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Abstract

Background: Recently there has been increased interest in pancreatic cholesterol esterase due
to correlation between enzymatic activity in vivo and absorption of dietary cholesterol.
Cholesterol esterase plays a role in digestive lipid absorption in the upper intestinal tract, though
its role in cholesterol absorption in particular is controversial. Serine lipases, acetylcholinesterase,
butyrylcholinesterase, and cholesterol esterase belong to a large family of proteins called the o/f-
hydrolase fold, and they share the same catalytic machinery as serine proteases in that they have
an active site serine residue which, with a histidine and an aspartic or glutamic acid, forms a catalytic
triad. The aim of this work is to study the stereoselectivity of the acyl chain binding site of the
enzyme for four diastereomers of an inhibitor.

Results: Four diastereomers of 2'-N-o-methylbenzylcarbamyl-1, 1'-bi-2-naphthol (1) are
synthesized from the condensation of R-(+)- or S-(-)-1, I'-bi-2-naphthanol with R-(+)- or S-(-)-0-
methylbenzyl isocyanate in the presence of a catalytic amount of pyridine in CH,Cl,. The [0]%
values for (IR, oR)-1, (IR, aS)-1, (IS, aR)-1, and (IS, aS)-1 are +40, +21, -21, and -41°,
respectively. All four diastereomers of inhibitors are characterized as pseudo substrate inhibitors
of pancreatic cholesterol esterase. Values of the inhibition constant (K}), the carbamylation constant
(k,), and the bimolecular rate constant (k;) for these four diastereomeric inhibitors are investigated.
The inhibitory potencies for these four diastereomers are in the descending order of (IR, oR)-1,
(IR, aS)-1, (IS, aR)-1, and (IS, aS)-1. The k, values for these four diastereomers are about the
same. The enzyme stereoselectivity for the I, |'-bi-2-naphthyl moiety of the inhibitors (R > S, ca.
10 times) is the same as that for 2'-N-butylcarbamyl-1, [I'-bi-2-naphthol (2). The enzyme
stereoselectivity for the oi-methylbenzylcarbamyl moiety of the inhibitors is also R > S (2—3 times)
due to the constraints in the acyl binding site.

Conclusion: We are the first to report that the acyl chain binding site of cholesterol esterase
shows stereoselectivity for the four diastereomers of 1.
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Background

Recently there has been increased interest in pancreatic
cholesterol esterase (CEase, EC 3.1.1.13) due to correla-
tion between enzymatic activity in vivo and absorption of
dietary cholesterol [1,2]. Physiological substrates include
cholesteryl esters, retinyl esters, triacylglycerols, vitamin
esters, and phospholipids [3-5]. CEase plays a role in
digestive lipid absorption in the upper intestinal tract,
though its role in cholesterol absorption in particular is
controversial [1,6]. A recent report indicates that CEase is
directly involved in lipoprotein metabolism, in that the
enzyme catalyzes the conversion of large LDL to smaller,
denser, more cholesteryl ester-rich lipoproteins, and that
the enzyme may regulate serum cholesterol levels [7,8].
Serine lipases, acetylcholinesterase, butyrylcholinesterase,
and CEase belong to a large family of proteins called the
o/B-hydrolase fold [9,10], and they share the same cata-
lytic machinery as serine proteases in that they have an
active site serine residue which, with a histidine and an
aspartic or glutamic acid, forms a catalytic triad [11,12].
The conservation of this catalytic triad suggests that as well
as sharing a common mechanism for substrate hydrolysis,
that is, formation of a discrete acyl enzyme species via the
active site serine hydroxy group, serine proteases, CEase,
and lipases may well be expected to be inhibited by the
same classes of mechanism-based inhibitors such as phos-
phorothiolates [13], pyrones [14], fluoroketones [15],
boronic acids [16], and carbamates [16-29].

The crystal structure of the active site region of pancreatic
CEase [30,31] is similar to Torpedo californica acetylcho-
linesterase (AChE) [32], Candida rugosa lipase (CRL)
[33,34], Geotrichum candidum lipase (GCL) [35], and Pseu-
domonas species lipase (PSL) [36,37]. Moreover, the active
site of CEase like CRL, GCL, PSL, and acetylcholinesterase
may consist of at least five major binding sites (Figure 1)
[23,24,30,31]: (a) an acyl chain binding site (ABS) that
binds to the acyl chain of the substrate and is opened by
the removal of C-terminal 574-579 in which is bent in
shape and contains a deep, wide hole from the evacuation
of Phe579, (b) an oxyanion hole (OAH), the H-bonding
peptide NH functions of Gly107, Alal08, and Ala195,
that stabilizes the tetrahedral species, (c) an esteratic site
or the catalytic triad (ES), comprised of Ser194-His435-
Asp320, that is involved in nucleophilic attack to the sub-
strate carbonyl group and in general acid-base catalysis,
and (d) a leaving group binding site (LBS) or/and the sec-
ond alkyl chain or group binding site (SACS) that binds to
the cholesterol part of cholesterol ester or the second fatty
acid chain of triacylglycerol and is located at the opposite
direction of ABS.

Previous work has shown that CEase is stereoselectively
inhibited by the two atropisomers (or enantiomers) of 1,
1-bi-2-naphtyl carbamates due to the stereoselective bind-
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ing at LBS of the enzyme [20,22]. Doorn et al. have also
reported that CEase is stereoselectively inhibited by the
four diastereomers of isomalathion due to stereoselectiv-
ity for both ES and LBS of the enzyme [13]. The aim of this
study is to extend the stereoselectivity to the four diastere-
omers of inhibitors by adding two extra bonds between a
chiral center and (or a chiral axis of the inhibitors. In other
words, we may probe the double selectivity for both ABS
and LBS of the enzyme. Thus, four diastereomers of 2'-N-
o-methylbenzylcarbamyl-1, 1'-bi-2-naphthol (1), 2'-N-
(R)-o-methylbenzylcarbamyl-(R)-1, 1'-bi-2-naphthol
((1IR, oR)-1), 2'-N-(S)-o-methylbenzylcarbamyl-(R)-1, 1'-
bi-2-naphthol ((1R, aS)-1), 2'-N-(R)-a-methylbenzylcar-
bamyl-(S)-1, 1'-bi-2-naphthol ((1S, aR)-1), and 2'-N-(S)-
o-methylbenzylcarbamyl-(S)-1, 1'-bi-2-naphthol ((1S,
aS)-1) (Figure 2), are synthesized from condensation of
(R)- or (S)-1, 1'-bi-2-naphthol with (R)-or (S)-o-methyl-
benzyl isocyanate in the presence of pyridine in dichlo-
romethane. The stereoselectivity of CEase inhibition by
the four diastereomers of 1 is evaluated kinetically.

Most carbamate inhibitors are characterized as the pseudo
substrate inhibitors of CEase (Figure 3) [16-29] and meet
some of the criteria proposed by Abeles and Maycock
[38]. First, the inhibition is time-dependent and follows
pseudo-first-order kinetics; second, with increasing con-
centration of inhibitor the enzyme displays saturation
kinetics; third, the enzyme is protected from inhibitions
by carbamate by binding of a competitive inhibitor such
as trifluoroacetophenone (TFA). The K; step leads to the
tetrahedral intermediate and the k, step leads to the car-
bamyl enzyme intermediate. Moreover, values of K;and k,
can be calculated from Equation 1 [16-29]:

kapp = T [11/(Ki(1+ [SI/K,)+ [1]) (1)

In Equation 1, k,,, values are first-order rate constants
which can be obtained as described in Hosie et al. [17].
Bimolecular rate constant, k; = k,/K;, is related to overall
inhibitory potency.

Results

For the first time, we synthesize four optical pure diaster-
eomers of 1. (1R, aR)-1, (1R, aS)-1, (1S,aR)-1, and (18,
aS)-1 (Figure 2) are synthesized from the condensation of
R-(+)- or S-(-)-1, 1'-bi-2-naphthanol with R-(+)- or S-(-)-
o-methylbenzyl isocyanate in the presence of a catalytic
amount of pyridine in CH,Cl,. The [a]?5 ,values for (1R,
oR)-1, (1R, aS)-1, (1S,aR)-1, and (1S, aS)-1 are +40, +21,
-21, and -41°, respectively.

Like most carbamates, the four diastereomers of 1 are
characterized as the pseudo substrate inhibitors of CEase
(Figures 3 and 4) and meet some of the criteria proposed
by Abeles and Maycock [38]. When CEase is incubated
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Possible interactions for cholesteryl linoleate in the active site of CEase [30,31].

with a carbamate in the presence of TFA (2 uM), a known
competitive inhibitor of CEase [22] before the inhibition
reaction, the enzyme is protected from inhibition by car-
bamate by binding of TFA as described in Hosie et al. [17]
(Figure 4B).

The inhibition data for CEase by the four diastereomers of
1 and the two enantiomers of 2 are summarized (Table 1).
The stereochemical preference of CEase for the binaphthyl
moiety of 1 (R > S, ca. 10 times) is the same as that for 2
[20,22]. The stereoselectivity of CEase for the o-methyl-
benzyl moiety of 1 is also the R-form (2-3 times over S-
form).

Among the four diastereomers of 1, (1R, aR)-1 is the most
potent inhibitor and its overall inhibitory potency (k;) is
about the same as that of R-2 (Table 1). On the other
hand, (1S, aS)-1 is the least potent inhibitor of CEase and
its overall inhibitory potency is about 17-fold lower than
that of S-2. All k, values for the CEase inhibition by1 are
about the same (Table 1).

Discussion

According to the X-ray crystal structure, CEase-catalyzed
hydrolysis of cholesteryl linoleate has been proposed (Fig-
ure 1) [30,31]. Like most carbamates, the four diastereom-
ers of 1 are characterized as the pseudo substrate
inhibitors of CEase (Figures 3 and 4) [16-29] and meet
some of the criteria proposed by Abeles and Maycock
[38]. Therefore, the CEase inhibition by the four diastere-
omers of 1is proposed (Figure 5) [4]. In this mechanism,
the a-methylbenzylcarbamyl moiety of 1 is proposed to
bind to ABS of the enzyme, and the binaphthyl moiety of
1 is proposed to bind to LBS of the enzyme. The stereo-
chemical preference of CEase for the binaphthyl moiety of
1 (1R > 1S in Table 1) at LBS of the enzyme is therefore
identical to that of 2 (R > S) due to the fact that the nucle-
ophilic attack of the Ser194 of the enzyme to the carbonyl
group of the inhibitor sterically hinder from one of the
naphthyl group of the inhibitors (Figure 5A) [20,22].
Since 4-nitrophenyl-N-benzyl-carbamate is a very potent
pseudo substrate inhibitor of CEase [21,25,26], the ben-
zylcarbamyl moiety of the inhibitor is believed to bind
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Structures of the four diastereomers of carbamates | and the two atropisomers of 2.
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Kinetic scheme for the pseudo substrate inhibition of CEase.

tightly to ABS of the enzyme. Similarly, the o-methylben-
zylcarbamyl moiety of 1 is also believed to bind to ABS of
the enzyme. The stereochemical preference of CEase for
the a-methylbenzylcarbamyl moiety of 1 at ABS of the
enzyme is also R>S (oR > oS in Table 1). The possible rea-
son for this is the fact that one of the naphthyl group and
the a-methyl group of (1S, aS)-1 are located at the same
side of the nucleophilic attack of Ser194 when the inhibi-
tor binds to CEase and therefore these two groups of the
inhibitor sterically hinder the nucleophilic attack of
Ser194 to the inhibitor (Figure 5A). On the other hand,
(1R, oR)-1 does not have any hindrance for the nucle-
ophilic attack of Ser194 (Figure 5B) and therefore (1R,
oR)-1 is the most potent inhibitor among the four diaster-
eomers of 1 (Table 1).

The stereoselectivity of CEase at ABS of the enzyme for the
o-methylbenzyl group of 1 (R > S) (Table 1) is the same
as that of CRL at its ABS for 2-methyl-6-(2-thienyl) hex-
anate [39]. For the K; step (Figure 3), (1R, aR)-1 and (1S,
oR)-1 bind to CEase 2.5 and 3 times more tightly than
(1R, aS)-1 and (1S, aS)-1, respectively. The K; value with
regard to the chiral center at the o-position of 1 is quite
low compared to that with regard to the binaphthol chiral
axis of 1 (Table 1) [20,22] and to that with regard to the
phosphorus chiral center of isomalathion [13]. Therefore,
we propose that ABS of CEase does not show high selec-
tivity for the chiral acyl group due to a narrow and hydro-
phobic binding pocket for ABS [30,31], which selectively
and tightly binds to the benzyl phenyl moiety of the
inhibitor and results in the discrimination of stereoselec-
tivity by either the hydrogen atom or the methyl group at
the a-position of the four diastereomers of 1 (Figure 5).

(1R, oR)-1 and (1R, aS)-1 are bound to CEase 10 and 12
times more tightly than (1S, aR)-1 and (1S, aS)-1, respec-
tively (Table 1); however, R-2 is bound to CEase only 1.6
times more tightly than S-2 [20,22]. The possible reason
is that the binding of the phenyl moiety of the o-methyl-
benzylcarbamyl group of 1 to ABS (Figure 5) constrains
the binaphthol moiety of 1 to a more favorable conforma-
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A: The kg, vs. [1] plot for inhibition of the CEase-catalyzed
hydrolysis of PNPB by (IR, oR)-1. [PNPB] = 50 uM. The
solid line is a least-squares fit to Eq. (1) [17]; the parameters
of the fitare K;= 0.27 £ 0.0] uM and k, = (2.0 £ 0.2) x 103 s
I. B: % activity of CEase vs. the time period for inhibition of
the enzyme with (IR, aR)-1 (50 nM) in the absence and pres-
ence of TFA (2 uM). [PNPB] = 50 uM. All the procedures fol-
lowed those of Hosie et al. [17]. For the control experiments
(squares), CEase was incubated alone at 25.0°C for a period
of time before the inhibition reaction (CEase + PNPB + (IR,
oR)-1). For the carbamate inhibition experiments (triangles),
CEase was incubated with (IR, aR)-1 (50 nM) at 25.0°C for a
period of time before the enzyme reaction (CEase + PNPB).
For the protection experiments (circles), CEase was incu-
bated with (IR, oR)-1 (50 nM) and TFA (2 uM) at 25.0°C for
a period of time before the enzyme reaction (CEase +
PNPB).

tion to bind with LBS, on the other hand, the n-butyl car-
bamyl of 2 has lots of room to "breathe" in ABS and
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Table I: Inhibition constants for CEase-catalyzed hydrolysis of PNPB in the presence of the four diastereomers of | and the two

enantiomers of 2

Inhibitor Ki(uM) k,(10-3s°1) k(103 M-Is-1)
(IR, aR)-1 0.20 + 0.0l 20+02 1041
(IR, goS)-1 0.50 £ 0.03 20+02 40+04
(IS, gaR)-1 2001 20402 1.0£0.1

IS, gos)-1 6.0 £0.4 1.8+0.2 0.30 + 0.03

8
(R)-22 08+0.1 10+ 1 12+2
(5)-22 1.3£0.1 60+0.5 50+0.6

aTaken from references [20,22].

therefore the binaphthol moiety of2 has many conforma-
tions and results in loosely binding to LBS.

The k, values for the four diastereomers of 1 are about the
same. This means that the k, step is insensitive to the ster-
eochemistry of 1. In other words, the stereoselectivity of
CEase for (1R, aR)-1 primarily results from the K; step.
The k, values for all diastereomers ofl are lower than
those for the two atropisomers of 2 (Table 1). The possi-
ble reason is that the n-butylcarbamyl enzyme from both
atropisomers of 2 is relatively more stable than the o-
methylbenzylcarbamyl enzymes from the four diastere-
omers of 1.

Overall, we report that CEase has two stereoselective bind-
ing sites at LBS and ABS for the four diastereomers of 1.
CEase [13], Chromobacterium viscosum lipase, and Rhizopus
oryzal lipase [40] also show two stereoselective binding
sites at LBS and ES for organic phosphorus compounds.
Therefore, it is possible that CEase and lipase may contain
totally three stereoselective binding sites at ABS, ES, and
LBS for the six diastereomers of substrates or inhibitors.

Conclusion

Four diastereomers of 1 are synthesized and characterized
as the pseudo substrate inhibitors of pancreatic choles-
terol esterase. The inhibitory potencies for these four dias-
tereomeric inhibitors are in the descending order of (1R,
oR)-1, (1R, aS)-1, (1S, aR)-1, and (1S, aS)-1. The enzyme
stereospecificity toward the 1, 1'-bi-2-naphthyl moiety of
the inhibitors is the R-form and is the same as that for 2.
The enzyme stereospecificity toward the o-methylbenzyl-
carbamyl moiety of the inhibitors is also R-form. For the
first time, we observe that the acyl binding site of choles-
terol esterase shows stereospecificity for diastereomeric
inhibitors.

Methods

Materials

Porcine pancreatic CEase (ca. 70% pure since the
observed K,, value for this enzyme catalyzed hydrolysis of

PNPB is 1.4 times higher than that for the pure enzyme
[17]) and PNPB were obtained from Sigma; TFA and other
chemicals were obtained from Aldrich. Silica gel used in
liquid chromatography (Licorpre Silica 60, 200-400
mesh), medium pressure liquid chromatography column
(LiChroprep Si 60) and thin layer chromatography plates
(Kieselgel 60 F254) were obtained from Merck. An UV
lamp as well as an UV detector (Linear UV-106 or ISCO
UA-6) was used in detection. Hexane-ethyl acetate solvent
gradient was used in liquid chromatography and medium
pressure liquid chromatography. Other chemicals were of
the highest quality available commercially. Carbamates 2
were synthesized as described before [20,22].

Instrumental methods

H and !3C NMR spectra were recorded at 300 and 75.4
MHz (Varian-VXR 300 spectrometer), respectively. The 1'H
and !3C NMR chemical shifts were referred to internal
Me,Si. UV spectra were recorded on an UV-visible spectro-
photometer (Hewlett Packard 8452A or Beckman DU-
650) with a cell holder circulated with a water bath. High
resolution mass spectra were recorded at 70 eV on a Joel
JMS-SX/SX-102A mass spectrophotometer. Elemental
analyses were preformed on a Heraeus instrument.

Synthesis of four diastereomers of |

(1R, oR)-1, (1R, aS)-1, (1S, aR)-1, and (1S, aS)-1 (Figure
2) were prepared from the condensation of R-(+)- or S-(-
)-a-methylbenzyl isocyanate ([0t]2° , = +10° or-10°) with
1 equivalent of R-(+)- or S-(-)-1, 1'-bi-2-naphthol ([o]20
= +34° or -34°) in the presence of a catalytic amount of
pyridine in CH,Cl, at 25°C for 24 h (80-95 % yield). All
products were purified by liquid chromatography or
medium pressure liquid chromatography (silica gel, hex-
ane-ethyl acetate) and characterized by 'H and 13C NMR
spectra and high resolution mass spectra.

(IR, aR)-1, (1R, aS)-1, (1S, aR)-1, and (1S, aS)-1: 'H
NMR (CDCl,, 300 MHz) §/ppm 1.02 (d, ] = 6.6 Hz, 3H,
CH(Ph)CHj,), 4.48 (quintet, J = 7 Hz, 1H, CH(Ph)CHj),
527 (d, ] = 8.1 Hz, 1H, NH), 7.07-8.06 (m, 17H,
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Possible interactions between the stereoisomers of | and CEase [31,31]. (A) CEase and (IS, aS)-1. The methyl benzyl moiety
of the inhibitor binds to ABS of the enzyme. Three unfavorable repulsions (in red) from the methyl moiety and Ser194, the
naphthyl moiety and Ser 194, and the naphthyl moiety and His435 hinder the nucleophilic attack of Ser194 to the carbonyl
group of the inhibitor. (B) CEase and (IR, oR)-1. There is no unfavorable repulsion for the nucleophilic attack of Ser194 to the

carbonyl group of the inhibitor.
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aromatic H); 13C NMR (CDCl;, 75.4 MHz) §/ppm 21.88
(CH3), 50.36 (CH(Ph)CH,), 122.45, 123.51, 125.43,
125.69, 126.08, 126.48, 126.60, 127.10, 127.24, 127.91,
128.18, 128.37, 128.53, 129.40, 131.40, 133.30, 133.41,
142.98, and 147.20 (aromatic Cs), 153.91 (C = O); High
resolution mass spectra: Found: 433.1674; C,oH,;NO,
requires 433.1678. [a]?5 , = +40, +21, -21, and -41° for
(IR, aR)-1, (1R, aS)-1, (1S, aR)-1, and (1S, aS)-1, respec-
tively. The stability of these compounds is very high at -
20°C (no significant change for the optical rotation in 1
month).

Enzyme kinetics and data reduction

All kinetic data were obtained by using an UV-visible spec-
trophotometer that was interfaced to a computer. Micro-
cal Origin (version 6.0) was used for all least squares curve
fittings. The CEase inhibition was assayed as described in
Hosie et al. [17]. The temperature was maintained at
25.0°C by a refrigerated circulating water bath. All reac-
tions were performed in sodium phosphate buffer (pH
7.0) containing NaCl (0.1 M), acetonitrile (2% by vol-
ume), substrate PNPB (50 uM), triton X-100 (0.5 % by
weight) and varying concentration of inhibitors (from 0.1
to 10 uM). The K,, value for CEase-catalyzed hydrolysis of
PNPB was calculated to be 140 + 10 uM from the Michae-
lis-Menten equation. Requisite volumes of stock solution
of substrate and inhibitors in acetonitrile were injected
into reaction buffers via a pipet. CEase was dissolved in
sodium phosphate buffer (0.1 M, pH 7.0). Reactions were
initiated by injecting enzyme and monitored at 410 nm
on the UV-visible spectrometer. First-order rate constants
(the k,,, values) for inhibition of CEase were determined
as described by Hosie et al. [17] Values of K;and k, can be
obtained by the parameters of non-linear least squares
curve fittings of k,,, vs. [I] plot to Equation (1) (Figure
4A). Duplicate sets of data were collected for each inhibi-
tor concentration.

List of abbreviations used

ABS, acyl chain binding site; AChE, acetylcholinesterase,
BChE, butyrylcholinesterase; CEase, cholesterol esterase;
CRL, Candida rugosa lipase; ES, catalytic or esteratic site;
GCL, Geotrichum candidum lipase; k,,,, first-order rate con-
stants; k,, carbamylation constants; k;, bimolecular rate
constant; LHIS, leaving group hydrophilic binding site;
LBS, leaving group binding site; 2'-N-(R)-a-methylbenzyl-
carbamyl-(R)-1, 1'-bi-2-naphthol ((1R, aR)-1); 2'-N-(S)-
o-methylbenzylcartbamyl-(R)-1, 1'-bi-2-naphthol ((1R,
aS)-1); 2'-N-(R)-o-methylbenzylcarbamyl-(S)-1, 1'-bi-2-
naphthol ((1S, oR)-1); 2'-N-(S)-o-methylbenzylcar-
bamyl-(S)-1, 1'-bi-2-naphthol ((1S, aS)-1); OAH, the oxy-
anion hole; PSL, Pseudomonas species lipase; PNPB, p-
nitrophenyl butyrate; PSL, Pseudomonas species lipase;
SACS, the second acyl chain binding site; TFA,
trifluoroacetophenone.

http://www.biomedcentral.com/1471-2091/6/17

Authors' contributions

SYC carried out the enzyme kinetic studies. CYL partici-
pate in the synthesis of 4 diastereomers of carbamate
inhibitors. LYL participated in the design of some parts of
the study. GL drafted the manuscript and designed most
parts of the study. All authors read and approved the final
manuscript.

Acknowledgements
The authors thank the National Science Council of Taiwan for financial
support.

References

I. Hui DY: Molecular biology of enzymes involved with choles-
terol esterase hydrolysis in mammalian tissues. Biochim Bio-
phys Acta 1996, 1303:1-14.

2.  Lopez-Candales A, Bosner MS, Spilburg CA, Lange LG: Cholesterol
transport function of pancreatic cholesterol esterase:
directed sterol uptake and esterification in Enterocytes. Bio-
chemistry 1993, 32:12085-12089.

3. Brockerhoff H, Jensen RG: Cholesterol esterase.
Enzymes New York: Academic Press; 1974.

4. Wang C-S, Hartsuck JA: Bile salt-activated lipase. A multiple
function lipolytic enzymes. Biochim Biophys Acta 1993, 1166:1-19.

5. Quinn DM, Sutton LD, Stout JS, Calogeropoulou T, Wiemer DF:
Phospholipase A2 activity and catalytic mechanism of pan-
creatic cholesterol esterase. Phosphorus Sulfur Silicon 1990, 51/
52:43-46.

6. Howles PN, Carter CP, Hui DY: Dietary free and esterified cho-
lesterol absorption in cholesterol esterase (bile salt-stimu-
lated lipase) gene-targeted mice. Biol Chem 1996,
271:7196-7202.

7. Miura$, Chiba T, Mochizuki N, Nagura H, Nemoto K, Tomita |, Ikeda
M, Tomita T: Cholesterol-mediated changes of neutral choles-
terol esterase activity in macrophages. Mechanism for mobi-
lization of cholesterol esteryl esters in lipid droplets by HDL.
Arterioscler Thromb Vasc Biol 1997, 17:3033-3040.

8.  Brodt-Eppley |, White P, Jenkins S, Hui DY: Plasma cholesterol
esterase level is a determinant for an atherogenic lipopro-
tein profile in normolipidemic human subjects. Biochim Biophys
Acta 1995, 1272:69-72.

9.  Cygler M, Schrag D, Sussman JL, Harel M, Silman |, Gentry MK, Doc-
tor BP: Relationship between sequence conservation and
three-dimensional structure in a large family of esterases,
lipases, and related proteins. Protein Sci 1993, 2:366-382.

10. Ollis DL, Cheah E, Cygler M, Dijkstra B, Frolow F, Franken SM, Harel
M, Remington §J, Silman |, Schrag JD, Sussman JL, Vershueren KHG,
Goldman A: The o/f hydrolase fold. Protein Eng 1992, 5:197-211.

1. Svendsen A: Sequence comparison with the lipase family. In
Lipases, Their Structure Biochemistry and Application Edited by: Woolley
P, Petersen SB. Cambridge :Cambridge University Press; 1994:1-21.

12. Svendsen A: Lipase protein engineering. Biochim Biophys Acta
2000, 1543:223-238.

13. Doorn JA, Talley TT, Thompson CM, Richardson R|: Probing the
active sites of butyrylcholinesterase and cholesterol esterase
with isomalathion: conserved Stereoselective inactivation of
serine hydrolases structurally related to
acetylcholinesterase. Chem Res Toxicol 2001, 14:807-813.

14.  Deck LM, Baca ML, Salas SL, Hunsaker LA, Vander Jagt DL: 3-Alkyl-
6-chloro-2-pyrones: selective inhibitors of pancreatic choles-
terol esterase. | Med Chem 1999, 42:4250-4256.

5. Sohl ], Sutton LD, Burton DJ, Quinn DM: Haloketone transition
state analog inhibitors of cholesterol esterase. Biochim Biophys
Res Comm 1988, 151:554-560.

16. Feaster SR, Quinn DM: Mechanism-based inhibitors of mam-
malian cholesterol esterase. Methods  Enzymol 1997,
286:231-252.

17.  Hosie L, Sutton LD, Quinn DM: p-Nitrophenyl and cholesteryl-
N-alkyl carbamates as inhibitors of cholesterol esterase. |
Biol Chem 1987, 262:260-264.

18. Feaster SR, Lee K, Baker N, Hui DY, Quinn DM: Molecular recog-
nition by cholesterol esterase of active site ligands: struc-

In Lipolytic

Page 8 of 9

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8816847
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8816847
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8218286
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8218286
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8218286
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8431483
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8431483
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9409290
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9409290
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7548236
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7548236
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7548236
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8453375
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8453375
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8453375
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1409539
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11150608
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11453726
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11453726
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11453726
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10514295
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10514295
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10514295
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9309653
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9309653
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3793726
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3793726
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8988009
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8988009

BMC Biochemistry 2005, 6:17

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.
39.

ture-reactivity effects for inhibition by aryl carbamates and
subsequent carbamylenzyme turnover. Biochemistry 1996,
35:16723-16734.

Lin G, Lai C-Y: Hammett analysis of the inhibition of pancre-
atic cholesterol esterase by substituted phenyl-N-butylcar-
bamate. Tetrahedron Lett 1995, 36:6117-6120.

Lin G, Liu H-C, Tsai Y-C: Atropisomeric carbamoyl type inhib-
itors of pancreatic cholesterol esterase. Bioorg Med Chem Lett
1996, 6:43-46.

Lin G, Lai C-Y: Linear free energy relationships of the inhibi-
tion of pancreatic cholesterol esterase by 4-nitrophenyl-N-
alkylcarbamate. Tetrahedron Lett 1996, 37:193-196.

Lin G, Tsai Y-C, Liu H-C, Liao W-C, Chang C-H: Enantiomeric
inhibitors of cholesterol esterase and acetylcholinesterase.
Biochim Biophys Acta 1998, 1388:161-174.

Lin G, Shieh C-T, Tsai Y-C, Hwang C-I, Lu C-P: Structure-reactiv-
ity probes for active site shapes of cholesterol esterase by
carbamate inhibitors. Biochim Biophys Acta 1999, 1431:500-511.
Lin G, Shieh C-T, Ho H-C, Chouhwang J-Y, Lin W-Y, Lu C-P: Struc-
ture-reactivity relationships for the inhibition mechanism at
the second alkyl chain binding site of cholesterol esterase
and lipase. Biochemistry 1999, 38:9971-9981.

Lin G, Lai C-Y, Liao W-C, Kao B-H, Lu C-P: Structure-reactivity
relationships as probes for the inhibition mechanism of cho-
lesterol esterase by aryl carbamates. I. Steady-state kinetics.
J Chin Chem Soc 2000, 47:489-500.

Lin G: The Hammett-Taft cross-interactions for the inhibi-
tion mechanism of cholesterol esterase by substituted phe-
nyl-N-substituted carbamates. | Phys Org Chem 2000,
13:313-321.

Lin G, Liao W-C, Chiou S-Y: Quantitative structure-activity
relationships for the pre-steady-state inhibition of choles-
terol esterase by 4-nitrophenyl-N-substituted carbamates.
Bioorg Med Chem 2000, 8:2601-2607.

Lin G, Liu Y-C, Wu Y-G: Ortho effects and cross interaction
correlations for the mechanism of cholesterol esterase inhi-
bition by aryl carbamates. | Phys Org Chem 2004, 17:707-714.
Lin G, Lee Y-R, Liu Y-C, Wu Y-G: Ortho effects for inhibition
mechanisms of butyrylcholinesterase by o-substituted phe-
nyl N-butylcarbamates and comparison with acetylcho-
linesterase, cholesterol esterase, and lipase. Chem Res Toxicol
2005 in press.

Wang X, Wang C-S, Tang J, Dyda F, Zhang XC: The crystal struc-
ture of bovine bile salt activated lipase: insights into the bile
salt activation mechanism. Structure 1997, 5:1209-1218.

Chen JC-H, Miercke LJW, Krucinski ], Starr JR, Saenz G, Wang X,
Spilburg CA, Lange LG, Ellsworth JL, Stroud RM: Structure of
bovine pancreatic cholesterol esterase at 1.6A: novel struc-
tural features involved in lipase activation. Biochemistry 1998,
37:5107-5117.

Sussman JL, Harel M, Frolow F, Oefner C, Goldman A, Toker L, Sil-
man |: Atomic structure of acetylcholinesterase from Tor-
pedo californica: a prototypic acetylcholine-binding protein.
Science 1991, 253:872-879.

Grochulski P, Li Y, Schrag D, Bouthillier F, Bouthillier F, Smith P, Har-
rison D, Rubin B, Cygler M: Insights into interfacial activation
from an 'open’ structure of Candida rugosa lipase. | Biol Chem
1993, 268:12843-12847.

Grochulski P, Bouthillier F, Kazlauskas RJ, Serreqi AN, Schrag |D,
Ziomek E, Cygler M: Analogs of reaction intermediates identify
a unique substrate binding site in Candida rugosa lipase. Bio-
chemistry 1994, 33:3494-3500.

Schrag D, Li Y, Cygler M: 1.8A refined structure of the lipase
from Geotrichum candidum. | Mol Biol 1993, 230:575-591.
Schrag JD, Li Y, Cygler M, Lang D, Burgdorf T, Hecht H-J, Schmid R,
Schomburg D, Rydel TJ, Oliver D, Strickland LC, Dunaway M, Larson
SB, Day ], McPherson A: The Open Conformation of a Pseu-
domonas Lipase. Structure 1997, 5:187-202.

Lang DA, Mannesse MLM, De Haas GH, Verheij HM, Dijkstra BW:
Structure Basis of the Chiral Selectivity of Pseudomonas
cepacia Lipase. Eur | Biochem 1998, 254:333-340.

Abeles RH, Maycock AL: Suicide enzyme inactivators. Acc Chem
Res 1976, 9:313-319.

Berglund P, Holmquist M, Hult K: Reversed enantiopreference of
Candida rugosa lipase supports different modes of binding

40.

http://www.biomedcentral.com/1471-2091/6/17

enantiomers of a chiral acyl donor. | Mol Cat B Enzym 1998,
5:283-287.

Stadler P, Zandonella G, Haalck L, Spener F, Hermetter A, Paltauf F:
Inhibition of microbial lipases with stereoisomeric triglyc-
erol analog phosphonates. Biochim Biophys Acta 1996,
1304:229-244.

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

Publish with BioMed Central and every
scientist can read your work free of charge

"BioMed Central will be the most significant development for
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
« available free of charge to the entire biomedical community
« peer reviewed and publishedimmediately upon acceptance
« cited in PubMed and archived on PubMed Central

O BioMedcentral

« yours — you keep the copyright

Page 9 of 9

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8988009
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8988009
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9774723
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9774723
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10350625
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10350625
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10350625
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10433704
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10433704
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10433704
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11092545
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9331420
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9331420
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9331420
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9548741
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9548741
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9548741
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1678899
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8509417
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8142346
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8464065
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9032074
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9660188
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8982269
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8982269
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8982269
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Background
	Results
	Conclusion

	Background
	Results
	Table 1

	Discussion
	Conclusion
	Methods
	Materials
	Instrumental methods
	Synthesis of four diastereomers of 1
	Enzyme kinetics and data reduction

	List of abbreviations used
	Authors' contributions
	Acknowledgements
	References

