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ABSTRACT  Fatty acyl-CoAs are good detergents (critical
micelle concentrations = 3-4 uM) and can inhibit a number
of enzymes, including some involved in fatty acid biosynthe-
sis. The regulatory significance of fatty acyl-CoAs as nega-
tive effectors hasrzeen questioned largely because of the fif-
ficulties in distinguishing possible nonspecific detergent ef-
fects from more specific regulatory interactions with these
enzymes. A new analogue of oleoyl-CoA, oleoyl{1,N®-etheno)
CoA, is a better detergent (critical micelle concentration =
3.2 ule than oleoyl-CoA (critical micelle concentration = 4.7
uM). This new analoﬁue is not as good (by an order of magni-
tude) an inhibitor of citrate synthase [citrate oxaloacetate-
lyase (pro-3S-CHy*COO~—acetyl-CoA); EC 4.1.3.7] nor is it
bound as well as oleoyl-CoA. Since the only difference be-
tween these two compounds is substitution of 1,N%-etheno-
adenine for the adenine of CoA, the difference in inhibition
and binding implies a specific interaction between the ade-
nine moiety of oleoyl-CoA and citrate synthase. Moreover,
since oleoK {(1,N®-etheno)CoA is a better detergent than ole-
oyl-CoA, the detergency of oleoyl-CoA is not the sole cause of
the fatty acyl-CoA inhibition of citrate synthase. These re-
sults support a physiological role for oleoyl-CoA as a negative
effector for citrate synthase. An analogous physiological role
for fatty acyl-CoA as negative effectors for other enzymes
seems reasonable.

A role has been suggested for fatty acyl-CoA as a negative
effector in enzyme regulation (1-5; refs. 6 and 7 review this
inhibition with respect to fatty acid biosynthesis). The physi-
ological significance of this inhibition has been questioned
because fatty acyl-CoA is an excellent detergent (8) and be-
cause a number of enzymes can be inhibited, some of which
are seemingly unrelated to fatty acyl-CoA metabolism (9).

In this report we will test the regulatory significance of
fatty acyl-CoA using pig heart citrate synthase [citrate oxal-
oacetate-lyase(pro-3S-CHg-COO—acetyl CoA) EC 4.1.3.7].
This enzyme is localized within the matrix of mitochondria
where it catalyzes the condensation of acetyl-CoA and oxa-
loacetate to form citrate. This product can activate acetyl-
CoA carboxylase (6, 7), the first committed step of fatty acid
biosynthesis, and has been found to serve as an efficient pre-
cursor for fatty acid biosynthesis (10, 11). The susceptibility
of citrate synthase to fatty acyl-CoA inhibition has been well
documented (12-14). :

We have prepared a close analogue of fatty acyl-CoA, ole-
oyl-(1,N8-etheno)CoA, which is a comparable detergent, but
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which is much less inhibitory (by an order of magnitude) to
citrate synthase and which is not appreciably bound. Thus
the detergency and the inhibition were experimentally sepa-
rable, demonstrating that the inhibition was a specific char-
acteristic of fatty acyl-CoA and was independent of its de-
tergent properties.

MATERIALS AND METHODS

Citrate synthase was prepared from fresh frozen pig heart
after the method of Srere (15), using gel filtration on Sepha-
dex G-100 (Pharmacia Chemical Co.) after the calcium
phosphate gel step and before crystallization. The enzyme
was homogeneous by disc gel electrophoresis and gave a spe-
cific activity of 110 units/mg of protein. Oleoyl-¢CoA and
oleoyl-CoA were prepared (16, 17) from oleoyl chloride and
(1,N®-etheno)CoA (eCoA) or CoA, respectively. The desired
product was purified by gel filtration on a 2.5 X 60 cm col-
umn (Teflon end plates, Glenco Co.) of Sephadex LH-20
(Pharmacia Chemical Co.) equilibrated with water/tetrahy-
drofuran (3:7 vol/vol). The éCoA was prepared by first re-
acting CoA (Li salt, P-L Biochemicals, Inc.) with a 2-fold
molar excess of 5,5’-dithiobis 2-nitrobenzoic acid (Aldrich)
at pH 8.1 followed by chromatography on Sephadex G-15 in
0.01 M sodium acetate (pH 4.5) to separate the mixed disul-
fide from the yellow 5-thio-2-nitrobenzoate and unreacted
5,5’-dithiobis 2-nitrobenzoic acid. The adenine of the CoA
mixed disulfide was then converted to 1,N6-ethenoadenine
by reacting with chloroacetaldehyde (18) until the 260 nm
absorbing peak was replaced by peaks at 265 and 275 nm
(19) (24-36 hr). Gel filtration on Sephadex G-15 as above
separated the product from reactants. A 2-fold molar excess
of dithioerythritol (P-L Biochemicals, Inc.) at pH 8.1 re-
duced the mixed disulfide; gel filtration on Sephadex G-15
separated the desired reduced ¢CoA from 5-thio-2-nitroben-
zoate and the other products. The fluorescence excitation
and emission spectra of ¢CoA are identical to those reported
for other 1,NS-ethenoadenine-containing compounds (19).
The purity of oleoyl-CoA and oleoyl-eCoA were estimated at
87% and 80%, respectively, based on the molar extinction
coefficient for CoA (20) and e-adenine (6.0 X 10°) (19) and
the expected moles of -SH released by pancreatic lipase
treatment (21). The yields were 43% and 36%, respectively,
for the acylation. Oleoyl-[G-3H]CoA was prepared enzymi-
cally from [G-3H]CoA (New England Nuclear Corp.) by an
unpublished procedure (S. B. Tove, personal communica-
tion) using the long chain fatty acyl CoA synthase (22) from
fresh chicken liver (the gift of Marshall Farms, Greenville,
S.C.). The product of the enzymic synthesis was purified by
gel filtration on Sephadex LH-20 in water/tetrahydrofuran
(8:7 vol/vol) as above, followed (after lyophilization) by bu-
tanol extraction (22). A 40% yield based on recovery of °H as
oleoyl-[®*H]CoA was attained. The product was chromato-
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FiG. 1. CMC estimation for oleoyl-¢CoA. Increasing concen-
trations of oleoyl-€CoA were added to 0.5 uM pinacyanol chloride
(Eastman) (8) (upper graph) or to 0.5 uM rhodamine 6G (Allied
Chemical Co.) (25) (lower graph) in 20 mM Tris-HCI (pH 8.1) in
10-cm glass cuvettes. The same ordinate is used for both graphs.
The intersection of the two linear portions of the curves (indicated
by an arrow) was taken as the value of the CMC. The average of
these two values is referred to in the body of the paper.

Absorbance at 525 nm

graphed on a thin layer of silica gel G using n-butanol/ace-
tic acid/water (5:2:3 vol/vol) (22). About 96% of the 3H co-
chromatographed with authentic oleoyl-CoA. Acetyl-CoA
was prepared by the method of Simon and Shemin (23). Ra-
dioactivity was determined using the scintillation solution of
Patterson and Greene (24). Fluorescence was routinely as-
sayed using a fluorocolorimeter (American Instrument Co.).

RESULTS

Critical micelle concentration of oleoyl-¢CoA is slightly
lower than that of oleoyl-CoA

Dye binding was the most appropriate technique to estimate
the critical micelle concentration (CMC) of oleoyl-CoA and
oleoyl-€CoA because of the low concentration ranges of
these values. Pinacyanol chloride was used by Zahler, Bar-
‘den, and Cleland (8) to estimate the CMC of palmitoyl-CoA
(8-4 uM), and this value has been verified using rhodamine
6G (25). Both dyes absorb in the visible region well away
from absorption or emission bands of oleoyl-CoA or of the
fluorescent analogue. The average CMC for oleoyl-¢CoA
(3.2 uM, Fig. 1) was slightly lower than the average value
for oleoyl-CoA (4.7 uM, Fig. 2).
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FIG. 2. CMC estimation for oleoyl-CoA. Increasing concentra-
tions of oleoyl-CoA were used, as in Fig. 1.
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F1G. 3. Noncompetitive inhibition of citrate synthase by ole-
oyl-CoA. Assays (15) were carried out in 0.1 M Tris-HCI (pH 8.1)
containing 0.1 mM 5,5’-dithiobis 2-nitrobenzoic acid and 40 ng of
enzyme, and were started after 3 min of preincubation using a final
concentration of 0.5 mM oxaloacetate. Each point on the graph is
the mean of five assays; the bars represent the standard deviation,
and the lines are the best least squares fit. Concentration of oleoyl-
CoA: (A) none, (O) 1.0 M, (m) 2.0 uM, (®) 5.0 uM, (O) 10.0 uM.

Inhibition of citrate synthase by oleoyl-CoA is time
dependent and is similar to inhibition by oleoyl-<CoA
but occurs at lower concentrations

The inhibition of citrate synthase by fatty acyl-CoA com-
pounds is complex since the degree of inhibition is time de-
pendent (13, 14). We found that kinetically detectable con-
centrations of citrate synthase (20 ng) lost 15% of their maxi-
mal velocity immediately in the presence of 2 uM oleoyl-
CoA. The inhibition increased to a maximum of 50% after 5
min unless oxaloacetate, one of the substrates, was present;
then only 30% inhibition was achieved after 5 min under the
latter condition. Bovine serum albumin could protect from
oleoyl-CoA inhibition (ref. 14 and unpublished results of R.
N. Ma) but could not restore full activity after complete in-
activation (5 min incubation).

If the preincubation time was carefully reproduced,
mixed, noncompetitive inhibition could be demonstrated
using both oleoyl-CoA (Fig. 3) and oleoyl-¢CoA (Fig. 4).
Dixon plots (Figs. 5 and 6) curved upwards, suggesting coop-
erative inhibition. The concentrations of oleoyl-¢CoA re-
quired to obtain comparable inhibition in each case were an
order of magnitude higher than required for oleoyl-CoA.

CMC of oleoyl-¢CoA bears little relationship to the
concentrations required for binding to and inhibition
of citrate synthase

The binding of oleoyl-CoA and oleoyl-¢CoA was studied by
equilibrium dialysis over a wide range of concentrations
starting well below the CMC of these compounds. A Scat-
chard plot of this data (Fig. 7) showed little binding of ole-
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F1G. 4. Noncompetitive inhibition by oleoyl-¢CoA. Each assay
was carried out four times as in Fig. 3. Oleoyl-¢CoA concentrations:
(O) none, (m) 18 uM, (@) 45 uM, (O) 90 uM.

oyl-¢CoA over a concentration range where oleoyl-CoA was
appreciably bound. The graph for the oleoyl-CoA data was
nonlinear at the higher concentrations, suggesting coopera-
tive binding.

These binding data were also graphed as a function of
concentration (Fig. 8). Oleoyl-CoA was appreciably bound
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FiG. 5. Dixon plot of citrate synthase inhibition by oleoyl-
CoA. See legend of Fig. 3. (@) 80 uM acetyl-CoA, (O) 16 uM acetyl-
CoA.
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FiG. 6. Dixon plot of citrate synthase inhibition by oleoyl-
€CoA. See legend of Fig. 3. (®) 50 uM acetyl-CoA, (O) 8 uM acetyl-
CoA.

at concentrations well below the CMC. Cooperative binding
was evident from the shape of the binding curve near and
above the CMC. Citrate synthase bound much less oleoyl-
¢CoA within the concentration range used for oleoyl-CoA.
The percent inhibition of citrate synthase as a function of
oleoyl-CoA concentration is superimposed upon the binding
data for oleoyl-CoA in Fig. 8 by using a suitable (and arbi-
trary) choice of the scale for the binding data. By contrast
citrate synthase was inhibited by oleoyl-¢CoA only at con-
centrations an order of magnitude above the CMC. Thus,
oleoyl-eCoA, a somewhat better detergent than oleoyl-CoA,
was not bound and does not inhibit citrate synthase until
concentrations well above the CMC were used. Oleoyl-CoA
both binds and inhibits within that same concentration

range near its CMC.

DISCUSSION

There is little question that citrate synthase can be strongly
inhibited by low concentrations of fatty acyl-CoA. The con-
troversy centers around whether the inhibition is a nonspe-
cific detergent effect or a specific inhibition interaction.
Specificity in such a context implies physiological signifi-
cance, and a clear demonstration of a specific interaction for
one enzyme would suggest the possibility of a role for fatty
acyl-CoA as a negative effector for other enzymes known to
be inhibited by fatty acyl-CoA.

To explore this specificity we have prepared an analogue,
oleoyl-¢CoA, which differs from the natural oleoyl-CoA only
by the introduction of an 1,N6-etheno group on the adenine
moiety (Fig. 9). The 1,N®-ethenoadenine is larger and pos-
sesses a quaternary, positively charged nitrogen. This ana-
logue was also a good detergent, exhibiting a CMC slightly
lower than the natural compound. Thus the new analogue is
actually a slightly better detergent than oleoyl-CoA by one
criterion, the CMC. We cannot rule out differences in
aggregation number or micellar structure between the ana-
logue and oleoyl-CoA without further measurements, but



4732  Biochemistry: Hsu and Powell

—CT
0l 0203 0405

F1G. 7. Binding of oleoyl-CoA and oleoyl-¢CoA to citrate syn-
thase. Each point (except at the highest oleoyl-CoA concentration)
represents the average of two equilibrium dialysis determinations,
each with 25 nM citrate synthase. The ligand was placed in the
same compartment as the enzyme in one determination and in the
opposite compartment in the second determination. In every case
the two determinations were within experimental error of each
other. At oleoyl-CoA concentrations above the CMC, lengthy (8-12
days) equilibrations were required. Thus, oleoyl-¢CoA binding was
not measured above the CMC and the highest oleoyl-CoA datum
shown was determined by gel filtration as follows: Citrate synthase
(0.1 mg) was mixed with the indicated concentration of oleoy!-[G-
3H]CoA. The mixture was filtered through a 0.9 X 30 cm column of
Sepharose 6B (Pharmacia Chemical Co.) equilibrated with unla-
beled oleoyl-CoA of the same concentration. The binding was esti-
mated from the molar extinction coefficient for citrate synthase
and the H that cochromatographed with the enzyme. Concentra-
tions from 0.02 to 10.0 uM oleoyl-CoA (O) and from 0.13 to 3.45
uM oleoyl-¢CoA (@) are shown.

marked differences would be unexpected because of the
close structural similarities between these compounds.

The time dependence, inability to recover activity of fully
inhibited enzyme, and the noncompetitive and cooperative
nature of the inhibition observed with oleoyl-CoA and with
the analogue all closely resemble the type of inhibition ob-
tained in the presence of another anionic detergent, sodium
dodecyl sulfate. The detergent effects of sodium dodecyl

sulfate in perturbing protein structure (26) and inhibiting

enzymes are well known. However, velocity ultracentrifuga-
tion and gel filtration experiments (refs. 14, 27, and our un-
published results) do not suggest unfolding or extensive dis-
sociation of the dimeric citrate synthase. Most telling how-
ever was the order of magnitude difference in concentration
required to observe inhibition of citrate synthase activity by
the analogue. Thus the analogue is not as good an inhibitor
as the natural compound even though it is a better deter-
gent. We interpret this difference in effective inhibitory
concentration as a specificity of the enzyme for an unmodi-
fied adenine for the inhibition.

Binding studies with oleoyl-CoA and oleoyl-¢CoA further
emphasized the necessity for an unmodified adenine for in-
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FIG. 8. Comparison of the binding with the inhibition of ci-
trate synthase by oleoyl-CoA and by oleoyl-¢CoA. The inhibition
data were calculated from the intercept of the fitted least squares
lines (infinite acetyl-CoA) in Figs. 3 and 4 at each inhibitor con-
centration. No inhibition could be measured for oleoyl-CoA (@)
below 0.4 uM. No inhibition could be measured for oleoyl-cCoA
(m) below 10 uM. The binding data were taken from Fig. 7 (O, ole-
oyl-eCoA) with the exception of the highest oleoyl-CoA concentra-
tion (0), which was determined by gel filtration. The CMC concen-
tration from Fig. 1 for oleoyl-CoA (4.7 uM) is indicated by an
arrow. The highest concentration tested for binding for oleoyl-

¢CoA (3.2 uM) was the average CMC concentration (Fig. 2).

teraction with citrate synthase. Oleoyl-CoA was appreciably
bound within the same concentration range near the CMC,
as required for inhibition, while oleoyl-¢CoA was not appre-
ciably bound within that concentration range.

The shape of the oleoyl-CoA binding curve for citrate
synthase also differs in some respects from that expected for
nonspecific binding of detergents. Detergents such as sodi-
um dodecyl sulfate have been shown recently to bind to the
hydrophobic portion of cytochrome bs only over a narrow
range near the CMC (28). Oleoyl-CoA binds to citrate syn-
thase over several orders of magnitude but the binding be-
comes cooperative near the CMC. Moreover, cytochrome bs
bound an amount of detergent corresponding to the aggre-
gation number for the detergent (28). We observed binding
of 20 molecules of oleoyl-CoA per mole of citrate synthase
near the CMC. The only reported fatty acyl-CoA aggrega-
tion number is for palmitoyl-CoA and is >1000 (8). If the
value for oleoyl-CoA is similar, citrate synthase must be
binding aggregates smaller than the usual micelle at the
CMC. The binding of oleoyl-CoA that occurred at concen-
trations well below the CMC implies available binding sites
for oleoyl-CoA. The existence of a binding site specific for
oleoyl-CoA has been suggested previously by Wieland (27).
He reported that citrate synthase treated with p-chloromer-
curibenzoate [sic] desensitized the enzyme to stearyl-CoA
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FI1G. 9. Structures of stearyl-CoA and stearyl-¢CoA. The structure 1, N-¢-adenine is drawn above adenosine diphosphate and would re-
place the adenine moiety in stearyl-¢<CoA. The nonpolar portion of the molecule with an approximate dimension is indicated suggesting what
portion might be found inside a micelle or membrane. It should be noted that the -OH of pantoic acid, the amide linkages, and the thioester

bond are all polar, making the indicated division between nonpolar and polar somewhat arbitrary.
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inhibition while leaving the catalytic activity intact. Srere
(10) has also postulated the existence of a general nucleotide
binding site on citrate synthase. The noncompetitive inhibi-
tion observed with acetyl-CoA as the variable substrate is
consistent with the existence of a binding site for fatty acyl-
CoA separate from that of the CoA substrate. Further aggre-
gation of oleoyl-CoA around the oleoyl-CoA more specifical-
ly bound at the lower concentration would probably account
for the shape of the binding curve.

Good physiological arguments can be made for fatty acyl-
CoA being a specific negative effector particularly for the
enzymes of fatty acid biosynthesis. Thus citrate synthase
provides citrate which can be converted to acetyl-CoA in the
cytoplasm (10, 11). Acetyl-CoA carboxylase, which catalyzes
the first committed step in fatty acid biosynthesis, is activat-
ed by citrate and inhibited by fatty acyl-CoA (6, 7, 29). Glu-
cose 6-phosphate dehydrogenase, which is reversibly and
competitively inhibited by palmitoyl-CoA (9, 30), may fur-
nish reducing equivalents (NADPH) for fatty acid biosyn-
thesis in vivo (31, 32). The isolation of polysaccharides from
Mycobacterium, which apparently regulate the rate of fatty
acid biosynthesis in the organism by sequestering the fatty
acyl-CoA formed, also supports a physiological role for these
compounds (5).

Major problems still remain in our understanding of the
mechanism of the inhibition and the regulation of enzymes
by fatty acyl-CoA. A consistent hypothesis must reconcile
the apparent high sensitivity of some enzymes, such as gluta-
mate dehydrogenase (9), to fatty acyl-CoA which are appar-
ently unrelated to lipid metabolism, and the difficulty in
demonstrating the reversal of inhibition of fatty acyl-CoA.
We must recognize that mitochondrial enzymes such as ci-
trate synthase and those of lipid metabolism in vivo are at
least adjacent to membranes such as the inner mitochondrial
membrane or to the endoplasmic reticulum. The nonpolar
portion of fatty acyl-CoA (Fig. 9) apparently intercalates
with the acyl moieties of a biological membrane (33-35).
Thus the physiologically relevant interactions in vivo may
be between the polar portion of the fatty acyl-CoA (includ-
ing the adenine) which extends from the membrane and the
extrinsic or intrinsic enzymes associated with that mem-
brane. Some of the problems indicated above may be a con-
sequence of our choice of pure enzymes in aqueous buffers
in the presence of micellar fatty acyl-CoA for our demon-
strations. Techniques that have been developed for investi-
gating fatty acyl-CoA in membranes interacting with en-
zymes (35) may provide demonstrations more relevant to the
situation in vivo.

We are indebted to S. B. Tove and C. B. Roberts, Department of
Biochemistry, North Carolina State University, for instructing us in
the preparation and use of the fatty acyl-CoA synthase to prepare
radiotracer-labeled oleoyl-CoA. J. K. Zimmerman, Department of
Biochemistry, Clemson University, and C. Tanford and J. A. Rey-
nolds of the Department of Biochemistry, Duke University Medical
Center, have helped us in the interpretation of our binding experi-
ments. M. E. Haberland from the laboratory of J. A. Reynolds sug-
gested the design of the dialysis cells. R. J. DeSa, Department of
Biochemistry, University of Georgia, and D. G. Priest, Department
of Biochemistry, Medical University of South Carolina, measured
the fluorescence spectra of ¢CoA and oleoyl-¢CoA for us. R. N. Ma
of this laboratory has provided us with preliminary results on the
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inhibition of citrate synthase by oleoyl-CoA. A Clemson University
Faculty Research Grant to G.L. allowed us to purchase the fluoro-
colorimeter. This work was supported largely by funds from the
Department of Chemistry, Clemson University, and partially ful-
fills the M.S. degree requirements in Chemistry for K.L.H. at
Clemson University.
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