concentrations ranging from 2
to 300 uM. Each progress curve was analyzed by nonlin-
ear regression techniques and fitted to various models
(8). When the data were fitted with Eq. [5], excellent
root mean squares were obtained, and the confidence
levels for the fits were all in excess of 95%. Figure 3,
curve I shows an example of the actual fit of data to
Eq. [5]. This analysis also uses all data points obtained
as contrasted with graphical estimates (19) which re-
quire an arbitrary choice for the line drawn and which
ignore the actual data obtained at early times; an ex-
ample of graphical analysis is when 7, the lag time,
and its reciprocal, the transition rate (&), are computed
as shown in Fig. 3, curve 1.

Having established the applicability of Eq. [5], the
effects of various preincubation concentrations with
and without palmitoyl-CoA can be placed on a quanti-
tative basis by solving for £ (which in each experiment
is the value calculated from Eq. [5]) and. V¢, the final
value for the reaction rate. The results of a series of
preincubation experiments are given in Table II. Prein-
cubation of IDH at 25°C for 2 min in the absence of

acyl-CoA causes the appearance of a lag time. This has
been previously observed for enzyme diluted into buff-
ers in the absence of protectants (20). Preincubation
with palmitoyl-CoA dramatically increases the calcu-
lated lag times from 8 to 67 s and yields over 30%
inhibition (Table II). Preincubation with metal—sub-
strate and then with palmitoyl-CoA partially over-
comes both effects. When the enzyme is preincubated
with palmitoyl-CoA, neither coincubation with metal -
substrate nor a following incubation with metal—sub-
strate can appreciably change the lag time and inhibi-
tion. Curiously, preincubation with NADP* and palmi-
toyl-CoA actually yields the greatest lag time (Table
II). Thus, reaction of IDH with metal substrate pre-
cludes the effect of palmitoyl-CoA on lag time only
when the IDH and substrate are preincubated for 2
min. Regardless of the effect on lag time, V;, the final
velocity, is lowered by the palmitoyl-CoA, indicating
enzymatic inhibition (Table II) except when the lag
time is greatest (IDH, palmitoyl-CoA, and NADP* all
preincubated).

Effect of the concentration of palmitoyl-CoA on de-
rived parameters of the enzyme time course. When the
effect of preincubation of IDH with palmitoyl-CoA was
studied as a function of acyl-CoA concentration, a bi-
phasic reaction was observed for the calculated value
V:. The results of a typical experiment are shown in
Fig. 4a. A sharp drop in V;is seen as the concentration
of acyl-CoA is raised, then a second portion occurs in
the curve with a more gradual slope. Since the observed
lag time also increases as a function of the concentra-
tion of palmitoyl-CoA, the lag time was also plotted as
a function of acyl-CoA (Fig. 4b). In this instance the
first inflection occurs at lower values, but again a sec-
ond inflection is observed. This curve was also analyzed
with Eq. [3], substituting 74, for V,,; the results are
given in Table IV. It can be seen by inspection that the
constants here are similar to those observed for the
effects on V; (compare Tables III and IV). Apparently
both classes of sites induce a lag time and have the
potential for effects on Vi, but effects on 7 are more
pronounced on a percentage basis at elevated concen-
trations of palmitoyl-CoA. (Compare percentage de-
creased V; vs percentage increase in 7.) Both sets of
derived dissociation constants compare well with those
k’s obtained without preincubation (Table I).

Effects of CoA and its fatty acyl derivatives on derived
parameters. Preincubation of IDH with unesterified
CoA produced essentially no effects on enzyme activity.
Little or no lag time was observed over controls and
the degree of inhibition was less than 2% even at 300
uM. The effect of palmitate alone could not be accu-
rately tested because of a lack of solubility in the metal
ion-containing assay system.

When the degree of inhibition of V:and lag time were
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derived constants are given in Table IV.

studied as a function of acyl chain length (Figs. 5a and
5b), it was observed that only the longer chain acyl
groups significantly affect V;. There is an apparent in-
fluence of chain length, degree of unsaturation, and
cis—trans isomer on both V; and the lag time. The lag
time, however, is not affected until the chain length
reaches C;; note that Cys, completely inhibits the en-
zyme so the lag time is actually infinity. The concentra-
tion dependency of the stearoyl-CoA effect is somewhat
similar to that of palmitoyl-CoA, except that complete
inactivation is observed at 300 uM. This suggests a

TABLE III

Parameters Obtained for Linked Function Analysis of the
Variation of V; with Palmitoyl-CoA*®

possible detergency effect of the CoA derivatives. How-
ever, when B-D-octyl thioglucoside was used at the
same concentrations as palmitoyl and octyl-CoA’s, no
effect was found; even at concentrations five times
those of the CoA derivatives, no inhibition was ob-
served. This indicates that the effect is not one of a
general detergent. Membrane ultrafiltration studies
were carried out, as described under Materials and
Methods, and yielded a value of 35 uM for the critical
micelle concentration of palmitoyl-CoA in the assay
system. Finally, differences between stearoyl-CoA,

TABLE IV

Parameters Obtained for Linked Function Analysis of the
Variation of 7 with Palmitoyl-CoA®

K, + SD? Ve £ SD

State® Exponents® (um) (¢mol/min/mg)
Vo e — 50.0 = 0.1
Vi 3 3.73 =+ 0.76 446 + 1.2
Ve 2 311 = 35 24.0 + 5.0

@ Average values and error of coefficients for three complete experi-
ments with three preparations, each point in triplicate; total error
of each individual fit averaged 4%. Data of Fig. 4a were fitted with
Eq. [3].

® State of the enzyme =+ I as defined in Eq. [1].

¢ Integer exponents n and m of Eq. [3].

4 Calculated dissociation constant (1/k), with standard deviation.

¢ V; represents the predicted theoretical V (with standard error of
estimate) contributed by each state and produced by the binding of
each class of palmitoyl-CoA as described in Eq. [1]; V; represents
calculated V., in the absence of palmitoyl-CoA.

State® Exponents® Kp + SD? (um) 7¢ + SD (s)
" _ — 13+ 1.0
1 2/3 6.1+ 16 21.7 + 14.3
Ta 3/6 264 + 14.0 914 + 126

¢ Average values and error of coefficients for three complete experi-
ments with three preparations, each point in triplicate; total error
of each individual fit averaged 4%. Data of Fig. 4b were fitted with
Eq. [3].

® State of the enzyme + I as defined in Eq. [1] except 7; replaces
V.. v
~ ¢ Integer exponents n and m of Eq. [3].

4 Calculated dissociation constant (1/&), with standard deviation.

¢ 1; represents the predicted theoretical lag time (with standard
deviation) contributed by each state and produced by the binding of
each class of palmitoyl-CoA as described in Eq. [1]; 7 represents
calculated 7 in the absence of palmitoyl-CoA.
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uM; acyl-CoA, 300 uM; Tris buffer, 100 mm, pH 7.4 and 25°C. (a) Bar graph of percentage inhibition calculated from Eq. [5]. (b) Bar graph

for 7 calculated from Eq. [5].

which is completely inhibitory, and oleoyl-CoA suggest
that chain length and/or lipid isomer play a role in
inhibition for the soluble form of IDH.

Effect of palmitoyl-CoA on other types of dehydroge-
nases. Previous reports (10) of the effect of palmitoyl-
CoA on mammalian dehydrogenases have centered pri-
marily on those of mitochondrial origin. The earliest
report however was the inhibition of glucose-6-phos-
phate dehydrogenase (G-6-PDH) from yeast (21). Hav-
ing observed the effect of palmitoyl-CoA on the soluble
IDH, other enzymes were tested. Preliminary experi-

ments with yeast G-6-PDH confirmed for this assay
system the results reported in Ref. 21 (Table V). G-6-
PDH from rat mammary cytosol was also completely
inhibited with an Ij, of 2 uM, but NAD*:malate from
bovine mammary cytosol was only partially inhibited
(~10%) at 300 uM. Glutamic dehydrogenase from bo-
vine liver was inhibited 100% with an I5, of 8 um
whether NAD* or NADP™" were used as cofactors. For
these three enzymes, reaction progress curves were es-
sentially linear and exhibited no change upon preincu-
bation with palmitoyl-CoA.

TABLE V
Effects of Palmitoyl-CoA on Selected Dehydrogenases

Enzyme Tissue source Lag time, s Inhibition, % I, uM
NADP*:IDH Bovine mammary* 60 to 200 10 to 30 4 and 311
Pig heart (m)° Yes® 100 ND°
E. coli* No 100 15
G-6-PDH Rat mammary (c)? No 100 2.0
Yeast® NR/ 100 0.6
Glutamic DH Bovine liver® No 100 8.0
NAD*:Malate Bovine mammary (c)* No 10 ND°

¢ This study, purified enzymes.

® This study, pig heart, commercial enzyme, mitochondrial (m); lag time for lauroyl-CoA only.

¢ ND, not determined.

@ This study, rat mammary cytosol (c).

¢ Ref. 21 and this study with commercial enzyme.
fNot reported in Ref. 21; not observed in this study.
¢ Commerical enzyme with NAD* or NADP".

» This study, bovine mammary cytosol (c).
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FIG. 6. Effect of chain length and cis—trans isomerism on the final
velocities of NADP*:IDH from bovine mammary (open), pig heart
(hatched), and E. coli (solid) resulting from preincubation of the en-
zyme with acyl-CoA derivatives. Conditions as given in the legend
to Fig. 5.

The comparison to this point has been for eukaryotic
systems. The effects of various CoA derivatives on the
activity of the E. coli IDH were tested by preincubation
at 300 uM. In this system the E. coli IDH gave no hint
of nonlinearity for the reaction progress curves. Palmi-
toyl-CoA completely inhibited the E. coli enzyme as did
stearoyl-CoA (Fig. 6). When tested at 40 um, where
inhibition is partial, no lag times were observed. The
concentration dependence of the inhibition of the E.
coli enzyme also differed, displaying only one class of
sites with a Kj of 15 yM (Table V). As an extension of
Fig. 5, various C,5 derivatives were tested. The mam-
mary IDH responds dramatically to chain conformation
for Cy5 acids, while the E. coli enzyme does not at 300
pM. Interestingly, the E. coli enzyme is also affected
by C;,, whereas the mammary IDH is not.

The eukaryote isozyme of IDH, localized in mitochon-
dria, is typified by the pig heart enzyme (1). With re-
spect to acyl-CoA inhibition, the pig heart (mitochon-
drial) IDH (Fig. 6) is more like the E. coli enzyme in
that there does not appear to be any variation in inhibi-
tion with changes in acyl-CoA chain length and/or cis—
trans isomers for those =Cs. This is clearly a differ-
ence between cytosolic IDH and the mammalial mito-
chondrial and E. coli forms. With respect to lag time,
the pig heart enzyme does exhibit lag time but only
with C;; and, as noted above, is completely inhibited
by Ci¢ acyl-CoA. In mammalian cytoplasm the normal
end product of fat synthesis is Cy4, while chains of Cg
and above usually represent dietary intake; this differ-
ential response to chain lengths of CoA derivatives may
be cytoplasmic specific in lipogenic mammalian
systems.

DISCUSSION

The apparent lack of NAD*:IDH in bovine mammary
gland (5) has led to the speculation that the activity of
the soluble form of NADP*:IDH might be influenced by
metabolites and, thus, in some way serve a regulatory
function in this tissue and perhaps elsewhere. Work
carried out on heart (mitochondrial) NADP*:IDH (19)
had shown nonlinear kinetics under stopped-flow con-
ditions, indicating a lag—burst hysteretic mechanism
as delineated by Frieden (18). Similar results for mam-
mary (soluble) NADP*:IDH have also been reported
(8). The latter workers developed a computer method
for calculation of the magnitude of the lag time and its
dependence on substrate concentration (8) as well as
the effect of inhibition on the progress curves. In the
current study, unique fits of these progress curves were
also obtained directly by nonlinear regression analysis
with Eq. [5]. This analysis allows for calculation of the
observed rate constant, %, for the transition from inac-
tive to active form under a variety of conditions (e.g.,
Table II). The lag times observed here in the presence
of palmitoyl-CoA are significantly greater than those
produced by absence of MS in the stopped-flow experi-
ments (8).

Recent studies of the effect of long-chain acyl-CoA’s
on dehydrogenases have been centered on the role of
these molecules in possible regulation and control of
brain mitochondrial dehydrogenases such as a-ketoglu-
tarate, glutamic, and isocitrate dehydrogenases (10).
In these latter studies, inhibition of NADP*:.IDH by
palmitoyl-CoA was observed at elevated concentrations
(1 mm), but the reaction progress curves were not re-
ported. Lai and Cooper (10) theorized that the CoA
derivatives could function to dampen the flux through
the Krebs cycle in brain mitochondria. Introduction of
a lag time in the enzyme reaction could effectively do
this regardless of whether the enzyme is mitochondrial
or cytosolic in nature. Substrate level-mediated lag
times are of the order of 5 s for cytoplasmic IDH (8).
Here the palmitoyl-CoA increases the lag time ob-
served in vitro to 60 s for preincubated enzyme and to
252 s for the competitive assay where both CoA deriva-
tive and cofactor are preincubated simultaneously
(Table II).

For mammary IDH two classes of acyl-CoA binding
sites appear to influence activity. There is good
agreement in apparent K, values regardless of whether
the parameter followed is initial velocity, final velocity,
or lag time. The overall result is one class of sites at
~3 uM and one at ~300 um. Citrate synthase, whose
activity is regulated by acyl-CoA derivatives as well
(22), also appears to have two classes of sites for these
compounds. For citrate synthase, two distinct noninter-
acting binding sites were demonstrated by spin-label-
ing methods; they occur at 35 and 98 M and represent



two potential mechanisms of inhibition by fatty acyl-
CoA derivatives. In a related study, Powell and co-
workers (23) showed that the critical micelle concentra-
tion for selected fatty acyl-CoA compounds in buffers
ranged from 30 to 60 uM, ruling out the concept of a
general detergent effect for the first class of sites for
citrate synthase. These workers suggested selective
binding as the mechanism of inhibition for this class.
Powell et al. also observed no correlation between criti-
cal micelle concentrations of acyl-CoA derivatives and
degree of inhibition of citrate synthase (23), and since
the spin labels (22) showed two classes of binding sites,
the conclusion was reached that formation of a micelle
is not the direct cause of inhibition at the second class
of sites of citrate synthase. Membrane ultrafiltration
experiments of palmitoyl-CoA in the IDH buffer system
with no enzyme present estimated the critical micelle
concentration to be 35 uM, in line with the data of Pow-
ell et al. (23). Thus, micellization is most likely not the
cause of the inhibition observed for IDH for the first
class of sites and most likely not for the second class
either.

The effect of acyl chain length on mammary IDH is
unique. The short-chain acyl-CoA’s which are typical
of milk lipids have no apparent effect; however, palmi-
toyl-CoA, the major end product of de novo mammary
lipid synthesis, produces a modest effect. Stearoyl-CoA,
which is primarily dietary for ruminants and not an
end product of metabolism, completely inhibits the en-
zyme. The additional two CH, groups appear to dra-
matically influence access to the active site. Oleoyl-
CoA with a cis double bond does not effectively prevent
NADPH formation and in fact this CoA is similar to
palmitoyl-CoA in its effects. Interestingly, bovine mam-
mary gland does contain a desaturase enzyme which
can convert stearoyl- to oleoyl-CoA (24). It has been
speculated that this desaturase may somehow control
lipid synthesis (24, 25). If indeed the desaturase can
modify cytosolic stearoyl-CoA, then the desaturase en-
zyme could indirectly modulate NADPH production
through control of the oleoyl/stearoyl ratio which in
milk is about 3.5 to 1 (3). The Cys.; trans isomer (an-
other dietary acid) acts like Cg0 and inhibits the en-
zyme completely.

In contrast, E. coli IDH is inhibited completely by
all C,; fatty acyl-CoA’s. This is of particular interest
because the crystal structure of the E. coli IDH is
known (26). The phosphoadenosine binding site is in a
cleft above the active site. The fatty acyl chain could
prevent substrate binding by interacting with hy-
drophobic groups such as tyrosine 160 of E. coli oc-
curring near the substrate site. If a homologous struc-
ture exists for mammary enzyme, this could explain
why preincubation with substrate can alleviate inhibi-
tion, resulting from decreased interactions between the
acyl chain and the tyrosine. This hypothesis is sup-

ported by the fact that the active site of NADP*:IDH
from mammary gland does show a perturbation in the
tyrosine CD spectra on binding in the MS complex (9)
and the sequences centering on tyrosine 160 of E. coli
are preserved in yeast, pig heart, and rat ovary en-
zymes (27). A significant difference does occur between
the E. coli and eukaryotic IDH’s in that the regulatory
serine phosphate found in the E. coli enzyme is appar-
ently absent (27) in eukaryotes.

In nonruminant species the concentration of
NADP*:IDH is quite low in lactating mammary gland
(8, 5). In rat and other monogastric animals, mammary
gland G-6-PDH and 6-phosphogluconate dehydroge-
nase are the primary sources of reducing equivalents
for de novo lipid synthesis. As reported for the yeast
enzyme (21), the cytosolic G-6-PDH of rat mammary
gland is strongly inhibited by palmitoyl-CoA at 10 uM.
In this study we found that bovine liver glutamic
dehydrogenase was completely inhibited at 100 uM pal-
mitoyl-CoA and no lag times were introduced for either
G-6-PDH or glutamic dehydrogenase. The other major
dehydrogenase found in mammary cytosol (NAD™*:
malate) was almost unaffected by palmitoyl-CoA. Thus,
each enzyme tested has relatively unique responses to
the acyl-CoA derivatives. This is probably related to
the proximity of the NAD(P)* sites to the substrate
binding sites of the respective enzymes.

In all species of mammals studied to date, the lactat-
ing mammary gland produces milk through two sepa-
rate ultrastructural pathways (3, 28). Lipid secretion
is distinct from skim milk secretion which proceeds
through Golgi vesicles released from the secretory cells
by reverse pinocytosis. Based upon the data of Baldwin
and Yang (29), the apparent total CoA concentration
in lactating bovine mammary gland can be estimated
to be 200 uM. Stearate, palmitate, and oleate represent
11, 25, and 35% of the total fatty acid content of milk
triglycerides; thus, the approximate total concentration
of these acyl-CoA’s in mammary tissue (transiently)
may be as great as 140 uM. Since the concentration of
soluble IDH can be estimated to be nearly 50 yM in
bovine mammary tissue (5, 12), during the time of net
lipid synthesis a substantial portion of cytosolic acyl-
CoA could be bound to IDH with a moderate K, of
3.3 uM. The potential role of soluble NADP*:IDH in
ruminant tissues could be twofold: first, providing
NADPH for synthesis and, second, binding (and possi-
bly transporting) the product of synthesis, fatty acyl-
CoA’s. The experiments presented here are by nature
in vitro, but the transitions occur well within the physi-
ological range of many lipogenic tissues. Recent re-
search on modulation of intracellular calcium in pan-
creatic S-cells pointed to the possibility that >95% of
the 90 uM fatty acyl-CoA may be bound to unspecified
cytosolic proteins (30); perhaps IDH could be one of
these.



CONCLUSIONS

The importance of enzyme—substrate interactions in
the regulation of enzymes has long been recognized
(18), as have the principles of allosteric regulation (6,
7). The more recent focus on regulation through metal
ion-activated cascades has emphasized the importance
of regulatory binding sites with K, ~107° (31). The
data reported here point to the potential significance of
weaker binding sites as regulators of enzyme activity,
because metabolite concentrations in mammary tissue
occur in the same range as the derived dissociation
constants. The effects of palmitoyl-CoA on the enzyme
are noteworthy, if the pools of Krebs cycle metabolites
in mammary tissue oscillate in the same fashion (1 to
5 g) as the glycolytic pools have been shown to do in
other tissues (32); under these circumstances, the long
lag times observed in this study could be relevant.
While G-6-PDH is completely inhibited at low concen-
tration of palmitoyl-CoA, the soluble NADP*:IDH is
only partially controlled by this metabolite but is com-
pletely inhibited by stearoyl-CoA. Regulation of lipid
synthesis could also be achieved through desaturase
which could alter the oleoyl/stearoyl-CoA ratio. In addi-
tion, it may be speculated that because of the relatively
high concentration of NADP*:IDH in ruminant tissue
it may bind a significant percentage of palmitoyl-CoA,
thus limiting (or facilitating) its ability to serve as a
cofactor in vesicle fusion (33) which is related to protein
secretion. Conversely, the enzyme could limit (or facili-
tate) transport of the CoA to the nascent droplets for
incorporation into triglyceride.
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