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Abstract

Potent and specific inhibitors of digestive lipases are of interest because they contribute to the understanding of the
molecular mechanism of lipase action, and they may also find medical applications. In this review, results obtained by our
group concerning the design and synthesis of 2-oxo amide triacylglycerol analogues will be discussed, and a study of their
inhibition effect on pancreatic and gastric lipases will be presented.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction Lipases are enzymes that have attracted much at-
tention for the following reasons:

Lipases are ubiquitous enzymnié$ which are found
in animals, plantg2], fungi [3] and bacterig4]. In
1958, lipases were defined in kinetic terms, based on
the “interfacial activation” phenomenon, i.e. on the
increase in the activity, which occurs when a patrtially
water-soluble substrate becomes water-insol(fB]e
The recently determined 3D structures of lipases show
ana/B hydrolase fold as well as a nucleophilic elbow
where the catalytic serine is locatfi]. Some, but not
all, lipases contain a “lid” controlling access to their
active site. However, both the “interfacial activation”
phenomenon as well as the structural features de-
scribed above are not suitable criteria for classifying
specific esterases as lipases. Thus, lipases may be

(a) They are flexible biocatalysts for the acylation or
deacylation of a wide range of unnatural substrates
[8]. They have been widely employed by organic
chemists to catalyze hydrolysis, alcoholysis, ester-
ification and transesterification of triacylglycerols
(TAGs) and analogues, thereby taking advantage
of their fatty acid specificity, regio- and stereose-
lectivity [9].

(b) In humans and higher animals, pancreatic and gas-

tric lipases are essential enzymes for efficient fat

digestion[10]. The hydrolysis of dietary TAGs by

these enzymes to monoacylglycerols and free fatty

acids is a necessary step for fat absorption by the

. ) . enterocytes.
redefined as carboxylesterases acting on long-chain
acylglycerold[7]. Designing and synthesizing potent and specific li-
pase inhibitors is of fundamental value for understand-
* Tel.: +-30-210-7274462; fax:-30-210-7274761. Iﬂg the mechanisms of Iipase action and for various
E-mail address: gkokotos@cc.uoa.gr (G. Kokotos). applications, including development of anti-obesity
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agents. In this review, we will discuss results mainly (a) They find applications as anti-obesity agents.
obtained by our group concerning the synthesis of (b) They contribute to a better understanding of the
2-oxo amide triacylglycerol analogues and the inhi- mechanisms of lipase action.
bition of human pancreatic lipase (HPL) and human (c) They help to understand the non-catalytic func-
gastric lipase (HGL) by 2-oxo amides. tions of lipases.

(d) They may find applications for the directed molec-

ular evolution of lipolytic enzymes.

2. Contribution of pancreatic and gastric lipases
into fat digestion

In industrially developed countries, the edible lipids

(e) They may find applications for the treatment of
infectious diseases.

Patkar and Bjorkling14] reviewed several families

present in the human diet are 100 to about 1509 of lipase inhibitors, while the covalent inactivation
per day, representing 30% of each individual's daily of lipases was reviewed by Verger and co-workers
caloric intake. TAGs constitute the major part (95%) of [15-17] Among the whole range of lipase inhibitors,
dietary fats. Investigations carried out on healthy vol- two families, B-lactone containing natural products
unteers without any pancreatic or gastric deficiency, and synthetic alkyl phosphonates, are of special inter-

defined the respective physiological contributions of
HPL and HGL in the overall hydrolysis of dietary TAG
[11]. It was found that during the digestion of a liquid
test meal, 66% of TAG hydrolysis was sufficient for
complete absorption and HGL and HPL hydrolyzed
18 and 48% of the TAG-acyl chains, respectively.
Tetrahydrolipstatin (THL, Orlist&) (Scheme Y
is the hydrogenated derivative of lipstatin, a natural
occurring lipase inhibitor, which was isolated from
Sreptomyces toxitrocini in 1987 [12]. THL is the
most potent inhibitor of digestive lipases reported up
to date. The3-lactone ring of THL reacts with serine

est. Apart from lipstatin and THLScheme }, some
other B-lactone natural products, such as panclicin
A-E [18], have been found to inhibit lipase action.
Alkyl phosphonates of simple or more complicated
structure (some examples are presentefidneme P
constitute the major representative class of synthetic
lipase inhibitors[17]. They have been found to irre-
versibly inactivate HPL and HGL as well as microbial
lipases. These compounds mimic the transition state
that occurs during carboxyester hydrolysis in both
their charge distribution and configuration and have
been used to solve the 3D structure of various lipases

152 of pancreatic lipase to form esters that are slowly [19].

hydrolyzed. THL decreases systematic absorption of

dietary fat, leading to a reduction in body weight and
lowering of plasma cholester@l3]. In human clini-
cal trials, Orlista® reduced the absorption of dietary
fats by 30%.

3. Lipaseinhibitors

Potent and specific lipase inhibitors are of special
interest for five reasons:

Scheme 1. Tetrahydrolipstatin.

Experimental studies of the non-catalytic func-
tions of lipoprotein lipase (LPL) require inactivated
enzyme[20]. This may be produced by blocking its
active site with specific inhibitors like THL or hex-
adecanesulfonyl fluoridi21]. The inhibition of LPL
by alkanesulfonyl fluorides and chlorides has been
recently studied22].

Directed molecular evolution is an attempt to mimic
nature by producing enzymes with altered proper-
ties (e.g. changes in catalytic properties, stability,
specificity or pH profile)[23]. The design, synthesis
and inhibition properties of novel inhibitors for di-
rected molecular evolution of lipolytic enzymes by
phage-display has been descripad]. The inhibitors
are composed of a-nitrophenyl activated phospho-
nate connected to a biotin moiety through a spacer
containing a disulfide bridge.

As has recently been demonstrated, green tea ex-
tract (AR2%) inhibits lipolysis of TAGs in gastric
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Scheme 2. Phosphonate-type lipase inhibitors.

and duodenal medium in vitf@5]. The natural prod-

intermediate. A number of reactive carbonyl groups,

ucts berberine and quercetin have been reported tosuch as fluorinated ketong34], a-keto esterd35],

inhibit Candida rugosa lipase [26]. The correlation
betweenPropionibacterium acne biotypes, lipase ac-

a-keto amided36], 1,2-diketoneg37], a-keto hete-
rocycles[38] have been successfully used in the de-

tivity and rash degree in acne patients has been stud-sign of protease inhibitors. The mechanism of action

ied [27]. Kampo formulations, coptidis rhizoma and
its alkaloids inhibited lipase activity and suppressed
the growth ofPropionibacterium acnheg28].

4. Rational design of lipase inhibitors

In lipases, the catalytic machinery consists of a triad
and an oxyanion hole, which stabilizes the transition
state[29]. Both HPL and HGL possess classic cat-
alytic triad (Ser—His—Asp) homologous to that pro-
posed for serine proteas§®0], as has been proven
by site-directed mutagene$&l] and crystallographic
data[32]. HPL contains an active site with a catalytic

of these electrophilic inhibitors most likely involves
a nucleophilic addition of the active site serine hy-
droxyl group of the enzyme to the carbonyl group of
the inhibitor, with formation of a metastable hemiac-
etal adduct which mimics the tetrahedral species in-
volved in the enzymatic cleavage of peptide bonds. In
the case of some proteases, X-fag] and'3C NMR

[40] studies have demonstrated the formation of such
enzyme-inhibitor hemiacetal adducts.

Synthetic compounds containing electrophilic car-
bonyl groups, such as fatty alkyl trifluoromethyl ke-
tones[41] and tricarbony! derivatives of arachidonic
and palmitic acid$42], have been reported to inhibit
cytosolic phospholipase 2A(cPLA2) and calcium in-

triad formed by serine 152, aspartate 176 and histidine dependent phospholipase APLA>), enzymes con-
263. The hydrolytic mechanism catalyzed by pancre- taining a Ser residue in their active g4&]. A series of

atic lipase is driven by the nucleophilic attack of serine

152, and the resulting tetrahedral intermediate is stabi-

lized by an oxyanion hole. The acyl enzyme transiently
formed is further attacked by a water molecule, thus

generating the enzyme and liberating the acyl moiety.

a-keto heterocycles have most recently been reported
as exceptionally potent inhibitors of fatty acid amide
hydrolase, the enzyme responsible for degradation of
endogenous oleamide and anandanfddg.

Taking into consideration the knowledge regarding

In the case of proteases, progress in drug design hashe mechanism of lipolysis and the structure of serine

led to the development of small synthetic inhibitors
as therapeutic agenf83]. Many inhibitors of serine

proteases consist of a substrate-like structure incorpo-

rating an activated carbonyl group at the site of the

scissile amide bond, capable of forming a covalent

protease inhibitors, we propose that a lipase inhibitor
should consist of two componentSagheme R

(a) an electrophilic group that is able to react with the
serine residue of the active site;
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Scheme 3. General structures of lipase substrates and inhibitors. )k .
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\\H
(b) a lipophilic segment that contains chemical mo- O)I\R2
tifs, necessary for both specific interactions and a

proper orientation in the enzyme binding pocket. O\"/R3
The reactive moiety may be an activated carbonyl o]
group, which is attached to groups enhancing the Substrate
electrophilicity of the carbonyl. This reactive group
must be bound to a lipophilic segment correspond-
ing to the structure of a natural substrate. A glycerol

backbone-based structure, containing two or three
alkyl or acyl chains, seems ideal for the recognition )‘\”/H\
m
NH

D%

by the enzyme. The chirality of the molecule and

N

the presence of other functionalities, which may be y 00 o]

involved in hydrogen bonding or electrostatic inter- &

actions, may enhance the affinity of the inhibitor to a O 5t 0
N

o]
\H n
o
particular lipase. NH\“)\M/ H
We chose the 2-oxo amide group as the reactive m m
functionality to replace the scissile ester group of the 0

natural lipase substrate. ldeally, in a triacylglycerol Bis-2-oxo amide triacylglycerol analogues
analogue only one 2-oxo amide functionality should
be introduced, whereas in the other two positions ester
bonds should be maintained. Such a combination of
substrate and inhibitor functions in the same molecule
complicates the interpretation of the inhibition ki- tion. To ensure the lipophilicity of these analogues,
netics. Therefore, the use of non-hydrolyzable ether compounds with long alkoxy chains were selected.
bonds seems to be unavoidable. Taking into account Furthermore, we designed bis-2-oxo amide triacyl-
the structure of TAGs, which are natural lipase sub- glycerol analogues, as shown 8theme 4The car-
strates, we designed analogues where the ester bond aboxylic ester bonds both at tlsa-1 andsn-3 positions
thesn-1 or sn-3 position of the substrate was replaced of the substrate were replaced by the 2-oxo amide
by the 2-oxo amide groupSgcheme % The two re- functionality. The ester bond at tlsa-2 position was
maining ester bonds were replaced by ether bonds in either maintained or replaced by a non-hydrolyzable
order to avoid hydrolysis at these positions. Further- ether bond. Given the preference of HPL and HGL to
more, the synthesis of 2-oxo amide at #nel or sn-3 hydrolyze ester bonds at tlsa-1 andsn-3 positions,
position of triacylglycerol analogues was designed the ester bond at then-2 position is not anticipated

in order to study the stereoselectivity of the inhibi- to undergo enzymatic hydrolysis.

Scheme 4. General structures of 2-oxo amide triacylglycerol ana-
logues.
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Scheme 5. Synthesis of a primary 2-oxo amide.
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A number of model primary andN-alkyl 2-oxo
am'qes with Sma”’ me_dlum or long chains were syn- Scheme 7. Synthesis of secondary 2-oxo amides through oxidation
thesized following various routefgl5]. 2-Oxopenta- of 2-hydroxy amides.
decanamided) was prepared from tetradecanaldehyde
(2) as illustrated inScheme 5Addition of KCN to
aldehydel afforded cyanohydri2, which was mildly using lipidic «-amino acids as starting material. Li-

hydrolyzed to 2-hydroxypentadecanami@g Oxida- pidic a-amino acids[47] are a class of compounds
tion of 3 using pyridinium dichromate (PDC) afforded combining the structural features of amino acids
primary 2-oxo amidet in high yield. with those of fatty acids. 2-Aminododecanoic acid

Commercially available 2-oxo acids can be di- (7a) and 2-aminohexadecanoic acidb}, prepared
rectly coupled with primary amines by the mixed as described in literaturg47], were deaminated
carbonic anhydride metho6] in high yield. The by treatment with NaN@ under acidic conditions
mixed anhydrides of 2-oxo acidSg,b) with isobutyl (Scheme Y. 2-Hydroxy acids8ab were coupled
chloroformate were prepared in situ and were used with various amino components using 1-(3-dimethyl-
for coupling with hexylamine, hexadecylamine and aminopropyl)-3-ethyl carbodiimide (WSCJ38] as a
cis-9-octadecenylamine to affordN-alkyl «-keto condensing agent in the presence of 1-hydroxyben-
amidesta—d (Scheme k zotriazole (HOBt). Apart from linear saturated or

However, long-chain 2-oxo acids are not com- unsaturated amines, methyl 2-aminohexadecanoate
mercially available. Thus, we developed a general was used as amino component. The lipophilic
method for the synthesis dfl-alkyl 2-oxo amides N-alkyl 2-oxo amides 10a—d were obtained by

0
o Me,CHCH,0COCI W\)\ RNH,
H —
W :
Hs N O o 0

o
5a,b
o 5 [n 6| n R
W“R a1 a| 1 CHyCHy)is
8 b |5 b| 5 CHa(CHy)s
c| 5 CHz(CHy)s
6a-d dl| 5

Scheme 6. Synthesis of secondary 2-oxo amides through the mixed anhydrides method.
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oxidation of 9a—d with either PDC or NaOCI in

the presence of catalytic amounts of 4-acetamido-

2,2,6,6-tetramethyl-1-piperidinyloxy  free radical
(AcNH-TEMPO) [49]. In most cases PDC was an
effective reagent for the oxidation and afforded the
products in good yields. However, the conversion of
products with long aliphatic chains proceeded in only

G. Kokotos/ Journal of Molecular Catalysis B: Enzymatic 22 (2003) 255-269

methanol to produce the amino alcolidl The etheri-
fication procedure took place under phase transfer
conditions. The hydroxy componed# was treated
with n-decylbromide in a biphasic system of ben-
zene/aqueous sodium hydroxide in the presence of
catalytic amount of BeNHSO, and afforded the ether
derivativel5 in satisfactory yield. The Boc group was

moderate yields. In these cases, the use of NaOClremoved using HCI/THF and the free amino com-

in the presence of AcCNH-TEMPO in a biphasic sys-

pound 16 was coupled with 2-hydroxyhexadecanoic

tem of toluene, ethyl acetate, dichloromethane and acid using WSCI/HOBt. Thex-hydroxy amidel17
agueous NaBr proved to be advantageous, giving thewas converted to the corresponding 2-oxo aniie

oxidized products in almost quantitative yields.

We have also incorporated the 2-oxo amide func-
tionality into a lipidic amino alcohol backbone, thus
ensuring the lipophilicity of the final produd60].
The lipidic amino alcoholl4, used as backbone for
the 2-oxo amide inhibitor, was synthesized starting
from p-glutamic acid, as described i8cheme 8
Dimethyl N,N-di-Boc-glutamate 1) was reduced us-
ing DIBAL under controlled condition§51] and the
resulting aldehyde was submitted to Wittig reaction
with the suitable ylide to produce the fully protected
unsaturated lipidic amino acitR. The Boc-protected
amino acid13 was converted into the correspond-
ing fluoride and reduced in sit{b2] by treatment
with sodium borohydride and dropwise addition of

i. DIBAL, Et,0, -78°C

ii. CH3(CHy)4CH,PPh*Br,
KN(TMS),, PhCH3

H, N(Boc),
Me g Me
(0} (0]
1

F
N=
i.
4 g H E
(0] ii. NaBHy , MeOH
13
H HBoc
4 ., 4N HCI/THF
— 9
15

PDC, AcOH

H)EAL”
N
4 H’c H

17

H, NHBoc
4 H

using PDC in acetic acid in good yield.

(9- and R)-3-amino-1,2-propanedioll®), which
are commercially available in optically pure form,
were used as starting materials for the preparation of
triacylglycerol analogue$s3] (Scheme 9only the
(R)-enantiomers are shown). The amino group was
protected with thetert-butoxycarbonyl (Boc) group
using ditert-butyldicarbonate (Ba®) and triethy-
lamine (EgN) [54]. Treatment of the N-protected
derivatives20 with the appropriate alkyl bromide in a
biphasic system of benzene/aqueous sodium hydrox-
ide in the presence of catalytic amount ofJBUHSOy
afforded the ether derivative®la—c in good yield.
Removal of the Boc group using HCI/THF led to
the corresponding free amino compoung®a—c

i. 4N HCITHF
H, N(Boc) . NaOH 1M, MeOH
PN Me
o) iii. Boc,O, EtzN, MeOH

CH3(CH,)oBr, NaOH 50%

BusNHSO4, CgHg

WSCI, HOBt, Et3N

CH3(CHy);3CH(OH)COOH

H,
9 — 9

Scheme 8. Synthesis of an unsaturated lipophilic 2-oxo amide.
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Scheme 9. Synthesis of 2-oxo amide triacylglycerol analogues.

and coupling with the suitable 2-hydroxy fatty acid assigned53]. The carbon atom of the 2-oxo group
using WSCI/HOBt afforded the 2-hydroxy amides was shifted at 199 ppm due to the presence of the
23a—f. The 2-hydroxy amides were oxidized to the adjacent amide function. The signal of the amide
corresponding 2-oxo amid&dla—f using either PDC  group carbon atom appeared at 160 ppm. In the case
or NaOCI/AcNH-TEMPO. In the case of 2-hydroxy of 2-hydroxy amides it appeared at 174 ppm. Fur-
amides having alkoxy chain lengths of 16 carbons, ox- thermore, analysis of th&3C NMR spectra of the
idation to the corresponding 2-oxo amides proceeded 2-hydroxy amides revealed a signal at 72 ppm, which
only in moderate yield. The use of NaOCI in the was assigned to the carbon atom of CHOH. In the se-
presence of catalytic amounts of AcNH-TEMPO, in a ries of 3-amino-1,2-propanediol derivatives prepared,
biphasic system of toluene, ethyl acetate and aqueousthree signals corresponding to the carbon atoms
NaBr, not only proved to be very effective for the of 3-amino-1,2-propanediol backbone appeared at
cases where PDC failed to afford the products in high 42—40, 77 and 7270 ppm and were assigned to the
yield, but also afforded the oxidized products in almost CH,;NH, CHO and CHO carbon atoms, respectively.
quantitative yield in all the other cases tested. In the = The enantiomeric purities oRj- and §-22b were
case of the substrates with the longer chains, the usechecked by NMR analysis of their amides witR){
of small quantities of CHCly in the solvent system  (+)-a-methoxye-trifluoromethyl-phenylacetic acid
to improve solubility was found to be advantageous. (Mosher acid)[55]. In the ®F NMR spectra of

In the 13C NMR spectra of the 2-oxo amide Mosher amides ofR)- and ©)-22b, signals at 8.82
triacylglycerol analogues, two signals correspond- and 8.78 ppm, respectively (using §FOOH as an
ing to carbon atoms of COCONH were clearly external reference) were observed. Thus, the absence
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Scheme 10. Synthesis of bis-2-oxo amide triacylglycerol analogues.

of any diastereomeric fluorine signal indicated enan-

tiomeric excess >95%.

1,3-Diaminopropan-2-ol26) was used as the start-
ing material for the preparation of bis-2-oxo amide
analogue$56] (Scheme 1)) The amino groups d?5
were protected with the Boc group, and compo@fd
was coupled with decanoic and palmitic acid using
1,3-dicyclohexylcarbodiimide (DCC) as a condensing
agent in the presence of 4-dimethylaminopyridine

(DMAP) [57] to yield compound&7a,b. The hydroxy
component26 was treated with decyl and hexadecyl
bromide and afforded the ether derivativé8a,b.
The Boc groups were removed, and the amino com-
ponents were coupled with 2-hydroxyhexadecanoic
acid using WSCI/HOBt to produce 2-hydroxy
amides 29a,b and 30a,b. Bis-2-oxo amides3la,b
and 32a,b were obtained by oxidation of 2-hydroxy
amides.
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6. Monomolecular film experiments: force/area
curves of 2-oxo amides

263

pressibility of the film and possibly phase transition,
etc. can be deduced from a force/area curve.
Among the model primary and secondary 2-0xo

The use of the monolayer technigue, which is based amides, only derivative6d and10b,c,d were proven
on a decrease in surface pressure due to the film’'s hy-to be able to form stable thin filmigl5]. Recordings

drolysis, is advantageous for the study of lipase inhibi-

of surface pressure dependency as a function of the

tion, because conventional emulsified systems do not molecular area of compound&l, 10b, 10d and 18

allow for the control of “interfacial quality[58]. The

spread over a buffered subphase at pH 8.0 are illus-

monolayer technique is applicable to those enzymatic trated inFig. 1 The large molecular area of the film

studies where the lipid film forms a stable monomolec-
ular film at the air/water interface and where the re-
action products are freely water soluble and diffuse
away rapidly into the aqueous pha&®]. To deter-

mine film stability and the interfacial properties of syn-

formed by compound8 may be attributable to the
presence of the double bond as well as that of the two
alkyl chains[50].

For compound®24a—f the molecular area depen-
dency as a function of the surface pressure of a film

thetic compounds, force/area curves at the air/water spread over a buffered subphase at pH 8.0 is shown

interface should be recorded.

Experiments were performed in the reservoir com-
partment of a “zero-order” trough. A force/area curve
was obtained after spreading a small volume of lipid
solution in a volatile solvent (chloroform) at the
air/water interface. The surface of the trough was
progressively reduced by moving a mobile barrier at

in Fig. 2 [53] The surface pressure/area curves ob-
tained for all pairs of enantiomers were identical. A
decrease in the molecular area occupied by the 2-oxo
amide compounds was observed as the alkoxy chains
increased. This decrease is very clearly illustrated in
the case of compound®id,f which contain a chain

of 13 carbon atoms in the 2-oxo amide moiety. The

a constant rate, and the surface pressure was continucollapse pressures of compounddab,c are ob-
ously recorded during compression. Unique features served at surface pressure values of 20.9, 19.2, 19.8,
such as area per molecule, collapse pressure, com-mN m~1, respectively and are in the same range as

40 T T T T T T T T T
35 R
A
30 A
A
25 a
R .
20 a
A
A
15 4. o
a
A

10

Surface Pressure (mN.m)

sl by bev s b aa b aa banralaaag

50

100 150 200

Molecular Area (A2, molecule)

Fig. 1. Force/area curves for compoungts (), 10b (A), 10d (CJ) and 18 (A). The aqueous subphase was composed of Tris—HCI
10mM, pH 8, NaCl 100mM, Ca@l21 mM and EDTA 1 mM. The continuous compression experiment was performed in the rectangular
reservoir of the “zero-order” trough.
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Fig. 2. Force/area curves for compourfds (& ), 24b (H), 24c (@), 24d (A), 24e (V) and 24f (v). The aqueous subphase was composed
of Tris—HCI 10 mM, pH 8, NaCl 100 mM, Cagl21 mM and EDTA 1 mM. The continuous compression experiment was performed in the
rectangular reservoir of the “zero-order” trough.

the collapse pressure of a trioctanoyl glycerol film. were recorded. In the case of compourde,e, a

In the case of smaller alkoxy chains, liquid expanded clear transition from the liquid expanded to liquid
films were obtained while with longer chain lengths condensed states at around surface pressures of 10
liquid condensed (or even solid) force/area curves and 18 mN !, respectively was observed.
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Fig. 3. Force/area curves for compouriis (@ ), 31b (A), 32a (@ ) and32b (A). The aqueous subphase was composed of Tris—HCI
10 mM, pH 8, NaCl 100 mM, Ca@l21 mM and EDTA 1 mM. The continuous compression experiment was performed in the rectangular
reservoir of the “zero-order” trough.
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The molecular area dependency for compounds consisting of two compartments: a reaction compart-

3la,b and 32a,b as a function of the surface pres-

ment, where mixed films of substrate and inhibitor are

sure of a film spread over a buffered subphase at pH spread, and a reservoir compartment, where only a

8.0 is shown inFig. 3 [56] As the alkoxy chains
at the sn-2 position of compoundlab and 32a,b

pure film of substrate is spread. The two compartments
are connected to each other by narrow surface chan-

increase, a decrease in the molecular area can benels. When, due to the lipolytic action of the enzyme,

observed.

7. Enzyme Kkinetics experiments. pancreatic and
gastric lipase activity on mixed films containing
2-oxo amide inhibitors

There are at least five major reasons for using lipid
monolayers as substrates for lipolytic enzyrfZ3b]:

(i) It is possible with lipid monolayers to vary and
control the “interfacial quality”, which depends
on the nature of the lipids forming the mono-
layer, the orientation and conformation of the
molecules, the molecular and charge densities,
the water structure, the viscosity, etc.

(i) It is easy to follow the course of the reaction
by monitoring one of several physicochemical
parameters characteristic of the monolayer film:
surface pressure, potential, density, etc.

(i) Using the surface barostat balance, the lipid pack-
ing of a monomolecular film of substrate can be
maintained constant during the course of hydrol-
ysis, and it is therefore possible to obtain accurate
pre-steady state kinetic measurements with min-
imal perturbation caused by increasing amounts
of reaction products.

(iv) The monolayer technique is highly sensitive and
very little lipid is needed to obtain kinetic mea-

surements. This advantage can often be decisive E%‘zziz

in the case of synthetic or rare lipids.
Inhibition of lipase activity by water-insoluble

(v)

substrates can be precisely estimated using the(g)-24d

“zero-order” trough and mixed monomolec-
ular films in the absence of any synthetic,
non-physiological detergent. The monolayer
technique is therefore suitable for modeling in
vivo situations.

The inhibition experiments were performed using
the monolayer technique. For the inhibition studies,
the method of “mixed monomolecular films” was used.
This method involves the use of a “zero-order” trough,

the surface pressure decreased, a mobile barrier was
moving over the reservoir compartment to compress
the film, thus keeping the surface pressure constant.
The inhibition studies for pancreatic lipase with
compoundslOd [45], 18 [50], 24a—f [53], 31a,b and
32a,b [56] were carried out at 10, 15 or 20 mNthde-
pending on the film stability. PPL was active and linear
kinetics were recorded at 10, 15 and 20 mNriThe
inhibitor molar fractionsysg obtained for all the 2-oxo
amides against pancreatic lipase are summarized in
Table 1 Theasg value is the inhibitor molar fraction
present in 1,2-dicaprin monolayers that causes a 50%
decrease in the enzymatic activity. Theggy values
for 10d and 18 were found to be 100+ 0.018 and
0.141 4+ 0.035, respectively. Although these values
correspond to a rather weak inhibition of pancreatic
lipase, they are comparable to theg) values recently
reported for chiral acylglycerol analogues belong-
ing to the phosphonate-type inhibitorasg values
0.13-0.20)60]. No significant differences in thesg

Table 1
Inhibition values of 2-oxo amide and bis-2-oxo amide triacylglyc-
erol analogues on pancreatic lipase with the monolayer technique

Compound Surface pressure asg Reference
(mNm-1)
10d 20 0.100+ 0.018  [45]
18 20 0.141+ 0.00¢  [50]
(9-24a 15 0.052+ 0.008  [53]
15 0.050+ 0.008*  [53]
15 0.062+ 0.008  [53]
(9-24c 10 0.046+ 0.008*  [53]
(R)-24c 10 0.070+ 0.008  [53]
15 0.056+ 0.0072  [53]
(R)-24d 15 0.053+ 0.008  [53]
(9-24e 10 0.050+ 0.0072  [53]
(R)-24e 10 0.045+ 0.004  [53]
(9)-24f 15 0.045+ 0.004  [53]
(R)-24f 15 0.044+ 0.0068  [53]
3la 15 0.076+ 0.0048  [56]
31b 15 0.173+ 0.038  [56]
32a 15 0.134+ 0.01%  [56]
32b 15 0.240+ 0.08%  [56]
appL,

bHPL.



266

Table 2

Inhibition values of 2-oxo amide and bis-2-oxo amide triacyl-
glycerol analogues on human gastric lipase with the monolayer
technique

Compound Surface pressure asg Reference
(MNm1)
(R)-24b 15 0.079+ 0.018 [53]
(9-24b 15 0.159+ 0.058 [53]
(R)-24d 15 0.056+ 0.008 [53]
(9-24d 15 0.108+ 0.032  [53]
(R)-24f 15 0.061+ 0.015 [53]
(9-24f 15 0.141+ 0.051  [53]
3la 20 0.020+ 0.004  [56]
31b 20 0.045+ 0.009 [56]
32a 20 0.109+ 0.011 [56]
32b 20 0.171+ 0.019 [56]
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(31a and 32a) carbon atoms causes approximately a
two-fold decrease of thesg values determined for
both HGL and HPL56]. HGL seems to have a strong
preference for the ester derivatives of the bis-2-oxo
amide triacylglycerol analogue3lab as compared
to the corresponding ether derivativ82a,b [56].
The ester derivative8la,b are four- to five-fold
more potent than the corresponding inhibit82a,b
containing ether bonds. This observation suggests
that the carbonyl oxygen is important for inhibition,
probably via the existence of specific interactions
with HGL. It is relevant to note that the nature of
the chemical bond at then-2 position of substrates
influences the stereoselectivity of various microbial
lipases[63], while the presence of amide or car-
bamoyl groups at thesn-1 and sn-2 positions of
inhibitors enhances the potency&éphyl ococcus hy-

values were observed when the chain length of either icus lipase inhibition byx-keto triglyceride analogues

the ether or the 2-oxo amide moieties 2fa—f was
varied. In the case of PPL, the configuration at the
sn-2 carbon did not affect thersg value. This be-

[64].
Among all the 2-oxo amide derivatives, compound
3laproved to be the most potent HGL inhibitor, caus-

haviour may be attributed to the low stereopreference ing a 50% decrease at 0.020 surface molar fractions.

of PPL [61], in agreement with the data obtained
with HPL against TAGs and triacylglycerol analogues
[61,62]

The inhibitor molar fractionsysg obtained for all
the triacylglycerol analogue®ib,d,f [53], 31a,b and
32a,b [56] against HGL are summarized ifable 2
HGL was active at 15 and 20mNTh and linear
kinetics were recorded. Contrary to the results ob-
tained with PPL for the chiral 2-oxo amid&ga—f,
in the case of HGL the three pairs of enantiomers
of 2-oxo amide triacylglycerol analogues teste®)-(
and §-24b,d.f, displayed differential inhibitory ef-
fects. The inhibition depends on the configuration at
the sn-2 carbon of the glycerol backbone. The enan-
tiomers with the R)-configuration proved to be better
(two-fold) inhibitors than the corresponding structures
with the (§-configuration[53]. Furthermore, the re-
sults obtained indicate a dependency of d3g value
upon the length of the alkoxy chain. A minimum in
the a5 value, 0056+ 0.009, for compoundR)-24d
was observed with a chain length of fourteen carbon
atoms.

As can be seen from the data obtained for bis-2-oxo
amides, the length of then-2 chain (acyloxy or
alkoxy) influences the potency of the inhibition. A
chain length decrease from 181p and 32b) to 10

Currently, the best synthetic HPL inhibitor reported
in the literature is O-hexadecylO-(p-nitrophenyl)
n-undecyl phosphonate, with amg value of 0.003
[65]. In the case of HGL, the highest inhibition was
obtained with O-undecylO-(p-nitrophenyl) n-decyl
phosphonate, which exhibits arg value of 0.008
[65]. Thus, bis-2-oxo amid&la displays an inhibitory
effect of the same order of magnitude with the most
potent synthetic HGL inhibitor. Tetrahydrolipstatin
exhibits anasg value of 0.0025 for HGL[66]; this
registered anti-obesity drug is 10-fold more potent
than 1,3-bis-2-oxo amid&la.

8. Conclusions

Our results indicate that the 2-oxo amide group is a
valuable substituent for the future design and synthesis
of powerful lipolytic enzyme inhibitors. Mono 2-oxo
amide triacylglycerol analogues displayed higher
inhibitory effects on HPL than on HGL, whereas
bis-2-oxo amide triacylglycerol analogues containing
an ester group at them-2 position are potent inhibitors
of HGL. The proposed strategy for rational design of
lipase inhibitors may also be applied to other lipolytic
enzymes. Thus, novel potent and specific inhibitors
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of lipolytic enzymes with industrial and biomedical

interest are expected to be developed in the near

future.
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