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ABSTRACT A catalytically active bile salt-dependent cho-
lesteryl ester hydrolase (CEH) was expressed when Xenopus
oocytes were injected with rat liver mRNA. The expressed CEH
activity was highly dependent on the presence oftrihydroxy bile
salts (cholate or one of its conjugates); maximum hydrolytic
activity was observed in the presence of 10mM sodium cholate.
The expressed CEH was not activated by dihydroxy bile salts
(deoxycholate and its conjugates). In the presence of 10 mM
sodium cholate, the CEH activity was maximal near pH 7 but
was significant between pH 6 and 8. Monospecific immune IgG
raised against rat pancreatic CEH completely inhibited the
CEH expressed in Xenopus oocytes. Phenyimethylsulfonyl flu-
oride, a serine enzyme inhibitor, was inhibitory to the ex-
pressed CEH activity, whereasp-chloromercuribenzoate (up to
5 mM), a potent thiol-blocking agent, did not significantly
inhibit the expressed activity. These experiments clearly dem-
onstrate that the liver contains an mRNA encoding a bile
salt-dependent CEH activity and suggest that the uptake of
pancreatic enzyme is not necessarily the source of liver CEH as
has been speculated.

might represent the uptake of pancreatic enzyme by the liver
(8).
We were interested in exploring further the possible ori-

gin(s) ofthe bile salt-dependent CEH ofrat liver homogenates
and, in particular, we wished to determine whether the
enzyme could be synthesized in the liver per se. As an initial
question, we wanted to ask ifthe liver produces an mRNA for
this enzyme. However, because neither the liver enzyme nor
cDNA clones for the pancreatic enzyme were available, we
could not assay directly for liver mRNAs specific for CEH.
Therefore, the approach adopted was to attempt to express
the bile salt-dependent CEH activity in Xenopus oocytes
after microinjection of rat liver mRNA. As detailed in this
report, the oocytes do not express an endogenous enzyme
activity, but, following injection ofliver mRNA, they express
a neutral, bile salt-dependent CEH activity with many of the
properties of the activity observed in rat liver homogenates.
The results thus suggest that the liver can synthesize the
enzyme and focus attention on the liver per se for future
studies on the regulation of the enzyme activity.

The liver plays a central role in the metabolism of lipid esters.
For example, following the absorption of dietary fats, chy-
lomicron remnants deliver cholesteryl esters and triacylglyc-
erols to the hepatocyte. After hepatic uptake, the esters are,
at least in part, hydrolyzed in lysosomes by the well-
characterized lysosomal acid lipase (1). However, liver ho-
mogenates also contain a number ofenzymes with neutral pH
optima that can hydrolyze lipid esters. In terms of those with
cholesteryl ester hydrolase (CEH) activity, such enzymes
have been reported to occur in both cytosolic and membrane
fractions of cell homogenates (2-4). None of these CEHs
with neutral pH optima have been purified to homogeneity,
and uncertainty exists regarding their physiological roles.

Previous studies of rat liver homogenates demonstrated
that they contain a neutral CEH activity with several unusual
properties (5-8). First, the CEH activity requires millimolar
concentrations of trihydroxy bile salts for activity; second,
the activity shows an unusual distribution among subcellular
fractions of liver homogenates, being active in both the
nuclear and soluble fractions of rat liver; third, the absolute
enzyme activity varies markedly among individual rats of
both outbred and inbred strains. The enzymatic properties of
this bile salt-dependent CEH activity of liver homogenates
are very similar to those of purified rat pancreatic CEH
(cholesteryl esterase, EC 3.1.1.13). Indeed, antibodies pre-
pared against the pancreatic enzyme can specifically inhibit
the bile salt-dependent CEH activity in liver homogenates.
These and other considerations led us to speculate recently
that the bile salt-dependent CEH of rat liver homogenates

MATERIALS AND METHODS
Isolation ofmRNA. Adult Lewis female rats (Charles River

Breeding Laboratories) were euthanized, and the livers were
removed immediately and washed with cold phosphate-
buffered saline solution (0.15 M NaCl, 8 mM sodium phos-
phate, and 2 mM potassium phosphate at pH 7.5, with 3 mM
KCl, 1 mM CaCl2, and 0.5 mM MgSO4). The livers were
minced, and total RNA was extracted by homogenization in
5 M guanidinium isothiocyanate followed by precipitation in
the presence of 6 M guanidine hydrochloride (9). The total
RNA so obtained was precipitated by 2.5 volumes of cold
ethanol after addition of 0.1 volume of 2.5 M sodium acetate
(pH 5.0). The RNA was stored at -20'C until further use.
To isolate poly(A)-containing mRNA (hereafter referred to

simply as mRNA), the precipitated total RNA was first
centrifuged at 15,000 x g for 10 min at 4TC, and the pellet was
dissolved in 0.01 M Tris HCl, pH 7.5/1 mM EDTA. This
solution was then subjected to affinity chromatography on
oligo(dT)-cellulose (Boehringer Mannheim) as described
elsewhere (10), and the mRNA was precipitated as described
above. The precipitate was then washed with cold 70%
(vol/vol) ethanol, dried under reduced pressure, dissolved in
autoclaved water, and stored at -70'C until the oocyte
microinjection experiments. Enrichment for and integrity of
mRNA were verified by Northern blotting (11, 12) of total
RNA and mRNA with an actin cDNA probe (kindly provided
by Lawrence Kedes, Stanford University).

Preparation and Microinjection of Xenopus laevis Oocytes.
These procedures were performed essentially as described by
White et al. (13). Ovary lobes were collected from adult

Abbreviations: CEH, cholesteryl ester hydrolase; PMSF, phenyl-
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Xenopus laevis (Xenopus I, Ann Arbor, MI) and washed with
ND-96 [96 mM NaCl/2 mM KCl/1.8 mM CaCl2/1 mM
MgCl2/5 mM Hepes (adjusted to pH 7.6 with NaOH) sup-
plemented with penicillin (100 units/ml) and streptomycin
(100 ,ug/ml)], followed by incubation of oocytes with calci-
um-free OR-2 solution (82 mM NaCl/2.5 mM KCl/1 mM
MgCl2/5 mM Hepes (adjusted to pH 7.6 with NaOH) con-
taining collagenase (2 mg/ml, type IA, Sigma) at 190C for 2
hr. The oocytes were kept in ND-96 solution at 40C overnight,
after which individual oocytes were manually peeled and then
injected with about 50 nl of a solution ofmRNA (2 mg/ml in
water). The control oocytes were injected with an equal
volume of water. Oocytes were incubated in ND-96 solution
at 19°C for 1-7 days, with changes of ND-96 solution done
twice daily.
At the end of the incubations, the oocytes were washed

several times with 0.01 M Tris maleate, pH 7.5, containing
0.25 M sucrose and then homogenized with a glass homog-
enizer in groups of 50 oocytes per ml of the same buffer. The
homogenate was centrifuged at 1000 x g for 15 min at 4°C to
remove large granules of yolk protein. The supernatant was
then collected for enzyme measurements. For simplicity, we
considered 20 ,ul of supernatant to be equivalent to one
oocyte since the supernatant from 50 oocytes was 1 ml.
Assay of CEH Activity. CEH activity was determined

radiometrically, based on procedures previously described
(5, 6). Typically, the reaction mixtures contained 0.05 M Tris
maleate, pH 7.0, 10 mM sodium cholate, and appropriately
diluted enzyme (up to 15 ,ul of original supernatant) in a final
volume of 0.2 ml. The reaction was initiated by addition of 2
nmol (0.05 ,uCi; 1 Ci = 37 GBq) of cholesteryl [1-'4C]oleate
(Amersham; the specific activity ofthe compound as supplied
was 52 Ci/mol. This was diluted to 25 Ci/mol by the addition
of unlabeled cholesteryl oleate) in 0.01 ml of ethanol, and the
tubes were capped and incubated in a water bath at 37°C for
various times up to 24 hr. The released [14C]oleate was
assayed as described (8). Each experiment included controls
containing the inactivated oocyte supernatant (mRNA-
injected oocyte supernatant placed in a boiling water bath for
5 min) before addition of substrate. All experiments were
carried out at least twice. A unit ofenzyme activity is defined
as 1 pmol of [14C]oleate released per 24 hr.
Antibody Neutralization Experiments. Portions of oocyte

supernatant containing the expressed CEH activity were
added to screw-capped test tubes along with various amounts
of either rabbit anti-rat pancreatic IgG (a gift of Linda L.
Gallo) or normal rabbit IgG, dissolved in 0.154 M NaCl, in a
final volume of 0.07 ml. Control tubes contained the super-
natant alone. After incubation at 4°C overnight (16-17 hr), the
samples were assayed for CEH activity for 24 hr at 37°C in
the presence of 10 mM sodium cholate.

RESULTS
When mRNA purified from rat liver was injected into X.
laevis oocytes, a neutral bile salt-dependent CEH activity
was expressed. As presented in Table 1, enzymatic activity
was not expressed in oocyte homogenates immediately after
injection but was detectable after 1 day and continued to
increase during 6 days of incubation. CEH activity was not
present in uninjected oocytes, oocytes injected with water, or
mRNA-injected oocyte homogenates incubated at 100°C for
5 min. After 3 days, the average activity for oocytes injected
with rat liver mRNA equaled 27 ± 9 activity units (pmol of
['4C]oleate released per 24 hr; mean ± SD) per oocyte for
three different preparations of mRNA. This amount of ac-
tivity was clearly detectable, since it corresponded to more
than 1000 cpm above background, which averaged 20 ± 1
cpm.

Table 1. Time course for expression of CEH in Xenopus oocytes
injected with rat liver mRNA

Incubation period
after injection, CEH activity,

days units per oocyte
0 0
1 4
2 10
3 27
4 59
5 105
6 159

Xenopus oocytes were injected with either rat liver mRNA or
water (control) and then incubated at 19'C for different periods of
time up to 7 days. The expressed CEH activity was then determined
in the 1000 x g supernatant fraction ofoocyte homogenate incubated
with cholesteryl ['4Cloleate at 370C for 23 hr. One CEH activity unit
represents 1 pmol of [t4C]oleate released per 24 hr. The values given
are the means of three determinations on each day for the oocytes
injected with rat liver mRNA. The control values were <0.3 activity
unit per oocyte on each day.

The expressed CEH activity in the oocyte supernatant was
highly dependent on the presence of trihydroxy bile salts
(cholic acid or one of its conjugates). In the absence of
sodium cholate, CEH activity was almost undetectable (Fig.
LA). However, addition of 0.5-50 mM sodium cholate re-
sulted in a marked increase in activity in a concentration-
dependent manner. Maximum hydrolytic activity was ob-
served in the presence of 10 mM (about 0.5%) sodium
cholate, a concentration well above the critical micellar
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FIG. 1. Effect of sodium cholate (A) or other bile salts (B) on the
activity of rat liver CEH expressed in Xenopus oocytes. (A) Super-
natant fractions of oocytes were prepared 3 days after injection with
either rat liver mRNA (W) or water (o) and were then incubated with
10 ,uM cholesteryl [14C]oleate at 37°C for 24 hr in the presence of0-50
mM sodium cholate. (B) Supernatants of mRNA-injected oocytes
were incubated in the same manner with 0-50 mM sodium tauro-
cholate (A), sodium glycocholate (A), or sodium deoxycholate (o),
and the CEH activity was then determined and related to the percent
of control activity in samples containing 10 mM sodium cholate.
Points represent the means offour determinations from two separate
microinjections.
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concentration [approximately 5 mM under the conditions
employed in this experiment (14)]. Fig. 1B illustrates that, for
two conjugated forms of cholate tested, activity was also
maximal at 10 mM; however, the extent of stimulation of
CEH activity by these conjugates was significantly lower
than that for sodium cholate itself. The expressed CEH
activity was not stimulated at all by addition of sodium
deoxycholate (Fig. 1B), and other dihydroxy bile salts, in-
cluding glycochenodeoxycholate, glycodeoxycholate, tauro-
chenodeoxycholate, and taurodeoxycholate, did not activate
the expressed enzyme (data not shown). Furthermore, the
detergents Triton X-100 (0.2%) and 3-[(3-cholamidopropyl)-
dimethylammonio]-1-propanesulfonate (known as CHAPS)
(0.5-50 mM) did not stimulate CEH activity.
The dependence of the expressed CEH activity on pH was

determined. Similar to the bile salt-dependent CEH from rat
liver (7, 8), hydrolytic activity was maximal near pH 7 (Fig.
2) but was significant between pH 6 and 8, with almost no
activity in the acidic pH range, wherein precipitation of
cholate occurred. At pH 7 and in the presence of 10 mM
sodium cholate, the rate of hydrolysis of cholesteryl oleate
increased proportionately with the amount of oocyte super-
natant (up to 0.75 oocyte equivalent, Fig. 3A) and was
curvilinear with incubation time up to 24 hr (Fig. 3B). Thus,
considerable stability of the CEH activity is demonstrated
both by the accumulation of reaction product throughout 24
hr of supernatant incubation at 370C and by the increasing
CEH activity expressed during incubation of oocytes at 19'C
for up to 6 days before homogenization (Table 1).
Because previous studies have shown that the activity of

neutral, bile salt-dependent CEH activity in rat liver can be
completely inhibited by addition of specific IgG prepared
against rat pancreatic CEH (8), it was of interest to determine
whether the CEH activity expressed in Xenopus oocytes is
also inhibited by this antibody. Increasing amounts of rabbit
anti-rat pancreatic CEH IgG or equivalent amounts of non-
immune IgG were incubated at 4°C for 16-17 hr with the
supernatant of the mRNA-injected oocyte homogenate, and
then CEH activity was measured. As illustrated in Fig. 4, the
expressed CEH activity was inhibited in a dose-dependent
manner by anti-pancreatic CEH IgG but was unaffected by
nonimmune IgG. As little as 0.1 ,g of the specific anti-
pancreatic CEH IgG inhibited the activity by >40%, and 5 ,ug
produced >90%o inhibition.

Pancreatic neutral CEH has been reported to behave
differently against some specific inhibitors when the enzyme
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FIG. 3. CEH activity as a function of the amount of Xenopus
oocyte equivalent (A) and incubation time (B). All incubations
contained 10 mM sodium cholate; other conditions were as described
in Fig. 1. Each point represents the mean of two determinations.

is first treated with trihydroxy bile salts; therefore, some
further characteristics of the expressed CEH were investi-
gated in oocyte supernatants. For example, taurocholate has
been shown to increase the sensitivity of pancreatic neutral
CEH enzyme to phenylmethylsulfonyl fluoride (PMSF), an
inhibitor ofenzymes requiring free serine hydroxyl groups for
activity (15). When oocyte supernatants were incubated with
PMSF prior to addition of cholate and incubation with
cholesteryl oleate substrate, 1 and 2 mM PMSF caused 25%
and 66% inhibition of CEH activity, respectively. However,
when cholate was added to the supernatants prior to incu-
bation with the same concentrations of PMSF, CEH activity
was inhibited by 65 and 91%, respectively. It has also been
reported that cholate can protect pancreatic CEH against
inactivation by p-chloromercuribenzoate, an inhibitor of en-
zymes requiring free sulfhydryl group for activity (16). In
contrast to the observations with pancreatic CEH, addition of
p-chloromercuribenzoate at concentrations up to 5 mM did
not significantly inhibit the CEH activity, whether or not
cholate was present in the preincubation.

DISCUSSION
Xenopus oocytes injected with mRNA from rat liver ex-
pressed a catalytically active bile salt-dependent CEH with
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FIG. 2. Dependence on pH of CEH activity expressed in Xeno-
PUS oocytes. All incubations included 10 mM sodium cholate.
Supernatants were from oocytes injected with mRNA (m) or water
(o). Buffers used included sodium acetate for pH 4 and 5, Tris
maleate for pH values between 6 and 8.5, and glycine adjusted to the
desired pH with NaOH for pH 9 and 10. Other conditions were as
described in Fig. 1.
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FIG. 4. Inhibition ofrat liver CEH activity in Xenopus oocytes by
immune IgG to rat pancreatic CEH. A fixed amount of the oocyte
supernatant fraction (about 18 CEH activity units) was incubated
with various amounts of rabbit anti-rat pancreatic CEH IgG (U) or
normal rabbit IgG (o). Points represent the mean of two determina-
tions.
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many of the properties of a neutral CEH activity, requiring
millimolar concentrations of bile salts (hereafter referred to
simply as CEH) that has been described in a variety of rat
tissues, especially the pancreas, liver, and intestine (17, 18).
The expressed CEH in oocyte supernatants had a broad pH
optimum centered at pH 7 and a requirement for cholate, a
trihydroxy bile salt, at millimolar concentrations for maximal
activity. Dihydroxy bile salts, including deoxycholate and its
conjugates, had no stimulatory effects on the expressed CEH
activity, similar to results with CEH from rat liver homoge-
nates and pancreas (7, 16, 19), despite the fact that these bile
salts are as effective as the trihydroxy species in solubilizing
cholesteryl oleate. That cholate may serve another purpose
in addition to the solubilization of substrate is suggested by
its augmentation of the inhibition of the expressed CEH and
pancreatic CEH activities by PMSF (15). This inhibition also
implies that the expressed enzyme requires serine for cata-
lytic activity. The lack of inhibition by p-chloromercuriben-
zoate, however, suggests that sulfhydryl groups are not
required for the expressed CEH activity, in contrast with
what has been reported for pancreatic CEH (16).
The expressed CEH activity was inhibited by monospecific

anti-rat pancreatic CEH antibodies, similar to the results we
have reported previously for CEH in liver homogenates (8).
This does not necessarily imply identity of the expressed
enzyme with the pancreatic CEH, since it has been reported
that this antibody, in immunodiffusion assays, reacts with
pancreatic and intestinal homogenates but not with liver
homogenates (20). Thus, the particular environment of the
enzyme may affect its reaction with the antibody. Definitive
studies that could determine the relationship of liver CEH to
CEH activities of other organs will be discussed below.
Based on various lines of evidence, it is currently thought

that intestinal CEH is derived from pancreatic secretions
(20-22). It has been proposed that the hepatic enzyme could
also be derived from pancreatic secretions absorbed in the
intestine since (i) CEH that is immunoreactive with antibod-
ies to pancreatic CEH is found in intestinal cells and lymph
(20), (ii) CEH activity is present in plasma (8), and (iii)
specific binding of purified pancreatic CEH to liver cells has
been observed (Linda L. Gallo, personal communication).
Our results clearly demonstrate, however, that the liver
contains an mRNA that encodes an enzyme with CEH
activity and with many of the key properties reported for the
CEH activity in both liver homogenates and pancreatic
secretions. Not only may the intestinal route not be needed
to explain the source of the liver enzyme, but, in fact, the
intestinal CEH could be derived from both the liver and
pancreas, because bile contains CEH activity (8) and bile and
pancreatic secretions are delivered to the duodenum through
the ampulla of Vater.
We and others have previously noted (7, 8) a marked

quantitative variability in CEH activity in liver homogenates
of both inbred and outbred strains of rats. Because we
obtained relatively uniform levels of expressed CEH activity
in oocytes, in spite of using three separate preparations of
mRNA, we suggest that the source of variability in liver may
be related to posttranslational events. Once cDNA probes are
available for liver CEH, definitive experiments to correlate
mRNA levels with enzyme activity in rat livers could be
performed. Additionally, the cloning of the cDNAs for he-
patic CEH and pancreatic CEH would facilitate determina-
tion of the exact relationship between the enzymes in these
tissues.
Our results suggest that, for rat liver CEH, the oocyte

expression system could be used to isolate the specific

mRNA encoding the CEH activity in a manner similar to
what has been done for a number ofmembrane receptors and
channels (see ref. 23 for a recent example). Given the
reported instability of liver CEH during purification proce-
dures (7), the possibility of deriving its amino acid sequence
by this strategy is particularly attractive.

In conclusion, we have shown that Xenopus oocytes
injected with rat livermRNA express an enzyme activity with
remarkably similar properties to those described for liver
CEH. These results imply that the liver itself is capable of
synthesizing CEH and, hence, that uptake of pancreatic
enzyme need not be invoked as the source of the liver
enzyme.
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