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Abstract: 1,3,5-Tri-N-alkylcarbamylphloroglucinols (1-4) are synthesized as conformationally
constrained analogs of triacylglycerols (TGs) to probe Jenck’s proximity effect in the cholesterol
esterase inhibition. For the cholesterol esterase inhibition, inhibitors 1-4 are 220-760-fold more
potent than 1,2,3-tri-N-alkylcarbamylglycerols (13-15) that are substrate analogs of TG.
Comparison of tridentate inhibitors 1-4, bidentate inhibitors 3,5-di-N-n-alkylcarbamyloxyphenols
(5-8) and monodentate inhibitors 5-N-n-alkylcarbamyloxyresorcinols (9-12) indicates that inhibitory
potencies are as followed: tridentate inhibitor > bidentate inhibitor > monodentate inhibitor. The
log k; and pK; values of tridentate inhibitors, bidentate inhibitors, and monodentate inhibitors are
linearly correlated with the alkyl chain length indicating a common mechanism in each inhibition.
Also, positive slopes of these correlations indicate that the longer chain inhibitors bind more
tightly to the enzyme than the shorter ones. Molecular dockings of tridentate 1, bidentate 5, and
monodentate 9 into the X-ray crystal structure of cholesterol esterase suggest that one carbamyl
group in the cis form of the inhibitor binds to the acyl chain-binding site of the enzyme. The
second carbamyl groups in the trans forms of inhibitors 1 and 5 bind to the second acyl chain-
binding site of the enzyme. The third carbamyl group in the trans form of inhibitor 1 binds to the
third acyl chain-binding site of the enzyme. Moreover, the configuration of the inhibitor in the
enzyme-inhibitor complex is the (1,3,5)-(cis, trans, trans)-tricarbamate form that mimics the
(+gauche, —gauche)-conformation of TG.
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Introduction

Cholesterol esterase (CEase, EC 3.1.1.13) also
known as bile salt-activated lipase, carboxyl ester
lipase, lysophospholipase, and nonspecific lipase, is
responsible for the hydrolysis of dietary cholesterol
esters, fat soluble vitamin esters, phosphatidylcho-
lines, and triacylglycerols (TGs).'™ Like other o/p
hydrolases, CEase possesses a catalytic triad,
Ser194-His435-Asp320, that serves as a nucleo-
philic and general acid-base catalytic entity.’®

CEase has also been demonstrated that it is
involved directly in lipoprotein metabolism, in that
the enzyme catalyzes the conversion of large low-
density lipoprotein (LDL) to smaller, denser, more
cholesterol ester-rich lipoproteins and that the
enzyme may regulate serum cholesterol levels.*
Therefore, the ability of CEase to convert large LDL
to smaller LDL subspecies, and the relationship
between plasma CEase and LDL levels, suggest that
high-plasma CEase levels may constitute a potential
risk factor for atherosclerosis. Thus, CEase inhibi-
tors may be suitable for the treatment of combined
lipoprotein disorders characterized by elevation of
cholesterol. 1%

In the presence of substrate, carbamates serve
as the pseudo or alternate substrates inhibitors of
CEase (Fig. 1)."2?! The mechanism for CEase-cata-
lyzed hydrolysis of substrate involves the formation
of the noncovalent enzyme-substrate Michaelis com-
plex, followed by nucleophilic attack of the active
site serine on the substrate, which leads to the acyl
enzyme intermediate; hydrolysis of the acylenzyme
completes the catalytic cycle.

The first step for this pseudo-substrate inhibi-
tion is reversible formation of the noncovalent
enzyme-inhibitor complex, with inhibition constant
K;. Subsequent attack of serine residue of the
enzyme on the carbamate carbonyl carbon of the
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Figure 1. Kinetic scheme for the pseudo-substrate
inhibition of inhibitors in the presence of substrate. E,
enzyme (CEase); S, substrate (PNPB); ES, acylenzyme
intermediate; |, inhibitors 1-17; El, enzyme-inhibitor
tetrahedral intermediate; EI’, carbamyl enzyme intermediate;
P, the product from substrate reaction (4-nitrophenol); P/,
the product from pseudo substrate reaction (alcohols); Q,
the second product (carbamic acids).
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Figure 2. Superimposition of tridentate inhibitor 1,3,5-tri-N-
n-octylcarbamyl-phloroglucinol (1), cholesterol ester, and
TG into the active sites of CEase that contains the catalytic
triad, an oxyanion hole, ACS, SACS, TACS, and LGS based
on the X-ray crystal structures.>® One of octylcarbamate
moiety of inhibitor 1, the acyl chain of cholesterol ester, and
the sn-1 or sn-3 acyl chain of TG are orientated to fit into
ACS of the enzyme. The carbonyl oxygen atoms of these
ACS-bound acyl or carbamyl groups of substrates or
inhibitor are orientated to fit into the oxyanion hole of the
enzyme, and the carbonyl carbon atoms of those are in the
correct position for the attack by the Ser 194 of the
enzyme. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

inhibitor forms the carbamylenzyme, with rate con-
stant ky. The carbamate group of the inhibitor must
bind to the acyl group-binding site of the active
site,>® which is located deeply inside the enzyme.
The third step is decarbamylation, governed by k5.
Although different bile salt-activation mecha-
nisms were proposed, the active site of CEase from
two different X-ray crystal structures was similar
to that of lipases (Fig. 2).>® Because TGs are also
substrates of CEase, the active sites of CEase also
contain three acyl group-binding sites like all other
lipases (Fig. 2).1>22 The active site of CEase may
contain the following six binding sites. (i) The cata-
lytic triad comprises Ser194-His435-Asp320, which
is located at the bottom of the gorge.®® (ii) The oxy-
anion hole, Glyl107, Alal08, and Alal95, is also
located at the bottom of the gorge and at the oppo-
site direction of the catalytic triad and stabilizes
the tetrahedral intermediate. (iii) The first acyl
chain-binding site (ACS) is deeply buried in the
enzyme and binds the acyl group of cholesterol
ester®® or the sn-1 (or sn-3) acyl chain of TGs.'® (iv)
The leaving group-binding site (LGS) is located
extending from the entrance (mouth) to the bottom
of the active site gorge that may bind to the choles-
terol moiety of cholesterol ester. (v) The second acyl
chain-binding site (SACS) is located at the top of
oxyanion hole and is about 90° to LGS and may
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Figure 3. Five stable conformations for the glycerol backbone of TG.

bind the sn-2 acyl chain of TGs.'® (vi) The third
acyl chain-binding site (TACS) is located at the op-
posite direction of SACS, is also about 90° to LGS,
and may bind the sn-3 (or sn-1) acyl chain of TGs.
Among five conformers for the glycerol back-
bones of TGs (Figs. 3 and 4), CEase may stereospe-
cifically bind few of them. Therefore, the substrate
analogs with constrained conformations®*~32 should
increase the reactivity according to William Jencks’
proximity effect.?33* We then synthesized 1,3,5-tri-
N-alkylcarbamylphloroglucinols (1-4) (Fig. 5) as con-
formationally constrained glycerol backbone analogs
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of TGs that might tightly and simultaneously bind
to ACS, SACS, and TACS of CEase and completely
block all entrances of the enzyme. For comparison,
we also synthesized analogs of TGs, 1,3,5-tri-N-sub-
stituted carbamylglycerols (13-17) (Fig. 5) that
might freely rotate around their glycerol backbones,
adapt many stable conformations (Fig. 4), and
should have less inhibitory potency for CEase than
inhibitors 1-4.

Quantitative structure activity relationship
(QSAR) or linear-free energy relationship plays an
important role in the development of a new drug

Constrained Inhibitors of Cholesterol Esterase
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Figure 4. Five stable conformations for the glycerol backbone of 1,2,3-tridecanoylglycerol and structure of tridentate inhibitor
1. The structure of tridentate inhibitor 1 mimics (+g, —g)-form. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

and in the elucidation of a reaction mechanism.3%38

The relationships between variations of the alkyl
group chain lengths or the substituent and the loga-
rithmic values of inhibition constants of tridentate
inhibitors 1-4, bidentate inhibitors 5-8, monoden-
tate inhibitors 9-12, and inhibitors 13-17 for CEase
were also studied in this work in order to explore
the reaction mechanism of CEase in more detail.

Lin et al.

Results

Synthesis of 1,3,5-tri-N-n-
alkylcarbamyiphloroglucinols (1-4), 3,5-di-
N-n-alkylcarbamyloxyphenols (5-8), and
5-N-n-alkylcarbamyloxyresorcinols (9-12)

1,3,5-Tri-N-n-alkylcarbamylphloroglucocinols (1-4),
3,5-di-N-n-alkylcarbamyloxyphenols (5-8), and
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Figure 5. Chemical structures of inhibitors 1-17.

5-N-n-alkylcarbamyloxyresorcinols (9-12; Fig. 5)
were synthesized from one-pot reaction of 1,3,5-ben-
zene-triol with Eq. (2) of the corresponding n-alkyli-
socyanate and Eq. (2) of triethylamine in tetrahydro-
furan at 25°C for 5 h. Three products were easily
separated by liquid chromatography. Under this
optimal condition, the product ratio for tridentate
inhibitors 1-4: bidentate inhibitors 5-8: monoden-

Table I. Pseudo-Substrate Inhibition of CEase by
1,3,5-Tri-N-Alkylcarbamyl-Phloroglucinols (1-12)

Inhibitors k2 (10 %s™") K (aM) ki (10° M s )?
1 2.2+ 0.1 10 + 2 220 + 40
2 3.4 +0.3 25+ 6 140 + 30
3 227+007 14 +2 160 *+ 20
4 219 +0.02  11+3 200 * 60
5 1.8+01 20 * 4 90 * 20
6 146 + 006  22*5 70 * 20
7 139+ 005  10*2 140 = 30
8 149+ 007  12+2 120 + 20
9 100+ 002  20*4 50 + 10
10 1.01+006  23+7 40 * 10
11 111 *+ 0.05 9+2 120 + 30
12 089 002 122 70 + 10

tate inhibitors 9-12 was about 2:1:1.5. When Eq. (3)
of n-alkylisocyanate and Eq. (3) of triethylamine
were used, the reactions yielded mainly tridentate
inhibitors 1-4. When Eq. (1) of n-alkylisocyanate
and Eq. (1) of triethylamine were used, the reaction
yield is too low.

1-17 were potent inhibitors of cholesterol
esterase

In the presence of substrate, carbamates serve as
the pseudo or alternate substrates inhibitors of
CEase.'>!® Similarly, inhibitors 1-17 were charac-
terized as potent inhibitors of CEase (Tables I

Table II. Pseudo-Substrate Inhibition of CEase by
1,3,5-Tri-N-Substituted Carbamylglycerols (13-17)

Inhibitors o* ke (107 *shH K (M) kM lshH?
13 —0.13 14 =0.1° 0.14 =0.01 1000 = 100
14 —0.15 15*01 0.72*0.04 210+ 20
15 —0.13 14*+01 0.39*0.01 360 * 20
16 022 28=0.2 190=*0.06 150 = 10
17 06 37=x02 22+ 1 17+ 1

? The k; values were calculated from ko/K; and uncertainty
in k; values = {(uncertainty of ko) + (uncertainty of K)%\2,
b Data followed by = signs were standard deviations
obtained from least-squares curve fittings with n (number
of separate experiments) > 9.
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2 The k; values were calculated from ko/K; and uncertainty
in k; values = {(uncertainty of ko)? + (uncertainty of K)%V2,
P Data followed by =+ signs were standard deviations
obtained from least-squares curve fittings with n (number
of separate experiments) > 9.
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Figure 6. Nonlinear least-squares curve fittings of kqpp
versus inhibitor concentration ([I]) plots against Eq. (2) for
the pseudo-substrate inhibition'22" of CEase by (A) 1,3,5-
tri-N-n-octylcarbamylphloroglucinol (1), (B) 3,5-di-N-n-
hexylcarbamyl- oxyphenol (7), and (C) 5-N-n-
heptylcarbamyloxyresorcinol (10). For (A), k» = 0.0027 *+
0.0001 s~ " and K; = 15 = 3 nM (R?= 0.965). For (B), ko =
0.0016 = 0.0002 s~ and K; = 110 = 40 nM (R? = 0.913).
For C, kp = 0.0018 * 0.0002 s~ ' and K; = 60 = 20 nM
(R? = 0.926). [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

and II; Fig. 6). Thus, inhibitors 1-17 might bind to
the enzyme through the nucleophilic attack of the
catalytic serine 194 of the enzyme to one carbamyl
carbon of inhibitors 1-17. Therefore, one n-alkylcar-
bamyl moieties of inhibitors 1-17 might bind to ACS
of the enzyme (Fig. 2). Furthermore, the inhibitory

Lin et al.

potencies were as follows: tridentate inhibitors 1-4
> bidentate inhibitors 5-8 > monodentate inhibitors
9-12 (Table I). Conformationally constrained analogs
tridentate inhibitors 1-4 were 220-760-fold more
potent inhibitors than TG analogs inhibitors 13-17
(Tables I and II).

Discussion

Enhancement of inhibitory potencies by
conformationally constrained tridentate
inhibitors 1-4

Theoretically, there are at least five stable conform-
ers at the glycerol backbone of TG (Fig. 3). After
MM-2 energy minimization, the structures of these
five conformers of TG were shown in Figure 4. These
structures were all oriented for the sn-1 acyl chain
to fit into ACS and for the carbonyl oxygen of the
sn-1 acyl chain to fit into the oxyanion hole. Among
them, (+g, —g)-TG was the best form to fit into the
other parts (SACS and TACS) of the enzyme (Fig. 2).
The structure of tridentate inhibitor 1 was similar to
that of (+g, —g)-TG. On the other hand, inhibitors
13-17 mimicked TG with five convertible conform-
ers. Therefore, tridentate inhibitors 1-4 were much
more potent inhibitors than inhibitors 13-17 due to
the fact that the conformations of tridentate inhibi-
tors 1-4 were constrained (loss degree of freedom)
that might increase the inhibitory potencies due to
Jenck’s proximity effect.3334

Inhibitory potencies for varied the chain lengths
of n-alkylcarbamyl moieties of inhibitors 1-12
When different n-alkylcarbamyl substituents in tri-
dentate inhibitors 1-12 were compared, the inhibi-
tory potency increased with the chain length of the
inhibitors (Fig. 7 and Table I). The possible reason
was that the long alkyl chain inhibitor bound better
than the short one in the ACS of CEase (Fig. 2).

2504 [ tridentate
[ didentate
[ monodentate
. 2004
‘n
= 150
Lvp)
o
. 1004
~
50 4

1 2 3 4 5 6 7 8 9
Inhibitors

10 11 12

Figure 7. Comparisons of the k; values of pseudo-
substrate inhibitions of CEase by tridentate inhibitors 1-4,
bidentate inhibitors 5-8, and monodentate inhibitors 9-12.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 8. The (A) pK; and (B) log k; values versus carbamyl
carbon numbers (n) of inhibitors 1-12 for the pseudo-
substrate inhibition of CEase. In (A), linear correlations
between the pK; and n values are observed (pK; = 7.24 =
0.09 + (0.10 = 0.01)n and R = 0.979 for tridentate
inhibitors 1-4; pK; = 7.2 = 0.2 4+ (0.10 = 0.03)n and R =
0.933 for bidentate inhibitors 5-8; pK; = 7.2 = 0.2 + (0.09
+ 0.32)n and R = 0.916 for monodentate inhibitors 9-12).
In (B), linear correlations between the log k; and n values
are observed (log k; = 4.91 = 0.07 + (0.05 = 0.01)n and R
= 0.957 for tridentate inhibitors 1-4; log k; = 4.52 * 0.06 +
(0.077 = 0.009)n and R = 0.986 for bidentate inhibitors 5-
8; log ki = 4.1 = 0.2 + (0.11 = 0.03)n and R = 0.934 for
monodentate inhibitors 9-12). [Color figure can be viewed
in the online issue, which is available at
wileyonlinelibrary.com.]

QSAR for the CEase by inhibitors 1-12

For log k; and pK; values of tridentate inhibitors 14,
bidentate inhibitors 5-8, and monodentate inhibitors
9-12, there all existed in linear relationships with
the alkyl group chain length of the carbamyl moiety
of the inhibitors (n) or the hydrophobicity constant
(m), which was defined as n/2 (Fig. 8).2%%° Thus, one
n-alkylcarbamyl group of inhibitors 1-12 might bind
to ACS of the enzyme through a common mechanism,
and the longer carbamyl groups of the inhibitors
might bind better to ACS of the enzyme.

QSAR for the CEase by inhibitors 13-17
For conformationally free analogs inhibitors 13-17,
linear correlations between pK; as well as log k; val-

1350 PROTEINSCIENCE.ORG

ues and o* were observed, and the slopes of these
two correlations were all negative (Fig. 9). The nega-
tive slope indicated that the electron-donating sub-
stituents accelerated the reaction.'® However, the K;
steps of these reactions were all approaching to neg-
ative transition states (noncolvent enzyme-inhibitor
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Figure 9. Linear correlations of the (A) pK;, (B) log k», and
(C) log k; values with the substituent constant (¢*) of 1,2,3-
tri-N-substituted carbamylglycerols (13-17) for the pseudo-
substrate inhibition of CEase. In (A), pK; = 6.1 = 0.1 - (2.4
+ 0.5)0* and R = 0.944. In (B), log k» = 3.75 *= 0.03 +
(0.57 = 0.09)c* and R = 0.974. In (C), log ki = 2.39 = 0.04
- (1.8 £ 0.1)c* and R = 0.929. [Color figure can be viewed
in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 10. Internal changes between (1,3,5)-(trans, trans, trans)- and (1,3,5)-(cis, trans, trans)-tricarbamate rotamers of

inhibitor 1.

Michaelis complexes) that should resemble negative
tetrahedral intermediates (enzyme-inhibitor tetrahe-
dral intermediates) and therefore should have a
positive p* value for the pK; — o correlation.!®
Therefore, we suggested that the pre-equilibrium
protonations of inhibitors 13-17 at the carbamate
NHs would result in positive protonated inhibitors
and a negative p* value (p* = —1.5).*! Overall, one
carbamate group of inhibitors 13-17 might bind to
ACS of CEase through a common mechanism.

The log k, values for CEase inhibition by inhibi-
tors 12-17 also linearly correlated with o* with a
positive p* value of 0.57, indicating that an electron-
withdrawing substituents accelerated the reaction,
and all inhibitors 13-17 were through a common
mechanism in the %5 step.

Conformational analysis of the carbamyl CN
bonds of inhibitor 1 by quantum chemistry
Conformational analysis of the carbamyl CN bonds
of inhibitor 1 by quantum chemical semiempirical
method?? suggested that the most two stable

Lin et al.

rotamers were (1,3,5)-(trans, trans, trans)- and
(1,3,5)-(cis, trans, trans)-tri-carbamate forms (Fig.
10). The energy barrier between these two rotamers
was calculated to be 41 kJ/mol by variations of both
bond angles and bond lengths from semiempirical
method of GAUSSIAN 03.*2 This value was rela-
tively small; therefore, these two rotamers were eas-
ily convertible to each other at room temperature.*®

Docking of inhibitors 1, 5, and 9 into the X-ray
crystal structure of CEase

Molecular docking of inhibitors 1, 5, and 9 with the
mode of free rotation around the carbamayl partial
CN double bond of the inhibitor into the X-ray crys-
tal structure of CEase® indicated that the configura-
tions of the inhibitors in ACS of the enzyme-inhibi-
tor complexes were all in the cis-carbamate forms
(Figs. 11 and 12). Therefore, it could be predicted
that the configurations of the alkylcarbamyl moieties
of the inhibitors 1-12 in ACSs of the enzyme-inhibi-
tor complexes were all in the cis forms.

PROTEIN SCIENCE ‘ VOL 21:1344-1357 1351



Figure 11. Molecular docking of tridentate inhibitor 1, with
the mode of free rotation around the carbamyl CN partial
double bond, into the active sites of X-ray crystal structure
of CEase®: (A) the active site view and (B) the view from the
entrance (mouth) of the enzyme. The configuration of the
inhibitor after docked is the (1,3,5)-(cis, trans, trans)-
tricarbamate form. The carbamyl carbonyl carbon atom of
the inhibitor is close to S194 of the catalytic triad, and the
carbamyl ester oxygen atom of the inhibitor is closed to
H435 of the catalytic triad. The cis octylcarbamyl moiety of
the inhibitor binds to ACS of the enzyme. The other two
octylcarbamyl groups of the inhibitor, in the trans forms,
bind to SACS and TACS of the enzyme. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

The other n-octylcarbamyl group of inhibitor 5
might bind to SACS of the enzyme (Fig. 12). Three
carbamyl groups of tridentate inhibitor 1 might bind
simultaneously to ACS, SACS, and TACS of the
enzyme (Fig. 11). Therefore, tridentate inhibitor 1
might bind to the catalytic triad, oxyanion hole,
ACS, SACS, and TACS of CEase and seemed to
block completely all possible entrances of the
enzyme (Fig. 11). On the other hand, inhibitors 5
and 9 might not completely block all entrances of
the enzyme (Fig. 12); therefore, inhibitory potencies
were as followed: tridentate inhibitor 1 > bidentate
inhibitor 5 > monodentate inhibitor 9.

Conclusion

Tridentate inhibitors 1-4 acted as conformationally
constrained analogs of TG and were 200-760-fold
more potent inhibitors of CEase than inhibitors 13-
17 that were not conformationally restricted at the
glycerol backbone. It could therefore be concluded
that Jenck’s proximity effect played an important
role in the CEase inhibition reaction.
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Materials and Methods

Materials

Porcine pancreatic CEase (lyophilized powder, activ-
ity > 15,000 U/g), substrate p-nitrophenyl butyrate
(PNPB), detergent triton-X 100 (TX), 1,3,5-benzene-
triol, n-butyl isocyanate, n-hexyl isocyanate, n-hep-
tyl isocyanate, n-octyl isocyanate, phenyl isocyanate,
benzyl isocyanate, triethylamine, CDCl;, tetrame-
thylsilane, glycerol, and pyridine were purchased
from Sigma-Aldrich, St. Louis, USA. Silica gel and
TLC plate were obtained from Merck, Darmstadt,
Germany. Hexane, CH3Cl,, ethyl acetate, and tetra-
hydrofuran were obtained from TEDIA, Fairfield,
USA. Sodium dihydrogen phosphate (NaHjy
PO4:2H,0), disodium hydrogen phosphate (NayH-
PO4:12H50), hydrogen chloride (HCI), sodium hy-
droxide (NaOH), potassium hydroxide (KOH),
calcium chloride (CaCly), and sodium chloride (NaCl)
were purchased from UCW, Taipei, Taiwan. All
chemicals and biochemicals were reagent grades (pu-
rity >99.9%) and were used directly without further
purification.

Synthesis of inhibitors 1-17
1,3,5-Tri-N-alkylcarbamylphloroglucinols (1-4), 3,5-
(5-8),

di-N-alkylcarbamyl-oxyphenols and 5-N-

Figure 12. Superimpositions of structures of tridentate 1
(yellow), bidentate 5 (turquoise), and monodentate 9
(mangenta) that have been automatically docked into the X-
ray crystal of CEase 1AQL® by AutoDock program.*'+44-46
View from the active site (A) and from the entrance (mouth)
(B) of the enzyme. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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alkylcarbamyloxyresorcinols (9-12; Fig. 2) were syn-
thesized from the condensation of phloroglucinol
with Eq. (2) of the corresponding n-alkylisocyanate
and Eq. (2) of triethylamine in tetrahydrofuran at
25°C for 5 h. For example, condensation of phloro-
glucinol with Eq. (2) of octylisocyanate and Eq. (2) of
triethylamine in tetrahydrofuran at 25°C for 5 h
yielded 1,3,5-tri-N-n-octyl-carbamylphloroglucinol (1)
(26%), 3,5-di-N-n-octylcarbamyloxyphenol (5) (12%),
and 5-N-n-octylcarbamyloxyresorcinol (9; 19%)
These three products were separated and purified by
liquid chromatography (silica gel, hexane-ethyl ace-
tate gradient) and characterized by 'H-, 3C-NMR,
and high-resolution mass spectra. 1,2,3-Tri-N-n-
octylcarbamylglycerol (13), 1,2,3-tri-N-n-hexylcarba-
mylglycerol (14), 1,2,3-tri-N-n-butylcarbamylglycerol
(15), 1,2,3-tri-N-benzylcarbamylglycerol (16), and
1,2,3-tri-N-phenylcarbamylglycerol (17; Fig. 5) were
synthesized from the condensation of glycerol with
Eq. (4) of the corresponding isocyanate in pyridine
at 25°C for 24 h (60-80% yield). These products
were separated and purified by liquid chromatogra-
phy (silica gel, hexane-ethyl acetate gradient) and
characterized by 'H, 3C-NMR, and high-resolution
mass spectra.

1,3,5-Tri-N-n-octylcarbamylphloroglucinol (1). 'H-
NMR (CDCl3, 400 MHz) &/ppm 0.88 (t, J = 7 Hz,
9H, »-CH3), 1.28-1.35 (m, 30H, y- to o-1-CHs), 1.50
(m, 6H, B-CH,), 3.20 (dt, J = 6.4 and 13.6 Hz, 6H, o-
CH,), 5.29 (t, J = 5.6 Hz, 3H, NH), and 6.82 (s, 3H,
benzene-H); 3C-NMR (CDCl;, 100 MHz, assignment
from DEPT experiments) &/ppm 14.0 (o-CHjy), 22.5,
26.7, 29.1, 29.1, 29.6 (y- to w-1-CHy), 31.7 (B-CHy),
41.2 (a-CHy), 111.8 (C-2, C-4, and C-6 of benzene
ring), 151.4 (C-1, C-3, and C-5 of benzene ring), and
153.8 (carbamate C=0); mass spectra, exact mass:
calculated 591.4247, found 591.4242; elemental anal-
ysis: calculated for C33H57N3Og: C, 66.97; H, 9.71; N,
7.10, found C, 66.89; H, 9.80; N, 7.05.

1,3,5-Tri-N-n-heptylcarbamylphloroglucinol (2). H-
NMR (CDCls, 400 MHz) &/ppm 0.85 (t, J = 7 Hz, 9H,
®-CHj), 1.28-1.35 (m, 24H, y- to w-1-CHy), 1.47 (m,
6H, B-CH,), 3.13 (dt, J = 6.6 and 13.4 Hz, 6H, o-
CHy), 5.37 (t, J = 6 Hz, 3H, NH), and 6.77 (s, 3H,
benzene-H); 3C-NMR (CDCl;, 100 MHz) &/ppm 13.9
(0-CHsy), 22.5, 26.6, 28.8, 29.6 (y- to w-1-CHy), 31.6 (B-
CHy), 41.1 (a-CHy), 111.8 (C-2, C-4, and C-6 of ben-
zene ring), 151.3 (C-1, C-3, and C-5 of benzene ring),
and 153.6 (carbamate C=0); mass spectra, exact
mass: calculated 549.3778, found 549.3771; elemental
analysis: calculated for C3oHs;N30g: C, 65.54; H,
9.35; N, 7.64, found C, 65.50; H, 9.53; N, 7.52.

1,3,5-Tri-N-n-hexylcarbamylphloroglucinol (3). H-

NMR (CDCl;, 400 MHz) 6/ppm 0.86 (t, J = 7 Hz, 9H,
o-CHj3), 1.28-1.34 (m, 18H, y- to w-1-CHj), 1.48 (m,
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6H, B-CH,), 3.42 (dt, J = 6.6 and 13.4 Hz, 6H, o-
CH,), 5.30 (t, J = 6 Hz, 3H, NH), and 6.78 (s, 3H,
benzene-H). 3C-NMR (CDCl;, 100 MHz) &/ppm 13.9
(o-CHjy), 22.4, 26.3, 30.0 (y- to ®-1-CHy), 31.3 (B-
CHy), 41.2 (0-CH,), 111.8 (C-2, C-4, and C-6 of ben-
zene ring), 151.4 (C-1, C-3, and C-5 of benzene ring),
and 153.8 (carbamate C=O0); mass spectra, exact
mass: calculated 507.3308, found 507.3302; elemental
analysis: calculated for Co7H,5N304: C, 63.88; H,8.93;
N, 8.28, found C, 63.79; H, 9.01; N, 8.19.

1,3,5-Tri-N-n-butylcarbamylphloroglucinol (4). H-
NMR (CDCl;, 400 MHz) 6/ppm 0.90 (t, J = 7 Hz, 9H,
w-CH3), 1.28 (sextet, J = 7 Hz, 6H, y-CHy), 1.45
(quintet, J = 7 Hz, 6H, p-CH,), 3.18 (dt, J = 6.6 and
13.4 Hz, 6H, a-CHy), 5.19 (t, J = 6 Hz, 3H, NH), and
6.80 (s, 3H, benzene-H). *C-NMR (CDCls, 100 MHz)
d/ppm 13.9 (0-CHj3), 20.1 (y-CHy), 32.0 (B-CH,), 41.1
(-CHyp), 112.1 (C-2, C-4, and C-6 of benzene ring),
151.7 (C-1, C-3, and C-5 of benzene ring), and 154.1
(carbamate C=0); mass spectra, exact mass: calcu-
lated 423.2369, found 424.2364; elemental analysis:
calculated for Co1H33N304: C, 59.56; H,7.85; N, 9.92,
found C, 59.51; H, 7.90; N, 9.83.

3,5-Di-N-n-octylcarbamyloxyphenol (5). H-NMR
(CDCl3, 400 MHz) 6/ppm 0.86 (t, J = 7 Hz, 6H, o-
CH3), 1.28-1.35 (m, 20H, y- to o-1-CHjy), 1.50 (m,
4H, B-CH,), 3.18 (dt, J = 6.6 and 13.4 Hz, 4H, o-
CHy), 5.44 (t, J = 6.0 Hz, 2H, NH), 6.26-6.40 (m,
3H, benzene-H), and 6.42 (s, 1H, 1-OH). *C-NMR
(CDCl3, 100 MHz, assignment from DEPT experi-
ments) &/ppm 14.0 (0-CHjy), 22.5, 26.7, 28.9, 29.1,
29.6 (y- to -1-CHy), 31.7(B-CHy), 41.1 (0-CHy), 106.5
(C-2 and C-4 of benzene ring), 106.8 (C-6 of benzene
ring), 151.2 (C-3 and C-5 of benzene ring), 154.8 (C-
1 of benzene ring) and 157.7 (carbamate C=0);
mass spectra, exact mass: calculated 436.2937, found
436.2932; elemental analysis: calculated for
024H40N205: C, 6603, H, 923, N, 642, found C,
65.96; H, 9.57; N, 6.31.

3,5-Di-N-n-heptylcarbamyloxyphenol (6). H-NMR
(CDCl3, 400 MHz) 6/ppm 0.86 (t, J = 7 Hz, 6H, o-
CHj3), 1.28-1.34 (m, 16H, y- to w-1-CH,), 1.50 (m,
4H, B-CH,), 3.18 (dt, J = 6.6 and 13.4 Hz, 4H, o-
CH,), 5.44 (t, J = 6.0 Hz, 2H, NH), 6.22-6.24 (m,
3H, benzene-H), and 6.34 (s, 1H, 1-OH). *C-NMR
(CDCl3, 100 MHz, assignment from DEPT experi-
ments) &/ppm 14.0 (o-CHy), 22.5, 26.7, 28.9, 29.6 (y-
to w-1-CH,), 31.7 (B-CHy), 41.1 (a-CH,), 106.5 (C-2
and C-4 of benzene ring), 106.8 (C-6 of benzene
ring), 151.2 (C-3 and C-5 of benzene ring), 154.8 (C-
1 of benzene ring), and 157.7 (carbamate C=0);
mass spectra, exact mass: calculated 408.2624, found
408.2618; elemental analysis: calculated for
022H36N205: C, 6468, H, 888, N, 686, found C,
64.60; H, 9.01; N, 6.53.
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3,5-Di-N-n-hexylcarbamyloxyphenol (7). 'H-NMR
((CD3)2S0, 400 MHz) &/ppm 0.86 (t, J = 7 Hz, 6H,
®-CH3), 1.28-1.34 (m, 12H, y- to ©-1-CHy), 1.44 (m,
4H, B-CH>), 3.02 (dt, J = 7 and 13 Hz, 4H, o-CH,),
6.26-6.32 (m, 3H, benzene-H), and 7.68 (t, J = 5.6
Hz, 2H, NH), and 9.79 (s, 1H, 1-OH); *C-NMR
((CD3)2S0, 100 MHz, assignment from DEPT experi-
ments) &/ppm 14.0 (o-CHj3), 22.5, 26.7, 28.9, 29.6 (y-
to ®-1-CHy), 31.7 (B-CHy), 41.1 (a-CH,), 106.5 (C-2
and C-4 of benzene ring), 106.8 (C-6 of benzene
ring), 151.2 (C-3 and C-5 of benzene ring), 154.8 (C-
1 of benzene ring), and 157.7 (carbamate C=O0);
mass spectra, exact mass: calculated 380.2311, found
380.2306; elemental analysis: calculated for
CooH3oN05: C, 63.13; H, 8.48; N, 7.36, found C,
63.02; H, 8.62; N, 7.31.

3,5-Di-N-n-butylcarbamyloxyphenol (8). 'H-
NMR ((CD3)2SO, 400 MHz) 8/ppm 0.89 (t, J = 7 Hz,
6H, o-CHj3), 1.29 (sextet, J = 7 Hz, 4H, y-CH>), 1.44
(quintet, J = 7 Hz, 4H, p-CH>), 3.08 (dt, J = 6.6 and
13.2 Hz, 4H, a-CH,), 6.27-6.33 (m, 3H, benzene-H),
7.70 (t, J = 5.6 Hz, 3H, NH), and 9.80 (s, 1H, 1-OH);
3C.NMR ((CD3)2SO, 100 MHz) &/ppm 13.5 (o-CHsy),
19.4 (y-CHy), 31.3 (B-CHy), 40.1 (a-CHy), 105.4 (C-2
and C-6 of benzene ring), 105.8 (C-4 of benzene
ring), 152.1 (C-1 of benzene ring), 153.9 (C-3 and C-
5 of benzene ring), and 158.1 (carbamate C=0);
mass spectra, exact mass: calculated 324.1685, found
324.1680; elemental analysis: calculated for
C16H24NoO5: C, 59.24; H, 7.46; N, 8.64, found C,
59.11; H, 7.58; N, 8.37.

5-N-n-Octylcarbamyloxyresorcinol (9). H-NMR
((CD3)2S0, 400 MHz) &/ppm 0.90 (t, J = 7 Hz, 3H,
®-CH3), 1.28-1.35 (m, 10H, y- to ©-1-CHy), 1.52 (m,
2H, B-CH,), 3.21 (t, J = 6.8 Hz, 2H, a-CH>), 4.63 (s,
1H, NH), 4.90 (s, 2H, 1-OH), 6.03-6.11 (m, 3H, ben-
zene-H); *C-NMR ((CD3)»S0, 100 MHz, assignment
from DEPT experiments) &/ppm 14.4 (o-CHj), 23.6,
27.8, 30.1, 30.7, 31.8 (y- to w-1-CHsy), 32.9 (B-CHy),
42.0 (a-CHy), 100.7 (C-2 of benzene ring), 101.6 (C-4
and C-6 of benzene ring), 154.1 (C-5 of benzene
ring), and 157.2 (carbamate C=0), and 159.9 (C-3
and C-5 of benzene ring); mass spectra, exact mass:
calculated 281.1627, found 281.1622; elemental anal-
ysis: calculated for C;sH23NO4: C, 64.03; H, 8.24; N,
4.98, found C, 63.91; H, 8.37; N, 4.86.

5-N-n-Heptylcarbamyloxyresorcinol  (10). ‘H-
NMR ((CD3)2SO, 400 MHz) &/ppm 0.89 (t, J = 7 Hz,
3H, w-CHj3), 1.29-1.35 (m, 8H, y- to w-1-CH,), 1.52
(m, 2H, B-CHy), 3.20 (t, J = 6.8 Hz, 2H, o-CHy), 4.63
(s, 1H, NH), 4.89 (s, 2H, 1-OH), and 6.03-6.11 (m,
3H, benzene-H); *C-NMR ((CD3),SO, 100 MHz,
assignment from DEPT experiments) 6/ppm 14.4 (o-
CHj;), 23.6, 27.8, 30.7, 31.7 (y- to ©-1-CHy), 32.9 (B-
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CHs), 42.0 (a-CH,), 100.7 (C-2 of benzene ring),
101.6 (C-4 and C-6 of benzene ring), 154.1 (C-5 of
benzene ring), 157.2 (carbamate C=0), and 159.9
(C-3 and C-5 of benzene ring); mass spectra, exact
mass: calculated 267.164, found 267.158; elemental
analysis: calculated for C;4H,;NO4: C, 62.90; H,
7.92; N, 5.24, found C, 62.78; H, 8.02; N, 5.08.

5-N-n-Hexylcarbamyloxyresorcinol (11). ‘H-NMR
((CD3)2S0, 400 MHz) &/ppm 0.86 (t, J = 7 Hz, 3H, o-
CH3), 1.29-1.35 (m, 6H, y- to w-1-CH5), 1.43 (m, 2H,
B-CHy), 3.00 (dt, J = 5.6 and 6.8 Hz, 2H, o-CH),
5.92 (s, 2H, 4,6-benzene-H), 6.03 (s, 1H, 2-benzene-
H), 7.56 (t, J = 5.2 Hz, 1H, NH), and 9.37 (s, 2H, 1,3-
OH); ®C-NMR ((CD3),S0O, 100 MHz, assignment
from DEPT experiments) &/ppm 14.7 (o0-CHg), 22.7,
26.6, 29.9 (y- to ®-1-CHy), 31.6 (B-CHy), 41.1 (a-CHy),
99.9 (C-2 of benzene ring), 100.7 (C-4 and C-6 of ben-
zene ring), 153.3(carbamate C=0), 154.8 (C-5 of ben-
zene ring), and 159.2 (C-3 and C-5 of benzene ring);
mass spectra, exact mass: calculated 253.1314, found
253.1308; elemental analysis: calculated for
C13H19NOy4: C, 61.64; H, 7.56; N, 5.53, found C,
61.53; H, 7.64; N, 5.42.

5-N-n-Butylcarbamyloxyresorcinol (12). 'H-
NMR ((CD3)2S0O, 400 MHz) &/ppm 0.90 (t, J = 7 Hz,
3H, o-CHj3), 1.29 (sextet, J = 7 Hz, 2H, y-CHy), 1.44
(quintet, J = 7 Hz, 2H, p-CH>), 3.06 (dt, J = 6.4 and
6.8 Hz, 2H, 0-CH>), 5.93 (s, 2H, 4,6-benzene-H), 6.04
(s, 1H, 2-benzene-H), 7.57 (t, J = 5.2 Hz, 1H, NH),
and 9.36 (s, 2H, 1,3-OH); *C-NMR ((CD3),;SO, 100
MHz, assignment from DEPT experiments) &/ppm
13.551 (o-CHj3), 19.4 (y-CHy), 31.3 (B-CHy), 40.3 (o-
CHsy), 105.0 (C-2 of benzene ring), 106.0 (C-4 and C-
6 of benzene ring), 155.6 (carbamate C=0), 156.0
(C-5 of benzene ring), and 162.0 (C-3 and C-5 of ben-
zene ring); mass spectra, exact mass: calculated
225.1001, found 225.0095; elemental analysis: calcu-
lated for C{1H{5sNO4: C, 58.66; H, 6.71; N, 6.22,
found C,58.58; H, 6.90; N, 6.13.

1,2,3-Tri-N-n-octylcarbamylglycerol (13). 'H-
NMR (CDCls, 400 MHz) &/ppm 0.88 (t, J = 7 Hz,
9H, w-CHj), 1.28-1.35 (m, 30H, y- to ©-1-CH,), 1.48
(m, 6H, B-CH,), 3.14 (t, J = 7 Hz, 6H, o-CH,), 4.20
(d, J = 5.1 Hz, 4H, sn-1- and sn-3-CHs), 4.79 (m,
3H, NH), and 5.12 (m, 1H, sn-2-CH); 3C-NMR
(CDCl3, 100 MHz, assignment from DEPT experi-
ments) &/ppm 14.0 (0-CHjy), 22.6, 26.9, 29.3, 29.8,
30.2 (y- to ®-1-CHy), 31.7 (B-CHsy), 40.5 (a-CHy), 63.0
(sn-1- and sn-3-CHy), 70.2 (sn-2-CH), and 158.6 (car-
bamate C=0); mass spectra, exact mass: calculated
557.4404, found 557.4411; elemental analysis: calcu-
lated for C3oHs9N3Og: C, 64.60; H, 10.66; N, 7.53,
found C, 64.43; H, 10.81; N, 7.46.
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1,2,3-Tri-N-n-hexylcarbamylglycerol  (14). 'H-
NMR (CDClsz, 400 MHz) &/ppm 0.88 (t, J = 7 Hz,
9H, »-CH3), 1.28-1.34 (m, 18H, y- to w-1-CHy), 1.48
(m, 6H, B-CHs), 3.15 (t, J = 7 Hz, 6H, o-CH), 4.20
(d, J = 4.8 Hz, 4H, sn-1- and sn-3-CH5), 4.36 (m,
3H, NH), and 5.11 (m, 1H, sn-2-CH). '*C-NMR
(CDCl3, 100 MHz) &/ppm 13.9 (o-CHs), 22.5, 26.3,
29.7 (y- to w-1-CHs,), 31.5 (B-CHy), 40.4 (a-CHy), 63.0
(sn-1- and sn-3-CHy), 70.2 (sn-2-CH), and 158.7 (car-
bamate C=0); mass spectra, exact mass: calculated
473.3465, found 473.3453; elemental analysis: calcu-
lated for Co4H47N3O4: C, 60.86; H,10.00; N, 8.87,
found C, 60.79; H, 10.09; N, 8.77.

1,2,3-Tri-N-n-butylcarbamylglycerol (15). 'H-NMR
(CDCl3, 400 MHz) &/ppm 0.92 (t, J = 7 Hz, 9H, -
CHs3), 1.35 (sextet, J = 7 Hz, 6H, y-CH5), 1.47 (quin-
tet, J = 7 Hz, 6H, B-CHy), 3.16 (dt, J = 7 and 13 Hz,
6H, o-CH,), 4.20 (d, J = 4.8 Hz, 4H, sn-1- and sn-3-
CH,), 4.76 (m, 3H, NH), and 5.12 (m, 1H, sn-2-CH).
13C-NMR (CDCl;, 100 MHz) &/ppm 13.6 (»-CHjy),
19.997 (y-CHy), 31.9 (B-CHy), 40.7 (a-CHy), 63.0 (sn-
1- and sn-3-CH,), 70.3 (sn-2-CH), and 156.0 (carba-
mate C=O0); mass spectra, exact mass: calculated
389.2526, found 389.2521; elemental analysis: calcu-
lated for CigH35N304: C, 55.51; H, 9.06; N, 10.79,
found C, 55.42; H, 9.11; N, 10.70.

1,2,3-Tri-N-benzylcarbamylglycerol (16). ‘H-NMR
(CDCl3, 400 MHz) &/ppm 3.96 (m, 6H, CH, Ph), 4.19,
4.24 (d, J = 6 Hz, 4H, sn-1- and sn-3-CHy), 5.18 (d,
J = 5 Hz, 1H, sn-2-CH), 6.46 (t, J = 5 Hz, 3H, NH),
and 7.25-7.32 (m, C¢Hj, 15H). '*C-NMR (CDCls, 100
MHz) &/ppm 43.0 (CH3CgHjy), 65.3 (sn-1- and sn-3-
CH,), 67.0 (sn-2-CH), 126.7, 126.8, 128.3, 139.9,
141.0 (CgH5), and 158.2 (carbamate C=O0); mass
spectra, calculated 491.2056, found
491.2050; elemental analysis: calculated for
Co7Ho9N3Og: C, 65.97; H, 5.95; N, 8.55, found C,
65.83; H, 6.01; N, 8.50.

exact mass:

1,2,3-Tri-N-phenylcarbamylglycerol (17). ‘H-NMR
(CDCl3, 400 MHz) &/ppm 4.28 (m, 4H, sn-1- and sn-
3-CHy), 4.50 (m, 1H, sn-2-CH), 5.12 (m, 3H, NH),
and 7.25-7.32 (m, Cg¢Hs, 15H). C-NMR (CDCls,
100 MHz) &/ppm 62.5 (sn-1- and sn-3-CHy), 70.3 (sn-
2-CH), 118.2, 122.7, 128.9, 139.0 (CgHs), and 153.2
(carbamate C=0); mass spectra, exact mass: calcu-
lated 449.1587, found 449.1593; elemental analysis:
calculated for Cy4Hg3N3Og: C, 64.13; H, 5.16; N,
9.35, found C, 64.01; H, 5.22; N, 9.27.

Instrumental methods

All steady-state kinetic data were obtained from a
UV-vis spectrophotometer (Agilent 8453) with a cell
holder circulated with a water bath. H and 2C-
NMR spectra were recorded in CDCl; at 400 and
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100 MHz, respectively, with an internal reference
tetramethylsilane at 25°C on a Varian Gemini 400
spectrometer. Mass spectra (EI) were recorded at 71
eV in a mass spectrometer (Joel JMS-SX/SX 102A).
Elemental analyses were performed on a Heraeus
instrument.

Data reduction
Origin (version 6.0) was used for linear and nonlin-
ear least-square curve fittings. Data followed by *+
signs were standard deviations obtained from least-
squares curve fittings with n (number of separate
experiments) >9.

CEase inhibition
CEase inhibition reactions were determined as
described by Hosie et al.'?>"'* CEase-catalyzed hy-
drolysis of PNPB in the presence of a carbamate
inhibitor was followed continuously at 410 nm on
the UV-vis spectrometer. The temperature was
maintained at 25.0°C by a refrigerated circulating
water bath. All reactions were performed in so-
dium phosphate buffer (1 mL, 0.1 M, pH 7.0) con-
taining NaCl (0.1 M), CH3CN (2% by volume), de-
tergent triton-X 100 (TX; 0.5% by weight),
substrate PNPB (0.1 mM), and varying concentra-
tion of the inhibitors. Requisite volumes of stock
solution of substrate PNPB and the inhibitor in
acetonitrile were injected into reaction buffer via a
pipet. CEase was dissolved in sodium phosphate
buffer (0.1 M, pH 7.0). The reaction was followed
until 85% of substrate consumption was completed.
Inhibitors 1-17 were all characterized as the
pseudo or alternate substrate inhibitors of CEase
(Fig. 1).122¢

In the presence of a carbamate inhibitor, time
courses for hydrolysis of PNPB are biphasic, and
kapp values can be calculated as Eq. (1)."*7*

A=Ay + (Vo — vss)(1 — exp(—kappt)) /Rapp + Usst (1)

In Eq. (1), Ay, kapp, Vo, and v are the absorb-
ance at ¢t = 0, the observed first-order inhibition rate
constant, the initial velocity, and the steady-state ve-
locity, respectively.

The carbamylation stage was rapid compared to
subsequent decarbamylation (ks >> k3); thus, the
two steps are easily resolved kinetically. The appa-
rent inhibition constant (1 + [SI/K,,) K; and carba-
mylation constant (ky) were obtained from the non-
linear least-square curve fitting of the k., versus [I]
plot against Eq. (2) (Fig. 6). The inhibition constant
K; was then calculated from the apparent inhibition
constant when both [S] and K, values for the
CEase-catalyzed hydrolysis of PNPB were known
(Tables I and II). The K,, value for the CEase cata-
lyzed hydrolysis of PNPB was 100 = 20 uM obtained
from Michaelis—Menten equation. The bimolecular
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rate constant, k; = ko/K;, was related to overall in-
hibitory potency.

kapp = k2[1]/(Ki(1 + [S]/Km) + [1]) (2)

Duplicate sets of data were collected for each in-
hibitor concentration.

Molecular modeling

Molecular structures of tridentate inhibitor 1, TG,
cholesterol ester shown in Figures 1 and 4 were
depicted from the molecular structures after MM-2
energy minimization (minimum root mean square
gradient was set to be 0.01) by CS Chem 3D
(version 6.0).

Conformational analysis of inhibitor 1
Conformational analysis of inhibitor 1 was per-
formed by energy minimization of each conformer
from the semiempirical method of GAUSSIAN 03
(Fig. 10).*? Conformational analysis of TG was made
by the MM-2 energy minimization of CS Chem 3D
(version 6.0; Fig. 4).

Automated docking inhibitors into CEase

Molecular structures of (1,3,5)-(cis, trans, trans)-
and (trans, trans, trans)- tricarbamate rotamers of
inhibitor 1 were depicted from the molecular struc-
tures after MM-2 energy minimization (minimum
root mean square gradient was set to be 0.01) by CS
Chem 3D (version 6.0). Of all the entries for lipase
from RCSB protein data bank, CEase (1AQL) [6] was
taken for docking analysis. Protein-inhibitor docking
studies were performed to evaluate the algorithm and
scoring function efficiency between a standalone
AutoDock 4.241446  and  experimental activities.
Automated docking was used to locate the appropri-
ate binding orientations and conformations of various
inhibitors in the 1AQL-binding pocket. All water mol-
ecules were removed from the original Protein Data
Bank file. Polar hydrogen atoms were added, and
Kollman charge, atomic solvation parameters, and
fragmental volumes were assigned to the protein
using Auto Dock Tools. For docking calculations, Gas-
teiger partial charges were assigned to the tested
derivatives, and nonpolar hydrogen atoms were
merged. The torsions of C—O and carbamate CN par-
tial double bonds were allowed to rotate during dock-
ing. The program AutoGrid used to generate the grid
maps. Each grid was centered at the crystal structure
of the corresponding 1AQL. The grid dimensions
were 40 x 40 x 40 A® with points separated by 0.375
A. For all inhibitors, random starting positions, ran-
dom orientations, and torsions were used. The trans-
lation, quaternion, and torsion steps were taken from
default values in Auto Dock. The Lamarckian genetic
algorithm and the pseudo-Solids and Wets methods
were applied for minimization using default parame-
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ters. The standard docking protocol for rigid and flex-
ible inhibitor docking consisted of 50 independent
runs per inhibitor, using an initial population of 150
randomly placed individuals, with 2.5 x 10° energy
evaluations, a maximum number of 27,000 iterations,
a mutation rate of 0.02, a crossover rate of 0.80, and
an elitism value of 1. The probability of performing a
local search on an individual in the population was
0.06, using a maximum of 300 iterations per local
search. After docking, the 10 solutions were clustered
into groups with RMS deviations lower than 1.0 A
The clusters were ranked by the lowest energy repre-
sentative of each cluster. The interactive visualization
and analysis of molecular structures and hydrogen
bonds between protein and inhibitor were performed
by UCSF Chimera.*”
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