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ABSTRACT. We previously identified and purified UDP-glucuronosyltransferase (UGT) isoforms as targets of 
protein acylation from rat liver microsomes (Yamashita et al., Biochem] 312: 301-308, 1995). The acylation of 
UGT isoforms occurred upon incubation with acyl-CoA without another protein acyltransferase, suggesting that 

it was autoacylation. The study revealed the interaction of UGT isoforms with acyl-CoA. In the present study, 
the effects of fatty acyl-CoA on UGT activities were examined thoroughly, using a rat liver microsomal and 
purified enzyme fractions. The UGT activities of both fractions were inhibited by acyl-CoA in a concentration- 
dependent manner. The effect of acyl-CoA was observed on the activities toward various substrates, suggesting 

that the effect shows the wide spectrum of the isoforms of UGT. To assess the mechanism underlying the 
inhibition of UGT activity by acyl-CoA, the relationship of the inhibition, acyl-CoA binding to the proteins, 
and changes in the tertiary structure of the enzyme were examined. The kinetics of these phenomena were 
related closely with each other. Furthermore, the inhibition of UGT activity was specified for acyl-CoA, though 

a structurally related compound, acyl-3’-dephosphoCoA, had no inhibitory effect. The results suggested that the 
specific binding of acyl-CoA to UGT isoforms induced conformational changes of the enzymes and resultant 

inhibition of UGT activity. BIOCHEM PHARMACOL 53;4:561-570, 1997. 0 1997 Elsevier Science Inc. 
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Drug-metabolizing enzymes in animals are responsible for 
the modification of a large number of endogenous sub- 
strates, as well as innumerable foreign chemicals. Many 
foreign compounds, such as drugs and environmental pol- 
lutants, are nonpolar and readily dissolve in lipids. The 
principal role of drug-metabolizing enzymes is the conver- 
sion of these chemicals into highly water-soluble products 
that can be excreted. Drug metabolism has classically been 
divided into Phase I (functionalization) and Phase II (con- 
jugation) reactions. Phase I enzymes introduce a functional 
group, such as OH, into the substrates; Phase II enzymes 
then use this functional group as a handle for conjugation 
with such moieties as glucuronic acid, sulfate, and glutathi- 
one [l-4]. Glucuronide formation is known to be catalyzed 
by the UGTt (EC 2.4.1.17) system. Evidence for the exis- 
tence of several isoforms has been provided by purification 
and cDNA cloning [3, 41. These facts indicate that UGT 
constitutes a multigene family, as reported for cytochrome 
P450 isoenzymes [5]. Recently, a nomenclature system and 
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glucuronosyltransferase. Fatty acids are designated in terms of the number 
of carbon atomsxhe number of double bonds, e.g. 20:4 denotes arachidonic 
acid. 
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a systematic classification of the UGT superfamily were 
proposed [4]. 

We previously purified UGT isoforms as targets of pro- 
tein acylation from rat liver microsomes [6]. These isoforms 
were identified as UGT2B3, UGT2B2, and UGT2B6, 
which conjugate steroid hormones, by amino acid sequenc- 
ing analysis and UGT assay. UGT2B3, UGTZB2, and 
UGT2B6 are very closely related enzymes, and are members 
of the UGT 2B gene subfamily [4]. UGT2B3 and UGT2B6 
have very similar structures (93% similar in amino acid 
sequence) and substrate specificities [7, 81. UGT2B6 and 
UGT2B2 also have very similar amino acid sequences 
(83%) but have distinct substrate specificities [9]. We also 
found that these isoforms have acyl-CoA binding activity, 
and that the interaction of UGT proteins with acyl-CoA 
suppresses the UGT activities toward testosterone and an- 
drosterone. Our results suggested that acyl-CoA was a 
modulator of some members of the UGT 2B subfamily. 

To date, there is little information concerning inhibitors 
of glucuronidation [3, 10, 111, and results regarding the 
regulation of UGT activity are also extremely limited. The 
details of the inhibition by acyl-CoA have not been fully 
elucidated. In particular, the specificity and mechanism of 
the inhibition by acyl-CoA have not been examined. Thus, 
several questions arise, i.e. whether the effect of acyl-CoA 
is a specific action of the compound, and whether acyl-CoA 
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can act on any isoforms of UGT. To solve these problems, 
in the present study, (i) the effect of acyl-CoA on UGT 
activity in purified enzyme and microsomal fractions was 
studied, (ii) the kinetics of the inhibition of the UGT 
activity by acyl-CoA and the mode of inhibition were char- 
acterized, and (iii) the structure activity relationship of 
acyl-CoA as to the inhibition was investigated, and the 
screening of the modulator of enzyme activity from related 
compounds was performed. Furthermore, the relationship of 
the inhibition, acyl-CoA binding, and the change in the 
tertiary structure were examined to assess the mechanism of 
the inhibition. Our systematic study revealed that acyl- 
CoA is the most potent inhibitor of UGT activity. Finally, 
the physiological significance of the inhibition of UGT 
activitv is discussed. 

MATERIALS AND METHODS 
Chemicals 

[l-‘4C]Arachidonyl-CoA (1.7 GBq/mmol), UDP- 
[i4C]glucuronic acid (10.55 GBq/mmol), and EN3HANCE 
were purchased from DuPont-New England Nuclear (Bos- 
ton, MA, U.S.A.). Fatty acids (C14:0, C16:0, Cl&O, C18: 
1, C18:2, and C20:4), short and medium chain acyl-CoAs 
(C2:0-, C3:0-, C4:0-, C6:0-, C&O-, ClO:O-, and C12:0- 
CoA), UDP-glucuronic acid, and azolectin (crude soybean 
lecithin) were obtained from Sigma (St. Louis, MO, 
U.S.A.). CoA was obtained from Kyowa Hakko, Ltd. (To- 
kyo, Japan). CHAPS was purchased from Dojindo Labora- 
tories (Kumamoto, Japan). Testosterone, androsterone, bil- 
irubin, 4nitropheno1, and Triton X-100 were purchased 
from Wako Pure Chemical Industries (Osaka, Japan). TSK- 
gel AF Red-, Blue- and heparinToyopear1 650 ML were 
purchased from Tohso (Tokyo, Japan). Bio-gel HTP was 
from Bio-Rad (Richmond, CA, U.S.A.). Sephacryl S300 
HR was from Pharmacia LKB (Uppsala, Sweden). TLC 
plates (silica gel 60, 5721) were from Merck (Darmstadt, 
Germany). Long chain acyl-CoA esters having various fatty 
acid moieties were synthesized as described previously [12]. 
Palmitoyl-3’-dephosphoCoA was prepared by nuclease Pl 
treatment of palmitoyl-CoA, and was purified by TLC de- 
veloped with n-butanol:acetic acid:water (5:2:3) [13]. 
[i4C]Arachidonyl-3’-dephosphoCoA was also prepared by 
the same procedure. Adenosine 5’-alkylphosphates were 
donated by Drs. Takayuki Shiraishi and Yutaka Uda (Ni- 
igata College of Pharmacy) [ 141. All other reagents were of 
reagent or analytical grade. 

Preparation of a Microsomal Fraction ji-m Rat Liver 

Male rats of the Wistar strain, about 300 g body weight 
(Sankyo Lab. Service Co., Tokyo, Japan), were used. All 
animals were exposed to an alternating light-dark cycle 
(light from 8:00 a.m. to 6:00 p.m.), and were fed ad lib. a 
control diet. Their livers were isolated rapidly, and micro- 
somes were prepared by differential centrifugation as de- 
scribed previously [6, 121. Briefly, the organs were homog- 

enized with a Potter-Elvehjem glass Teflon homogenizer 
in 0.25 M sucrose/O.1 M Tris-HCl/l mM EDTA (pH 7.4) 
(STE buffer) containing 0.2 mM phenylmethylsulfonyl 
fluoride, and then the homogenate was centrifuged at 700 
g for 10 min to remove cell debris and nuclear materials. 
The supematant was centrifuged at 10,000 g for 15 min, 
and the resultant supematant was further centrifuged at 
105,000 g for 60 min. The pellet was washed twice with 
STE buffer by the same centrifugation, and then was sus- 
pended in STE buffer and stored at -80°C until used. 

Measurement of UQT Activity 
using a Radiolabeled Substrate 

UGT activity was measured according to the method of 
Bansal and Gessner [15] with minor modifications. The 
microsomal fraction (0.2 mg) was incubated with 0.8 mM 
UDP-[‘4C]glucuronic acid (3.7 kBq) and 5 mM MgCl, in 
the presence of a 200 p,M concentration of various sub- 
strates. In some cases, the activity was measured in the 
presence of palmitoyl-CoA (20 FM). Incubation was car- 
ried out at 30” C for 30 min, and the reaction was termi- 
nated by the addition of 2 vol. of ethanol. The ethanolic 
mixtures were evaporated and applied to silica gel TLC 
plates, and then the chromatograms were developed with 
n-butanol: acetone: acetic acid: ammonia: water (70:50:18: 
1.5:60, by vol.). After development, the plates were sub- 
jected to fluorography. The areas corresponding to 
[‘4C]glucuronides were scraped off into counting vials, and 
then the radioactivity was measured. 

Spectrophotometrical Measurement of UGT Activity 

UGT activity toward 4nitrophenol was also determined by 
measurement of the absorbance of 4nitrophenol at 405 nm 
[ 161 using a spectrophotometer model UV- 1600 (Shimadzu 
Corp., Kyoto, Japan). The microsomal fraction was incu- 
bated in a cuvette with 0.4 mM 4-nitrophenol and 4 mM 
UDP-glucuronic acid in the presence of 5 mM MgCl,, the 
decrease in absorbance being monitored continuously. The 
activity was calculated from the slopes of the decrease of 
the absorbance versus incubation time (18.1 x lo3 M-’ 
cm-‘). To determine the effects of various compounds, in- 
cluding acyl-CoA, the activity was measured in the pres- 
ence of various reagents. 

Alternatively the UGT activity toward 4nitrophenol 
was also determined in the presence of various amounts of 
4-nitrophenol(O.1 to 1.5 mM) and UDP-glucuronic acid (1 
to 8 mM). Incubation was carried out at 30” for 15 min, and 
the reaction was terminated by the addition of the same 
volume of 1% trichloroacetic acid. Each incubate was di- 
luted and adjusted to pH > 10 with 1 N NaOH, and then 
the absorbance at 405 nm was measured. 

[‘4C]AcyZ-CoA Labeling (Autoacylation) Assay [6] 

The fractions to be tested (2.5 Kg protein unless otherwise 
indicated) were incubated with [‘4C]arachidonoyl-CoA 
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(20 FM) for various periods at 30”. The reaction was ter- 
minated by the addition of SDS (3% final concentration) 
and bromphenol blue, and the products were analyzed by 
SDS-PAGE. The gels were stained with Coomassie Bril- 
liant Blue, destained, and then subjected to fluorography 
using EN3HANCE at -80” with an intensifying screen. In 
some cases, the bands of interest on the gels were also 
quantified with a liquid scintillation spectrometer. 

Purification of UGT Isofowns from Rat Liver 
Microsumes 

UGT isoforms were purified as described previously [6] with 
[‘4C]acyl-CoA labeling. Briefly, the purification procedure 
consisted of the solubilization of microsomes with CHAPS 
and sequential chromatography. The microsomal fraction 
was solubilized with 1% CHAPS, 20% ethyleneglycol and 
50 mM Tris-HCl (pH 7.4) (detergent/protein ratio, ap- 
proximately 2), and the resultant clear solution was centri- 
fuged at 105,000 g for 60 min. The resultant supernatant 
was subjected to sequential chromatography on Red- 
Toyopearl, hydroxylapatite, heparinToyopear1, and Blue- 
Toyopearl. The elution pattern on each column was 
checked by SDS-PAGE, with staining with Coomassie 
Brilliant Blue and [14C]acyl-CoA labeling. 

[‘4CJAcyl-CoA Binding Assay 

UGT isoforms (Blue-Toyopearl fraction, 2.5 p,g) were in- 
cubated with various concentrations of [‘4C]arachidonoyl- 
CoA for 20 min at 30”. Protein-bound and free [14C]ara- 
chidonoyl-CoA were separated by gel filtration. The mix- 
ture was loaded onto Sephacryl S300 HR (V, = 20 mL), 
pre-equilibrated with 25 mM Tris-HCl (pH 7.4), 0.1% 
CHAPS and 1 mM DTT, and eluted with the same buffer, 
0.5-mL fractions being collected. The radioactivity of each 
fraction was determined with a liquid scintillation spec- 
trometer. In some cases, UGT proteins were incubated with 
20 PM [‘4C]arachidonoyl-CoA for various periods, and 
then protein-bound [‘4C]arachidonoyl-CoA was measured 
after bound/free separation by gel filtration. Binding of 
[‘4C]arachidonic acid and [i4C]arachidonoyl-3’-dephos- 
phoCoA to the proteins was measured by the same proce- 
dure. 

Fluorescence Spectroscopy 

Fluorescence studies were performed with a JASCO model 
FP777 spectrofluorometer according to the principles de- 
scribed by Ward [17]. The excitation and emission band- 
passes were both 4 nm for all experiments. A solvent blank 
was measured immediately before each spectrum. Emission 
spectra, from 290 to 400 nm, were recorded at room tem- 
perature in a cuvette containing purified proteins (0.12 FM 
protein in 20 mM Tris-HCl, pH 7.4, 0.05% CHAPS, 1% 
ethyleneglycol, 50 mM DTT, 5 FM EDTA, and 5 pg/mL 
azolectin) with excitation at 285 nm. To determine the 

effect of acyl-CoA, we measured the relative decrease in the 
intrinsic fluorescence of the purified UGT upon the addi- 
tion of a long chain acyl-CoA. In some experiments, the 
purified proteins were treated with CoA or palmitoyl-3’- 
dephosphoCoA instead of acyl-CoA, and then spectra were 
recorded. 

Protein Assay 

Protein contents were determined by the method of Lowry 
et al. [18] with bovine serum albumin as a standard. 

Statistical Analysis 

Data are given as means f. SD, the results obtained with the 
Student’s t-test being presented where appropriate. 

RESULTS 
Effect of a&-CoA on UCjT Activity 
in the Purified Enzyme and Microsomal Fractions 

First, we examined the effect of acyl-CoA on the UGT 
activity of the purified enzyme. As shown in Fig. lA, ara- 
chidonoyl-CoA reduced the enzyme activity that gluc- 
uronidated testosterone in a concentration-dependent 
manner. The concentration of arachidonoyl-CoA required 
for half-maximal inhibition was found to be 11 p.M. The 
inhibition occurred immediately because the effect of pre- 
incubation with arachidonoyl-CoA was not prominent 
(Fig. 1B). Several types of long chain acyl-CoA with dif- 
ferent chain lengths and different degrees of unsaturation 
also inhibited the enzyme activity (Fig. 1C). 

Then, to determine whether acyl-CoA affects the activ- 
ity toward other substrates, the effects of acyl-CoA on mi- 
crosomal UGT activities toward various substrates were ex- 
amined. As shown in Table 1, glucuronidation of the in- 
dicated endogenous lipophilic substances and foreign 
compounds, such as drugs and environmental pollutants, 
occurred. The results demonstrated the presence of UGT 
activities toward various substrates in the microsomal frac- 
tion of rat liver. The addition of 20 FM palmitoyl-CoA 
reduced the UGT activities in microsomes toward these 
substrates to 3060% (Table 1). An inhibitory effect of 
acyl-CoA was observed not only toward steroids but also 
other substrates, such as bilirubin, vitamin A, and l-naph- 
thol. The results suggested that acyl-CoA affected other 
subfamilies as well as the isoforms that conjugated steroids. 
The inhibition by palmitoyl-CoA of each activity was de- 
pendent on the concentration of acyl-CoA. The concen- 
tration required for half-maximal inhibition was approxi- 
mately 20-30 PM for various substrates (data not shown; 
similar results are shown in Fig. 2). 

Mode of Inhibition of the UCjT Activity Toward 
4.Nitrophenol by acyl-CoA 

To assess the mode of inhibition by acyl-CoA, kinetic stud- 
ies were performed. We analyzed the activity toward 4-r-u- 
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FIG. 1. Inhibition of testosterone-UGT activity by acylXoA. (A) TestosteroneJJGT activity of the purified enzyme (2.5 pg 
protein) was measured in the presence of the indicated amounts of arachidonoyl-Cob. (B) The purified enzyme (2.5 pg 
protein) was preincubated witb 20 pM aracbidonoyl-CoA for 0, 15, and 30 min, and then assayed for testosterone-UGT 
activity (30 min of incubation). (C) UGT activity of the puritied enzyme (2.5 pg protein) was measured in the presence of a 
20 pM concentration of the indicated reagents. Data represent means * SD of triplicate determinations. 

trophenol in the microsomal fraction, because 4-nitrophe- 4-nitrophenol, and as a function of the concentration of 
no1 is relatively water-soluble, and its activity can be mea- 4-nitrophenol at a fixed concentration (4 mM) of UDP- 
sured easily by the spectrophotometrical method. UGT glucuronic acid. As shown in panels A and B of Fig. 2, the 
catalyzes a bisubstrate reaction, and the kinetic mechanism data, when plotted in double-reciprocal form, indicated 
of UGT comprises rapid equilibrium, random order [19]. that the intercept on the l/S axis for either substrate was 
For this reason, the initial rates of the reaction in the ab- -l/K,,,. The K,,, values for UDP-glucuronic acid and 4-ni- 
sence or presence of the inhibitor, palmitoyl-CoA (20 and trophenol were 1.9 and 0.3 mM, respectively. The values 
40 PM), were studied as a function of the concentration of did not change in the presence of acyl-CoA, suggesting that 
UDP-glucuronic acid at a fixed concentration (1.5 mM) of acyl-CoA acted on the enzyme non-competitively for each 

TABLE 1. Effect of palmitoyl-CoA on UGT activities toward various endogenous (A) and 
exogenous (B) substrates 

UGT activity (nmoUmin/mg protein) 

Substrates 

(A) Endogenous substrates 
Bilirubin 
Vitamin A 
Vitamin D 
Serotonin 
Triiodothyronine 
Thyroxine 
Testosterone 
Androsterone 

(B) Exogenous substrates (xenobiotics) 
p-Aminobenzoic acid 
I-Naphthol 
4-Methylumbelliferone 
Phenolphthalein 
Aniline 

Control Pabnitoyl-CoA % of Control 

0.24 + 0.04 0.12 * 0.05* 50.0 
0.52 f 0.08 0.16 f 0.09t 30.8 
0.32 + 0.03 0.19 f 0.03t 59.4 
0.12 f 0.03 0.05 ?Z 0.01* 41.7 
0.36 f 0.10 0.13 * 0.03* 36.1 
0.27 + 0.05 0.14 + 0.02* 51.9 
1.87 + 0.10 0.98 k 0.0% 52.4 
2.01 r 0.19 1.04 k 0.11s 51.7 

0.58 + 0.11 0.23 + 0.04t 39.7 
6.43 k 0.84 3.77 * 0.5ot 58.6 
1.73 k 0.36 0.49 f 0.21 t 28.3 
1.17 + 0.16 0.66 + 0.07t 56.4 
0.17 f. 0.04 0.09 + 0.02* 52.9 

Rat liver microsomes wae incubated with various substrates in the presence 01 absence of 20 FM palmitoyl-CoA. The standard 

assay mixtures consisted of 50 mM Tris-HCl (pH 7.4), 200 FM various substrates, 800 PM UDP-[14C]glucuronic acid, 5mM M&12. 

and 0.05% Triton X-100. Values means i. SD (N = 3 or 4). 

* P < 0.05. 

t P < 0.01. 

$ P < 0.001. 
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FIG. 2. Kinetics and specificity of the inhibition of 4-nitrophenolLJGT activity by pahnitoyl-CoA. (A) Double-reciprocal plots 
of 4-nitrophenol-UGT activity as a function of the concentration of UDP-glucuronic acid at a fixed concentration (1.5 mM) 
of 4-nitrophenol in the absence (open circles), and presence of 20 pM (open squares) and 40 pM (open triangles) pahnitoyl- 
CoA. (B) Double-reciprocal plots of the 4-nitrophenol-UGT activity as a function of the concentration of 4-nitrophenol at a 
fixed concentration (4 mM) of UDP-glucuronic acid in the absence (closed circles) and presence of 20 pM (closed squares) 
and 40 pM (closed triangles) pahnitoyl-CoA. Data in panels A and B represent means of triplicate determinations. (C and D) 
The results in panels A and B were replotted [the slope (C) and the intercept (D)] as a function of the concentration of 
pahnitoyl-CoA. (E) The structure-activity relationship of 4-nitrophenol-UGT activity. 4-Nitrophenol-UGT activity was mea- 
sured in the presence of a 20 JIM concentration of various acyl-CoAs and C16:0-3’.dephosphoCoA. Data represent means * 
SD of triplicate determinations. 

substrate. The K, value of palmitoyl-CoA was found to be 
15 FM on secondary plotting of the slope of each line in 
Fig. 2, A and B, versus the concentration of the inhibitor 
(Fig. 2C; the intercept on the palmitoyl-CoA axis gives the 
K, value). The Ki value (K, for the enzyme already saturated 
with substrate) was the same value (15 FM), as judged on 
secondary plotting of the intercept (l/V axis) versus pal- 
mitoyl-CoA (Fig. 2D; the intercept on the palmitoyl-CoA 
axis gives the K,’ value). This evidence also suggested that 
the mode of inhibition by acyl-CoA was non-competitive. 

Acyl-CoA Structure-Activity 
Relationship for Inhibition of the UQT Activity 

We further examined the structure-activity relationship of 
acyl-CoA as to inhibition of the testosterone-UGT activity 
of the purified enzyme (Fig. 1C) and 4-nitrophenol-UGT 
activity in the microsomal fraction (Fig. 2E). Both enzyme 

activities were inhibited by all long chain acyl-CoAs but 
not by short chain acyl-CoAs. The inhibition was observed 
upon the addition of acyl-CoAs having a fatty acyl moiety 
of a carbon chain length of 10 or more (ClO:O-, C12:0-, 
C14:0-, C16:0-, C18:0-, C18:1-, C18:2-, and C20:4-CoA) 
to the assay system. Free CoA and fatty acid failed to in- 
hibit the enzyme activity. Furthermore, palmitoyl-3’- 
dephosphoCoA also failed to inhibit them, suggesting that 
the 3’-phosphate moiety was important for the inhibition. 
These results also suggested that inhibition of UGT activity 
was specific for acyl-CoA and that the enzyme strictly rec- 
ognizes the structure of acyl-CoA. 

We searched for other inhibitors of UGT activity. All 
tested compounds, such as CoA, ATP, fatty acids, fatty 
acid-containing compounds [lysophosphatidylcholine, lyso- 
phosphatidylinositol, acyl-carnitine, and anandamide (N- 
arachidonoylethanolamine)], Triacsin C, a fatty acid ana- 
logue that was discovered as an inhibitor of acyl-CoA syn- 
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thetase [ZO], and adenosine 5’-alkylphosphates (hexadecyl-, 
docosyl- and tetracosyl-AMP), which are also known as 
inhibitors of acyl-CoA synthetase [14], failed to inhibit the 
enzyme activity (data not shown). These results again sug- 
gested that the inhibition of UGT activity was specific for 
acyl-CoA. 

ArachidonoyLCoA Binding Activity of UCjT Isoforms 

To assess the mechanism underlying the inhibition, we ex- 
amined the relationship of the inhibition and the arachi- 
donoyl-CoA binding of the purified UGT isoforms. Ara- 
chidonoyl-CoA binding to the UGT isoforms was exam- 
ined by bound/free separation by gel filtration. UGT 
isoforms were incubated with [‘4C]arachidonoyl-CoA, and 
then the incubates were loaded onto a Sephacryl S300 HR 
column, eluted, and fractionated. As shown in Fig. 3A 
(closed circles), two peaks of 14C-label were observed in the 
elution profile; the first (fractions 14-20) was the protein- 
bound form and the second (fractions 26-36) was the free 
form of [‘4C]arachidonoyl-CoA. When [‘4C]arachidonoyl- 
CoA was incubated with the buffer without the purified 
protein, the first peak was not observed, suggesting that 
only the free form of acyl-CoA was observed (Fig. 3A, open 
circles). When [14C]arachidonic acid (Fig. 3A, open 
squares) and [14C]arachidonoyl-3’-dephosphoCoA (Fig. 
3A, open triangles) were incubated with the UGT isoforms, 
the first peak was also not observed, suggesting that fatty 
acid and acyl-3’-dephosphoCoA failed to bind to the UGT 
isoforms. The results indicated that the binding is specific 
for acyl-CoA. The specificity of the binding was similar to 
that of the inhibition of UGT activity, as shown in Fig. 1C. 
Furthermore, the experiments measuring [r4C]arachi- 
donoyl-CoA binding to purified UGT enzyme, using gel 
filtration, were performed in the presence of excess amounts 
of substrates, UDP-glucuronic acid or testosterone. We 
confirmed that [‘4C]arachidonoyl-CoA binding (5 FM) to 
purified enzyme was not inhibited by the addition of 800 
PM UDP-glucuronic acid or 200 PM testosterone (data not 
shown). The results suggested that acyl-CoA did not act on 
the binding sites of both substrates and corresponded to the 
results of the kinetic studies (Fig. 2, A-D), i.e. the non- 
competitive inhibition of UGT activity by acyl-CoA. 

Using the assay system, several characteristics of acyl- 
CoA binding to the UGT isoforms were examined. UGT 
isoforms were incubated with various concentrations of 
[‘4C]arachidonoyl-CoA. [14C]Arachidonoyl-CoA binding 
increased with increasing concentrations of [14C]arachi- 
donoyl-CoA, and saturation of binding was observed (Fig. 
3B). The Kd and B,,, values were 14.1 FM and 0.94 mol/ 
mol protein, respectively, as determined by Scatchard plot 
analysis (Fig. 3C). Then, the time course of binding was 
examined (Fig. 3D). [‘4C]Arachidonoyl-CoA binding was 
dependent on the incubation period, and saturated binding 
was observed during 5-10 min of incubation. The apparent 
first order rate constant was 0.277 mm-‘, and the time for 
half-maximal binding was 2.5 min. The kinetic coefficients 

were closely related to the nature of the inhibition of UGT 
activity. 

Quenching of Tryptophan 
Fluorescence of UCjT Isoforms by acyl-CoA 

To further examine the relevance of the inhibition of UGT 
activity and acyl-CoA binding, we explored the changes in 
the tertiary structure of UGT, since a change in the tertiary 
structure seemed to occur in the inhibited state of the en- 
zyme. Tryptophan residues are useful intrinsic probes for 
detecting alterations in a protein tertiary structure because 
their fluorescence is sensitive to changes in the environ- 
ment [17, 21, 221. We examined the intrinsic fluorescence 
of purified proteins and the effect of acyl-CoA treatment. 
The purified proteins were excited at 285 nm, and emission 
spectra were recorded from 290 to 400 nm. The spectra 
showed typical tryptophan fluorescence, which exhibited 
maximal emission at 340 nm (Fig. 4A). Treatment of UGT 
with 40 p,M arachidonoyl-CoA quenched the intrinsic 
fluorescence of the proteins. The changes in intrinsic fluo- 
rescence are considered to be due to exposure of tryptophan 
residues to a more polar environment. These results sug- 
gested that acyl-CoA induced conformational changes in 
the UGT isoforms. 

The kinetics of the changes in intrinsic fluorescence 
were examined. First, the concentration-dependency of the 
effect of acyl-CoA was examined. UGT isoforms were in- 
cubated with various concentrations of arachidonoyl-CoA 
and palmitoyl-CoA for 10 min, and then the intrinsic fluo- 
rescence was measured. The decrease in fluorescence was 
dependent on the concentration of each acyl-CoA (Fig. 
4B), a half-maximal effect being observed at 11 .O p,M (ara- 
chidonoyl-CoA) and 6.1 FM (palmitoyl-CoA), as deter- 
mined by Scatchard plot analysis (Fig. 4C). Palmitoyl-J’- 
dephosphoCoA and CoA did not affect the intrinsic fluo- 
rescence of the proteins at low concentrations. Next, the 
time course of the changes in intrinsic fluorescence was 
examined. UGT isoforms were incubated with 40 FM ara- 
chidonoyl-CoA for various periods, and then the intrinsic 
fluorescence was measured. The decrease in intrinsic fluo- 
rescence caused by arachidonoyl-CoA was also dependent 
on the incubation period (Fig. 4D). Quenching of the fluo- 
rescence reached a maximum after lo-20 min of incuba- 
tion. When the saturation curve was reanalyzed as a first 
order plot (Fig. 4D), the apparent first order rate constant 
obtained from the negative slope was 0.139 min-‘. The 
time for induction of the half-maximal change was 5.0 min. 
Since the kinetics and specificities of the above three phe- 
nomena (inhibition, acyl-CoA binding, and tertiary struc- 
ture of the enzyme) were closely related, the acyl-CoA 
binding to UGT isoforms induced the conformational 
changes of the enzymes and the resultant inhibition of 
UGT activity. 

DISCUSSION 

Previously, we purified 50 kDa/53 kDa proteins as targets of 
protein acylation from rat liver microsomes [6]. Interest- 
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FIG. 3. Kinetics and specificity of acyl-CoA binding to UGT isoforms. (A) Elution profile of [‘4C]arachidonoyl-CoA on 
Sephacryl S300 HR. UGT isoforms (Blue.Toyopearl fraction, 2.5 pg) incubated with 5 pM [‘4C]arachidonoylCoA (closed 
circles), [ 14C]arachidonic acid (open squares), or [ “C]arachidonoyl-3’*dephosphoCoA (open triangles), and then applied to 
Sephacryl S300 HR (V, = 20 mL). Buffer without a purified protein was incubated with 5 pM [ “C]arachidonoyl-CoA (open 
circles) and analyzed by the same procedures. Fractions of 0.5 mL were collected, and the radioactivity in an aliquot of each 
fraction was measured. (B) Concentration dependency of the acyl-CoA binding to UGT isoforms. UGT isoforms (Blue- 
Toyopearl fraction, 2.5 pg) were incubated with various concentrations of [‘4C]arachidonoyl-CoA for 30 min. The incubates 
were applied to Sephacryl S300 HR for separation of the bound and free forms, and the radioactivity of the bound form was 
measured. Data represent means of duplicate determinations. (C) Scatchard plot analysis of the data in panel B. (D) Time 
course of acyl-CoA binding to UGT isoforms. UGT isoforms were incubated with 20 pM [ “C]arachidonoyl-CoA for various 
periods, and then the data were analyzed as to tirst order kinetics. Data represent means of duplicate determinations. 

ingly, these proteins were acylated in the absence of other of the interaction of the UGT isoforms with acyl-CoA is 
proteins, suggesting that they have novel autoacylation ac- that the interaction affects the UGT activity. In fact, acyl- 
tivity. We also found that the proteins have acyl-CoA CoA treatment inhibited the UGT activity of the purified 
binding activity. We identified the proteins as UGT iso- protein and microsomal fractions in the in oitro assay (Figs. 
forms, UGT2B3, UGT’2B2, and UGT2B6, which gluc- 1 and 2). We first considered that the inhibition of UGT 
uronidated steroids. The physiological significance of the activity by acyl-CoA was due to autoacylation of the pro- 
interaction of the UGT isoforms with acyl-CoA remains to teins, as protein acylation is known to modulate protein 
be established. The most plausible explanation for the role function [23, 241. However, our preliminary observation of 
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for 15 min. Each was then excited at 285 nm, and emission spectra were recorded from 290 to 400 nm. (B) Concentration- 
dependency of the effects of acyl-CoA, CoA, and acyl-3’edephosphoCoA on quenching of the fluorescence of UGT. UGT 
isoforms were incubated with various concentrations of pahnitoyl.CoA (open circles), arachidonoyl-CoA (closed circles), 
pahnitoyl-3’0dephosphoCoA (closed squares) and CoA (open triangles) for 10 min. Each was then excited at 285 nm, and 
emission at 340 nm was recorded. Data represent means of duplicate determinations. (C) Scatchard plot analysis of the data 
from panel B. (D) Tie courses of the decrease in intrinsic fluorescence caused by acyl-CoA. UGT isoforms were treated with 
40 pM arachidonoyl-CoA for various periods, and then the data were analyzed as to fist order kinetics. Data represent means 
of duplicate determinations. 

a relationship between the autoacylation reaction and the 
inhibition of UGT activity revealed that autoacylation 
alone could not account for the inhibition of UGT activity 
[6]. This observation prompted us to examine other mecha- 
nisms for the inhibition of UGT activity by acyl-CoA. In 
the present study, we examined whether the binding of 
acyl-CoA to UGT isoforms could induce inhibition of the 
enzyme activity, as an alternative mechanism is the induc- 

tion of enzyme inhibition by non-covalent acyl-CoA bind- 
ing. To examine this possibility, the relevance of the en- 
zyme inhibition and the acyl-CoA binding to the proteins 
was systematically examined. The specificities and kinetic 
properties of these phenomena were closely related (Figs. 
l-3). The change in the tertiary structure of the enzyme, as 
monitored by tryptophan fluorescence, was also concomi- 
tant (Fig. 4). In particular, the time course of the inhibi- 
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non, acyl-CoA binding, and the change in the tertiary 
structure of the enzyme were correlated (Figs. IB, 3D, and 
4D). UGT isoforms were considered to catalyze the sequen- 
tial reactions of acyl-CoA binding, autoacylation, and hy- 
drolysis of ester bonds, according to the following scheme 

bl. 

E + k, F-CoA 
(binding) 

E(F-CoA) iii 
(acylation) 

E-Fk’ E 
(hydrolysis of fatty acids) 

where E represents UGT isoforms, F-CoA is acyl-CoA, and 
E (F-CoA) and E-F are bound and acylated forms of UGT; 

k,, k,, and k, are the rate constants of each reaction. 
The time course of the decreases in intrinsic fluorescence 

was more significantly related to that of [‘4C]arachidonoyl- 
CoA binding than that of autoacylation or hydrolysis of 
fatty acids (the rate constant for the decrease in intrinsic 
fluorescence, 0.139 mint; k, = 0.277 min-’ (acylCoA 
binding); k, = 0.014 min-’ (autoacylation); ks = 0.006 
mm-’ (hydrolysis) [6]. Furthermore, inhibition of the en- 
zyme activity also occurred immediately upon the addition 
of acyl-CoA. From these observations, we concluded that 
the inhibition of UGT activity by acyl-CoA is due mainly 
to binding [non-covalent, form E (F-CoA)] of acyl-CoA 
rather than acylation (covalent fatty acid binding, form 
E-F), i.e. acyl-CoA binding to UGT isoforms induces con- 
formational changes in the enzymes and the resulting en- 
zyme inhibition. 

In this report, the structure-activity relationship for the 
inhibition was examined extensively. Acyl-CoA is the 
most potent inhibitor of UGT activity. Since UGT iso- 
forms are membrane integral proteins, they have hydropho- 
bic domains, and these domains seem to interact with hy 
drophobic molecules in a non-specific manner. Since acyl- 
CoA is a detergent and a hydrophobic reagent, it is very 
difficult to determine precisely whether the effect of the 
compound is specific for membrane proteins. In fact, UGT 
activity is known to be regulated by detergents and phos- 
pholipids [15, 19, 25, 261. It has been reported that the 
UGT isoform for 4nitrophenol is a phospholipid-binding 
protein and that its activity is dependent on the bound 
phospholipids [25]. Conformational changes in the enzyme 
as a result of phospholipid binding were also studied by 
circular dichroism spectroscopy [26]. In the present study, 
conformational changes in UGT evoked by phospholipids 
were confirmed by changes in intrinsic fluorescence. The 
intrinsic fluorescence was increased by phospholipids (data 
not shown), whereas it was decreased by acyl-CoA. Micro- 
somal enzymes were already activated by microsomal phos- 
pholipids. Acyl-CoA inhibited the enzyme activity even in 
the presence of microsomal phospholipids, suggesting that 
acyl-CoA acts at a site different from the phospholipids 
(Figs. 1 and 2). Other fatty acid-containing compounds did 
not inhibit it. Since even palmitoyl-3’-dephosphoCoA was 
ineffective, the inhibition was very specific for acyl-CoA. A 

study of the structure-activity relationship revealed that 
UGT precisely recognized the structure of the acyl-CoA 
molecule. 

The cDNA sequences of more than twenty forms of 
UGT are known for humans and rodents. From the simi- 
larities of their predicted amino acid sequences, they can be 
grouped into two families, UGTl and UGTZ. The isoforms 
of the UGTl family catalyze the glucuronidation of biliru- 
bin and small planar phenolic compounds, whereas those of 
the UGT2 family are responsible for glucuronidation of 
steroids [3, 41. Recent analysis of genomic DNAs of the 
enzymes revealed that the genes of the UGTl family con- 
sist of isoform-specific exons encoding the N-terminal half 
of the enzymes, and commonly used exons encoding the 
C-terminal half. The commonly used exons encode the 
binding site of a common substrate, UDP-glucuronic acid, 
whereas the isoform-specific exons encode the binding sites 
of various substrates [27, 281. From the UGTl gene com- 
plex, through alternative utilization of multiple first exons 
in combination with the commonly used exons, a variety of 
distinct forms may be synthesized, similar to the case of the 
immunogloblin gene. In contrast to UGTl, the genes of the 
UGT2 subfamily, while very similar, are different. Since 
the effect of acyl-CoA was observed on various substrates, 
the acyl-CoA binding site is located not in the variable 
domain for each substrate but in the commonly used do- 
main, i.e. the C-terminal half of the proteins. However, this 
site was not the binding site of UDP-glucuronic acid itself 
since acyl-CoA acts non-competitively toward UDP- 
glucuronic acid (Fig. 2). 

The physiological significance of the inhibition of UGT 
activity by acyl-CoA remains to be determined. Indeed, 
information concerning modulators, including inhibitors, 
of UGT is extremely limited despite the importance of 
UGT in the detoxification of hydrophobic compounds [3, 
41. Long chain fatty acyl-CoA is a metabolically active form 
of fatty acid and plays an important role in fatty acid me- 
tabolism; there are various modes of enzymatic conversion 
of fatty acids, including desaturation, chain elongation, and 
oxidation, mainly in the form of fatty acyl-CoA in mam- 
malian tissues, and another important role of acyl-CoA is 
an acyl donor in the formation of various types of simple 
and complex lipid molecules [29]. It is noticeable that UGT 
activity is regulated by the key compound in fatty acid 
metabolism, long chain acyl-CoA. The level of acyl-CoA 
and the activities of acyl-CoA-metabolizing enzymes are 
known to be altered under some conditions, such as be- 
tween fed and fasted states, and following the administra- 
tion of hormones and drugs [30-321. It is possible that UGT 
activity is regulated by intracellular long chain acyl-CoA 
under these physiological and non-physiological (drugs) 
conditions. 

In conclusion, long chain fatty acyl-CoA is a modulator 
of glucuronidation, which is mediated via specific binding 
to UGT protein. Further studies of the key compound, acyl- 
CoA, should lead to a precise understanding of the rel- 
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evance/cross-talk of fatty acid metabolism and glucuroni- 

dation. 
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