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Metabolic problems lead to numerous failures during clinical trials, and much effort is now devoted in
developing in silico models predicting metabolic stability and metabolites. Such models are well known
for cytochromes P450 and some transferases, whereas little has been done to predict the hydrolytic activ-
ity of human hydrolases. The present study was undertaken to develop a computational approach able to
predict the hydrolysis of novel esters by human carboxylesterase hCES1. The study involves both docking
analyses of known substrates to develop predictive models, and molecular dynamics (MD) simulations to
reveal the in situ behavior of substrates and products, with particular attention being paid to the influ-
ence of their ionization state. The results emphasize some crucial properties of the hCES1 catalytic cavity,
confirming that as a trend with several exceptions, hCES1 prefers substrates with relatively smaller and
somewhat polar alkyl/aryl groups and larger hydrophobic acyl moieties. The docking results underline
the usefulness of the hydrophobic interaction score proposed here, which allows a robust prediction of
hCES1 catalysis, while the MD simulations show the different behavior of substrates and products in
the enzyme cavity, suggesting in particular that basic substrates interact with the enzyme in their
unprotonated form.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

More than half of drug candidates fail during clinical trials due
to an unsuitable pharmacokinetic profile. For this reasons, the most
recent strategies in drug discovery and development give attention
to an ADMET profiling of new molecules with the clear aim to se-
lect (and develop) only drug-like compounds with an optimal
pharmacokinetic profile. Such an early pharmacokinetic analysis
requires the assessment of a maximum of useful and relevant
molecular properties that allow a reliable prediction of drug-like-
ness also for large molecular libraries.1

As a result, much research effort has been invested in develop-
ing in silico tools to predict physicochemical properties relevant to
pharmacokinetic profile, for example, aqueous solubility and lipo-
philicity. Similarly, predictive tools for metabolic stability are
clearly useful since inadequate metabolism represents one of the
most problematic failures during clinical trials. For metabolism,
however, global quantitative approaches predictive of heteroge-
neous molecular datasets are virtually impossible, given the large
arsenal of diverse and not fully investigated enzymes involved in
human xenobiotic metabolism. And indeed, most computational
ll rights reserved.
approaches in the recent literature are restricted to specific metab-
olizing enzymes.2,3

The metabolizing activity of the most relevant red-ox enzymes4

(i.e., cytochromes P450,5 monoamine oxidases,6 and alcohol dehy-
drogenases7) and those of some significant conjugating enzymes8

(e.g., UDP-glucuronosyltransferases,9 sulfotransferases,10 methyl-
transferases,11 and glutathione-S-transferases12) have been inves-
tigated in great detail by computational techniques and can be
successfully predicted by several approaches. Conversely, little
has been done to rationalize and predict in silico the hydrolyzing
activity of the human hydrolases,13 although they play key roles
in the hydrolytic metabolism of xenobiotics as well as in the acti-
vation of most prodrugs.14

Prodrug strategies15,16 allow, for example, the protection of
some critical function in active agents and yield compounds with,
for example, increased solubility, better bioavailability, or targeted
active absorption. Clearly, such prodrugs must be promptly trans-
formed into the active agent, a reaction that in most cases is one of
hydrolysis. Thus, the possibility to predict the likelihood of a pro-
drug being efficiently transformed into the corresponding active
form becomes of crucial importance when designing optimal
promoieties.

Carboxylesterases17,18 play a pivotal role in the hydrolysis of a
variety of drugs or prodrugs featuring an ester, amide or carbamate
function. Mammalian carboxylesterases (CESs) are members of the

http://dx.doi.org/10.1016/j.bmc.2009.10.052
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serine hydrolase family (also termed a/b-hydrolases).19 It has been
suggested that CES isozymes can be classified into five proteins
denominated CES1–CES5 according to their sequence homology.
The majority of CESs so far identified belongs to the CES1 or
CES2 families. CESs show ubiquitous tissue expression profiles in
many mammalian species, with the highest levels in liver
microsomes.20

The experimental structures available for CES1 showed that the
enzyme can be divided in three functional domains. The catalytic
domain contains the active site with the catalytic triad. The ab do-
main stabilizes the trimeric architecture and assists the product re-
lease. Finally, the regulatory domain (also called Z-site) influences
the trimer–hexamer equilibrium and modulates the binding site
accessibility. The substrate specificities of CES1 and CES2 are con-
sidered as significantly different. CES1 mainly hydrolyzes sub-
strates with a smaller alkyl/aryl group and a larger acyl group,
although its wide catalytic pocket also allows structurally diverse
compounds with a large alkyl/aryl moiety to be recognized. In con-
trast, the CES2 enzyme recognizes substrates with larger alkyl/aryl
groups and smaller acyl groups, and its specificity may be con-
strained by structural hindrance in the active pocket.21

This study was undertaken to develop a computational ap-
proach able to successfully predict and rationalize the hydrolytic
metabolism of novel esters by the human CES1 enzyme (hCES1,
also termed hCES1A1). Since several X-ray structures have been re-
solved for the hCES1 enzyme (as deposited in the PDB database),
our docking analyses involved a number of experimental struc-
tures suitably chosen to account for structural flexibility of the cat-
alytic site. The study was subdivided into three parts: (a) choice
and refinement of the most suitable X-ray experimental structures
of the enzyme; (b) docking analyses of known substrates to devel-
op robust predictive models also incorporating new scoring func-
tions designed to take hydrophobic interactions into account;
and (c) molecular dynamics (MD) simulations of some complexes
to verify their stability and the influence of the ionization state
of substrates and products.

2. Results

2.1. Choice of optimal CES1 structures for docking

The first step in our study was choosing the optimal hCES1
structures to be used in the docking analyses. Such simulations in-
volved more resolved structures, since, as recently reviewed by
Totrov and Abagyan,22 a collection of resolved structures bound
to a variety of ligand classes can offer an ensemble of conforma-
tions which overcomes the static nature of crystal structures and
can elucidate the structural changes that may occur upon ligand
binding. As detailed below, the available experimental structures
were compared and attention was focused on the most diverse
Table 1
Pair-wise comparison between the nine hCES1 experimental structures examined

PDB Bound ligand 1YA8 1YAH 1YAJ

1YA8 Mevastatin (P)
1YAH Ethylacetate (P) 0.01
1YAJ Benzoate (P) 0.46 0.46
1MX5 Homatropine (S) 0.29 0.29 0.55
1MX9 Naloxone (S) 0.52 0.52 0.71
2DQY Cholate (P) 0.26 0.26 0.48
2DQZ Palmitate (P) 0.32 0.32 0.44
2DR0 Taurocholate (P) 0.32 0.32 0.45
2H7C Coenzyme A (P) 0.45 0.45 0.52

Type of bound ligand: P = enzymatic product, S = substrate analogue.
The rmsd (root mean square deviation) values were computed considering the backbone a
structures which reasonably represent different conformational
states of the enzyme.

Until now, 13 experimental structures for human CES1 have
been deposited in the PDB Database. Since the enzyme in the apo
state has not been resolved yet, all published X-ray structures of
the enzyme are complexes with an inhibitor, a substrate analogue
or a product. Complexes with non-competitive inhibitors (e.g.,
tamoxifen and tacrine) were discarded since their binding sites
are distant from the catalytic site and may distort the binding cav-
ity into unphysiological conformations. Similarly, the structures of
hCES1 covalently bound to inhibitors were ignored.

Specifically, Table 1 reports the similarities between the nine
remaining experimental hCES1 structures as obtained by pair-wise
rmsd values computed for the backbone atoms only. Clearly, the
similarities between these structures are high, the main differences
concerning the binding cavity. The greatest rmsd value (as evi-
denced in bold in Table 1) is seen between the complex with benzo-
ate (PDB Id: 1YAJ), an enzymatic product resulting from the
degradation of the inhibitor benzil (diphenylethane-1,2-dione) via
a retro-aldol condensation followed by hydrolysis,23 and the com-
plex with naloxone methiodide, an opiate antagonist (PDB Id:
1MX9).24

When considering the small size of benzoate, a metabolite that
cannot markedly distort the catalytic cavity during its egress, one
can argue that the first CES1 structure should be similar to the en-
zyme in the apo state. In contrast, the complex with naloxone may
represent the holo state since the enzyme accommodates a large
substrate, meaning that its binding cavity should be large enough
to encompass any other molecule of comparable size. The rele-
vance of hCES1 in complex with naloxone is also due to the fact
that, in contrast to typical substrates, this ligand has a large al-
kyl/aryl group and a small acyl group and this may significantly
influence the architecture of the hCES1 catalytic site. As a conse-
quence of this assumption, our docking analyses were based on
these two experimental structures of hCES1, the one complexed
with benzoate being termed apo_CES1, and the other complexed
with naloxone being termed holo_CES1.

The binding pocket of the apo_CES1 structure was gradually ex-
panded by docking increasingly larger substrates (as explained un-
der Methods), whereas the holo_CES1 structure was exploited as
determined experimentally because its catalytic pocket was wide
enough to successfully accommodate all substrates considered
here. The cavity expansion exerted on the apo_CES1 structure does
not alter the folding stability of the enzyme, as confirmed by (a) the
limited increase in rmsd value between the two structures (the
rmsd of the enlarged apo_CES1 vs the holo_CES1 was equal to
1.16 ÅA

0

), (b) the very similar percentage of residues which fell in
the allowed regions of a Ramachandran plot (76.3% in the enlarged
apo_CES1 vs 76.8% in the X-ray apo_CES1), and (c) the catalytic triad,
which conserved its functional architecture in the enlarged
1MX5 1MX9 2DQY 2DQZ 2DR0

0.52
0.35 0.54
0.34 0.56 0.35
0.34 0.53 0.34 0.32
0.46 0.62 0.41 0.44 0.46

toms only and are expressed in Å. The greatest rmsd difference is evidenced in bold.
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apo_CES1 structure. Indeed, in both structures (i.e., apo_CES1 and
holo_CES1) the polarity of Ser221 (which attacks the carbonyl group
of the substrate) was enhanced by the closeness of the imidazole
ring of His468 whose basicity was, in turn, increased by the neigh-
boring Glu354. The Ser-His-Glu residues constitute the well-known
catalytic triad which characterizes such superfamily of hydrolases
and whose detailed mechanism can be found elsewhere.19

2.2. Docking results: prediction of CES1 activity

Four sets of docking simulations were carried out since the
analyses involved two enzyme structures (i.e., apo_CES1 and ho-
lo_CES1) each examining the substrates with basic groups in their
unprotonated and protonated states (as also specified in Table 2A
and B). Here, we first describe correlation studies aimed at identi-
fying the best set of docking calculations and ultimately at focusing
our analysis of docking results on the most predictive ones.

Table 3 reports the correlation equations (Eqs. 1–4) obtained for
the training set of 25 substrates (Table 2A) in the four series of
Table 2A
Substrates included in the training set

Substrate Exp Km (lM) Exp pKm Pred pKm

(aR,1R)-cis-A3 0.30 6.52 6.42
(aS,1R)-trans-A3 0.70 6.15 5.65
(aS,1S)-cis-A3 1.40 5.85 5.58
(aR,1S)-cis-A3 1.50 5.82 5.34
(aR,1R)-trans-A3 1.7 5.77 4.99
(aS,1S)-trans-A3 2.40 5.62 5.61
(RS)-cis-Permethrin 9.8 5.01 5.31
(RR)-trans-Permethrin 23.8 4.62 4.86
(RR)-Methylphenidate* 43.8 4.36 3.37
Aniracetam amide 85.0 4.07 4.04
Aniracetam lactam 95.0 4.02 3.47
4-Nitrophenyl butyrate 130 3.89 4.56
Dilazep* 154 3.81 4.37
Imidapril* 287 3.54 4.12
50-Phe-Floxuridine 460 3.34 3.33
Benazepril* 734 3.13 3.37
4-Methylumbelliferyl acetate 800 3.10 2.51
Cilazapril* 129 2.89 3.68
Irinotecan* 145 2.84 3.01
Delapril* 1500 2.82 3.09
Meperidine* 1900 2.72 3.26
50-Asp-Floxuridine 3000 2.52 1.87
50-Val-Floxuridine 3580 2.45 1.90
Heroin* 6300 2.20 2.87
6-Acetylmorphine* 8300 2.08 2.54

The asterisk indicates the basic compounds; these were docked in both their protonate

Table 2B
Substrates included in the external test set

Substrate Exp Km (lM) Exp pKm Pred pKm

A8 1.50 5.82 5.47
(aR,1S)-trans-A3 1.90 5.72 5.46
trans-Resmethrin 6.72 5.17 5.55
(SR)-cis-Permethrin 9.80 5.01 5.19
(SS)-trans-Permethrin 23.8 4.62 5.08
Clopidogrel* 55.7 4.25 5.14
(SS)-Methyl-phenidate* 89.9 4.05 3.88
Cocaine* 120 3.92 3.82
Quinapril* 134 3.87 4.46
Oseltamivir* 177 3.75 2.49
4-Nitrophenyl acetate 359 3.44 3.63
Camostat* 707 3.15 2.21
Temocapril* 786 3.10 2.91
50-Leu-Floxuridine 970 3.01 2.31
Capecitabine 1300 2.89 3.56

The asterisk indicates the basic compounds.
docking simulations. All correlations included only three indepen-
dent variables to guarantee their statistical robustness. The corre-
lations reveal that (a) docking analyses performed using the
apo_CES1 structure (Eqs. 1 and 2) always afforded better correla-
tions than those produced by the holo_CES1 structure (Eqs. 3 and
4); and (b) in both cases the substrates with unprotonated basic
groups (Eqs. 1 and 3) correlated better than the protonated ones
(Eqs. 2 and 4) probably because the latter are biased by ionic con-
tacts. This result may suggest that the neutral forms are probably
better recognized by the enzyme than the cations.

Interestingly, the two relationships for unprotonated substrates
include the same parameters. The same is true for their protonated
forms. In other words, the factors that determine hCES1 recogni-
tion are strongly influenced by the ionization state of the basic
groups irrespective of the apo or holo structure of the enzyme.
All reported equations include the MLPInS parameter, confirming
the crucial role of hydrophobic contacts in hCES1 binding.
Although there is a fair and expected intercorrelation between
MLPInS scores and virtual log P values as computed by the MLP
D(exp � pred) Distance Ser221 (Å) MLPInS Ref.

0.1 4.35 �2.35 29
0.5 4.13 �1.83 29
0.27 4.17 �1.80 29
0.48 4.30 �1.69 29
0.78 4.14 �1.44 29
0.01 4.71 �1.94 29
�0.3 5.63 �1.98 36
�0.24 6.35 �1.87 36

0.99 4.32 �0.503 33
0.03 3.01 �0.603 31
0.55 4.51 �0.603 31
�0.67 4.14 �1.18 30
�0.56 4.45 �1.14 31
�0.58 4.05 �0.892 31

0.01 4.51 �0.521 30
�0.24 4.24 �0.483 31

0.59 6.48 �0.481 29
�0.79 5.62 �0.990 31
�0.17 5.65 �0.590 31
�0.27 4.70 �0.422 31
�0.54 4.52 �0.481 29

0.65 5.22 0.195 30
0.55 5.21 0.180 30
�0.67 4.26 �0.188 32
�0.46 4.37 �0.0103 32

d and neutral form. The data listed here refer to the neutral species.

D(exp � pred) Distance Ser221(Å) MLPInS Ref.

0.35 4.74 �1.87 29
0.26 4.54 �1.81 29
�0.37 4.75 �1.91 36
�0.18 5.89 �1.96 36
�0.46 5.91 �1.90 36
�0.88 4.22 �1.54 34

0.17 4.85 �0.93 33
0.10 3.40 �0.561 32
�0.59 4.20 �1.13 31

1.27 3.23 0.283 35
�0.19 4.08 �0.605 30

0.94 6.55 �0.316 31
0.19 3.88 �0.125 31
0.70 4.60 0.0743 30
�0.68 3.97 �0.536 37
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Figure 1. Correlation between experimental and predicted pKm values. The plot
emphasizes that there are not significant differences between the prediction of
training set (j) and test set (N).

Table 3
Best three-variable correlations as derived from four series of docking experiments

Eq. CES1 Ionizationa Equationb,c,d,e Statistics

1 Apo N pKm = �1.26(±0.16) MLPInS

�0.168(±0.096) DistSer221

�2.54 � 10�3(±7.83 � 10�4) Volume
+4.35(±0.51)

n = 25;
r2 = 0.87;
s = 0.38;
F = 44.96

2 Apo N+ pKm = �0.470(±0.012) MLPInS

8.13 � 10�3(±1.6 � 10�4) PSA
5.21 � 10�3(±1.6 � 10�4) Zapbind
+4.47(±0.24)

n = 25;
r2 = 0.75;
s = 0.46;
F = 16.83

3 Holo N pKm = �1.07(±0.15) MLPInS

0.111(±0.073) DistSer221

�3.60 � 10�3(±6.7 � 10�4) Volume
+4.45(±0.45)

n = 25;
r2 = 0.71;
s = 0.50;
F = 14.26

4 Holo N+ pKm = �0.697(±0.130) MLPInS

8.75 � 10�3(±2.0 � 10�4) PSA
8.69 � 10�3(±2.1 � 10�4) Zapbind
+4.02(±0.25)

n = 25;
r2 = 0.66;
s = 0.56;
F = 13.01

a Ionization state of basic substrates: N = neutral forms; N+ = protonated forms.
b MLPInS = Molecular Lipophilicity Potential (MLP) Interaction Score.
c DistSer221 = distance between the carbon atom of substrate’s ester group and the hydroxy function of Ser221.
d PSA = polar surface area.
e Zapbind = Zapbind score, which accounts for electrostatic interactions based on a combination of surface contact terms and Poisson–Boltzman energy approximations (as

computed by the ZAP module).
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algorithm25 (r2 = 0.48), the substitution of log P in lieu of MLPInS in
Eqs. 1–4 (Table 3) markedly worsened their statistical parameters
(e.g., r2 decreases from 0.87 to 0.40 in Eq. 1). This emphasizes that
MLPInS scores account for the mutual hydrophobic contacts be-
tween substrate and enzyme, an information not encoded in log P
values, and one that plays a pivotal role in the equations reported.

The parameters included in the equations of the protonated
substrates (Eqs. 2 and 4, Table 3) suggest that polar contacts play
a significant role as indicated by the Zapbind score which accounts
for electrostatic interactions based on a combination of surface
contact terms and Poisson–Boltzman energy approximations (as
computed by the ZAP module).26 The role of polar contacts in these
equations is also reflected in the ligand-based descriptor, that is,
molecular volume for unprotonated substrates (Eqs. 1 and 3, Ta-
ble 3) and polar surface area (PSA) for the protonated ones (Eqs.
2 and 4, Table 3). The prevailing role of ionic contacts may also jus-
tify the modest statistics derived for ionized substrates whose
binding mode is largely affected by electrostatic contacts and no
longer reflects the different reactivity of the docked substrates.

Finally, it is interesting to observe that the correlations for the
compounds with unprotonated basic groups include the distance
between the carbon atom of substrate ester group and the hydroxy
function of Ser221 (DistSer221). This distance codes for the ability of
a molecule to assume a binding mode conducive to catalysis and is
well understandable considering that docking calculations can
simulate only the recognition phase between enzyme and sub-
strates to the exclusion of the catalytic phase. In other words, a gi-
ven compound can be found to elicit good binding interactions and
high docking scores with an enzyme, yet fail to possess an appro-
priate target group or fail to allow its binding in a catalytically pro-
ductive mode.

Taken globally, the reported correlations emphasize that
apo_CES1 appears as the structure best suited to predict the hydro-
lysis of new esters, and that basic groups appear to interact prefer-
entially in their unprotonated form. What is more, the best
correlation described in Table 3 (Eq. 1), which includes three vari-
ables in analogy with the other equations, can be simplified to a
two-variable correlation (Eq. 5) by discarding the molecular vol-
ume term, thus including only docking-based parameters. Eq. 5
proved successful as confirmed by statistical parameters and ap-
pears also more robust than Eq. 1 (Table 3) as suggested by the in-
creased F value (64.06 vs 44.96). The normalized equation confirms
the reliability of such correlation revealing that the MLPInS score
plays a clearly prevailing role related to DistSer221.

pKm ¼ �1:66ð�0:151Þ MLPInS � 0:381ð�0:112Þ DistSer221

þ 4:18ð�0:691Þ
½pKm�Norm ¼ �0:946 ½MLPInS�Norm � 0:296 ½distSer221 �Norm þ 1:088

n ¼ 25; r2 ¼ 0:85; r2
cv ¼ 0:82; q2 ¼ 0:73; SE ¼ 0:49; F ¼ 64:06;

p < 0:0001

ð5Þ

With a view to further assess the predictive power of Eq. 5, an
external test set of 15 new CES1 substrates was collected and their
predicted pKm values compared with the literature (Table 2B).
Table 2B also shows the parameters obtained by docking experi-
ments and used as values for the independent variables. The rela-
tion between experimental and predicted Km values (Eq. 6) for this
external test set affords an encouraging validation for the predic-
tive power of Eq. 5. Eq. 6 is indeed a satisfactory one given its sta-
tistics, its slope being close to 45� (a = 47.5�):

pKmðpredÞ ¼ 1:090 pKmðexpÞ � 0:411

n ¼ 15; r2 ¼ 0:75; SE ¼ 0:50; F ¼ 39:40; p < 0:0001
ð6Þ
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Figure 1 confirms the predictivity of Eq. 5, showing that there
are not clear differences between training and test sets. A more
in-depth analysis of the predicted pKm values reveals that for only
one substrate in the test set the difference between experimental
and predicted pKm values is greater than 1 (oseltamivir,
DpKm = 1.27), whereas for nine substrates out of 15 the difference
is below 0.5. The analysis of all residuals (training and test sets)
shows that there is no correlation with the pKm values suggesting
that Eq. 4 is equally predictive for good and poor hCES1 substrates
(plot not shown).

2.3. Docking results: the CES1 catalytic cavity

Figure 2 reports the main residues lining the hCES1 cavity
showing that it is entirely surrounded by hydrophobic residues
with a significant abundance of alkyl side-chains. The negatively
charged residues in the catalytic cavity have the plausible role of
Table 4
Set of structurally diverse substrates used in the physicochemical profiling

Substrate Exp Km

(lM)
Fragmental log P of acyl
moiety

Fragmental log P o
aryl moiety

(aR,1R)-cis-A3 0.30 3.29 2.77
A8 1.50 3.25 2.77
trans-Resmethrin 6.72 2.66 4.47
(SR)-cis-Permethrin 9.80 3.29 4.73
(RR)-Methylphenidate 43.80 2.26 1.09
Clopidogrel 55.70 4.36 1.09
Aniracetam 85 1.31 �0.11
Cocaine 120 2.15 1.09
Quinapril 134 3.02 1.73
Oseltamivir 177 1.01 1.73
4-Nitrophenyl butyrate 130 2.82 2.85
Dilazep 154 2.33 3.54
Imidapril 287 2.56 1.73
4-Nitrophenyl acetate 359 1.09 2.85
50-Phe-Floxuridine 460 2.12 �1.25
Benazepril 734 2.59 1.73
4-Methylumbelliferyl

acetate
800 1.09 �0.62

Cilazapril 1295 3.05 1.73
Irinotecan 1453 0.97 1.81
Delapril 1502 3.43 1.73
Meperidine 1900 2.11 1.73
50-Asp-Floxuridine 3000 �0.84 �1.25
50-Val-Floxuridine 3580 1.47 �1.25
Heroin 6300 0.82 1.09
Monoacetylmorphine 8300 0.71 1.09
Mean ± SD — 2.12 ± 1.15 1.55 ± 1.60
favoring the egress of enzymatic products and can also explain
why the binding modes of the substrates with protonated basic
groups are greatly influenced by ionic contacts as discussed above.

A more careful analysis of the apo_CES1 catalytic cavity reveals
that the Ser221 residue, which belongs to the catalytic triad and
contacts the substrate, subdivides the cavity in two regions of quite
different polarity. As depicted in Figure 2, the pocket that accom-
modates the substrate’s alkyl/aryl moiety is narrower and lined
by some polar residues including both negatively charged and
hydrogen-bonding ones (e.g., Tyr170, Gln194, Glu225, Ser226,
and Thr321). Conversely, the region that harbors the acyl portion
is wider and lined by apolar residues (e.g., Leu97, Phe101,
Val146, Ala148, Tyr152, Leu358, Leu363, and Leu472). The polar
residues and its smaller size render the pocket accommodating
the alkyl/aryl moiety more rigid than the acyl-binding region
where aliphatic residues permit a considerable flexibility. These
observations may explain why hCES1 prefers substrates with less
bulky alkyl/aryl moieties and bulkier acyl moieties, and they also
suggest that an optimal feature of hCES1 recognition should be
an alkyl/aryl moiety relatively more polar than the acyl moiety
and allowing interactions with the polar residues.

This suggestion is confirmed by Table 4 which compiles the
fragmental log P and volume of the alkyl/aryl and acyl moieties
of a dataset of 25 structurally diverse substrates taken from the
40 ligands investigated here (Table 2A and B). It appears that, on
average, the alkyl/aryl moiety is less lipophilic than the acyl group
(fragmental lipophilicity 1.55 ± 1.60 vs 2.12 ± 1.15), as verified in
19 out of the 25 substrates. Similarly, the acyl group is bulkier than
the alkyl/aryl moiety (175 ± 111 Å3 vs 131 ± 95 Å3), as also verified
in 14 substrates out of 25, even if crystallographic studies24 have
shown that substrates with a very large alkyl/aryl groups can as-
sume rotated poses in which the acyl moiety is harbored within
the smaller and more polar subpocket. Such reversed binding
modes can well explain the broad specificity of hCES1, and the sole
esters that cannot be hydrolyzed by hCES1 are probably molecules
with very large acyl and alkyl/aryl groups. The data compiled in Ta-
ble 4 led to a fair relationship (Eq. 7) which, even if far from having
f alkyl/ Fragmental volume (Å3) of
acyl moiety

Fragmental volume (Å3) of alkyl/
aryl moiety

142.6 188.8
118.9 188.8
149.6 168.5
142.6 180.0
181.7 28.9
228.0 28.9
79.3 109.2
236.7 28.9
346.9 45.2
250.5 45.2
77.6 104.4
160.2 386.3
311.5 45.2
28.9 106.8
127.0 185.5
326.3 45.2
28.9 144.6

333.5 45.2
334.3 189.0
364.0 45.2
185.3 45.2
79.7 185.5
90.0 185.5
28.9 297.1
28.9 258.2
175.3 ± 111.5 131.3 ± 95.0
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a predictive power, seems to confirm the specific role of lipophilic-
ity and steric hindrance in hCES1 substrates:

pKm ¼ 0:474ð�0:16Þ log Pacyl þ 0:278ð�0:11Þ log Palkyl=aryl

� 4:72� 10�3ð�1:42� 10�3Þ Volacyl þ 3:18ð�0:37Þ
n ¼ 25; r2 ¼ 0:61; s ¼ 0:75; F ¼ 11:15; p < 0:0001

ð7Þ

Eq. 7 emphasizes the relevance of lipophilicity for both moieties
even if the coefficients of the two log P descriptors indicate that the
lipophilicity of the acyl group plays a more relevant role. Eq. 7 also
confirms the relevance of molecular volume even if it only includes
the volume of the acyl moiety.

The described correlations and the above considerations on the
hCES1 cavity shed light on some key features common to all com-
plexes examined. First, the ester group in the ligands must come
close to the hydroxy function of Ser221. This mandatory contact
was used to select the best binding modes for each substrate and
Figure 3. Main interactions stabilizing the putative complex of hCES1 with 4-methylum
complexes the catalytic interaction with Ser221 as well as the H-bond between the ar
contacts.
appears in Eqs. 1–4 (Table 3) as a key descriptor to predict hCES1
activity. Second, the soundness of docking results was also verified
by checking the distance between the carbonyl oxygen atom of the
substrates and the ‘oxyanion hole’ as defined by the backbone
atoms of Gly142 and Gly143, another interaction playing a critical
role in the catalytic mechanism.

Furthermore, the analysis of the hCES1 cavity underlines the
key role of hydrophobic interactions especially with the acyl moi-
ety of substrates. The relevance of such contacts is also confirmed
by the MLPInS scores which appear in all correlations. The different
distribution of aliphatic and aromatic residues in the two subcav-
ities also suggests that aromatic rings are accommodated better
when they are part of the alkyl/aryl moiety, where they can inter-
act with some aromatic residues (His140, Tyr152, Tyr170, and
Tyr177).

As mentioned, the negatively charged residues in the hCES1
cavity can explain the preference of the enzyme for neutral sub-
belliferyl acetate (A) and the pyrethroid (aR,1R)-cis-A3 (B). One can note in both
yl substituents and Ser226 and Tyr170, while the acyl groups mainly elicit apolar
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group of heroin as obtained in 5 ns MD simulations (blue line = neutral heroin; red
line = protonated heroin). The inlet schematizes the hydrolysis of heroin as
catalyzed by hCES1.
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strates and, more generally, suggest that cationic ligands which
interact too strongly by ionic bonds cannot be good CES1 sub-
strates because they are trapped in the cavity in unproductive
modes and behave as inhibitors. This observation is in line with
the known promiscuity of the enzyme, which is known to interact
with structurally diverse substrates, a fact consistent with the
present rationalization that a variety of hydrophobic interactions
plus some weak polar interactions are enough to make a com-
pound behave as a good hCES1 substrate.

2.4. Docking results: analysis of the putative complexes

The above considerations find compelling evidence when ana-
lyzing the putative enzyme–substrate complexes. Thus, 4-methyl-
umbelliferyl acetate (Fig. 3A) accommodates the ester function
with the carbon atom of the carbonyl group reasonably close to
Ser221, while the oxygen atom of carbonyl group interacts conve-
niently with Gly142 and Gly143 in the oxyanion hole. Further-
more, the oxochromonyl moiety stabilizes H-bonds with Tyr170,
a polar contact shared by many computed complexes, and the aryl
moiety generates p–p interactions with aromatic residues (e.g.,
His140, Tyr152, and Tyr170), thus reinforcing the stability of the
complex.

The aryl moiety of this substrate realizes a rich pattern of inter-
actions with the enzyme, while its low affinity (high Km value) can
be ascribed to the small size of its acyl moiety which confers hCES2
selectivity. Similarly, 4-nitrophenyl acetate and 4-nitrophenyl
butyrate bind in the enzyme so that their ester moiety contacts
Ser221 and the oxyanion hole, while the nitro group realizes an
H-bond with Tyr170. Again, the high Km values of these substrates
are understandable considering their small acyl portion.

The pyrethroids, as exemplified in Figure 3B by the complex
with (aR,1R)-cis-A3, emphasize the relevant role of apolar contacts
produced by the acyl group. Indeed, their hydrophobic chrysanthe-
moyl moiety can interact with several aliphatic residues (e.g.,
Leu97, Val146, Leu363, Leu358, and Leu472), while the H-bonding
groups in the alkyl/aryl moiety elicit the known interaction with
Tyr170. Such a rich interaction pattern is shared by almost all pyre-
throids considered and explains the marked efficacy with which
hCES1 hydrolyzes such esters. The stereoselective hydrolysis of
methylphenidate is well explained considering that only the
(R,R)-stereoisomer accommodates the phenyl ring close to many
apolar residues (e.g., Val254, Leu255, Leu358, Leu359, Leu363,
Met425, and Phe426), while the piperidine ring stabilizes H-bond
with Glu220.33

The analysis of the computed complexes for the six angiotensin-
converting enzyme (ACE) inhibitors underlines the critical role of
apolar contacts formed by the acyl moiety in the catalytic pocket.
In particular, the acyl portion assumes therein a folded conforma-
tion which allows several hydrophobic interactions, while the po-
lar groups do not realize specific polar contacts. Despite their
zwitterionic character, these ACE inhibitors seem to confirm the
detrimental role of positive charges on hCES1 catalysis. Indeed,
the presence of a basic group can explain why such substrates
have, on average, quite high Km values despite the many hydropho-
bic contacts they can create.

Given the significant size and rigidity of its aryl moiety, irino-
tecan is a relevant example of a substrate which assumes a rotated
binding mode. Thus, its lactam ring forms a H-bond with Thr298
and its 4-hydroxy group interacts with Asp90, while the apolar
skeleton of the fused pentacyclic system elicits hydrophobic inter-
actions with the apolar/aromatic residues mentioned above. Final-
ly, the complexes for the nucleoside analogues are in line with the
literature.30 Thus, the uracil ring in 50-Phe-uridine forms H-bonds
with Tyr170 and His140, while the aminoacyl promoiety contacts
Tyr152 plus several alkyl side-chains.
2.5. MD simulations

Molecular dynamics simulations were carried out on hCES1
complexed with the substrates and products involved in heroin
hydrolysis, our objective being to investigate the stability of the
computed complexes, the pathways of product egress, and the
influence of protonation on the in situ behavior of ligands. As sche-
matized in the inlet of Figure 4, heroin is hydrolyzed by two hCES1-
catalyzed reactions, first to 6-O-acetylmorphine and then to mor-
phine. As reported in Table 2A, heroin and 6-O-acetylmorphine
are very poor substrates for hCES1 (Km = 6300 and 8300 lM,
respectively) and indeed these hydrolytic reactions are also cata-
lyzed by hCES2 and serum butyrylcholinesterase (hBuChE).

The hydrolysis of heroin was selected for two reasons, (a) be-
cause heroin and 6-acetylmorphine are the poorest substrates
among the molecules investigated here and therefore offer the
most stringent conditions to assess the stability of complexes with
hCES1; and (b) because their basicity and poor affinity again afford
good conditions to examine whether the latter behavior (poor
affinity) is due to the former property (basicity). In fact, the poor
activity of hCES1 toward heroin and its metabolite can also be ex-
plained by the fact that these substrates have a higher affinity for
hCES2 than for hCES1, having a large alkyl/aryl moiety and a small
acyl moiety. Nevertheless, one can postulate that their basic alkyl/
aryl moiety can hamper catalytic efficiency since protonated forms
may elicit strong electrostatic interactions within the enzymatic
cavity thus blocking catalytic turnover.

Six MD runs were carried out to simulate hCES1 complexed
with heroin, 6-acetylmorphine and morphine in both neutral and
protonated form. The resulting trajectories were analyzed by mon-
itoring how the distance between Ser221 and the target ester
group in heroin and 6-acetylmorphine varied during the duration
of the simulations (5 ns). A preliminary analysis had examined
the protein stability as assessed by the percentage of residues
which remained in the allowed regions of the Ramachandran plot.
It was found that the simulations did not undermine the folding
stability of the protein since the percentage remained constantly
around 75% during all MD runs. Globally, such a result suggests
that the differences in behavior described below are mainly due
to the dynamic response of the enzyme and bound ligands and
not to random structural distortions.

Figure 4 shows the distance profile of the two electrical forms of
heroin. Clearly the ligand remained close to the catalytic site over



0

5

10

15

20

25

30
Å

Ionized form
Neutral form

0

5

10

15

20

25

30

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

Å
Ionized form
Neutral form

ns

Figure 6. The dynamic profile for the distance between Ser221 and the 3-aryl
moiety of morphine as obtained in 5 ns MD simulations (blue line = neutral
morphine; red line = protonated morphine).

G. Vistoli et al. / Bioorg. Med. Chem. 18 (2010) 320–329 327
the entire simulation time irrespective of the electrical state of the
ligand. This result confirms the stability of the computed com-
plexes and suggests that the behavior of this substrate is not mark-
edly influenced by its ionization state. The variability in the
monitored distance as seen in Figure 4 was mainly due to the pres-
ence of the two hydrolyzable groups in heroin so that Ser221 can
bounce between them. There is however a significant difference
between the two MD simulations since the 3-ester group remained
markedly closer to Ser221 than the 6-ester group (5.23 vs 9.44 Å)
in neutral heroin, while the ionized substrate maintained its two
ester groups at similar average distances with Ser221 (9.96 vs
10.13 Å). This result suggests that the simulation with neutral her-
oin can account for the regioselectivity of the hCE1-catalyzed
hydrolysis toward the 3-ester group, whereas the MD run with ion-
ized heroin is so affected by ionic interactions that these cancel the
difference in reactivity of the two ester groups.

6-Acetylmorphine, the second substrate examined (Fig. 5), also
remained close to the catalytic site during the simulation time,
irrespective of its electrical state. The two distance profiles were
quite similar probably due to the presence of a single target group.
Taken together, the simulations with heroin and 3-acetylmorphine
confirm the stability of the computed complexes and indicate that
the substrate behavior shows moderate dependence on its ioniza-
tion state, although the neutral forms seem to yield more realistic
simulations in which the key contacts with the enzyme are not
biased by ionic interactions.

In MD simulations involving morphine as a product, we moni-
tored the distance between its 3-aryl moiety and Ser221. Here, a
totally different result was seen depending on the ionization state
of the metabolite. Indeed, its protonated form remained anchored
to the catalytic site during the entire simulation period (Fig. 6),
whereas neutral morphine moved away rapidly from Ser221 and
made a progressive exit from the enzymatic cavity. These MD runs
clearly indicate that a protonated ligand can remain trapped in the
catalytic site and behaves as an inhibitor when it forms ionic bonds
with some acidic residue(s).

Globally, the simulations afford evidence that hCES1 preferen-
tially recognizes basic substrates in their neutral form. Indeed,
(a) docking results reveal that the binding modes and binding sta-
bility of ligands with positively charged groups are markedly af-
fected by electrostatic interactions, so much so that they do not
reflect the differences in reactivity of the substrates, as evidenced
by poor correlations for protonated substrates; and (b) MD simula-
tions show that the protonated products cannot leave the catalytic
cavity and must behave as inhibitors. One can assume such an
entrapment to be particularly strong when the basic group is borne
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by the alkyl/aryl moiety as in morphine, whereas the effects of a
positive charge in the acyl moiety can be partially counteracted
by the free carboxylate function liberated by the hydrolytic
reaction.

Conversely, the MD simulation for neutral morphine shows that
the enzymatic product can freely move away from the catalytic site
allowing an efficient catalytic turnover. This result has a double
relevance. First, it confirms that MD simulations are able to suc-
cessfully discriminate between substrates and products even when
the structural difference between them is modest. More generally,
one can argue that such simulations are also able to discriminate
between substrates (which remain near Ser221) and non-sub-
strates (which promptly leave the catalytic cavity), providing a
useful even if time-demanding tool to investigate at atomic level
the metabolic fate of new medicinal esters.

Second, the simulation with neutral morphine affords a clear
picture of the pathway covered by the metabolite during its exit.
From a methodological standpoint this result confirms that the
product egress can be simulated by standard all-atom-MD simula-
tions without artifacts or constraints, whereas most analyses of
product exit hitherto published involved targeted simulations in
which the egress was induced by applying external forces.27 More-
over, this MD run allows the recognition of hCES1 residues which
facilitate product exit, unveiling that the product pathway is lar-
gely surrounded by apolar residues (Val254, Leu358, Met364,
Pro387, and Cys390); only when the product reaches the hCES1
surface does it approach some polar residues (Ser253, Lys257,
and Lys302).

3. Conclusions

The simulations described here suggest that a reasonable pre-
diction of the hydrolytic metabolism of hCES1 substrates is possi-
ble. On the one hand, this study fills a gap because the hydrolytic
activity of human esterases was never investigated by in silico ap-
proaches. On the other hand, this is the first step in an attempt to
predict the hydrolytic stability of new chemical entities; other rel-
evant human esterases such as hCES2 and hBuChE should be ana-
lyzed by similar computational methodologies in order to attain a
broader prediction of the hydrolytic metabolism for a given medic-
inal ester.

Encouragingly, the MLPInS score used here appears useful in
docking analyses to parameterize the often disregarded hydropho-
bic interactions even if the relevance of such a score is also based
on its capacity to account for some polar interactions such as H-
bonds. Again, the MLPInS score fills a gap since specific score
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functions for apolar contacts are rarely reported although the
importance of hydrophobic contacts in protein recognition is
widely recognized.28 Clearly, the MLPInS score, which now is imple-
mented in VEGA software (www.vegazz.net), should be tested in
many other docking studies to verify its potential; only then could
it be embedded in a docking program to guide the search engine of
docking modes without limiting its use to the sole scoring of final
complexes.

4. Computational details

4.1. Preparation of CES1 structures

Nine X-ray structures of the human CES1 (as detailed in Sec-
tion 3 and compiled in Table 1) were retrieved from the Protein
Database. Irrespective of the number of monomers included in
the crystal structure, the calculations involved always a single
monomer, since it is catalytically self-sufficient. The nine mono-
mers were completed by adding hydrogen atoms, and the side-
chains of Arg, Lys, Glu, and Asp were ionized to remain compatible
with physiological pH values, while His residues were considered
neutral by default. The structures so obtained were minimized,
keeping the backbone fixed to preserve the experimental folding,
and evaluated by the pair-wise matching as compiled in Table 1.

The experimental structure of hCES1 complexing naloxone
methiodide was used in the docking simulations without other sig-
nificant refinements; in contrast, its resolved structure when com-
plexed with the inhibitor benzil was slightly modified since the
catalytic site was too narrow to accommodate large substrates.
Hence the binding site was gradually enlarged by docking a small
set of three known substrates of increasing volume (i.e., 4-methyl-
umbelliferyl acetate, (aR;1R)-cis-A3, and quinapril). Each ligand
was docked manually into the hCES1 catalytic site so that the ester
group was reasonably close to Ser221, and each complex was then
minimized keeping fixed all atoms beyond a 15 Å radius sphere
around the bound substrate in order to expand the catalytic site
without distorting protein folding. After a final minimization with
the backbone fixed, the hCES1 structure underwent docking simu-
lations as described below. It should be noted that the manual
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docking was exploited only to enlarge the catalytic site; all com-
plexes described in Section 3 and used to develop correlative equa-
tions were obtained by automatic docking simulations as detailed
later.

4.2. Ligand dataset

A ligand dataset of 40 known CES1 substrates was collected
from the literature by selecting molecules whose CES-catalyzed
hydrolysis was determined using purified recombinant hCES1
and expressed as Km (lM, as compiled in Table 2A and B and Fig-
ure 7).29–37 The ionizable substrates were docked considering the
most probable form at physiological pH, although all simulations
were repeated with the basic groups in their unprotonated state.
The conformational behavior of the compounds was investigated
by a MonteCarlo procedure (as implemented in the VEGA suite of
programs38) which generated 1000 conformers by randomly rotat-
ing the rotors. All geometries so obtained were stored and opti-
mized to avoid high-energy rotamers. The 1000 conformers were
clustered according to their similarity to discard redundant ones;
in this analysis two geometries were considered as non-redundant
when they differed by more than 60� in at least one torsion angle.
As described under Section 3, the ligand dataset was subdivided in
the training (n = 25) and test (n = 15) sets. Even if randomly subdi-
vided, the Tanimoto comparison of the chemical fingerprints for
substrates included in the two sets indicates that they have a sim-
ilar average variability (0.26 vs 0.28)39 suggesting that they cover
equally the chemical space of CES1 substrates.

4.3. Docking analyses and definition of MLP interaction score

The docking and scoring procedure involved extensive rigid-
body sampling with the OpenEye Scientific Software package FRED.
Sampling was performed in a cube of 10 Å sides around Ser221,
which is the critical catalytic residue. The best complexes were
minimized keeping fixed all atoms outside a 15 Å radius sphere
around the bound substrate to favor the mutual adaptability be-
tween ligand and enzyme. The optimized complexes were then
used to calculate FRED’s docking scores and the Molecular Lipo-
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philicity Potential (MLP) Interaction Score (MLPInS, see below). In
the statistical analyses (Table 2A and B), a small set of representa-
tive physicochemical properties of the bound ligands (e.g., virtual
log P, PSA, SAS, volume, and dipole moment) were also taken into
account.

The MLP Interaction Score (MLPInS) was computed using the
atomic fragmental system proposed by Broto et al.40 and a distance
function that defined how the score decreased with increasing dis-
tance between interacting atoms. In detail, the equation to com-
pute such an interaction score is reported below (Eq. 8), where fa

and fb denote the lipophilicity increments for a pair of atoms and
rab is the distance between them. The first sum (p) concerns all li-
gand’s atoms and the second (m) all enzyme’s atoms.

The basic assumption in the calculation of the MLPInS, which en-
codes the contributions of the various intermolecular forces

MLPInS ¼
X

p

X

m

�ðfa � fbÞ
f ðrabÞ

ð8Þ

measured experimentally in partition coefficients, is that the score
is favorable (i.e., negative) when both increments have the same
sign (as denoted by the negative sign in Eq. 8), or unfavorable
(repulsive forces) when the score has a positive sign. When the
atomic parameters are both positive, MLPInS encodes hydrophobic
interactions and dispersion forces, the importance of which is well
recognized in docking simulations, and it accounts for polar interac-
tions, in particular H-bonds and electrostatic forces when the atom-
ic parameters are both negative.41 Several distance functions (e.g.,
linear, quadratic, cubic, and Fermi’s type) were tested, checking also
dual functions depending on the signs of the atomic increments
(e.g., linear function when fa and fb are both negative and r6 for
hydrophobic and repulsive interactions). Such dual functions come
from the consideration that polar contacts are long-range interac-
tions, while dispersion and hydrophobic contacts are very short-
range ones.42 Nonetheless, a cubic distance function was finally se-
lected, since MLPInS scores with dual functions tend inevitably to
undervalue the contribution of the apolar contacts, becoming a
descriptor of ionic interactions, while a cubic function should repre-
sent a proper balance between short- and long-range interactions.

4.4. MD simulations

MD simulations involving hCES1 in complex with heroin, 6-
acetylmorphine and morphine were performed, with the ligands
both in their neutral and protonated forms. The complexes of
hCES1 with heroin and 6-acetylmorphine were taken from docking
results, while the complex of the enzyme with morphine was gen-
erated by manually transforming the enzyme complexed with 6-
acetylmorphine. The complex with morphine was then minimized
keeping fixed all atoms outside a 15 Å radius sphere around the
bound product before performing the MD simulation.

The complexes so obtained were inserted into a 50 Å radius
sphere of water molecules, and, after a preliminary minimization
to optimize the relative position of solvent molecules, the systems
underwent 5 ns of all-atoms MD simulations with the following
characteristics: (a) spherical boundary conditions were introduced
to stabilize the simulation space; (b) Newton’s equation was inte-
grated using the r-RESPA method (every 4 fs for long-range electro-
static forces, 2 fs for short-range non-bonded forces, and 1 fs for
bonded forces); (c) the temperature was maintained 300 ± 10 K
by means of Langevin’s algorithm; (d) Lennard–Jones (L–J) interac-
tions were calculated with a cut-off of 10 Å and the pair list was
updated every 20 iterations; (e) a frame was stored every 5 ps,
yielding 1000 frames; and (f) no constraints were applied to the
systems.
The simulations were carried out in two phases: an initial per-
iod of heating from 0 to 300 K over 6000 iterations (6 ps, i.e., 1 K/20
iterations), and a monitored phase of simulation of 5 ns. Only the
frames memorized during this last phase were considered. The cal-
culations described here were carried out on a 16 CPU Tyan-VX50
system using Namd2.643 with the force field CHARMM and Gastei-
ger’s atomic charges.
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