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Clinical studies have demonstrated that statins, 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGR)
inhibitors, are effective at lowering mortality levels associated with cardiovascular disease; however, 2–7%
of patients may experience statin-induced myalgia that limits compliance with a treatment regimen. High
resolution crystal structures, thermodynamic binding parameters, and biochemical data were used to design
statin inhibitors with improved HMGR affinity and therapeutic index relative to statin-induced myalgia.
These studies facilitated the identification of imidazole 1 as a potent (IC50 ) 7.9 nM) inhibitor with excellent
hepatoselectivity (>1000-fold) and good in vivo efficacy. The binding of 1 to HMGR was found to be
enthalpically driven with a ∆H of –17.7 kcal/M. Additionally, a second novel series of bicyclic pyrrole-
based inhibitors was identified that induced order in a protein flap of HMGR. Similar ordering was detected
in a substrate complex, but has not been reported in previous statin inhibitor complexes with HMGR.

Introduction

Although progress has been made at reducing the number of
deaths in the United States due to cardiovascular disease,
statistics from the American Heart Association indicate that
cardiovascular diseases are still the major cause of death,
responsible for about 36% of deaths in the United States in
2004.1 This study also indicated that, in addition to age, major
factors for increased risk of cardiovascular diseases were stage
2 hypertension, hypercholesterolemia (>240 mg/dL), smoking,
and diabetes. In addition to diet and exercise, there are treatment
options available to reduce these risk factors. Statins, a class of
compounds known to inhibit 3-hydroxy-3-methylglutaryl co-
enzyme A (HMG-CoA)a reductase, have been proven clinically
effective at lowering circulating low density lipoprotein cho-
lesterol (LDL-c) levels and reducing cardiovascular disease.2–5

There is also evidence that additional clinical benefit may be
obtained from some statins through mechanisms unrelated to

HMG-CoA reductase inhibition.6 While most statins are well
tolerated and have good safety profiles, a small number of
patients have experienced myalgia related to the effect of statins
on muscle tissue.7–9 While the overall incidence of myalgia is
low (2–7% of patients in clinical trials), the likelihood of
occurrence increases with drug dose and it can be a key factor
in preventing patient compliance with a treatment regimen.
Physiologically, the mechanism of statin-induced myalgia is
complex but thought to involve, in part, inhibition of HMG-
CoA reductase in nonhepatic tissues (particularly muscle)
thereby disrupting the biosynthesis of isoprenoid-derived bio-
molecules important in post-translational protein modification
(i.e., prenylation) and electron transport (i.e., ubiquinone). There
is evidence that the likelihood of statin-induced myalgia can
be reduced by targeting HMG-CoA reductase inhibitors to
hepatic tissues and limiting peripheral exposure, and it has been
demonstrated that the hepatoselectivity of a given HMG-CoA
reductase inhibitor is related to its degree of lipophilicity.10–13

In general, lipophilic statins tend to achieve higher levels of
exposure in nonhepatic peripheral tissues, whereas more hy-
drophilic statins tend to be more hepatoselective.9,14

To meet the challenge of finding novel HMG-CoA reductase
inhibitors with improved efficacy and tolerability, we undertook
a discovery effort to identify a novel series of inhibitors with
best-in-class preclinical efficacy and hepatoselectivity. Hepa-
toselectivity was modulated by controlling inhibitor lipophilicity,
while enzyme inhibition potency was optimized through struc-
ture–activity studies supported by ITC, which was utilized to
understand the binding thermodynamics of structurally diverse
inhibitors. Because entropically driven ligand-protein binding
is typically associated with hydrophobic interactions whereas
enthalpically driven binding is driven through electrostatic and
H-bonding interactions, we favored templates with greater
enthalpic components to their binding interactions as a way to
minimize inhibitor lipophilicity, thereby increasing hepatose-
lectivity.

In mammals, the tetrameric HMGR enzyme is involved in
cholesterol production through what is referred to as the
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mevalonate pathway of isoprenoid production. Depending on
species, isoprenoids are enzymatically synthesized through either
the mevalonate pathway or the glyceraldehyde-3-phosphate-
pyruvate (GAP-pyruvate) pathway, also known as the nonme-
valonate pathway. Isoprenoids are involved in many cellular
processes critical to cell growth and metabolism, but excess
cholesterol production increases risk for cardiovascular disease.
This and the importance of isoprenoids in cell function have
made several enzymes involved in their synthesis important
targets for regulation both in mammals and bacteria. High
resolution crystal structures of inhibitors bound to the catalytic
portion of HMGR and enzymatic studies have provided
mechanistic details on HMGR inhibition.15–19 Previous studies
have indicated that statins are competitive inhibitors of substrate
HMG-CoA but not competitive with NADPH.16,20 Recently,
thermodynamic information has provided information on the
driving forces for HMGR inhibition by several statins.21 In the
present work, biochemical assays, microcalorimetry, and crys-
tallography were conducted in parallel to determine the structural
and thermodynamic parameters contributing to inhibitor binding
interactions with HMGR. This information was used to improve
inhibitor affinity and therapeutic window with respect to
myalgia. In addition, thermodynamic parameters of substrate
interaction with HMGR and substrate competition of statin
inhibitors with HMGR were examined.

Results and Discussion

While several currently marketed statins are effective at
lowering serum low density lipoprotein concentrations, some
are much more effective at lowering LDL-c and also differ in
their potential for adverse side-effects. To further increase
potency and lower the potential for adverse side-effects, a
concerted effort was undertaken to identify statins with increased
HMGR affinity and preferential penetration into hepatic relative
to muscle tissues. Hepatoselectivity was influenced by modulat-
ing inhibitor lipophilicity. Starting with several structurally
diverse templates, compounds were synthesized and binding
affinity to HMGR was determined using ITC. All analogues
were evaluated for inhibitory potency in a HMG-CoA reductase
enzyme inhibition assay.22,23 Additionally, the ability of ana-
logues to block cholesterol synthesis in both rat hepatocyte and
myocyte cell lines was evaluated; moreover, comparison of these
two values was utilized as a measurement of hepatoselectivity.22,23

Table 1 shows the molecular structure, biological activity, and
ITC results for the binding interaction of inhibitors with HMGR
at 30 °C for a set of structurally diverse inhibitors clustered
into six template subtypes (in addition to the substrate HMG-
CoA and benchmark rosuvastatin). A high resolution costructure
for each of the inhibitors in Table 1 was also solved with HMGR
and representative structures from each class deposited in the
Protein Data Bank. Inhibitors in series 1 and 2 contain a core
imidazole heterocycle and vary in positioning of the substituents.
For series 1, the imidazole nitrogen at the 1-position has a chiral
3,5-dihyroxyheptanoic acid (DHHA) substituent that mimics
3-hydroxy-3-methylglutaryl acid, while series 2 has an isopropyl
at the 1-position and a DHHA moiety at the 2-position.
Inhibitors in series 3 are bicyclic, containing a core pyrrole
heterocycle. Series 4 inhibitors also have a core pyrrole
heterocycle but are close analogues of atorvastatin with the DH-
HA substituent at the 1-position. Series 5 inhibitors are isomers
of atorvastatin containing a core pyrrole heterocycle with the
DHHA substituent at the 2-position. Series 6 inhibitors have a
central pyrrole with the DHHA moiety at the 1-position but
have a sulfonamide substituent at the 4-position of the pyrrole.

HMG-CoA and Rosuvastatin Binding to HMGR. Prior to
examining inhibitor binding to HMGR, the binding of HMG-
CoA was examined by ITC. Figure 1 shows the binding isotherm
obtained for the interaction of 0.36 mM HMG-CoA with 0.020
mM HMGR at 30 °C. The stoichiometry for the interaction was
approximately 1 molecule of HMG-CoA bound per HMGR.
Other thermodynamic parameters obtained for the interaction
were, ∆H of -9.0 kcal/M, and Ka of 6.9 × 104 M-1 or in terms
of equilibrium dissociation constant, Kd, 1.4 µM (Kd ) 1/Ka).
Interaction of statins with apo HMGR were then investigated
by ITC.

The binding interaction of rosuvastatin, 26, to HMGR was
examined by ITC, and the measured binding enthalpy was -13.2
kcal/M at 30 °C. Extrapolating to 37 °C using the change in
heat capacity of -0.46 kcal/K-1 M-1, as previously reported,21

resulted in a ∆H of -16.4 kcal/M, in excellent agreement with
that reported by Holdgate24 of -16.6 kcal/M.

Although the trend of lower binding enthalpy compared to
rosuvastatin was still apparent, measured binding enthalpies of
–11.7 and -10.3 kcal/M at 30 °C for 13 and 14, close analogues
of atorvastatin, were ∼2 fold greater than that reported for
atorvastatin by Carbonell et.al.21 adjusted to 30 °C. The
difference in binding enthalpy could be due to structural
differences. Lafont et.al. showed for an HIV-1 protease inhibitor
that replacing a thioether group with a sulfonyl resulted in a
hydrogen bond that increased the binding enthalpy by 3.9 kcal/
M.25 With current microcalorimeter sensitivity limits, aqueous
compound solubility for hydrophobic compounds can also be
problematic for collection of ITC data. Although compound
concentration is determined prior to ITC, usually kinetic
solubility not thermodynamic solubility is determined. Data
provided in Table 1 represent the average of two or more ITC
experiments and only those data where binding enthalpy
variability was less than 0.5 kcal/M were reported. This would
help to eliminate inclusion of data for compounds where kinetic
solubility was poor.

Inhibitors 1–5 and 7 and 8 with the core imidazole
heterocycle had greater binding enthalpies than rosuvastatin
and also better binding enthalpies than 13 and 14, the
atorvastatin analogues. Greater binding enthalpy is generally
a very favorable feature for template selection.21,25 Nonspe-
cific binding is associated more with the hydrophobic effect,
which is an entropy driven process. Compounds with
enthalpically driven binding usually have significant H-
bonding and electrostatic interactions that contribute to
binding free energy resulting in greater binding specificity.
In addition, compounds with large enthalpic binding com-
ponents can afford to sacrifice some binding enthalpy to gain
binding entropy. Binding entropy can be gained by adding
hydrophobic substituents with complementary shape to the
binding pocket producing an overall gain in binding free
energy. Carbonell, et al. also showed that for a small set of
statins where the conformation of HMGR did not change
significantly, there was a correlation of binding enthalpy to
binding affinity.

Detailed Thermodynamic Parameters for Imidazole In-
hibitor 1 Binding to HMGR. Because binding enthalpy was
more favorable for the imidazole series and for compound 1 in
particular, additional calorimetry was performed to better
characterize the binding interaction of 1 with HMGR. Shown
in Figure 2a is the interaction of inhibitor 1 with HMGR as
determined by ITC at 28 °C. In Figure 2a, mole ratio is
expressed relative to monomeric HMGR and stoichiometry for
the interaction was 1.1 mol of 1 per mole of HMGR. Im-
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Table 1. Thermodynamic Parameters for the Binding Interactions of Inhibitors with HMGR Determined by ITC at 30°C and Inhibition of Cholesterol
Synthesis in Rat Liver Microsomes, Rat Hepatocytes, L6 Myocytes, and Mouse Acute Inhibition of Cholesterol Synthesis
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mediately apparent, based on the steep slope of the binding
curve, was the much tighter binding affinity of 1 for HMGR
than detected for HMG-CoA binding to HMGR. In addition,
the interaction of 1 with HMGR had a large binding enthalpy
relative to currently marketed statins where thermodynamic data

were available.21 Thermodynamic parameters for binding of 1
to HMGR at 28 °C were N ) 1.1, ∆H of -14.1 ( 0.4 kcal/M,
and a Kd of 29 nM. For accurate Kd determinations, recom-
mended C values are between 1 and 1000. The value of C is
calculated based on the product of the affinity of the ligand

Table 1. (Continued)

a RM, HEP, and L6 are inhibition of cholesterol synthesis of rat microsomal HMG-CoA reductase, in rat liver hepatocytes, and in rat muscle myocytes, respectively;
L6/HEP, ratio of muscle myocyte to liver hepatocyte inhibition; MAICS, mouse acute inhibition of cholesterol synthesis. All compounds were tested at a dose of 30 mg/kg
in the MAICS assay.
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and the concentration of enzyme.26 For inhibitor 1 binding to
HMGR, the C value was 170, indicating experimental conditions
were correct for accurate affinity determination.

To confirm that 1 competed with substrate, a binding
experiment of 1 to HMGR was performed in the presence of
0.34 mM substrate, HMG-CoA. Figure 2b shows the binding
isotherm obtained for the interaction of 1 with HMGR plus 0.34
mM HMG-CoA. A dramatic decrease in the slope of the binding
curve indicated the apparent binding affinity of 1 to HMGR
was reduced by excess substrate. This was as expected for a
substrate competitive interaction. To determine actual binding
affinity of 1 competing with substrate, the affinity of substrate
needed to be factored into the equation to fit the experimental
data. These equations have previously been developed by
Sigurskjold and incorporated into Origin software developed
by Microcal.27 Parameters for the interaction of HMG-CoA with
HMGR entered prior to fitting the experimental data were
stoichiometry (N ) 1), Ka (6.9 × 104 M-1), ∆H (-9.0 kcal/
M), and concentration of substrate (0.34 mM). Using the
competition equation and thermodynamic parameters for HMG-
CoA binding in parentheses, thermodynamic parameters for the
binding interaction of 1 with HMGR in competition with HMG-
CoA were N ) 0.92, ∆H of –15.4 kcal/M, and Kd of 41 nM.
Table 2 summarizes thermodynamic parameters for inhibitor 1
binding interactions with HMGR at 28 °C ( HMG-CoA. In
Table 2, the difference in binding enthalpy of 1 plus or minus
HMG-CoA was greater than 0.5 kcal/M, but this was reflective
of the additive errors involved. In competition experiments, the
measurement error for the binding enthalpy of HMG-Co to
HMGR was added onto the measurement error for the binding
enthalpy of 1 to HMGR containing HMG-CoA.

Heat capacity for the binding interaction of 1 to HMGR was
determined by measuring ∆H for the interaction of 1 with
HMGR in triplicate at four different temperatures. Results from
the temperature dependence experiment are shown in Table 3.

There was a temperature dependent change in binding enthalpy
for the interaction with a heat capacity of –0.63 kcal/K-1 M-1

based on the slope of the plot of temperature versus change in
binding enthalpy. This indicated there was a significant com-

Figure 1. Binding isotherm obtained by ITC using one 1 µL, ten 4
µL, ten 8 µL, and ten 20 µL injections of 360 µM HMG-CoA into 20
µM HMGR at 28 °C in 10 mM Hepes, pH 7.2, 10% glycerol, 1 mM
EDTA, 150 mM NaCl, 1.0 mM TCEP.

Figure 2. (a) Binding isotherm obtained by ITC using one 1 µL
injection and nineteen 8 µL injections of 150 µM statin 1 into 10 µM
HMGR at 28 °C in 10 mM Hepes, pH 7.2, 10% glycerol, 1 mM EDTA,
150 mM NaCl, 1.0 mM TCEP. (b) Binding isotherm obtained by ITC
using one injection of 1 µL followed by twenty-nine 8 µL injections
of 300 µM statin 1 into 340 µM HMG-CoA plus 8 µM HMGR at 28
°C in 10 mM Hepes, pH 7.2, 10% glycerol, 1 mM EDTA, 150 mM
NaCl, and 1.0 mM TCEP.

Table 2. Thermodynamic Parameters for Statin 1 Binding Interactions
with HMG-CoA Reductase and Statin 1 binding to HMG-CoA
Reductase + 0.34 mM HMG-CoA at 28°C

ligand Ka (M-1) ∆G (kcal/M) ∆H (kcal/M)
-T∆S

(kcal/M)

statin 1 3.4 × 107a - 10.4 ( 0.4 -14.1 ( 0.4 3.7
statin 1 + 0.34 mM

HMG-CoA
2.4 × 107b - 10.2 ( 0.2 -15.4 ( 0.1 5.2

a Determined using a single binding site model as described in the
Experimental Section. b Determined using a competitive binding model with
a stoichiometry of 1.0, Ka of 6.9e04 M-1, and ∆H of –9.0 kcal/M for
HMGCo-A binding to HMGR.
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ponent of binding energy due to hydrophobic interactions that
increase with increasing temperature. The change in heat
capacity was greater than for other marketed statins reported
by Carbonell et al.21

Buffers with different enthalpies of ionization can also affect
the binding enthalpies measured by ITC. To investigate the
dependence on buffer conditions, the binding of 6 to HMGR
was examined in four buffers with different enthalpies of
ionization. Table 4 provides the binding enthalpies measured
for statin 6 in each of the buffers. A linear regression of the
data in Table 4 resulted in the following equation:

y)-0.21x- 7.5 (1)

The slope of –0.21 was close to zero and indicated only
negligible buffer effect (within experimental error) for the
interaction. Lack of a coupled protonation-deprotonation reac-
tion was previously reported for rosuvastatin.21

Structural Data Combined with Thermodynamic Param-
eters for Statin Inhibitors from the Imidazole Series Bind-
ing to HMGR. A high resolution crystal structure of 1 with
HMGR was obtained and provided additional information to
explain the increased binding enthalpy of 1 relative to other
statins. Figure 3a shows the costructure of 1 bound to HMGR
with a Connolly binding site surface shown. The binding surface
was shaded according to hydrophobicity, with brown areas more
hydrophobic, blue areas more hydrophilic, and green areas
intermediate. There is a hydrophobic floor under the pyrrole
extending under the p-fluorobenzyl substituent. The hydroxyl
and carboxyl groups from the dihydroxyheptanoic acid sub-
stituent extend into hydrophilic pockets and form extensive
H-bond networks with Glu559, Asn755, Lys691, Asp690,
Arg590, Ser684, Lys692, and Lys735 (see Figure 3b). Because
HMGR is tetrameric, ligand was bound in four different catalytic
sites, permitting redundant analysis of the structure for deviations
in positioning of the atoms. Table 5 lists the bond lengths for
each H-bond that inhibitor 1 formed with HMGR for each of
the four costructures of 1 bound to HMGR. Atom positioning
of the ligand was very consistent for each of the four structures,
as indicated by the consistency in the H-bond lengths. For the
first member from each of the other series of templates in Table
1, H-bond lengths to the dihydroxyheptanoic acid substituent
were nearly identical to those listed in Table 5, showing that
the dihydroxyheptanoic acid interaction was highly conserved
in each template series. This excludes the carboxyamide H-bond
for 1 that was not always present in the other series or varied
in position and length.

The carboxyamide of 1 forms a 2.6 Å H-bond of the amide
carbonyl with Ser565 similar to that detected in atorvastatin.18

Compared to atorvastatin, statin 1 has a methylene between the
amide nitrogen and the phenyl group that permits flexing of
the amide for optimal H-bonding partially reflected in greater
binding enthalpy for 1 compared to 13, a close analogue of
atorvastatin. Greater binding enthalpy and retained high HMGR
affinity of 1 suggests that the extra phenyl group and ortho-
hydroxyl of 13 compared to 1 did not effectively contribute to
binding affinity.

Hepatoselectivity of 1 was good, as indicated by the ratio of
the IC50 for cholesterol inhibition in myocytes vs hepatocytes
(Table 1, column L6/HEP); larger values for L6/HEP indicate
greater hepatoselectivity. Greater binding enthalpy occurs with
greater polar interactions and, as previously shown, greater
polarity and hydrophilicity of the molecule is expected to
provide improved active transport in hepatocytes.9,14 Inhibitor
1 also showed modest in vivo activity (45% inhibition) in the
mouse model, measuring inhibition of cholesterol synthesis
(Table 1, MAICS, mouse acute inhibition of cholesterol
synthesis).

Because the binding enthalpy of 1 was very good relative to
other tight binding statins, some binding enthalpy could be
sacrificed to gain binding free energy by adding hydrophobic
substituents that are more optimally positioned than the phenyl
group in 13. Increasing the hydrophobic character of the
fluorophenyl by adding another fluorine as exemplified in 2, or
by adding a biphenyl, 3, slightly increased binding free energy
and inhibition of cholesterol synthesis in the rat microsomal
cholesterol synthesis assay (Table 1, RM IC50 ) 0.3 and 3.6
nM, respectively) relative to 1. Significantly increasing hyro-
phobicity as for 6 (c log D ) 1.42) with the ortho-fluorobiphenyl
substituent provided one of the first inhibitors with subnano-
molar activity (RM IC50) 0.6 nM). But the structural alterations
and increased hydrophobicity led to decreased hepatoselectivity.
Binding enthalpy of 6 was 8.8 kcal/M less than 1, but it gained
8.4 kcal/M in entropy therefore maintaining the same binding
free energy.

Addition of an hydroxyethyl to the benzyl carbon, 4, did not
improve binding affinity. Consistent with this, analysis of the
costructure for 4 indicated the hydroxyethyl was solvent exposed
and did not form an H-bond with any HMGR residues. Inhibitor
4 maintained heptoselectivity but had less in vivo activity (18%
inhibition) than 1. Inhibitor 5 (c log D ) -1.23) was more
polar than 1 (c log D ) -0.84), maintained affinity, hepatose-
lectivity, and inhibited cholesterol synthesis in vivo better than
1. Results for inhibitors 1–6 indicated that while better affinity
could be achieved through the addition of hydrophobicity to 1,
it came at the cost of hepatoselectivity. A better approach was
to make structural alterations that increased hydrophilicity while
maintaining binding enthalpy.

Inhibitors 7 and 8 had similar binding thermodynamic
parameters as 1, which was structurally similar to both but
isomeric in positioning of substituents on the imidazole het-
erocycle. This suggested that the positioning of the nitrogen
atoms on the imidazole heterocycle was not critical because it
did not significantly alter binding affinity. Therefore even though
the nitrogens of the imidazole heterocycle are H-bond acceptors,
they were not participating in H-bonds to the protein backbone.
This was confirmed by the costructures of 7 and 8. Figure 4
shows the costructure of 7 bound to HMGR. The view of the
binding site is oriented the same in Figures 3 and 4. Comparison
of costructures show the substituents were positioned the same
in the binding pockets for 1 and 7. For 7, the length of each

Table 3. Temperature Dependence (Heat Capacity) of Statin 1
Interaction with HMGR by ITC

T (C) T (K) ∆H (kcal/M)a

28 301 -14.1
30 303 -17.9
35 308 -21.8
40 313 -25.3

a Average of three determinations.

Table 4. Results from the Measurement of Binding Enthalpy for
Inhibitor 6 Interaction with HMGR in Buffers with Different
Deprotonation Enthalpies at 30 °C

∆H deprotonation
(kcal/M)

trial 1 ∆H
(kcal/M)

trial 2 ∆H
(kcal/M)

av ∆H
(kcal/M)

∆H std
deviation
(kcal/M)

Pipes 2.72 -8 -8.4 -8.2 0.3
Mes 3.7 -7.8 -7.9 -7.9 0.1
Hepes 4.99 -8.6 -9.1 -8.9 0.4
Bes 6.02 -8 -9.2 -8.6 0.8
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H-bond to the DHHA and carboxyamide substituents was within
0.3 Å of those for 1 listed in Table 5. While 7 and 8 showed good
in vivo activity (49% and 74% inhibition, respectively), they were
not as hepatoselective as 1 or 5.

Structural Data Combined with Thermodynamic Param-
eters for Statin Inhibitors from the Bicyclic Pyrrole Series
Binding to HMGR. While bicyclic pyrroles have lower binding
enthalpy than 1, they each showed favorable binding entropy
contributing to binding free energy, ∆G. The increased entropic

binding component resulted in a ∆G of HMGR binding for 9
that was the same as that measured for 1. Favorable binding
entropies of these inhibitors were evident from examination of
the high resolution crystal structures for the cocomplexes. The
costructure for 9 cocomplexed to HMGR is shown in Figure 5.
HMGR was positioned in the same orientation for Figures 3–5.
The bicyclic ring system displaces ordered water molecules from
the active site but also ordered the C-terminal residues Gly860
to Ser865 that are normally disordered in statin inhibitor bound
structures. This flap folds over the catalytic site, forming
hydrophobic interactions with the bicyclic portion of the
inhibitor. In the view of the costructure for 9, not all of the
seven-membered ring or the DHHA moiety is seen because
the flap partially covers the opening to the catalytic site. Most
of the pyrrole, carboxyamide, and biphenyl ring are seen. Figure
6 shows a comparison of 1 (Figure 6a) and 9 (Figure 6b) using
a ribbon diagram for depiction of the HMGR backbone. In this
view, it is easier to see the C-terminal residues. Electron density
for the C-terminal residues past Gly860 were not detected in
the costructure of 1 bound to HMGR and the residues are not
shown. There was electron density for these residue in the
costructure of 9 with HMGR and the residues are shown, making
van der Waal’s contact with the inhibitor. Ordering of the
C-terminal flap is similar to what is found in substrate-complex
structures.18

It is not intuitive that ordering the flap would produce
favorable binding entropy, but displacement of several ordered
water molecules from the catalytic site and from the solvent
shell around the ligand due to hydrophobic interactions with

Figure 3. (left panel) Costructure of 1 (imidazole series) bound to HMGR. Inhibitor is colored by atom: carbon, green; nitrogen, blue; oxygen, red;
hydrogen, white (not all hydrogens shown); fluorine, purple. Binding pocket is shown as a Connolly surface color coded by hydrophobicity: brown,
more hydrophobic; green, intermediate; blue, hydrophilic. (right panel). Costructure of 1 bound to HMGR rotated so the benzyl group is down
compared to left panel, showing hydrogen bonding to HMGR residues, see Table 5, column 3, for H-bond distances.

Table 5. H-Bond Lengths for Each of the Four Costructures of Inhibitor
1 Bound to Tetrameric HMGR

costructure of inhibitor 1 binding to
HMGR H-bond lengths (Å)

inhibitor
substituent residue molecule 1 molecule 2 molecule 3 molecule 4

carboxyamide Ser565 2.6 2.5 2.5 2.6

DHHA OHa Glu559 2.6 2.8 2.6 2.6
Asn755 3.0 3.1 3.2
Lys691 2.9 3.1 3.0 3.0

DHHA OHb Asp690 2.7 2.8 2.7 2.5
Arg590 3.2 3.1 3.2 3.3
Arg590 3.1 2.9

DHHA OHc,
CdOc

Arg590 3.4 3.5

H2O 2.6 2.6 2.5 2.7
Ser684 2.7 2.6 2.6 2.6
Lys692 3.0 3.3 3.3 3.0
Lys735 2.7 2.8 3.0 2.8

a H-bonds to the 3-OH of DHHA. b H-bonds of the 5-hydroxy of DHHA.
c H-bonds to the carboxyl group of DHHA.

Figure 4. Costructure of 7 bound to HMGR. Inhibitor and binding
pocket color is coded as in Figure 3. HMGR is in the same orientation
as Figure 3.

Figure 5. Costructure of 9 bound to HMGR. Inhibitor 9 is from the
bicyclic pyrrole series and produces ordering of the C-terminal region
of HMGR similar to that detected in complexes with substrate. Ordering
of the C-terminal residues is referred to in this work as the flap closed
conformation. Inhibitor and binding pocket color is coded as in Figure
3. HMGR is in the same orientation as Figure 3.
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HMGR would contribute to the favorable binding entropy.
Interestingly, examination of the costructures indicated this flap
is closed for each of the bicyclic inhibitors (9–12) of series 4.
Therefore, it appears to be a general property of this series of
inhibitors and probably occurs due to unique hydrophobic
interactions with the hydrophobic bicyclic moiety. It also
suggests that transposing the hydrophobic bicyclic nature into
the imidazole template could combine favorable binding en-
thalpy of the imidazole series with favorable binding entropy
of the bicyclic series, potentially resulting in even greater
binding free energy.

Inhibitor 12 showed reasonable hepatoselectivity (L6/HEP
) 1487), but it showed only weak in vivo activity (MAICS )
23%). While inhibition in rat muscle myocytes was not tested
for 9–11, they also showed only weak in vivo activity in the
MAICS assay.

Structural Data Combined with Thermodynamic Param-
eters for Statin Inhibitors from the Pyrrole Series Binding
to HMGR. Although there are more structural differences than
the substitution pattern on the pyrrole heterocycle, comparison
of thermodynamic parameters for 13 and 20 indicated that the
position of the nitrogen in the pyrrole ring did not have a large
influence on binding affinity. In addition to the isomeric position
of the substituents, differences in the two structures were 13
had an ortho-phenoxy and 20 had a para-fluoro substituent.
Figure 7 shows the costructures of 13 and 20 bound to HMGR.
For comparison, all atoms for 20 were colored cyan. Costruc-
tures indicated the pyrrole subsituents were positioned in the
binding pocket in the same orientation whether the DHHA was
on the pyrrole nitrogen or the R carbon. Rotation of the ortho-

phenoxy of 13 was evident relative to the unsubstituted
carboxybenzamide of 20. A weak polar interaction of the
phenoxy with HMGR could favor positioning of the ring in this
conformation relative to 20.

Inhibitor 13 had an increased HMGR binding affinity ∆∆G
(0.6 kcal/M) and ∆∆H (1.4 kcal/M) relative to 14, the other
atorvastatin analogue. The polar interaction of the phenoxy
would be expected to contribute favorably to the binding
enthalpy. Binding entropy was less favorable for 13 relative to
14, suggesting that the 3-phenyl substituent on the pyrrole, which
is partially solvent exposed, did not contribute significantly more
binding free energy than the isopropyl substituent.

The costructure of 15 (Figure 8) with HMGR showed the
same H-bonding pattern of the DHHA substituent as detected
for 13. In addition, the benzamide CdO formed an H-bond with
Ser565, and for 15, the benzamide amine H-bonded to a water
molecule. Although the p-sulfonamide did not form H-bonds
with HMGR, the backbone amide nitrogen of Ser565 was 4.5
Å away. This and other polar functionality of HMGR could
form weak polar interactions to the p-sulfonamide substituent
of 15. The amine portion of the sulfonamide was largely solvent
exposed. With the solvent exposure, less desolvation penalty
was paid for burying the p-sulfonamide, but the weak polar
interactions produced no significant increase in affinity from
the sulfonamide substituent. Inhibitor 15 had good hepatose-
lectivity (L6/HEP ) 6704) and some in vivo efficacy (MAICS
) 32% inhibition).

Binding free energies were within 1.3 kcal/M for inhibitors
15–22 and, except for 19 and 22, inhibition in the rat microsomal

Figure 6. (a) Statin 1 bound to HMGR. Electron density for the
C-terminal residues 861–865 was not apparent in the costructure and
is not shown. Inhibitor color coding is the same as in Figure 3. Protein
is depicted in a ribbon diagram colored by secondary structural feature:
R helix, red; � sheet, cyan; unordered, green. (b) Statin 9 bound to
HMGR. Electron density for the C-terminal residues (His861, Leu862,
Val863, Lys864, Ser865) was detected in the costructure, and this
conformation is referred to as the flap closed conformation. Inhibitor
color coding is the same as in Figure 3. Protein is depicted in a ribbon
diagram colored by secondary structural feature: R helix, red; � sheet,
cyan; unordered, green.

Figure 7. Costructure of 13 bound to HMGR overlaid with the
costructure of 20 bound to HMGR. Inhibitor 13 and binding pocket
colors are coded as in Figure 3. For better contrast, all atoms for 20
are shown in cyan. Binding site is rotated compared to orientation in
Figure 3–5.

Figure 8. Costructure of 15 bound to HMGR. Except for the sulfur
atom colored yellow, inhibitor and binding pocket color is coded as in
Figure 3. Yellow dashed lines are representative of H-bonds, and water
molecules are depicted.
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cholesterol synthesis assay were similar, spanning a range from
1.3 to 3.0 nM. There were larger differences in binding enthalpies
for the set, with the most hydrophilic inhibitors 15–17 having the
greatest binding enthalpies between 13.1 and 13.7 kcal/M. These
binding enthalpies were at least 0.9 kcal/M greater than binding
enthalpies for 18–22. Excluding 22, there was a linear relation
between binding enthalpy (∆H) and calculated hydrophillicity (c
log D) with a correlation coefficient of 0.74, but significant
structural changes such as found in the bicyclic inhibitor 22 resulted
in an outlier. A favorable ∆S of 2.7 kcal/M for the binding
interaction of 22 with HMGR was unique compared to 15–21.
Favorable entropy and the bicyclic structure of this analogue were
also characteristic of the bicyclic pyroles, series 3. Indeed, the
costructure of 22 with HMGR indicated the protein was in the
flap closed conformation, similar to that detected for the bicyclic
pyroles (see Protein Data bank file 2Q6B).

Although ∆H was equivalent for inhibitors 15 and 16, within
experimental error, binding affinity of 16 to HMGR was slightly
greater than for 15, ∼4 fold. The crystal structure and lack of
difference compared to the phenyl substituent found in 16,
suggested that interactions of the sulfonamide from 15 to HMGR
did not contribute significantly to binding free energy. Inhibitor
16 with fewer rotatable bonds paid less entropic penalty than
15 and with lower molecular weight was more ligand efficient.28

Inhibitor 16 also had better in vivo activity (MAICS ) 53%
inhibition). All binding thermodynamic parameters for 17 were
within 0.5 kcal/M to those of 16, suggesting the p-dimethyl
formamide R2 substituent of 17 also did not form a productive
H-bond with protein. Inhibitor 17 (L6/HEP ) 271) was less
hepatoselective than 15 with better in vivo activity (MAICS )
59% inhibition).

Thermodynamic parameters for the interactions of inhibitors
19–21 with HMGR were within 1.0 kcal/M. Cholesterol
inhibition in rat hepatocytes was similar for 20 and 21, HEP
IC50 ) 1.03 and 2.81 nM, respectively, indicating the fluorine
substituent on R1 did not improve affinity or potency for the
series. The amidopyrrole 19 with a p-methyl ester R2 substituent
had the best cholesterol inhibition in rat hepatocytes at 0.12
nM, had good in vivo activity (MAICS ) 64%), but was less
hepatoselective than imidazole inhibitors from series 1.

Inhibitors 23–25 from pyrrole series 6 had equivalent ∆H of
binding. There were relatively small differences in ∆S, resulting
in marginal changes in affinity. Again, they have similar structures
except for the sulfonamide substituents, suggesting that the
sulfonamide substituents are not contributing significantly to the
binding free energy. This was reflected in the costructures for the
inhibitors. Figure 9 shows the binding interaction of 23 with
HMGR. The sulfonamide did not form an H-bond with Ser565

and the p-phenylamide portion was highly solvent exposed
consistent with the thermodynamic finding that substituents off the
sulfonamide had little effect on binding free energy. Inhibition of
cholesterol synthesis in rat hepatocytes was also similar for 23–25
and ranged from 0.8 to 1.8 nM.

Conclusions

As part of a discovery program to identify potent and hepatose-
lectivity statins, thermodynamic binding data were used to aid in
template prioritization and analogue design. Because entropically
driven ligand-protein binding is typically associated with hydro-
phobic interactions, whereas enthalpically driven binding is driven
through electrostatic and H-bonding interactions, templates with
greater enthalpic components to their binding interactions were
selected as a way to minimize inhibitor lipophilicity and increase
hepatoselectivity. Utilizing this approach in combination with
structure–activity studies, inhibitor 1 was selected for further
evaluation based on its excellent HMGR affinity, binding enthalpy,
biological potency, and hepatoselectivity.

Experimental Section

Protein Expression, Purification, and Crystallization. The
structure of HMG-CoA reductase (HMGR) in complex with statins
has previously been reported.18 A modified version of the published
clone was used for this study. HMGR was expressed as an
N-terminal His6 protein truncated from amino acid 441–875 with
the mutation M485I in the Escherichia coli strain BL21 STAR.
Protein was purified via Ni-affinity and gel filtration chromatog-
raphy. HMGR was concentrated to 20 mg/mL and then complexed
with statins at a concentration of 0.5 mM and incubated at 4 °C
for 1 h. Crystals were prepared in hanging drops from a crystal-
lization solution of 28% PEG 4000, 0.1 mM Tris, pH 8.5, 0.2 M
Li2SO4, and 50 mM DTT at 20 °C. Diffraction quality crystals (P21)
were obtained after microseeding, harvested after 1 week, and
cryoprotected in 25% ethylene glycol. Data were collected at 2 Å
resolution at the Industrial Macromolecular Crystallography As-
sociation Collaborative Access Team beam-line ID-17 at the Advanced
Photon Source (Argonne National Laboratory). All data were processed
and scaled using HKL2000. Costructures for inhibitors bound to
HMGR that are provided in the figures are deposited in the Protein
Data Bank (see Supporting Information for accession file names).
Three-dimensional molecular visualization and drug design (MoVit,
version 2.12) software, developed at Pfizer, was used to display and
plot crystallographic data shown in this work.

HMGR Inhibitors, HMG-CoA, and Buffer Reagents. All
HMGR inhibitors reported in this work were synthesized at Pfizer,
Inc.10–13,29,30 HMG-CoA and all buffer reagents were purchased
from Sigma-Aldrich Chemical company.

Isothermal Titration Calorimetry. Isothermal titration calo-
rimetry (ITC) experiments were performed using an Microcal VP
ITC and a Microcal automated VP-ITC. Data collection, analysis,
and plotting were performed using a Windows-based software
package (Origin, version 7.0) supplied by Microcal. The titrating
microcalorimeter consisted of a sample and reference cell held in
an adiabatic enclosure. To minimize heat of dilution effects resulting
from differences in buffer composition between ligand and protein,
ligands were dissolved in dialysate buffer from the final step in
the HMGR purification. Dialysate buffer was 10 mM Hepes, pH
7.2, 10% glycerol, 1 mM EDTA, 150 mM NaCl, and 1.0 mM
TCEP. Ligand and protein solutions were degassed prior to analysis.
The concentration of HMGR was determined spectroscopically by
measuring A280 and A260 and using the following:

[HMGR]mg/mL) (A280 × 1.55)- (A280 × 0.76) ⁄ 0.594 (2)

The molecular weight of monomeric HMGR was 47.5 kDa and
for the catalytic tetramer 190 kDa. Typically, a preliminary injection
of 1 µL followed by 19 injections of 8 µL of inhibitor solution at
100-150 µM were made by a computer controlled injector into

Figure 9. Costructure of 23 bound to HMGR. Except for the sulfur
atom colored yellow, inhibitor and binding pocket color is coded as in
Figure 3. Water molecules are depicted.
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the sample cell filled with 1.37 mL of HMGR solution at 20–80
µM based on monomer. The syringe stir rate was 300 rpm. Heat
adsorbed or released with each injection was measured by the
calorimeter. Titration isotherms for the binding interactions were
composed of the differential heat flow for each injection. These
were integrated to provide the enthalpy change with each injection.
Heats of dilution obtained by injecting HMGR into final purification
buffer were insignificant. Isotherms fit well to a single-site model
using an iterative nonlinear least-squares algorithm.26 All parameters
were floated during the iterations. Binding isotherms fit by this
method provided the equilibrium association or binding constant,
Ka, the change in enthalpy, ∆H, and stoichiometry of binding, N.
Binding stoichiometry was adjusted to 1:1 when necessary (four
molecules of ligand per tetrameric HMGR). The change in free
energy (∆G) and change in entropy (∆S) were then determined
using the following equation:

∆G)-RT ln Ka )∆H- T∆S (3)

where R is the universal gas constant, T is the temperature in degrees
Kelvin, and other parameters are as previously defined.

Some statins bound with high affinities, and experiments for these
were also conducted with substrate added to HMGR prior to titration
with ligand. These experiments permitted more accurate determi-
nation of the inhibitor affinity and confirmation that the inhibitor
was competitive with substrate. Competition experiments like these
have previously been utilized to study binding of other enzyme
systems.27 Binding isotherms from the current competition studies
were fit using competitive binding equations previously developed
by Sigurskjold and implemented in Microcal Origin software.

In addition, experiments were conducted in several buffers of
different hydrogen ionization potential to determine the role of
protons in the binding interaction.31 For these experiments, HMGR
was 2× dialyzed versus buffer, 0.2 µM filtered, and then ligands
were dissolved in dialysate buffer.
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