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ABSTRACT. Molecular characteristics of carboxylic acids were investigated for the ability to inhibit a purified 
medium chain acyl-CoA synthetase, using hexanoic acid as a substrate. Salicylic acid, 4-methylsalicylic acid, 
2-hydroxynaphthoic acid, and 2-hydroxyoctanoic acid, which do not act as substrates for the medium chain 
acyl-CoA synthetase, were potent as inhibitors. Valproic acid was not an inhibitor. Salicylic acid, 2-hy- 
droxynaphthoic acid, and 2-hydroxyoctanoic acid inhibited the medium chain acyl-CoA synthetase with K, 
values of 37, 5.2, and 500 p,M, respectively. 4-Methylsalicylic acid was more potent than salicylic acid. The 
inhibitory carboxylic acids were competitive with respect to hexanoic acid. The distance of the hydroxyl group 
from the carboxylic acid group of the benzene ring influenced the inhibitory activity. The hydroxyl group on 
the carbon adjacent to the carboxylic acid group was required for inhibitory activity. In addition, there was a 
good correlation between the lipophilicity of the carboxylic acids and the K, values, suggesting that the lipo- 
philicity of the carboxylic acids is a major determinant for inhibition of the medium chain acyl-CoA synthe- 
tase. BIOCHEM PHARMACOL 52;10:1643-1646, 1996. Copyright 0 1996 Elsevier Science Inc. 
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Many xenobiotic carboxylic acids undergo conjugation 
with glycine. This reaction is an important route for de- 
toxification of carboxylic acids, such as aromatic, hetero- 
aromatic, arylacetic, and aryloxyacetic acids. The chemical 
structure of these acids influences glycine conjugation 
[l-4], which is readily saturated in the high therapeutic 
dose range [l, 5, 61. Th en, the limited formation of glycine 
conjugates is compensated for by an increase in glucuron- 
idation, which is also an essential metabolic route for a 
variety of carboxylic acids. Thus, glycine conjugation and 
glucuronidation are effective competing pathways in the 
biotransformation of several carboxylic acids. Not only 
small planar, but also larger nonplanar molecules are con- 
jugated with glucuronic acid. However, it is unclear what 
determines the selection between these metabolic routes. 
We have been investigating the determinants that regulate 
glycine conjugation. 

The pathway of glycine conjugation consists of two se- 
quential reactions. In the first reaction, the carboxylic acid 
is activated to a CoA thioester in an ATP-dependent re- 
action catalyzed by acyl-CoA synthetases [7, 81. The acyl 
group is then transferred to the amino group of glycine by 
acyl-CoA:glycine N-acyltransferases [9-l 11. However, it is 
unknown whether the specificity of glycine conjugation is 
exerted at the activation step and/or at the level of glycine 
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transfer. Medium chain acyl-CoA synthetases have not 
been completely purified from any mammals. We have pu- 
rified a medium chain acyl-CoA synthetase from bovine 
liver and observed a very good correlation between the 
activity of this enzyme for benzoic acids substituted with 
electron-donating groups and their glycine conjugation 
[12]. Formation of acyl-CoA thioesters may be the key step 
in glycine conjugation of xenobiotic carboxylic acids. 
Therefore, we planned to characterize the medium chain 
acyl-CoA synthetase with respect to the nature of substra- 
te-enzyme interaction, using inhibitors of the enzyme. 

To characterize the interactions of the inhibitors with 
the medium chain acyl-CoA synthetase, we determined the 
kinetics of inhibition by a series of carboxylic acids and 
analyzed the relationship between the structural features of 
the inhibitors and the inhibitory activity. The purified me- 
dium chain acyl-CoA synthetase is specific not only for 
medium chain fatty acids, such as hexanoic acid, but also 
for aromatic acids undergoing conjugation with glycine. 
Since maximal enzymatic activity was observed with hexa- 
noic acid, studies on inhibition of the medium chain acyl- 
CoA synthetase were carried out with hexanoic acid as the 
substrate. 

MATERIALS AND METHODS 
Materials 

Fresh bovine liver was obtained from the Nippon Hum Co. 
Ltd. (Osaka, Japan). Sephadex G-25 and DEAE-Sephacel 
were purchased from Pharmacia (Piscataway, NJ, U.S.A.), 
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hydroxyapatite from Nacarai Tesque (Kyoto, Japan), and 
Reactive-Green 19 from the Sigma Chemical Co. (St. 
Louis, MO, U.S.A.). CoA, NADH and ATP were obtained 

from the Kohjin Co. Ltd. (Tokyo, Japan); pyruvate kinase, 
lactate dehydrogenase, myokinase, and phosphoenolpyru- 
vate were from the Oriental Yeast Co. Ltd. (Tokyo, Japan). 

Other chemicals used were analytical grade and used as 
received. 

Purification of a Medium Chain Acyl-CoA Synthetase 

The medium chain acyl-CoA synthetase was purified from 
bovine liver mitochondria according to a slight modifica- 
tion of a previously described procedure [12]. 

The enzyme was solubilized from mitochondria with a 

solution of Triton X-100 and subsequently precipitated by 
the addition of ammonium sulfate. The ammonium sulfate 

fractions (0.26 to 0.38 g/mL) were desalted by a Sephadex 
G-25 column (3.0 x 45 cm). Fractions containing the ac- 

tivity were applied to a DEAE-Sephacel column (3.5 x 15 

cm) equilibrated with 10 mM Tris-HCl buffer (pH 8.0, 2 

mM DTT,t 2 mM MgCl,) containing 10% glycerol. The 
active fractions eluted with 100 mM KC1 were subjected to 
a hydroxyapatite column (2.5 x 20 cm). The active frac- 
tions were eluted in a linear gradient of potassium phos- 
phate (lo-150 mM, pH 7.4, 2 mM DTT, 2 mM MgCl,, 
10% glycerol). Fractions containing the medium chain 

acyl-CoA synthetase were further chromatographed on a 
Reactive-Green 19 column (2.5 x 10 cm) equilibrated with 

10 mM Tris-HCl buffer (pH 7.8) containing 2 mM DTT, 
2 mM MgCl, and 20% glycerol. The medium chain acyl- 

CoA synthetase was eluted with 10 mM Tris-HCl buffer 

(pH 7.8) containing 100 mM KCl, 2 mM DTT, 2 mM 
MgCl,, and 20% glycerol. The enzyme was judged to be 
homogeneous by SDS-lo% PAGE. 

Assay of the Medium Chain Acyl-CoA Synthetase 

The medium chain acyl-CoA synthetase activity was de- 

termined using the coupled enzyme assay as previously 
described [12]. Absorbance of the reaction mixture was 
measured at 340 nm. When absorbance of the inhibitors 

interfered with the spectrophotometric assay, the hexanoyl- 

CoA ester formed was quantified by HPLC with a 5 km 
Cosmosil Cs reversed phased column (4.6 mm id. x 150 
mm) (Nacarai Tesque). Hexanoyl-CoA was eluted with 
acetonitrile:lO mM phosphate buffer (pH 5.0) (20:80, v/v) 
at a flow rate of 0.8 mL/min and detected by absorbance at 
260 nm. The retention time of hexanoyl-CoA was 5 min 
and was consistent with that of the authentic standard. 

A series of carboxylic acids were screened by determining 
the activity of the medium chain acyl-CoA synthetase at 
inhibitor concentrations of 0.25, 1.0, or 1.5 mM (in a final 

t Abbreuiations: DTT, dithiothreitol; and P, octanol-water partition coef- 
ficient. 

volume of 2.0 mL). The purified medium chain acyl-CoA 
synthetase (corresponding to l-5 p_.g protein) as preincu- 
bated with selected inhibitors for 15 min at 37”. The reac- 

tion mixture was added and further incubated at 37” for 30 
min. For the coupled enzyme assay, the reaction mixture 

consisted of hexanoic acid as the substrate (0.32 pmol), 

NADH (0.36 p,mol), ATP (5 kmol), CoA (0.6 Fmol), 
MgCl, (20 p.mol), phosphoenolpyruvate (1 pmol), KC1 
(0.12 pmol), myokinase (1 unit), pyruvate kinase (1 unit), 
and lactate dehydrogenase (1 unit) in a final volume of 2 
mL of 0.2 M Tris-HCl buffer (pH 8.5). For HPLC analysis, 
the reaction mixture consisted of hexanoic acid (0.32 

Fmol), CoA (0.6 kmol), ATP (5 pmol), MgCl, (20 
p_mol), and KC1 (0.12 kmol) in a final volume of 2.0 mL of 

0.2 M Tris-HCl buffer (pH 8.5). The reaction was stopped 
by the addition of 1.0 mL of cold acetonitrile. Then the 

mixture was transferred into an Ultrafree C3 (Millipore, 
Milford, MA, U.S.A.) and centrifuged. Aliquots of the fil- 
trate were subjected to HPLC analysis. Quantitation was 

based on peak heights of samples and the authentic stan- 
dard. 

The kinetics of inhibition were determined by the 

coupled enzyme assay as indicated above, using various con- 
centrations of hexanoic acid and each inhibitor. The K, 
values were obtained by the Dixon plots that were con- 
structed from the data. 

Calculation of log P2 

The log P values were determined according to the method 
of Hansch et al. [13, 141 or were obtained from the litera- 

ture [15, 16]. 

RESULTS AND DISCUSSION 

Table 1 shows the effects of various reagents on medium 
chain acyl-CoA synthetase activity. Salicylic acid, 4-meth- 
ylsalicylic acid, 2-hydroxynaphthoic acid, and 2-hydroxy- 
octanoic acid, i.e., compounds with the hydroxyl substitu- 
tion, were the best inhibitors. When the hydroxyl group 

was replaced with a methoxy or an amino group, the in- 
hibitory activity was almost lost. The order of the inhibitory 
activity depended on the position of the hydroxyl substitu- 

tion on the benzene ring and was ortho > meta > para. 
4-Aminosalicylic acid was a less potent inhibitor and 

4-methylsalicylic acid was a more potent than salicylic acid. 
Replacing the benzene ring with a naphthalene ring, as in 
2-hydroxynaphthoic acid, resulted in increasing the inhibi- 
tory activity. The inhibitory activity was reduced, com- 
pared with that of salicylic acid, by replacement of the 
carboxylic acid group with a methylalcohol group (2- 
hydroxybenzylalcohol). Valproic acid, which is a branched 
medium chain fatty acid, caused no inhibition. This is con- 
sistent with the report showing that activities of the en- 
zymes involved in glycine conjugation of benzoic acid are 
not influenced by valproic acid in rat liver mitochondria 
1171. On the contrary, the partially purified medium chain 
acyl-CoA synthetase has been reported to be inhibited by 
salicylic acid [18]. However, addition of a hydroxyl group to 
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TABLE 1. Effects of various reagents on medium chain acyl- 
CoA synthetase 

Inhibitor 
Activity 

(% of control) 

No inhibitor 
2-Hydroxybenzoic acid* 
3-Hydroxybenzoic acidl- 
4-Hydroxybenzoic acid? 
4-Methyl-2-hydroxybenzoic acid* 
2-Hydroxy-+aminobenzoic acid+ 
2-Methoxybenzorc acid? 
2-Aminobenzoic acid? 
2-Hydroxynaphthoic acid* 
2-Hydroxyoctanoic acidt 
2-Hydroxyhexanoic acid? 
Valproic acid? 
2-Hydroxybenzylalcoholt 

100 
32& 1 
89 + 5 
95 + 3 
19* 1 
82 f 2 
98 + 2 
92 k 1 
ll? 1 
62 ? 3 
91 * 2 
99 * 2 
72 + 6 

The enzyme was premcubated with varmus inhibltors for 15 min at 37”, and the 

mcubatlon tmxture was further mcubated with 160 PM hexanoic acld as a substrate 

III 0.2 M Trla-HCl buffer (pH 8.5) as d escribed in Materials and Methods. Enzyme 

activity was measured spectrophotometrlcally by the coupled enzyme assay. The 

sprciflc actwty for hexanotc acid m the absence of the inhIbItor was 1.98 ~mol/ 

min/mg pnwan and IS expressed as 100%. 

* Concentratvm of the lnhibmx m a fmal volume of 2.0 mL was 0.25 mM. 

t Concentratxm of the rnhibttor in a final volume of 2.0 mL was 1.0 mM. 

$ Concenrrar~on of the mhihmx m a ftnal volume of 2.0 mL was 1.5 mM. 

a fatty acid, as in 2-hydroxyoctanoic acid, inhibited the 

activity. Decreasing the chain length from eight carbons to 

six carbons, as in 2-hydroxyhexanoic acid, significantly re- 

duced the inhibitory activity. Therefore, the hydroxyl 

group on the carbon adjacent to the carboxylic acid group 

is an important determinant for the inhibitory activity. The 

enzyme was also inhibited 28% by 0.5 mM iodoacetamide, 

which reacts with thiol groups. These results suggest that 

there is an interaction (i.e. intermolecular hydrogen bond 

formation) between the hydroxy group of the inhibitors and 

one thiol group of the enzyme which is essential for the 

activity. Since rhe pKa values of the aromatic acids used are 

[A] Saliiylic acid [B] P-Hydroxyoctanoic acid 

'1 
2 

K,=JlpM 1 K,SOO ptd 

IItlexanoksldxl0~,,Y-’ IIHemmkacidxlO~pM-1 

FIG. 1. Inhibition of the medium chain acyl-CoA synthetase 
activity for hexanoic acid by salicylic acid and 2ahydroxy. 
octanoic acid. (A) Effect of salicylic acid at concentrations 
ofOpM(0),70pM(O), lOOpM(V),and200pM(~I).(B) 
Effect of 2-hydroxyoctanoic acid at concentrations of 0 mM 
(0), 0.8 mM (Cl), and 1.1 mM (A). 

0 1 2 3 

log P 
FIG. 2. Correlation between lipophilicity of carboxylic acids 
and their inhibitory activity for purified medium chain acyl- 
CoA synthetase. Lipophiicity and inhibitory activity of car- 
boxylic acids are characterized by their octanol-water par- 
tition coefficient (I’) and Ki values, respectively. Key: (1) 
2.hydroxybenzylalcohol; (2) 4.aminosalicylic acid; (3) 
d*hydroxyoctanoic acid; (4) salicylic acid; (5) 4-methylsali- 
cylic acid; and (6) 2-hydroxynaphthoic acid. 

less than about 5, they are almost completely ionized under 

our experimental conditions (pH 8.5). Although the pKa 

values of the medium chain fatty acids are not known, they 

also appear to be ionized to a similar degree. Therefore, 

there do not appear to be any effects of pKa on inhibition. 

Further, we determined the kinetics of inhibition of the 

medium chain acyl-CoA synthetase using salicylic acid, 

4-methylsalicylic acid, 4-aminosalicylic acid, 2-hydro- 

xynaphthoic acid, 2-hydroxyoctanoic acid, and 2-hydroxy- 

benzylalcohol as inhibitors. Figure 1 shows the Lineweaver- 

Burk plots for inhibition of the medium chain acyl-CoA 

synthetase activity for hexanoic acid by salicylic acid and 

2-hydroxyoctanoic acid. Formation of hexanoyl-CoA was 

inhibited competitively by salicylic acid (K, = 37 FM), 

2-hydroxyoctanoic acid (K, = 500 PM), and 2-hy- 

droxynaphthoic acid (K, = 5.2 PM). These findings indi- 

cate that both the aromatic salicylic acid and the aliphatic 

2-hydroxyoctanoic acid can bind to the binding site of 

hexanoic acid. This finding is also consistent with the fact 

that both the medium chain fatty acids and aromatic acids 

serve as substrates for the purified medium chain acyl-CoA 

synthetase [12]. Of the salicylic acid derivatives, +amino- 

salicylic acid was a weak inhibitor of the enzyme with an 

apparent K, value of 1675 p_.M, whereas 4-methylsalicylic 

acid was the strongest inhibitor (K, = 10.2 PM). We ob- 

served mixed-type inhibition with 2-hydroxybenzylalcohol 

(K, = 1297 FM). 

Since the variation in apparent K, values for the medium 
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chain acyl-CoA synthetase appeared to follow the hydro- 
phobic character of the inhibitors, we examined the rela- 
tionship between the lipophilicity of the inhibitors and the 
K, values. As seen in Fig. 2, log K, values decreased with an 
increase of log P values. 2-Hydroxyoctanoic acid (log P = 
1.88) was less potent than salicylic acid (log P = 2.21). In 
addition, +aminosalicylic acid (log P = 1.02) had a weaker 
inhibitory activity than salicylic acid. In contrast, the rela- 
tively lipophilic 4-methylsalicylic acid (log P = 2.71) and 

2-hydroxynaphthoic acid (log P = 3.55) were more potent 

inhibitors than salicylic acid. There was a very good corre- 
lation (r = 0.950, P < 0.01) between lipophilicity of the 

inhibitors and their K, values. The result indicates that the 
lipophilicity of the inhibitors is essential for inhibiting the 

medium chain acyl-CoA synthetase and that there is hy- 
drophobic interaction between the enzyme and the inhibi- 

tors. 
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