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ABSTRACT
Purpose To predict and determine whether the protease
inhibitors (PIs) nelfinavir, amprenavir, atazanavir, ritonavir, and
saquinavir could serve as metabolic inhibitors of the human CES1
(hCES1) using both molecular modeling techniques and in vitro
inhibition assays.
Methods Initially, a molecular modeling approach was utilized to
predict whether the selected PIs could serve as hCES1 inhibitors.
The inhibitory effects of these PIs on hCES1 activity were then
further evaluated utilizing previously established in vitro assay.
Results Pharmacophore and 2D-QSAR modeling predicted that
nelfinavir would serve as a potent hCES1 inhibitor. This hypothesis
was validated by in vitro hCES1 inhibition studies. Other PIs
(amprenavir, atazanavir, ritonavir, saquinavir) were evaluated and
also shown to be hCES1 inhibitors in vitro, although substantially
less potent relative to nelfinavir.
Conclusion Computational molecular modeling is a valid
approach to identify potential hCES1 inhibitors as candidates
for further assessment using validated in vitro techniques. DDIs
could occur when nelfinavir is co-administered with drugs
metabolized by hCES1.

KEY WORDS carboxylesterase 1 . carboxylesterase 1
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INTRODUCTION

Although curative treatments for human immunodeficiency
virus (HIV) infection remain elusive, few antimicrobial
agents or treatment regimens have had comparative impact
to modern antiretroviral (ARV) medications in controlling
what was previously an almost universally fatal infection (1).
Indeed, ARVs have transformed HIV infection into a
chronic yet manageable condition when properly utilized in
patients compliant with treatment (2). Current treatment
guidelines for HIV infection recommend the concurrent
use of at least three ARV drugs for the treatment of
HIV-infected patients in order to suppress viral replication
thereby reducing the overall viral load (2). Additionally,
combinatorial treatment approaches appear to delay the
onset of resistance. In addition to the foundational
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medications utilized in the treatment of HIV infection,
patients generally receive concurrent pharmacotherapies
targeted at common comorbid medical/psychiatric con-
ditions in this patient population (e.g. cardiovascular
disease, erectile dysfunction, and depression), including
acute treatment and/or prophylaxis of opportunistic
infections secondary to HIV infection, such as tuberculosis
(3). Furthermore, there are well-documented adverse effects
associated with the chronic use of many ARV therapeutic
agents and regimens including hypertriglyceridemia,
hypercholesterolemia, lipodystrophy, insulin resistance,
and bone changes - all of which may be associated with
a higher risk of developing long-term complications such
as coronary artery disease (2,4,5). These conditions often
require individualized pharmacotherapy as well. Thus,
polypharmacy and the potential for drug-drug interactions
(DDIs) are recognized as an almost inevitable consequence
and risk associated with the current pharmacological
management of the HIV patient, placing this population
among the higher risk groups in terms of the potential for
significant DDIs - even with vigilant monitoring. DDIs
have become an increasingly complex challenge for
clinicians treating patients with HIV infection (5).

Many combinations of ARVs lead to significant DDIs
resulting in subtherapeutic or toxic drug concentrations
and hence treatment failure (6). Most drug interactions
associated with ARVs are mediated through either
inhibition or induction of hepatic drug metabolism. Non-
nucleoside reverse transcriptase inhibitors (NNRTIs) and
PIs in particular, are known to influence the CYP450
system, particularly the CYP3A4 isoenzyme (7). Additionally,
many ARVs are transported via ATP-binding cassette
(ABC) membrane-associated efflux transporters as well as
solute carrier (SLC) uptake transporters to varying
degrees (6). Increasingly, the role of uridine diphosphate
glucoronosyltransferase enzymes as well as nuclear
receptor activation are being appreciated as mitigating
factors in DDIs associated with ARV therapies (3,5). In
comparison, there is essentially no published information
regarding the potential contribution of the major hepatic
hydrolases such as human carboxylesterase 1 (hCES1) to
DDIs involving ARVs. Thus, the reality is that all
potential and likely drug combinations prescribed to the
HIV-infected patient simply cannot be addressed in
product labeling or assessed in costly clinical studies
designed to detect them. Accordingly, in vitro screening
assays, while not without recognized limitations, remain
valuable, rapid, and relatively inexpensive tools in the
assessment of DDI potential (8).

In the present study, an assessment of the inhibitory
capacity of a variety of PIs upon hCES1 activity was
investigated. The hCES1 enzyme represents one of two
major hepatic hydrolases (i.e. hCES1 and hCES2)

contributing to approximately 80%–95% of total hydrolytic
activity in the liver (9). hCES1 and hCES2, belonging to the
classes CES1 and CES2, respectively, are currently
viewed as the most relevant to drug metabolism in
humans. Broad substrate specificities have been observed
within hCES1 and hCES2 (9). Both are widely distributed
throughout the body with the highest hydrolytic activity
overall in the liver (10,11).

The PI nelfinavir was initially selected for screening to
evaluate its capacity to inhibit hCES1 catalytic activity.
Nelfinavir was specifically chosen based upon its prediction
as a candidate inhibitor using an innovative computer
modeling approach and algorithm at the study outset which
is presented herein. Nelfinavir appeared as one of a number
of therapeutic agents believed to contain the requisite
pharmacophore to exert significant hCES1 inhibitory
activity. Furthermore, the use of nelfinavir in a patient
population already known to be at high risk for DDIs, and
the relative dearth of information available pertaining to
the influence of PIs on hydrolytic enzymes, provided
additional impetus for assessing this compound. In the
present study, a computational molecular modeling approach
was utilized, optimized, and applied to the prediction of
inhibitory effects of the PIs nelfinavir, amprenavir,
atazanavir, ritonavir, and saquinavir on hCES1 activity.
Furthermore, an established in vitro hCES1 inhibition
assay was utilized to validate the predicted inhibition of
the PIs on hCES1.

MATERIALS AND METHODS

Chemicals

dl-methylphenidate (dl-MPH), the internal standard, d3-dl-
methylphenidate (methyl labeled, d3-dl-MPH), p-nitrophenyl
acetate (PNPA) and p-nitrophenol (PNP), were all purchased
from Sigma-Aldrich (St. Louis, MO). The major dl-MPH
metabolite formed in vivo, dl-ritalinic acid, was a gift from
Dr. Kennerly S. Patrick (Dept of Pharmaceutical Sciences,
Medical University of South Carolina). The protease
inhibitors assessed included nelfinavir mesylate and
amprenavir, atazanavir, ritonavir and saquinavir in free
base form from Sequoia Research Products (Berkshire,
UK). All other solvents as well as other agents employed in
the preparation of assay buffers and other solutions were
of the highest analytical grade commercially available.

Molecular Modeling of Potential hCES1 Inhibitors

Modeling, simulations and visualizations were performed
using Molecular Operating Environment (MOE) Version
2010.10 (Chemical Computing Group Inc., Montreal,
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Canada). Simulations were performed on a Dell E8500
with an Intel Core 2 Duo @ 3.16 GHz using a Windows
XP OS. All other computational procedures were performed
using a Dell XPS M1530 with an Intel Core2 Duo processor
T8300@2.40 GHz w 2 GB RAM using a Windows
Vista OS.

Pharmacophore Modeling

Structures of all screened compounds were analyzed using
MOE software. Using tables of inhibitors incorporated as
Simplified Molecular Input Line Entry Specification
(SMILES) strings (which allow for the avoidance of
ambiguity in the specification of a chemical structure via
a text string) were imported into MOE as a mdb database.
Molecule analysis was then performed using standard
procedures. Molecules were rigidly aligned manually, and
then subjected to MOE rigid body refinement (iteration
limit 100, failure limit 20, energy cutoff 10). Consensus
pharmacophores were calculated using specified thresholds,
and the distance parameter (tolerance) was kept at the
default value of 1.2 Å. Pharmacophore feature projections
including Pi rings (PiN), H-bond acceptors (Don2), and
H-bond acceptors (Acc2) were ignored in the analysis.
Similarity was measured using the Tanimoto coefficient
metric based on MACCS structural keys (Maccs II;
Molecular Design Ltd., St, San Leandro, CA.)

The consensus pharmacophore represents the conserved
features of 10 compounds and includes one additional
feature from our previous work. F1 is a proton acceptor, F2
and F5 are a mixed-type feature, F3 and F4 are
hydrophobic/aromatic features. Distances are F1-F2:7.65.
F2-F3: 3.11. F3-F4 5.93, F4-F5 3.26, F1-F5:5.19, F1-F3:
6.22, F2-F4: 3.11, F2-F5: 3.15, and F3-F5: 4.12.

Pharmacophore Virtual Database Searching

The 4 point pharmacophore model was used to search the
World Drug Index (WDI) database (2008). The WDI
database contained 53,807 unique compounds representing
drugs that have been tested in humans, and was used to
create a 2,650,000 compound conformer library. Using the
four point thioridazine model 125,491 conformers repre-
senting 17,921 compounds matched the model which in
turn represents 33% of the database. It was not surprising
that a significant percentage of the database was initially
identified as possible substrates of hCES1, as the enzyme is
known to be promiscuous and the model was built using
small interacting compounds with a five feature model as
input. It was therefore necessary to further analyze the
hit list using an orthogonal prediction technique such as
2D-QSAR to improve the reliability of the absolute
prediction.

2D-QSAR Modeling

Two 2-dimensional quantitative structure−activity relation-
ship (2D-QSAR) models were built that showed significant
predictive ability. In total 186 descriptors were calculated.
Descriptors were trimmed to 152 in Model 1 and 154 in
Model 2. QSAR modeling correlated activity as IC50 to
the calculated 2D descriptors using the PLS regression
method and cross-validation.

Computational Docking of HIV PIs to hCES1

The structural file used as input for analysis and docking
simulations was pdb:1MX9 (12). Before analysis and
simulations the hCES1 protein was protonated at pH 7.5
with a salt concentration of 0.2 M and structures energy
minimized with heavy atoms constrained. Simulations
focused on the enzyme active site determined by the location
of morphine within pdb. Initial placement calculated 500
poses using triangle matching with London dG scoring; the
top 250 poses were then refined using forcefield and ASE
scoring. Initial placement calculated 500 poses using triangle
matching with London dG scoring, the top 250 poses were
then refined using forcefield and ASE scoring.

In Vitro Assessment of hCES1 Inhibition by PIs

A tiered approach was utilized in the evaluation of PIs
wherein a generalized evaluation was initially performed
using the model substrate PNPA to determine whether a
given compound would impede hCES1 hydrolytic activity.
This evaluation was then followed by more thorough and
specific assay for identified inhibitors to specifically assess
their potential for inhibiting hCES1 activity.

The establishment of cell lines over-expressing hCES1 as
well as the cell s9 fraction preparation have been described
in detail in previous reports (13,14). PNPA is a sensitive
esterase substrate that is hydrolyzed to its major metabolite,
PNP. The PNPA hydrolysis studies were performed in
triplicate and carried out in 96-well culture plates at 37°C
in a final volume of 200 μl. The s9 fraction from
hCES1- and vector-transfected cells, the substrate PNPA,
and the selected PIs for screening (nelfinavir, ritonavir,
amprenavir, saquinavir, and atazanavir) were prepared
in the assay buffer (Dulbecco’s phosphate-buffered saline
containing 10 mM HEPES, pH 7.4). The reaction was
initiated by mixing s9 samples with PNPA and various
concentrations of inhibitors. The final concentrations of
the s9 proteins, tested compounds, and PNPA were
20 μg/ml, 100 μM, and 100 μM, respectively. After
incubation at 37°C for 10 min, the formation of PNP
from PNPA was determined by measuring absorbance at
405 nm. In the PNPA assay nelfinavir was found to

974 Rhoades et al.



exhibit potent inhibition on hCES1-mediated PNPA
hydrolysis, and was then subject to further study utilizing
the selective hCES1 substrate dl-MPH. The hydrolytic
activity of hCES1 was evaluated by determining the
formation of the primary MPH metabolite, ritalinic acid.
The experiment was conducted in 1.5 ml Eppendorf tubes
in a total volume of 100 μL. After incubation of dl-MPH
(0.1 μM) with 100 μg/ml s9 samples both in the presence
and absence of nelfinavir (1, 3, 10, 30, 100 μM) at 37°C
for 2 h, the hydrolytic reaction was terminated by adding
400 μl methanol containing the internal standard d3-dl-
MPH (5 μg/ml). Reaction tubes were then subjected to
centrifugation at 16,000×g for 10 min at 4°C. The
hydrolytic metabolite of dl-MPH, ritalinic acid, formed
via hCES1catalyzed de-esterification (i.e. hydrolysis) was
quantified utilizing an established LC-MS/MS assay. This
was carried out on a system consisting of a Shimadzu 10A
HPLC system (Shimadzu, Tokyo, Japan) and an API 3000
triple quadrupole LC/MS/MS (Foster City, CA, USA).

Statistical Analysis

All data are presented as the mean ± SD. In the in vitro
inhibition study, the IC50 is the concentration of inhibitor
at which 50% of enzymatic activity is inhibited. The IC50

values were estimated by fitting the inhibition data to
sigmoidal dose–response equation using GraphPad Prism
4.0 software (Intuitive Software for Science, San Diego,
CA, USA). Statistical analysis was performed using one-way
ANOVA and Dunnett’s multiple comparison tests to
compare PI-treated groups to control. The difference was
considered significant when the p-value was less than 0.05.

RESULTS

Computer Modeling

We extend our previous hCES1 models to predict potential
DDIs of clinical relevance. Using a thioridazine-based

pharmacophore model and two thioridizaine-based 2D-
QSAR models, we identified nelfinavir as a strong
candidate molecule to produce hCES1 inhibition (Fig. 1).
Our previous work described a four-point pharmacophore
with a pharmacophore model of serving as an hCES1
chemotype based on thioridazine (13). The features include
F1: proton acceptor, separated by a 2 carbon spacer
where the next three features are derived from the
dihydroanthracene backbone and include F2: hydrophobic
or a proton acceptor, and F3/F4: hydrophobic or aromatic.
These data were further refined using additional compounds
from our previous work and those described in the literature
(13,15,16). The refined pharmacophore contained one
additional feature, F5, which is a promiscuous mixed-type
hydrophobic proton acceptor/donor. This site contains
the nitrogen from both 6- and 7-membered rings, and
therefore is not in perfect alignment between the ring
systems. Although this is a small model having only five
features, it describes all of the conserved chemistry of
the ligand set.

We used this pharmacophore to search the WDI
database of known clinical drugs. The search required all
four of the features matched with the sphere of chemical
influence. Results were root-mean squared deviation to
the dimensions of the model. Analysis of the results
allowed us to further parse out from the list a number of
widely prescribed medications identified as candidates.
Figure 2 shows the graphical overlay results of a positive
pharmacophore match.

Visual overlay of the top pharmacophore matches with
the target clinical drug highlight the important chemical
features for hCES1 interaction. It is interesting to note how
dissimilar the actual chemical graphs appear between
compounds like thioridazine, montelukast and nelfinavir
yet their chemical features are nonetheless in tight
correlation in chemical space.

Single cheminformatics models are not as powerful or
accurate as consensus and/or combination of models (17).
We therefore probed the results of the pharmacophore
search using two different 2D-QSAR models (Fig. 3). The

Fig. 1 Alignment and generation of a thioridazine class specific hCES1 pharmacophore. The first panel depicts thioridazine. The second panel depicts the
alignment of multiple hCES1 interacting molecules with chemcial similarity to thioridazine. The third panel depicts the multiple alignment with
pharmacophore features overlaid. The Fourth panel depicts the derived pharmacophore alone. Moieties are: proton acceptors in blue, hydrophobic and
aromatic in orange, and mixed type features in pink.
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2D-QSAR models were built from a multitude of known
hCES1 inhibitors (Supplemental Table 1).

Analysis of the top descriptors used in the 2D-QSAR
model can provide insight into the chemical properties
that may be indicative of a potentially significant
inhibitor of hCES1. Also as noted by others, weight,
which is analogous to mass in the case of the QSAR
model descriptor, is consistently ranked as a top
descriptor (Supplemental Table 2). While correlation of
weight with activity would normally provide very little
useful information, correlation of the descriptor with
structural information from the docking simulations
indicates that the size of the active-site pocket within
hCES1 is limited in volume and will exclude or prevent
conformational flexibility of large compounds. An upper
boundary appears to be near 600 Da

Although all of the PIs tested share structural
similarities, significantly different effects on hCES1
catalytic efficiency between the agents were noted.
Nelfinavir, which, a priori, was predicted to be the most
potent hCES1 inhibitor, was confirmed to be the most
potent hCES1 inhibitor in vitro. At 85% similarity by
MAACS keys, all the PIs are unique. At 65% similarity
there are three groups where nelfinavir and amprenavir
are singletons and saquinavir, ritonavir and atazanavir are
clustered together. At 60% similarity all of the compounds
cluster together with the lone exception of amprenavir.
The compounds exhibit a wide range of physiochemical
properties. Notably, nelfinavir has the lowest radius and
highest logP value (Fig. 4).

We further extend the predictive model of hCES1
inhibition and present data on the interaction of other

Fig. 2 Comparison of four
versus five point thioridazine type
pharmacophore models. Overlay
of the 4- and 5-point
pharmacophore model with
both montelukast and nelfinavir
highlighting chemical matches to
thioridazine. Moieties are: proton
acceptors in blue, hydrophobic in
green, and aromatic in orange.

Fig. 3 Correlation regression for
2D QSAR models used to predict
novel hCES1 inhibitors. For both
graphs the data represent the
experimental activity versus the
cross-validated QSAR prediction
of activity. The solid line is the
linear regression forced through
origin (Ro

2). The dotted line
represents the 95% prediction
band.
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widely utilized drugs that significantly interact with hCES1.
One such drug is the leukotriene receptor antagonist
montelukast, widely used in the prophlyaxis and chronic
treatment of asthma as well as the prevention of exercise-
induced bronchoconstriction. Montelukast was found to be
one of the potent hCES1 inhibitors tested with an IC50 value
of 7.8±4.5 μM determined by PNPA hydrolysis assay.

In order to better understand the mechanism of PI
inhibition of hCES1 we performed a series of ligand-
enzyme interaction simulations using computational dock-
ing (Fig. 5). In this case the active site of hCES1 (pdb
1MX9) was used as a rigid probe for the flexible interaction
of PIs (12). Nelfinavir was consistently a top-scoring dock
hit, and had the highest ranking of all the PIs assessed. In
fact, the docking simulations were in exact agreement with
the rank order of potencies determined in in vitro assays,
essentially providing a cross-validation for both experi-
ments. Mean docking scores were between −30 and −25,
indicating a strong predicted interaction. Saquinavir had
the largest amount of conformational flexibility with the
hCES1 active site while amprenavir had the least. This is

not unexpected as the flexibility of the inhibitors can be
rationalized by the mass and number of rotatable bonds
within the compound.

Analysis of the binding modes of the predicted nelfinvir-
hCES1 interaction indicated a mix of hydrogen bonding
and hydrophobic interactions (Fig. 6). Only one hydrogen
bond was predicted in the top scoring neflinavir pose, with
Leucine 4304 being a proton acceptor with an amide of
nelfinavir. Hydrophobic interactions predominated the
interactions with large numbers of hydrophobic residues
from hCES1 interacting with nelfinavir (Ala 93, Leu 97,
Phe 101, Val 146, Val 254, Leu 318, Leu 358, Ile 359, Leu
363,Met 364, Leu 388, Phe 426, and Met 425) interacting
with the hydrophobic moieties of neflinavir (phenyl,
trimethyl, and isoquinoline). In fact, the hydrophobic
moieties of nelfinavir are saturated by hydrophobic amino
acid interactions. A comparison of the nelfinavir interaction
with the opiate morphine suggests that many of the same
amino acids are critical, but the binding mode is different
(Fig. 6). In particular these are hydrophobic amino acids
creating a small hydrophobic pocket, designed to sample

Fig. 4 HIV protease inhibitors and their properties. (Top) The hydrogen suppressed chemical graphs of the five major HIV protease inhibitors are
depicted. (Bottom) The pharmacophore and QSAR model prediction values and physiochemical properties are listed.

Fig. 5 Docking simulation
analysis of HIV PIs interaction with
hCES1. (a) Rank ordered docking
hits from the top 30 refined
docking hits to the active site of
hCES1 (pdb 1MX9). For docking
simulations 50 poses were refined
to 30 and analyzed for low
docking E scores. (b) Histogram
of docking hits from (a).
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the local environment and partition small hydrophobic
xenogens. These data are in agreement with recently
published data on the physiochemical requirements for
hCES1 interactions with morphine and heroin, which
indicate a relationship of affinity with hydrophobicity.
Additionally, these results allude to an upper mass
boundary where compounds with very large acyl/alkyl/
aryl groups are not CES substrates despite being generally
hydrophobic (15,18).

Nelfinavir occupies a larger percentage of the active site
than morphine, and might indicate a higher affinity of
hCES1 for nelfinavir then morphine. However, the terminal
hydroxymethylbenzene of nelfinavir might counteract the

increased active-site interactions by providing access to the
bulk solvent.

In Vitro Inhibition of hCES1 Activity by Selected
Protease Inhibitors

The PNPA incubation studies indicated that each PI exhibited
varying degrees of inhibition of hCES1-mediated PNPA
hydrolysis (Fig. 7). The hCES1 activity towards PNPA
hydrolysis was determined to be 5.2±3.0%, 74.2±1.6%,
51.7±1.7%, 76.9±5.2%, 67.8%±8.3%, respectively, of the
control after co-incubation with 100 μM of nelfinavir,
ritonavir, amprenavir, saquinavir, and atazanavir.

Fig. 6 Analysis of the hCES1
active site interactions with
nelfinavir versus morphine.
Top panels: Interactions diagram
showing hydrogen bonding
depicted as arrows, hydrophobic
residues colored in green,
and clusters of hydrophobic
residues boxed. Bottom Panels:
The internal active site pocket
of hCES1 is imaged along with
the representative substrate
colored in yellow with the pocket
colored brown representing
hydrophobicity and blue
representing hydrophilicity.
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Nelfinavir was found to be the most potent inhibitor with
a Ki value of 3.7±0.7 μM determined by PNPA hydrolysis
assay (Fig. 8). The inhibition kinetic study revealed that
nelfinavir did not alter the Vmax value of hCES1-catalyzed
PNPA hydrolysis, but increased the Km value, indicating
that nelfinavir inhibited hCES1 via a competitive mecha-
nism (Fig. 8). Nelfinavir was further assessed for hCES1
inhibition utilizing the selective hCES1 substrate dl-MPH.
The results demonstrate that nelfinavir inhibited dl-MPH
hydrolysis mediated by hCES1 in a concentration-dependent
manner with an IC50 value of 6.6±4.0 μM (Fig. 9).

DISCUSSION

The management of patients with HIV has become
increasingly complex, with DDIs frequently a consequence

of combined medication regimens. Clinician awareness and
education with regard to drugs associated with clinically
significant DDIs, including ARVs, is a critical and ongoing
process as new data continue to emerge relevant to DDIs in
this at-risk patient population.

hCES1 is the major hydrolytic enzyme governing the
biotransformation of a large and diverse group of
therapeutic agents including dl-MPH, oseltamivir, various
angiotensin-converting enzyme (ACE) inhibitors and
others. Metabolism via hCES1 can yield either inactive
metabolites, as in the case of the MPH hydrolytic
metabolite ritalinic acid, or alternatively, active metabo-
lites, as in the case of the activation of the anti-influenza
prodrug oseltamivir phosphate to its active form oseltamivir
carboxylate. Significant interindividual variability of
pharmacokinetic and pharmacodynamic profiles of these
medications has been consistently observed in clinical
practice, which was associated with unexpected adverse
drug reactions and the failure of pharmacotherapy. It
has been demonstrated that the variation of hCES1
expression and activity is one of the major contributing
factors influencing therapeutic outcomes of the drugs
metabolized by hCES1. CES1 genetic variation, develop-
mental expression and DDIs are considered the main
causes of the interindividual variability of hCES1 function.
Several CES1 variants were found to be associated with
altered hCES1 activity and expression (14). Consequently,
the patients who carry these functional CES1 mutations
exhibited varied responses to hCES1 substrate drugs
relative to their wild-type peers. In vitro studies have shown
that hepatic hCES1 expression is markedly lower in
individuals under 1 year of age, and increases gradually,
suggesting that particular caution should be observed
when known hCES1 substrate drugs are prescribed to
younger pediatric patients (19). Beyond functional genetic
variants and developmental age, hCES1-mediated DDIs
are increasingly recognized for their potential contribution

Fig. 7 Inhibition of hCES1-mediated PNPA hydrolysis by the PIs
nelfinavir, ritonavir, amprenavir, saquinavir, and atazanavir. The relative
hCES1 activity in control group was defined as 100%. The data are the
means from 3 independent experiments with error bars representing SD.
**p<0.01 versus control.

Fig. 8 Kinetic study of nelfinavir’s inhibitory effects on hCES1-mediated
PNPA hydrolysis. The incubation of nelfinavir resulted in the increase of
Km without altering the Vmax, indicating nelfinavir inhibited PNPA hydrolysis
via a competitive mechanism.

Fig. 9 The inhibitory effect of nelfinavir on dl-MPH hydrolysis catalyzed
by hCES1. hCES1 activity was assessed by determining the formation of
the hydrolytic metabolite of dl-MPH, ritalinic acid. Data are presented as
the mean ± SD of three independent experiments.
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to the variability of tolerability and response of many
medications.

Previously published studies from our laboratory and
others have identified a number of routinely prescribed
medications and a variety of natural health products as
potential inhibitors of hCES1 (13,20,21). However, the
present study differs in its approach and rationale for
compound selection for assessment in its use and refinement
of a molecular modeling approach to identify selected
clinically used agents as candidates for screening. Both in
vitro and animal studies have indicated that significant DDIs
could occur after co-administration of hCES1 inhibitors
with hCES1 substrates such as dl-MPH. We also demon-
strated that computational molecular modeling is a valid
approach for initial identification of potential hCES1
inhibitors. A combination of both pharmacophore and
QSAR models provided sufficient detail to accurately
predict hCES1 inhibitor activity. The pharmacophore model
of thioridazine type hCES1 inhibitors provides a discrete way
to map functionalities critical to hCES1 interaction onto
molecules with unrelated chemical graphs. This unique ability
of pharmacophore modeling is exemplified by the thiorida-
zine pharmacophore mapping onto both monetleukast and
nelfinavir, all three being distinct chemical species. Combina-
tion of both pharmacophore and QSAR modeling to analyze
the same dataset allowed enrichment of a potential test set
from 17,921 compounds (WDI) to 65, or 0.5% of the
database. Both QSAR modeling and docking simulations
indicated and confirmed previous studies that the size and
hydrophobicity of the interacting drug is critical for effective
interaction. The top descriptors for the QSAR models were
molecular weight and molecular volume and hydrophobicity
descriptors. Docking simulations and analysis of the hCES1
active site indicated affinity was roughly correlated with
molecular weight for the HIV protease inhibitors tested.
Using morphine as a model, it is shown that PIs take up
increasing amounts of the limited volume within the hCES1
active site and the active site interactions are primarily
hydrophobic. Interestingly, the mass cutoff for effective
hCES1 interaction is very near the Lipinski upper mass cutoff
for small molecules of 500 Da. This generalized chemistry is
indicative of the promiscuous nature of hCES1 and the
plethora of interacting drugs speaks to its clinical importance.
Besides identification of known drugs with affinity for hCES1,
these models will be useful for prediction of novel drugs as
they move down the drug development pipeline. These data
provide potential insight to a structural-mechanistic basis for
hCES1 inhibition and pertinent information regarding the
cross-reactivity of a number of clinical medications. Essential
features for hCES1 interaction include a combination of
hydrophobic and hydrogen bonding moieties while keeping
the structure within a limited total mass. The hCES1 active
site is planar, indicating that planar molecules may have a

better chance of effectively interacting with the enzyme. Our
pharmacophore model culled 35,887 compounds from the
WDI data base that might otherwise be considered candidates
for screening. Obviously, such a screening would be a massive
undertaking and would not be realistic in terms of
resources and time constraints for most laboratories but
does translate into a significantly decreased number of
molecules as potential candidates to test hCES1 inhibitory
activity. When the pharmacophore model was combined
with a QSAR model, we were able to further reduce the
number of candidate molecules to assess by 53,742
representing 99.5% of the database, an even greater
increase in efficiency in terms of focused our screening
efforts.

Consistent with the prediction of our molecular
modeling, in vitro inhibition study confirmed that nelfinavir
is a potent hCES1 inhibitor, whereas other selected PIs are
weaker hCES1 inhibitors relative to nelfinavir. The
maximum plasma concentrations of nelfinavir in HIV
positive patients receiving typical doses of nelfinavir were
reported to range from 1 to 4 μg/ml (22,23), which is in
the same range of the Ki and IC50 values determined in
the present in vitro studies. Thus, it appears likely that
nelfinavir could reach a level sufficient to inhibit hCES1
activity in vivo, though free drug concentrations of
nelfinavir in the liver is unknown.

The limitations of in vitro assays and models with regard
to extrapolating such findings to the in vivo situation have
been well described. Certainly issues of drug absorption,
plasma protein binding, tissue distribution, excretion and
others can influence the overall disposition of a compound.
With these limitations borne in mind, only cautious
speculation is possible regarding potential clinical impact
of our findings. The present situation is further complicated
in that hCES1 inhibition as a mechanism of DDIs is a
possibility few researchers and far fewer clinicians may
consider relative to its potential role in DDIs. Furthermore,
in the case of hCES1-catalyzed hydrolytic reactions of
specific prodrugs, the focus is largely upon subsequent
oxidative metabolism mediated by the CYP450 system
following the liberation of the active drug via de-
esterification. In the case of nelfinavir and other PIs, there is
wide recognition of the risk of DDIs via potent inhibition of
CYP3A4. Thus, in the case of some documented DDIs
producing metabolic inhibition, there may be an unrecog-
nized contribution from hCES1 as well as CYP3A4. For
example, the 3-hydroxy-3-methylglutaryl coenzyme A
(HMG-CoA) reductase inhibitors (“statins”) are frequently
co-administered with ARV therapies as a result of
dyslipidemia arising from a PI-induced metabolic distur-
bance. It is well known that PI treatment can lead to
significant elevations in plasma concentrations of a number
of statin drugs. However, it is noteworthy that among the
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statins, simvastatin, a prodrug requiring initial de-
esterification by hCES1 to release the active hydroxyl acid
compound, is profoundly increased (>500-fold increase in
AUC and Cmax) with nelfinavir co-administration (24, 25)
and this may place patients at risk of statin-induced
rhabdomyolysis, believed to be a concentration-dependent
adverse effect possibly resulting in fatality (26). It has been
suggested that simvastatin be avoided altogether in combi-
nation with PI therapy (24). Although all are potentially
problematic, the degree of elevation in plasma concentra-
tions of other HMG-CoA reductase inhibitors such as
pravastatin and atorvastatin (which are not prodrugs or
hCES1 substrates) is not nearly of the magnitude observed
with simvastatin. Thus, in theory, the possibility exits that in
addition to CYP3A4 inhibition by nelfinavir, an additional
contribution via hCES1 inhibition may lead to these
dramatic increases. Nevertheless, such scenarios remain
speculative and in need of confirmation through future in
vivo studies. It should be noted that hCES1 as a mechanism
of DDIs is an area in its infancy relative to other extensively
studied enzyme systems such as CYP450.

It is noteworthy that, beyond catalyzing the metabolism
of therapeutic agents, hCES1 is also involved in lipid
metabolism, in which hCES1 is alternatively referred to
as triacylglycerol hydrolase (TGH). Decreased plasma
triacylglycerol, apolipoprotein B, and fatty acid levels
have been observed in TGH knock-out mice in both
fasted and fed states (27). Thus, it is of interest to
elucidate whether the use of hCES1 inhibitors could result
in the alternation of lipid metabolism in humans,
particularly in view of the known association between PI
use and the development of dyslipidemias.

In summary, we have demonstrated that computational
molecular modeling could serve as a valuable tool to
predict which therapeutic agents may serve as hCES1
inhibitors and hence, a source of potential DDIs. Nelfina-
vir, initially predicted as a hCES1 inhibitor from our
molecular models, was confirmed to exhibit potent and
competitive inhibitory effect on hCES1 using an established
in vitro assay. It appears plausible that hCES1-mediated
DDIs could occur when nelfinavir is co-administered with
other medications predominantly metabolized by hCES1,
but this must be verified through conduct of in vivo studies.
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