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Abstract Diabetic dyslipidemia requires simultaneous treat-
ment with hypoglycemic agents and lipid-modulating drugs.
We recently described glycogen phosphorylase inhibitors that
reduce glycogenolysis in cells and lower plasma glucose in
ob/ob mice (

 

J. Med. Chem.

 

, 41: 2934, 1998). In evaluating the
series prototype, CP-320626, in dogs, up to 90% reduction in
plasma cholesterol was noted after 2 week treatment. Choles-
terol reductions were also noted in ob/ob mice and in rats.
In HepG2 cells, CP-320626 acutely and dose-dependently
inhibited cholesterolgenesis without affecting fatty acid syn-
thesis. Inhibition occurred together with a dose-dependent
increase in the cholesterol precursor, lanosterol, suggesting
that cholesterolgenesis inhibition was due to lanosterol 14

 

�

 

-
demethylase (CYP51) inhibition. In ob/ob mice, acute treat-
ment with CP-320626 resulted in a decrease in hepatic cho-
lesterolgenesis with concomitant lanosterol accumulation,
further implicating CYP51 inhibition as the mechanism of
cholesterol lowering in these animals. CP-320626 and ana-
logs directly inhibited rhCYP51, and this inhibition was highly
correlated with HepG2 cell cholesterolgenesis inhibition
(

 

R

 

2

 

 

 

�

 

 0.77).  These observations indicate that CP-320626
inhibits cholesterolgenesis via direct inhibition of CYP51,
and that this is the mechanism whereby CP-320626 lowers
plasma cholesterol in experimental animals. Dual-action gly-
cogenolysis and cholesterolgenesis inhibitors therefore have
the potential to favorably affect both the hyperglycemia and
the dyslipidemia of type 2 diabetes.

 

—Harwood, Jr., H. James,
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Type 2 diabetes is a severe and prevalent disease in the
Western world and affects roughly 16 million persons in
the US, and another 14 million people have impaired glu-
cose tolerance (1). Projections indicate that the incidence
of type 2 diabetes will increase to over 25 million by 2010
in the US, and to over 300 million worldwide by 2025 (1–3).
The annual direct medical costs associated with type 2 dia-
betes, which in the United States was in excess of 44 bil-
lion dollars in 1997 (4), result primarily from secondary
hyperglycemia-related complications, such as retinopathy,
nephropathy, peripheral neuropathy, and cardiovascular,
peripheral vascular, and cerebrovascular disease.

A high correlation exists between tighter glycemic control
and reduction of these long-term complications in type 2
diabetes (5). Type 2 diabetics are currently treated with in-
terventions to improve glycemia through a progressive regi-
men of diet, exercise, oral antidiabetic drugs (as monother-
apy or in combination), and insulin (6). However, there is
an ongoing need for additional oral antidiabetic agents
that will achieve better glycemic control as monotherapy
and/or work more safely or effectively in combination.

In addition to their hyperglycemia, patients with type 2
diabetes often present with a concomitant atherogenic
dyslipidemia (elevated triglycerides, low HDL cholesterol,
and small, dense LDL) that increases their risk of cardio-
vascular disease (7, 8). Because there is a high incidence
of mortality for type 2 diabetics with their first myocardial
infarction (7), aggressive therapy for treating diabetic dys-
lipidemia is recommended (7). It is suggested that initial
lipid-modulating therapy be directed toward reducing LDL
cholesterol levels to below 100 mg/dl through administra-
tion of a cholesterol synthesis inhibitor, such as a statin
(HMG-CoA reductase inhibitor), and that this treatment

 

Abbreviations: AUC, area under the curve; CYP, cytochrome-P450;
DMEM, Dulbecco’s modified Eagle’s medium.
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be combined with a fibric acid derivative, such as fenofi-
brate, for patients with HDL cholesterol levels below 40
mg/dl and for patients with triglycerides that remain ele-
vated (

 

�

 

150 mg/dl) after both improvement of glycemic
control and initiation of statin therapy (7).

In pursuing new treatments for type 2 diabetes, we have
targeted inhibition of glycogen phosphorylase (E.C. 2.4.1.1),
the enzyme that catalyzes the hydrolytic release of glucose-
1-phosphate from glycogen, as an approach to reducing he-
patic glycogenolysis and thereby controlling plasma glucose
levels (2). Through these efforts, we have identified a series
of indole-2-carboxamide glycogen phosphorylase inhibitors
(9, 10) that inhibit the human liver isoform of glycogen phos-
phorylase by binding at a unique allosteric regulatory site on
the enzyme (11), reduce forskolin-induced glycogenolysis
in SK-HEP-1 cells (10, 12), and exhibit glucose-lowering
activity when given orally to diabetic ob/ob mice (10, 12).

Because of the potential pharmacological utility of this
series of glycogen phosphorylase inhibitors, we have eval-
uated a representative analog, CP-320626 (

 

Fig. 1

 

); [IC

 

50

 

 vs.
human liver glycogen phosphorylase, 205 nM (10)], for its
subchronic effects in diabetic ob/ob mice (10, 12), in rats,
and in dogs. During the course of these studies, we discov-
ered that CP-320626 reduced plasma cholesterol levels in a
variety of normoglycemic, nondiabetic animals in a manner
and magnitude inconsistent with its expected action as a
glycogen phosphorylase inhibitor. Herein, we report iden-
tification of the mechanism responsible for the cholesterol-
lowering action of CP-320626 as inhibition of the choles-
terolgenic enzyme lanosterol 14

 

�

 

-demethylase (CYP51), and
characterize structure–activity relationships for this activ-
ity within the series.

EXPERIMENTAL PROCEDURES

 

Materials

 

Lanosterol, NADP

 

�

 

, glucose-1-phosphate, glycogen, isocitrate,
isocitrate dehydrogenase, dioleoyl 

 

l

 

-

 

�

 

-phosphatidylcholine, ergos-
terol, tyloxapol, ketoconazole, quinidine, sulfaphenazole, cyto-
chrome-P450 (CYP) reductase, PEG400, and diagnostic kits for
measuring plasma lactate and 

 

�

 

-hydroxybutyrate were from Sigma
Chemical Co. (St. Louis, MO). TMSI 

 

�

 

 Pyridine, 1:4 (Sylon TP) in
1 ml aliquots were from Supelco (Bellefonte, PA). Sodium [2-

 

14

 

C]
acetate (56 mCi/mmol), R,S-[2-

 

14

 

C]mevalonolactone (58 mCi/
mmol), and Aquasol-2 were from New England Nuclear (Boston,
MA). Ready-Safe was from Beckman Instruments (Fullerton, CA).
[2,6,11,12,15,23-

 

3

 

H]lanosterol was from American Radiolabeled
Chemicals, Inc. (St. Louis, MO). Dulbecco’s modified Eagle’s me-
dium (DMEM), 

 

l

 

-glutamine, and gentamicin were from GIBCO

Laboratories (Grand Island, NY). Heat-inactivated fetal bovine
serum was from HyClone Laboratories (Logan, UT). Silica gel 60C
TLC plates were from Eastman Kodak (Rochester, NY). BCA pro-
tein assay reagent was from Pierce (Rockford, IL). A-Gent™ Glu-
cose-UV, A-Gent™ Triglyceride and A-Gent™ Cholesterol Test re-
agent systems were from Abbott Laboratories (Irving, TX). Pluronic
P105 Block Copolymer Surfactant was from BASF (Parsippany, NY).
Sprague Dawley rats and Beagle dogs were from Charles Rivers
(Boston, MA). C57BL/6J-ob/ob mice were from Jackson Labora-
tory (Bar Harbor, ME). RMH 3200 laboratory meal and Agway
Respond 2000 laboratory dog chow were from Agway, Inc. (Syra-
cuse, NY). HepG2 cells were from the American Type Culture
Collection (Rockville, MD). All other chemicals and reagents
were from previously listed sources (13–16).

 

Studies using experimental animals

 

All procedures using experimental animals were approved by
the Institutional Animal Care and Use Procedures Review Board.
Sprague Dawley rats, C57BL/6J-ob/ob mice, and Beagle dogs were
given food and water ad libitum and treated orally at a volume of
1.0 ml/200 g body weight (rats), 0.25 ml/25 g body weight (mice),
or 1.0 ml/kg body weight (dogs) with either an aqueous solution
of 0.1% pluronic P-105 in 10% DMSO (vehicle) or an aqueous
solution of 0.1% pluronic P-105 in 10% DMSO plus CP-320626.

 

Measurement of plasma, cholesterol, triglyceride, 
glucose, and related metabolite levels

 

Serum glucose triglyceride and total cholesterol concentrations
were determined by the Abbott VP™ and VP Super System

 

®

 

 Auto-
analyzer using the A-Gent™ Glucose-UV, A-Gent™ Triglyceride
and A-Gent™ Cholesterol Test reagent systems. Serum insulin and
glucagon concentrations were determined by radioimmunoassay
(RIA) using kits from Binax (Portland, ME) and Amersham Corp.
(Arlington Heights, IL), respectively. 

 

�

 

-Hydroxybutyrate concen-
tration was determined spectrophotometrically using kits from
Sigma. Free fatty acid concentration was determined using a kit
from Wako (Richmond, VA). The serum glucose, insulin, glucagon,
triglyceride, total cholesterol, 

 

�

 

-hydroxybutyrate, and free fatty acid–
lowering activity of test compounds were determined by statisti-
cal analysis (unpaired 

 

t

 

-test) with the vehicle-treated control group.

 

Measurement of plasma CP-320626 levels

 

To 100 

 

�

 

l aliquots of plasma were added 50 

 

�

 

l of an internal
standard (2 

 

�

 

g/ml CP-89816 in methanol), 5 ml methyl tert-butyl
ether, and 1 ml of 0.5 M sodium carbonate (pH 9). After vigor-
ous mixing and centrifugation, the ether layers were removed
and evaporated to dryness, and the resulting solid was reconsti-
tuted with 75 

 

�

 

l mobile phase [45% acetonitrile, 55% 50 mM so-
dium phosphate monobasic, and 30 mM triethylamine (pH 3)].
Aliquots (30 

 

�

 

l) of reconstituted samples were injected onto a
4 

 

�

 

m Waters Nova-Pak C-18 (Waters Corp, Bedford, MA) reverse
phase column (3.9 

 

�

 

 150 mm), with a mobile phase flow rate of
1 ml/min. CP-320626 and internal standard were detected by
fluorescence (excitation at 290 nm and emission at 348 nm). The
linear dynamic range was between 0.1 

 

�

 

g/ml (lower limit of quan-
tification) and 1 

 

�

 

g/ml (upper limit of quantification). C

 

max

 

 was
the concentration in the blood sample in which the highest
plasma concentration was measured. The area under the plasma
concentration time curve (AUC) from 0 to tlast (AUC

 

0–tlast

 

) was
calculated using a linear trapezoidal approximation, where tlast
is the time point of the last quantifiable plasma concentration.

 

Measurement of liver and plasma precursor sterols by gas 
chromatography-mass spectrometry

 

Nonsaponifiable lipids were isolated from liver and plasma
and quantitated by gas chromatography-mass spectrometry (GC/Fig. 1. The structure of CP-320626.
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MS). Samples of plasma (0.75 ml) and liver (0.75 g) were saponi-
fied at 70

 

�

 

C for 120 min in 2.5 ml of 2.5 M NaOH, then 5 ml of
absolute EtOH was added to each sample and the solutions were
mixed. Ten milliliters of petroleum ether was then added to each
sample, and the mixtures were shaken vigorously for 2 min then
centrifuged at 2,000 

 

g

 

 in a bench-top Sorvall for 10 min. After a
second petroleum ether extraction, the resultant petroleum ether
layers were removed, dried under nitrogen, and dissolved in 500

 

�

 

l dry pyridine solution. A 500 

 

�

 

l aliquot of TMSI 

 

�

 

 Pyridine, 1:4
(Sylon TP) was then added to each sample, and derivatization was
allowed to continue at room temperature (RT) for 1 h. Derivatized
samples were analyzed using an HP-6890 Series gas chromato-
graph equipped with a 6890 Series GC Injector and interfaced
with an HP-5973N mass selective detector. Separation was achieved
using a Supelco SAC-5 (15 m 

 

�

 

 0.25 mm 

 

�

 

 0.25 

 

�

 

m) GC column.
The oven temperature was held at 250

 

�

 

C for 0 min, then heated
to 300

 

�

 

C at a rate of 2

 

�

 

C/min. The ions monitored using full scan
electron ionization (70 eV) corresponded to the molecular ions
of the trimethylsilyl derivatives. Retention times of detectable pre-
cursor sterols relative to that of cholesterol were cholestanol (di-
hydrocholesterol), 1.03; 8-dehydrocholesterol, 1.06; desmosterol,
1.07; 7-dehydrocholesterol, 1.07; lathosterol, 1.10; 4-methylsterol,
1.20; 4,4-dimethylsterol, 1.20; lanosterol, 1.42; and dihydrolanos-
terol, 1.42, similar to those previously reported for C-3 hydroxyl-
derivatized sterols (17, 18).

Based on GC/MS analysis, the sterol composition of con-
trol rat liver was 

 

�

 

98% cholesterol, with 0.04% cholestanol and
8-dehydrocholesterol, 0.17% desmosterol and 7-dehydrocholesterol,
0.13% lathosterol, 1.11% monomethyl and dimethyl sterols, and
0.49% trimethylsterols (lanosterol and dihydrolanosterol). The
sterol composition of control rat plasma was 

 

�

 

99% cholesterol, with
0.57% monomethyl and dimethyl sterols and 0.38% trimethyl-
sterols (lanosterol and dihydrolanosterol). Levels of cholestanol,
8-dehydrocholesterol, desmosterol, 7-dehydrocholesterol, and la-
thosterol in control rat plasma were all below the limits of detection.

 

Measurement of CYP51 activity

 

The activity of recombinant human CYP51, expressed in TOPP3
cells and partially purified by the method of Stromstedt, Rozman,
and Waterman (19), was determined by measuring the conversion
of lanosterol to 4,4-dimethylcholesta-8,14,24-trien-3

 

�

 

-ol as previ-
ously described (19), with the following modifications: Briefly, 25

 

�

 

l of a 1 mM suspension of lanosterol in a mixture of tyloxapol-
acetone (1:1; v/v), dioleylphosphatidylcholine micelles (5 mg/ml),
methanol, and 100 mM potassium phosphate buffer (pH 7.4)
was added to 5 ml glass tubes to provide a final lanosterol con-
centration of 50 

 

�

 

M (approximate 

 

K

 

m

 

). Inhibitors, dissolved in
methanol for final concentrations ranging between 0.01 and 200

 

�

 

M, were then added, and the lanosterol/inhibitor mixtures
were allowed to dry under nitrogen for 10 min. To the residues were
added 20 pmol partially purified recombinant human CYP51,
125 pmol human CYP reductase, and 50 

 

�

 

l rat lipid. After incu-
bation at RT for 10–15 min for enzyme reconstitution, 540 

 

�

 

l of
100 mM potassium phosphate buffer (pH 7.4) containing 20%
glycerol, 0.1 mM DTT, 0.1 mM EDTA, and 0.5 mM KCN was
added to each tube. Reaction mixtures were preincubated for 2
min at 37

 

�

 

C, then reactions were initiated by the addition of 50

 

�

 

l of an NADPH regenerating system (final incubation concen-
tration, 10 mM MgCl

 

2

 

, 0.54 mM NADPH, 6.2 mM DL-isocitric
acid, 0.5 U/ml isocitrate dehydrogenase). After 60 min incuba-
tion at 37

 

�

 

C, reactions were terminated by addition of a 25 

 

�

 

l vol-
ume of ethyl acetate that also contained the internal standard,
ergosterol (1 mg/ml), followed by extraction with 5 ml ethyl ace-
tate. After vigorous mixing and centrifugation to facilitate phase
separation, 3–4 ml of the ethyl acetate phase was transferred to
fresh tubes and evaporated to dryness under nitrogen at 50

 

�

 

C.

Samples were reconstituted in 150 

 

�

 

l mobile phase (see below),
and 25–50 

 

�

 

l was applied to an HPLC system. Ergosterol (inter-
nal standard) and 4,4-dimethylcholesta-8,14,24-trien-3

 

�

 

-ol (reac-
tion product) were separated on a Waters Novapak C18 column
(4.0 

 

�

 

M, 150 mm 

 

�

 

 3.9 mm), with a mobile phase consisting of
methanol-acetonitrile-HPLC-grade water (45:45:10 v/v/v), at a
flow rate of 1.5 ml/min. Ergosterol and 4,4-dimethylcholesta-
8,14,24-trien-3

 

�

 

-ol were monitored by UV detection at 248 nm
using a SpectroMonitor variable wavelength detector (LDC Ana-
lytical; Riviera Beach, FL), and the Multichrom™ data acquisiton
system (Version. 2.11; Fisons Instruments, Beverly, MA) was used
for data collection and analysis. Approximate retention times for
4,4-dimethylcholesta-8,14,24-trien-3

 

�

 

-ol and ergosterol were 25
and 30 min, respectively.

 

Measurement of human liver glycogen phosphorylase
a activity

 

The activity of recombinant human liver glycogen phosphory-
lase, expressed in baculovirus, purified to 

 

�

 

95% homogeneity,
and fully activated by phosphorylase kinase as previously de-
scribed (20–22), was determined by measuring glycogen synthe-
sis from glucose-1-phosphate by assessing the release of inorganic
phosphate (reverse reaction) at 22

 

�

 

C in 100 

 

�

 

l of 50 mM HEPES
buffer (pH 7.2) containing 100 mM KCl, 2.5 mM EGTA, 2.5 mM
MgCl

 

2

 

, 0.5 mM dithiothreitol, 0.63 mM glucose-1-phosphate, 1.25
mg/ml glycogen, 9.4 mM glucose, 0.7% DMSO, and up to 2 

 

�

 

g
of partially purified, activated human liver glycogen phosphory-
lase, based on the method of Engers, Shechosky, and Madsen (22),
as previously described (9). The inorganic phosphate released
during a 60 min incubation was measured at 620 nm, 20 min af-
ter the addition of 150 

 

�

 

l of 1 M HCl containing 10 mg/ml am-
monium molybdate and 0.38 mg/ml malachite green (23).

 

Measurement of sterol and fatty acid synthesis in
cultured cells

 

Sterol and fatty acid synthesis were evaluated in HepG2 cells
by measuring incorporation of [2-

 

14

 

C]acetate into cellular lipids
as previously described (13, 14), with modifications (15, 16) to
allow simultaneous assessment of both sterol and fatty acid syn-
thesis. HepG2 cells grown in T-75 flasks as previously described
(13, 14) were seeded into 24-well plates at a density of 1.2 

 

�

 

 10

 

5

 

cells/well and maintained in 1.0 ml of supplemented DMEM
(DMEM containing 10% heat-inactivated fetal bovine serum, 2 mM

 

l

 

-glutamine, 40 

 

�

 

g/ml gentamicin) for 7 days in a 37

 

�

 

C, 5% CO

 

2

 

incubator with medium changes on days 3 and 5. On day 8, the
medium was removed and replaced with fresh medium contain-
ing 1% DMSO 

 

	

 

 effector compounds. Immediately after com-
pound addition, 25 

 

�

 

l of media containing 4 

 

�

 

Ci of [2-

 

14

 

C]ace-
tate (56 mCi/mmol) was added to each incubation well. Plates
were then sealed with parafilm to prevent evaporation, and cells
were incubated at 37

 

�

 

C for 6 h with gentle shaking. After incuba-
tion, the samples were saponified by addition to each well of 1 ml
of 5 N KOH in MeOH, followed first by incubation for 2 h at
70

 

�

 

C and then by overnight incubation at RT. Mixtures were
transferred to glass conical tubes and extracted three times with
4.5 ml hexane. The pooled organic fractions (containing choles-
terol, post-squalene cholesterol precursors, and other nonsapon-
ifiable lipids) were dried under nitrogen, resuspended in 25 

 

�

 

l
chloroform, and applied to 1 

 

�

 

 20 cm channels of Silica Gel 60C
TLC plates. Channels containing nonradioactive cholesterol, lanos-
terol, and squalene were included on selected TLC plates as sep-
aration markers. TLC plates were developed in hexane-diethyl
ether-acetic acid (70:30:2 v/v/v), air dried, and assessed for ra-
dioactivity using a Berthold Linear Radioactivity Analyzer (Oak
Ridge, TN) that reports radioactive peak location and integrated
peak area. The desmethylsterol peak (R

 

f

 

 

 




 

 0.27) was predomi-
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nately (

 

�

 

99%) cholesterol and also contained traces of cholestanol,
cholestenol, desmosterol, and lathosterol (24). The methylsterol
peak (R

 

f

 

 

 




 

 0.34) contained lanosterol, dihydrolanosterol, 4-meth-
ylsterols, and 4,4-dimethylsterols (24). Squalene dioxide, squalene
oxide, and squalene migrated with R

 

f

 

 values of 0.42, 0.65, and
0.88, respectively.

The remaining aqueous phase (containing fatty acid sodium
salts) was acidified to pH

 

�

 

2 by addition of 0.5 ml of 12 M HCl.
The resulting mixtures were then transferred to glass conical tubes
and extracted three times with 4.5 ml hexane. The pooled or-
ganic fractions (containing protonated fatty acids) were dried
under nitrogen, resuspended in 50 

 

�

 

l of chloroform-methanol
(1:1; v/v) and applied to 1 

 

�

 

 20 cm channels of Silica Gel 60C
TLC plates. Channels containing nonradioactive fatty acids were
included on selected TLC plates as separation markers. TLC plates
were developed in hexane-diethyl ether-acetic acid (70:30:2 v/v/v),
air dried, and visualized for radioactive fatty acids by analysis us-
ing a Berthold Linear Radioactivity Analyzer that reports radio-
active peak location and integrated peak area. Sterol and fatty
acid synthesis are expressed as dpm [2-

 

14

 

C]acetate incorporated
into either cholesterol, post-squalene cholesterolgenic interme-
diates, or saponifiable lipids during the 6 h incubation at 37

 

�

 

C.

 

Measurement of sterol biosynthesis in ob/ob mice

 

Hepatic incorporation of R,S-[2-

 

14

 

C]mevalonolactone into cho-
lesterol and precursor sterols in C57BL/6J-ob/ob mice was assessed
as previously described for hepatic incorporation of R,S-[2-

 

14

 

C]
mevalonolactone into cholesterol and precursor sterols in golden
Syrian hamsters (13), with the following modifications: Five- to
eight-week-old male C57BL/6J-ob/ob mice were housed in groups
of five animals each and were given food and water ad libitum for
1 week. After the 1 week acclimation period, animals weighing

 

�

 

50 g were administered by oral gavage 0.2 ml of either vehicle
or vehicle containing CP-320626. One hour after compound ad-
ministration, animals received an intraperitoneal injection of 0.1
ml of R,S-[2-

 

14

 

C]mevalonolactone (100 

 

�

 

Ci/ml; 58 mCi/mmol).
One hour after radiolabel administration, animals were euthanized
by pentobarbital injection, and two 0.5 g liver pieces were re-
moved. Tissue samples were saponified at 70

 

�

 

C for 120 min in 2.5
ml of 2.5 M NaOH, then 5 ml of absolute EtOH was added to
each sample and the solutions were mixed. Ten milliliters of pe-
troleum ether was then added to each sample, and the mixtures
were first shaken vigorously for 2 min then centrifuged at 2000 

 

g

 

in a bench-top Sorvall for 10 min. The resultant petroleum ether
layers were removed, and 5.0 ml aliquots were dried under nitro-
gen, resuspended in 25 

 

�

 

l chloroform, applied to 1 

 

�

 

 20 cm
channels of Silica Gel 60C TLC plates, developed in hexane-
diethyl ether-acetic acid (70:30:2 v/v/v), and visualized for radio-
active nonsaponified lipids using a Berthold Linear Radioactivity
Analyzer as described above. Sterol synthesis is expressed as
dpm R,S-[2-

 

14

 

C]mevalonolactone incorporated into cholesterol or
post-squalene cholesterolgenic intermediates per gram liver dur-
ing the 1 h interval between radiolabeled mevalonate injection
and pentobarbital administration.

 

Synthesis of inhibitors

 

The syntheses of CP-320626 [1], [3], and [5] are reported (10).
For all other inhibitors, unless otherwise specified, NMR spectra
were recorded at 20–21

 

�

 

C on a Varian XL-300 (Cary, NC) or a
Bruker (Billerica, MA)AM-300 spectrometer at 300 mHz for pro-
ton and 75.4 mHz for carbon nuclei. NMR spectra at 400 mHz
were obtained on a Varian UNITY400 spectrometer at 20–21

 

�

 

C.
Chemical shifts are expressed in ppm downfield from trimethyl-
silane (external reference). Routine mass spectral data were ob-
tained using either a Hewlett-Packard (Cambridge, MA)5989 MS
Engine operated with a particle beam interface and ammonia

chemical ionization (designated PBMS) or a Fisons Instruments
Trio-1000 spectrometer operated with a thermospray ionization
interface (ammonia, designated TSPMS). The cited ion was the
base peak (100% relative intensity) unless otherwise specified.
Where chlorine- or bromine-containing ions are described, the

 

37

 

Cl- or 

 

81

 

Br-containing ions were also observed in the expected
ratio. High-resolution mass spectra (HRMS) were obtained on a
Micromass LCT-TOF spectrometer (Waters, Millford, MA) using
API electrospray ionization, acetonitrile-water-0.01% formic acid
inlet mobile phase gradient, and internal calibrants (

 

l

 

-trypto-
phan and leucine enkephalin). Unless otherwise specified, reversed-
phase HPLC (RP-HPLC) was performed with 214 nM detection
on a 250 

 

�

 

 4.6 mm Rainin Microsorb (Woburn, MA) C-18 column
eluted isocratically by a two-pump/mixer system supplying the
indicated mixture of acetonitrile and aqueous pH 2.1 (with
H

 

3

 

PO

 

4

 

) 0.1 M KH

 

2

 

PO

 

4

 

, respectively, at 1.5 ml/min, with sample
injected in a 1:1 mixture of acetonitrile and pH 7.0 phosphate
buffer (0.025 M in each Na

 

2

 

HPO

 

4

 

 and KH

 

2

 

PO

 

4

 

). Percent purity
was generally that determined from a 10–15 min run time. Re-
agents and starting materials, where the preparation is not given,
were used as obtained from commercial sources; dimethylforma-
mide and CH

 

2

 

Cl

 

2

 

 used as reaction solvents were the anhydrous
grade supplied by Aldrich Chemical Co. (Milwaukee, WI). Micro-
analyses were performed by Schwarzkopf Microanalytical Labora-
tory, Woodside, NY, or by Quantitative Technologies, Inc., White-
house, NJ. A reaction temperature of 0–20

 

�

 

C indicates that the
reaction vessel was initially cooled in an insulated ice bath that
was allowed to warm overnight.

 

Procedure A [amide formation using
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide 
hydrochloride]

 

A 0.1–0.3 M solution of the amine (1.0 equivalent, or amine
hydrochloride and 1.0–1.1 equiv of triethylamine) in CH

 

2

 

Cl

 

2

 

 or
demethylformamide (as specified) was treated sequentially at 0

 

�

 

C
(unless other temperature specified) with 1.0–1.1 equivalent of the
specified carboxylic acid, 1.5 equivalent hydroxybenzotriazole hy-
drate, and, after several minutes, 1.0–1.1 equivalent (correspond-
ing in mole ratio to the carboxylic acid) 1-(3-dimethylaminopro-
pyl)-3-ethylcarbodiimide hydrochloride (DEC), and the mixture
was stirred for 14–20 h at RT (if initially cooled, allowed to warm
to RT). If the product contained ionizable amine functionality,
the acid wash was omitted. Exceptions in the use of Procedure A
are noted individually. Reactions conducted at 0–25

 

�

 

C were con-
ducted with initial cooling of the vessel in an insulated ice bath
that was allowed to warm to RT over several hours. The mixture
was diluted with ethyl acetate, washed twice with 2N NaOH and
twice with 2N HCl, dried over MgSO

 

4

 

, and concentrated, giving a
crude product that was purified by chromatography on silica gel,
trituration, or recrystallization, as specified.

 

1-[N-(5-chloroindole-2-carbonyl)-3-(4-fluorophenyl)-

 

D

 

-alanyl]4-hydroxy-
piperidine [2].

 

4-Hydroxypiperidine (374 mg, 3.7 mmol) and

 

N

 

-(t-Boc)-3-(4-fluorophenyl)-

 

d

 

-alanine (1.00 g, 3.5 mmol) were
coupled according to Procedure A, giving 1-[

 

N

 

-(t-Boc)-3-(4-fluo-
rophenyl)-

 

d

 

-alanyl]4-hydroxypiperidine as a foam that was used
without further purification [940 mg, 73%; HPLC (60/40) 3.64
min (95%); MS 367 (MH

 

�

 

, 100%)]. This material was dissolved
in 4 M HCl-dioxanes (2 ml) at 0

 

�

 

C, stirred at RT for 2 h, concen-
trated, triturated with ether, and dried, giving 920 mg (124%) of
1-(3-(4-fluorophenyl)-

 

d

 

-alanyl)-4-hydroxypiperidine hydrochloride
as a hygroscopic solid that was homogeneous by HPLC (60/40)
2.23 min (98%). A portion of this hydrochloride (188 mg, 0.6
mmol) and 5-chloro-1H-indole-2-carboxylic acid (116 mg, 0.6 mmol)
were coupled according to Procedure A using triethylamine (61
mg, 0.60 mmol) and dichloromethane (2 ml), and the crude prod-
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uct was purified by chromatography on silica gel eluted with 50,
75, and 100% ethyl acetate in hexanes, giving the title substance
[171 mg, 65%; HPLC (60/40) 4.23 min (97%)]. This material
was identical to [1] by HPLC and NMR. For [2]: 

 

1

 

H NMR (CDCl

 

3

 

)

 

�

 

 9.20 (br, 1H), 7.57 (d, 1H, J 

 




 

 2 Hz), 7.33 (d, 1H, J 

 




 

 8 Hz),
7.3–7.2 (m, 2H), 7.14 (m, 2H), 6.97 (m, 2H), 6.85 (m, 1H), 5.34
(m, 1H), 4.05–3.80 (m, 2H), 3.7–3.3 (m, 1.5H), 3.25 (m, 1H), 3.10
(m, 2H), 2.93 (m, 0.5H), 1.9–1.7 (m, 2.5H), 1.45 (m, 2H), 1.15
(m, 0.5H); TSPMS 444/446 (MH

 

�

 

, 100%).

 

1-[N-(5-chloroindole-2-carbonyl)-

 

D

 

-phenylalanyl]4-hydroxypiperidine [4].
N

 

-(t-Boc)-

 

d

 

-phenylalanine (3.81 g, 14.0 mmol) and 4-hydroxypiperi-
dine (2.18 g, 21.5 mmol) were coupled in dichloromethane (40 ml)
using 3.30 g (21.5 mmol) hydroxybenzotriazole hydrate (HBT)
and 3.03 g (15.8 mmol) at 0–25

 

�

 

C according to Procedure A (but
washed with acid first, then base), giving 1-[

 

N

 

-(t-Boc)-

 

d

 

-phenyl-
alanyl]4-hydroxypiperidine, which was used without further puri-
fication [4.7 g, 94%; HPLC (60/40) 3.52 min (98%)]. This amide
(4.35 g, 12.5 mmol) was dissolved in 4 M HCl-dioxane at 0

 

�

 

C,
and the resulting suspension was stirred at 25

 

�

 

C for 1 h. The mix-
ture was concentrated and the residue was triturated with ether
and dried, giving 1-(

 

d

 

-phenylalanyl)-4-hydroxypiperidine hydro-
chloride (3.44 g, 97%). According to Procedure A, this hydro-
chloride (870 mg, 3.1 mmol) and 5-chloro-1H-indole-2-carbox-
ylic acid (660 mg, 3.4 mmol) were coupled in dichloromethane
(10 ml) (0–25

 

�

 

C reaction temperature, 60 h reaction time), and
the crude product was purified by chromatography on silica gel
eluted with 50, 75, and 100% ethyl acetate in hexanes followed
by trituration with 1:1 ether-hexanes, giving the title product [1.1 g,
84%, HPLC (60/40) 4.06 min (99%)]. For [4]: 

 

1

 

H NMR (CDCl

 

3

 

)

 

�

 

 9.38 (s, 0.5H), 9.34 (s, 0.5H), 7.60 (d, 1H, J 

 




 

 

 

�

 

2 Hz), 7.4–7.1 m,
7H), 6.86 (m, 1H), 5.4–5.3 (m, 1H), 4.0–3.9 (m, 1H), 3.9–3.75 (m,
1H), 3.6–3.4 (m, 1.5H), 3.35–3.2 (m, 1H), 3.2–3.1 (m, 

 

�

 

3H), 2.9–
2.75 (m, 0.5H), 1.9–1.3 (m, 

 

�

 

3.5H), 1.0–0.8 (m, 0.5H); PBMS 426/
428 (MH

 

�

 

, 100%). Anal. calcd for C

 

23

 

H

 

24

 

ClN

 

3

 

O

 

3

 

 

 

�

 

 0.25 H

 

2

 

O:
C, 64.18; H, 5.74; N, 9.76. Found: C, 64.28; H, 5.94; N, 9.41.

 

1-[N-(5-fluoroindole-2-carbonyl)-3-(4-fluorophenyl)-

 

L

 

-alanyl]4-hydroxy-
piperidine [6].

 

1-[3-(4-Fluorophenyl)-

 

l

 

-alanyl]4-hydroxypiperidine
hydrochloride (10) (159 mg, 0.52 mmol) and 5-fluoro-1H-indole-
2-carboxylic acid (90 mg, 0.5 mmol) were coupled according to
Procedure A using triethylamine (52 mg, 0.52 mmol), HBT
(115 mg, 0.75 mmol), and DEC (100 mg (0.52 mmol) in dichlo-
romethane (2 ml), and the crude product was triturated once
with 1:1 ether-hexanes and once with hexanes. The resulting
solid was boiled in ethyl acetate, the resulting suspension fil-
tered, and the collected solid dried [103 mg, 48%; HPLC (60/
40) 3.69 min (95%)]. PBMS 428 (MH

 

�

 

, 100%). Anal. calcd for
C

 

23

 

H

 

23

 

F

 

2

 

N

 

3

 

O

 

3

 

 

 

�

 

 0.25 H

 

2

 

O: C, 63.95; H, 5.48; N, 9.73. Found: C,
63.93; H, 5.66; N, 9.87.

 

1-[N-(Indole-2-carbonyl)-

 

L

 

-phenylalanyl]4-hydroxypiperidine [7].

 

In-
dole-2-carboxylic acid (598 mg, 3.71 mmol) and 1-(

 

l

 

-phenylala-
nyl)-4-hydroxypiperidine hydrochloride (10) (961 mg, 3.37 mmol)
were coupled according to Procedure A (0–25

 

�

 

C reaction temper-
ature, 48 h reaction time) in dichloromethane (10 ml) using
triethylamine (340 mg, 3.37 mmol), HBT (780 mg, 5.06 mmol),
and DEC (711 mg, 3.71 mmol). The product was purified by
chromatography on silica gel eluted with 50, 75, and 100% ethyl
acetate in hexanes, followed by trituration with 1:1 ether-hexanes
[1.14 g, 86%, HPLC (60/40) 3.52 min (98%)]. For [7]: PBMS 392
(MH

 

�

 

, 100%). Anal. calcd for C

 

23

 

H

 

25

 

N

 

3

 

O

 

3

 

 

 

�

 

 0.25 H

 

2

 

O: C,
69.77; H, 6.49; N, 10.61. Found: C, 69.99; H, 6.72; N, 10.47.

 

1-[N-(5-chloroindole-2-carbonyl)-3-(2-fluorophenyl)-

 

L

 

-alanyl]4-hydroxy-
piperidine [8]. N

 

-(t-Boc)-

 

l

 

-3-(2-fluorophenyl)alanine (1.0 g, 3.5 mmol)
and 4-hydroxypiperidine (0.39 g, 3.9 mmol) were coupled in dichlo-
romethane (10 ml) using 0.72 g (21.5 mmol) HBT and 0.81 g
(4.2 mmol) 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide hy-
drochloride (EDC) at 0–25

 

�

 

C according to Procedure A, giving

(S)-[1-(2-fluoro-benzyl)-2-(4-hydroxy-piperidin-1-yl)-2-oxo-ethyl]
carbamic acid tert-butyl ester, which was used without further pu-
rification (0.92 g, 72%). This amide (0.92 g, 3.0 mmol) was dis-
solved in ethyl acetate and cooled to 0�C. The solution was satu-
rated with HCl, and the resulting suspension was stirred at 0–25�C
for 1 h. The mixture was concentrated to approximately one-half
its volume and diluted with ether, and the solid was collected and
dried, giving (S)-2-amino-3-(2-fluoro-phenyl)-1-(4-hydroxy-piperi-
din-1-yl)-propan-1-one (0.76 g, 100%). According to Procedure A,
this hydrochloride (760 mg, 2.5 mmol) and 5-chloro-1H-indole-
2-carboxylic acid (760 mg, 2.5 mmol) were coupled in dichloro-
methane (6 ml) (0–25�C reaction temperature, 20 h reaction time),
and the crude product was purified by chromatography on silica
gel eluted with chloroform-methanol, 8:1, giving the title prod-
uct (0.815 g, 73%). Mp 127–129�C. For [8]: 1H NMR (CDCl3, 400
MHz) � 9.40 (s, 0.5H), 9.37 (s, 0.5H), 7.57 (s, 1H), 7.43 (d, J 
 7.1
Hz, 1H), 7.29–7.13 (m, 5H), 7.04–6.98 (m, 2H), 6.83 (s, 1H), 5.42
(m, 1H), 4.05–3.85 (m, 2H), 3.8–3.7 (m, 0.5H), 3.7–3.6 (m, 0.5H),
3.56–3.11 (m, 4H), 1.86–1.60 (m, 4.5H), 1.55–1.45 (m, 1.5H), 1.25–
1.20 (m, 1H); PBMS 444 (MH�, 100%). HRMS m/e 444.1504
(calcd for C23H23N3O3FCl � H, 444.1490).

1-[N-(5-chloroindole-2-carbonyl)-3-(2-chlorophenyl)-L-alanyl]4-hydroxy-
piperidine [9]. N-(t-Boc)-l-3-(2-chlorophenyl)alanine (1.05 g, 3.5
mmol) and 4-hydroxypiperidine (0.39 g, 3.9 mmol) were coupled
in dichloromethane (10 ml) using 0.72 g (21.5 mmol) HBT and
0.81 g (4.2 mmol) EDC at 0–25�C according to Procedure A, giving
(S)-[1-(2-chloro-benzyl)-2-(4-hydroxy-piperidin-1-yl)-2-oxo-ethyl]
carbamic acid tert-butyl ester, which was used without further pu-
rification (1.26 g, 94%). This amide (1.26 g, 3.3 mmol) was dissolved
in ethyl acetate and cooled to 0�C. The solution was saturated
with HCl, and the resulting suspension was stirred at 0–25�C for
1 h. The mixture was concentrated to approximately one-half its
volume and diluted with ether, and the solid was collected and
dried, giving (S)-2-amino-3-(2-chloro-phenyl)-1-(4-hydroxy-piper-
idin-1-yl)-propan-1-one (1.0 g, 100%). According to Procedure A,
this hydrochloride (1.0 g, 3.3 mmol) and 5-chloro-1H-indole-
2-carboxylic acid (650 mg, 2.5 mmol) were coupled in dichloro-
methane (8 ml) (0–25�C reaction temperature, 20 h reaction
time), and the crude product was purified by chromatography on
silica gel eluted with chloroform-methanol, 8:1, giving the title
product (0.825 g, 54%). Mp 127–129�C. For [9]: 1H NMR (CDCl3,
400 MHz) � 9.42 (s, 0.5H), 9.38 (s, 0.5H), 7.57 (s, 1H), 7.45 (m,
1H), 7.45 (m, 1H), 7.37–7.10 (m, 4H), 6.85 (s, 1H), 5.53 (m, 1H),
4.05–3.60 (m, 2.5H), 3.40–3.22 (m, 3H), 3.02 (m, 0.5 H), 1.90–1.70
(m, 3.5H), 1.38–1.55 (m, 2H), 1.25–1.05 (m, 0.5H); PBMS 460/462
(MH�, 100%). HRMS m/e 460.1195 (calcd for C23H23N3O3Cl2 �
H, 460.1201).

1-[N-(5-chloroindole-2-carbonyl)-3-(4-chlorophenyl)-L-alanyl]4-hydroxy-
piperidine [10]. N-(t-Boc)-3-(4-chlorophenyl)-l-alanine (749 mg,
2.5 mmol) and 4-hydroxypiperidine (263 mg, 2.6 mmol) were cou-
pled according to Procedure A using 574 mg (3.75 mmol) HBT,
503 mg (2.60 mmol) DEC, and 11 ml dichloromethane, and the
product was purified by chromatography on silica gel eluted with
1:1 and 3:1 ethyl acetate-hexanes, giving 1-[N-(t-Boc)-3-(4-chloro-
phenyl)-l-alanyl]4-hydroxypiperidine as an off-white foam (662 mg,
69%). A portion of this material (475 mg, 1.2 mmol) was dissolved
in 4 M HCl-dioxanes (5 ml) at 0�C. The mixture was stirred for
1.5 h at 25�C and concentrated, and the residue was triturated
with ether, giving 1-[3-(4-chlorophenyl)-l-alanyl]4-hydroxypiperi-
dine hydrochloride [422 mg, 105%; TSPMS 283 (MH�, 100%)].
A portion of the preceding hydrochloride (310 mg, 0.98 mmol)
and 5-chloro-1H-indole-2-carboxylic acid (0.92 mmol) were cou-
pled according to Procedure A using triethylamine (93 mg, 0.92
mmol), HBT (223 mg, 1.5 mmol), and DEC (186 mg, 0.97 mmol)
in dichloromethane (5 ml), and the crude product was purified
by chromatography on silica gel eluted with 50, 75, and 100% ethyl
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acetate in hexanes, giving the title product (362 mg) in 86%
yield. For [10]: HPLC (60/40) 5.06 min (97%); mp 227–229�C;
TSPMS 460/462 (MH�, 100%). Anal. calcd for C23H23Cl2N3O3:
C, 60.01; H, 5.04; N, 9.13. Found: C, 59.83; H, 5.18; N, 9.16.

1-[N-(5-chloroindole-2-carbonyl)-3-(4-methoxyphenyl)-L-alanyl]4-hydroxy-
piperidine [11]. N-t-Boc-O-methyl-l-tyrosine (2.5 g, 8.47 mmol) and
4-hydroxypiperidine (0.94 g, 9.3 mmol) were coupled in dichloro-
methane (50 ml) using 1.15 g (8.5 mmol) HBT and 2.1 g (11
mmol) DEC at 0-25�C according to Procedure A, giving (S)-[1-(4-
methoxy-benzyl)-2-(4-hydroxy-piperidin-1-yl)-2-oxo-ethyl]carbamic
acid tert-butyl ester, which was used without further purification
(3.1 g, 98%). This amide (3.1 g, 8.2 mmol) was dissolved in ethyl
acetate and cooled to 0�C, the solution was saturated with HCl, and
the resulting suspension was stirred at 0–25�C for 1 h. The mixture
was concentrated to dryness, and the residue was triturated with
ether. The solid was collected and dried, giving (S)-2-amino-3-(4-
methoxy-phenyl)-1-(4-hydroxy-piperidin-1-yl)-propan-1-one hydro-
chloride (1.25 g, 48%). This hydrochloride (630 mg, 2.0 mmol),
5-chloroindole-carboxylic acid (391 mg, 2.0 mmol), triethylamine
(0.28 ml, 2.0 mmol), and 4-dimethylaminpyridine (122 mg, 1.0
mmol) were placed in dichloromethane (20 ml), and DEC (497 mg,
2.6 mmol) was added. The mixture was stirred at RT overnight
then diluted with chloroform, washed with water, 2 N HCl, and wa-
ter and brine, dried over magnesium sulfate, and concentrated.
The resulting solid was purified by flash chromatography (5%
methanol in dichloromethane), and the product was isolated as
a white solid (334 mg, 37%). Mp 105–120�C. For [11]: 1H NMR
(DMSO-d6, 300 MHz) � 11.8 (s, 1 H), 8.90 (t, J 
 8 Hz, 1H), 7.70
(s, 1H), 7.3–7.1 m, 4H), 6.86 (m, 2H), 5.1 (m, 1H), 4.7 (d, J 
 2
Hz, 1H), 4.1–3.55 (m, 3H), 3.65 (s, 3H), 2.85–3.3 (m, 3H), 1.75–
1.55 (m, 2H), 1.25–1.1 (m, 2H); MS 460/462 (MH�, 100%).
Anal. calcd for C24H26N3O4Cl � 0.5 H2O: C, 62.00; H, 5.85; N, 9.04.
Found: C, 62.32; H, 5.93; N, 8.83.

N-[N’-(5-chloroindole-2-carbonyl)-3-(3-pyridyl)-L-alanyl]N,O-dimethyl-
hydroxylamine [12]. N-(t-Boc)-3-(3-pyridyl)-l-alanine (422 mg, 1.6
mmol) and N,O-dimethylhydroxylamine hydrochloride (163 mg,
1.7 mmol) were coupled using triethylamine (175 mg, 1.7 mmol),
HBT (367 mg, 2.4 mmol), and DEC (326 mg, 1.7 mmol) according
to Procedure A (0–25�C reaction temperature, 4 ml dichloro-
methane and 2 ml dimethylformamide, acid wash omitted, Na2SO4
used for drying). The crude product was triturated with ether,
giving 428 mg (86% yield) of 1-[(N-t-Boc)-3-(3-pyridyl)-l-alanyl]4-
hydroxypiperidine. This substance (450 mg, 1.45 mmol) was dis-
solved in 4 M HCl-dioxanes at 0�C, and the resulting solution was
stirred for 2 h at 25�C and concentrated, and the residue was trit-
urated with ether, giving (3-(3-pyridyl)-l-alanyl)-4-hydroxypiperi-
dine dihydrochloride (390 mg, 95%). This substance (370 mg,
1.3 mmol) and 5-chloro-1H-indole-2-carboxylic acid (244 mg, 1.25
mmol) were coupled according to Procedure A [0–25�C reaction
temperature, 1:1 dichloromethane-dimethylformamide (DMF)
reaction solvent] using triethylamine (167 mg, 1.25 mmol), HBT
(287 mg, 1.9 mmol), and DEC (249 mg, 1.3 mmol), and the prod-
uct was purified by chromatography on silica gel eluted with ethyl
acetate, giving the title substance [313 mg, 65%, HPLC (60/40)
2.84 min (99%)]. For [12]: 1H NMR (CDCl3) � 9.1 (br, 1H), 8.48
(dd, 1H), 8.43 (m, 1H), 7.60 (d, 1H), 7.50 (m, 1H, J 
 �8 Hz), 7.37
(d, 1H, J 
 �8 Hz), 7.23 (d, 1H), 7.18 (dd, 1H, J 
 �8 Hz), 7.10
(d, 1H, J 
 �8 Hz), 6.82 (d, 1H), 5.42 (m, 1H), 3.78 (s, 3H), 3.25
(s, 3H), 3.32 (dd, A of AB, 1H, J 
 �7, 14 Hz), 3.10 (dd, B of AB,
1H, J 
 �7, 14 Hz); TSPMS 387/389 (MH�, 100%). Anal. calcd
for C19H19ClN4O3 � 0.4 H2O: C, 57.91; H, 5.07; N, 14.22. Found:
C, 58.19; H, 5.23; N, 13.82.

1-[N-(5-chloroindole-2-carbonyl)-L-tyrosyl]4-hydroxypiperidine [13].
4-Hydroxypiperidine (395 mg, 3.9 mmol) and Boc-l-tyrosine (1.05 g,
3.7 mmol) were coupled according to Procedure A [850 mg, (5.6
mmol) HBT, 750 mg (3.9 mmol) DEC, 0–25�C reaction tempera-

ture, 60 h reaction time] with the following workup: The reac-
tion mixture was diluted with ethyl acetate and washed once with
base, the base layer was acidified with 2N HCl and extracted three
times with chloroform, and the chloroform extracts were concen-
trated. The resulting foam was purified by chromatography on sil-
ica gel eluted with 1–8% ethanol in dichloromethane containing
0.5% NH4OH, giving 1-[N-(t-Boc)-l-tyrosyl]4-hydroxypiperidine
[550 mg, 41%; HPLC (40/60) 5.02 min (87%)], which was used
without further purification. A portion of this material (450 mg,
1.2 mmol) was dissolved in 4 M HCl-dioxanes (2 ml) at 0�C. The
mixture was stirred at 25�C for 1 h and concentrated, and the res-
idue was triturated with ether, giving 1-(l-tyrosyl)-4-hydroxypiper-
idine hydrochloride (400 mg, 107%) and showing MS 265 (MH�,
100%). Coupling of this hydrochloride (204 mg, 0.68 mmol) and
5-chloro-1H-indole-2-carboxylic acid (126 mg, 0.65 mmol) accord-
ing to Procedure A was performed using triethylamine (69 mg,
0.65 mmol), HBT (149 mg, 0.98 mmol), and DEC (130 mg, 0.68
mmol) in dichloromethane (4 ml) at 0–25�C reaction temperature
but substituting the following workup: The reaction mixture was
diluted with ethyl acetate, the resulting solution was washed with
1N NaOH (2 ml), the aqueous layer was extracted three times with
ethyl acetate, and the combined organic extracts were washed
with 1N HCl, dried, and concentrated. The residue was purified
by chromatography on silica gel eluted with 1, 2, 4, 8, and 16%
ethanol in dichloromethane, giving the title substance in 52%
yield (150 mg). For [13]: HPLC (60/40) 3.53 min (99%); PBMS
442/444 (MH�, 100%). Anal. calcd for C23H24ClN3O4 � 0.5 H2O:
C, 61.26; H, 5.59; N, 9.32. Found: C, 61.52; H, 5.89; N, 8.98.

1-[N-(5-chloroindole-2-carbonyl)-L-lysyl]4-hydroxypiperidine hydrochlo-
ride [14]. 4-Hydroxypiperidine (227 mg, 2.24 mmol) and N�-
(Fmoc)-N
-(t-Boc)-l-lysine (1.00 g, 2.13 mmol) were coupled ac-
cording to Procedure A using HBT (490 mg, 3.2 mmol) and DEC
(429 mg, 2.24 mmol) in dichloromethane, and the crude prod-
uct was purified by chromatography on 29 g silica packed with 1:1
ethyl acetate-hexanes and eluted with 3:1 ethyl acetate-hexanes
followed by ethyl acetate, giving a colorless foam. A portion of this
material (111 mg, 0.20 mmol) was dissolved in dimethylformamide
containing diethylamine (20 �l, 0.20 mmol) for 75 min at RT and
concentrated. The residue was chromatographed on silica (15 g
in 5, 10, 20, and 30% ethanol-dichloromethane containing 0.5%
(v/v) concentrated NH4OH, giving 1-(l-lysyl)-4-hydroxypiperidine
as an oily solid [25 mg, 38%, m/e 330 (MH�)]. This material
(0.076 mmol) and 5-chloroindole-2-carboxylic acid (15 mg, 0.076
mmol) were coupled according to Procedure A in dichloro-
methane (2 ml), giving an oil (50 mg), which was chromato-
graphed on 5 g silica eluted with 1, 2, and 4% ethanol in dichloro-
methane to give the amide as a foam [36 mg, HPLC (60/40) 3.6
min, (99.6%), and having consistent NMR and mass spectra]. This
material (31 mg) was dissolved in 4 M HCl-dioxanes, stirred at
RT for 1.5 h, concentrated, and dried, giving 18 mg of a red-orange
solid, which was triturated with ether [HPLC (50/50) 2.19 min,
(94%)]. 1H NMR (D2O) � 7.74 (s, 1H), 7.49 (d, 1H, J 
 �7 Hz),
7.32 (d, 1H, J 
 �7 Hz), 5.1 (m, 1H), 4.1–3.9 (m, �2H), 3.5–2.9
(m, �5H), 2.1–1.8 (m, 4H), 1.8–1.6 (m, 2H), 1.6–1.4 (m, 4H);
TSPMS 407 (MH�, 100%). HRMS m/e 407.1855 (calcd for
C20H27N4O3Cl � H, 407.1850).

1-[N-(5-chloroindole-2-carbonyl)-L-aspartyl]4-hydroxypiperidine [15].
N-(9-fluorenylmethoxycarbonyl)-l-aspartic acid �-t-butyl ester (795
mg, 2.0 mmol) and 4-hydroxypiperidine (212 mg, 2.2 mmol) were
coupled using Procedure A [10 ml dichloromethane, 460 mg
(3.0 mmol) HBT, 400 mg (2.1 mmol) DEC], and the crude prod-
uct (1.34 g) was purified by chromatography on silica gel eluted
with 1, 2, and 4% ethanol-dichloromethane, giving 1-[N-(Fmoc)-
l-aspartyl(O-t-Bu)]4-hydroxypiperidine [516 mg, 52%, HPLC
(60/40) 5.33 min, 93%], and showing TSPMS 495 (MH�). This
material was dissolved in dimethylformamide (5 ml) containing
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diethylamine (0.10 ml) for 1 h at RT, evaporated, and the residue
suspended in ether-dichloromethane and filtered. The filtrate
was concentrated (328 mg) and chromatographed on 8 g silica
eluted with 1, 2, 4, 10, 20, and 50% ethanol-dichloromethane con-
taining 0.5% (v/v) concentrated NH4OH and the requisite frac-
tions concentrated, giving 1-[l-aspartyl(O-t-Bu)]4-hydroxypiperi-
dine (217 mg, 80%). This material (213 mg, 0.78 mmol) was
coupled to 5-chloroindole-2-carboxylic acid (153 mg, 0.78 mmol)
in dichloromethane (5 ml) according to Procedure A, and the
crude product (373 mg) was purified by chromatography on 9 g sil-
ica eluted with 25, 40, 50, 75, and 100% ethyl acetate-hexanes, giv-
ing 1-[N-(5-chloroindole-2-carbonyl)-l-aspartyl(�-O-t-Bu)]4-hydroxy-
piperidine as a colorless foam [330 mg, 94% yield, HPLC (60/40)
4.18 min (97%), TSPMS 450 (MH�)]. This ester (293 mg, 0.65
mmol) was dissolved in trifluoroacetic acid at RT for 2 h and con-
centrated to a yellowish foam, which was partitioned between 2 M
NaOH and ethyl acetate. The aqueous layer was separated and
extracted twice with ethyl acetate, then stirred in an ice bath with
ethyl acetate and acidified to pH 2 with 6N HCl. The organic layer
was separated, the aqueous layer extracted with ethyl acetate,
and the organic layers were combined and dried, giving the title
product as a colorless solid in quantitative yield. For [15]: HPLC
(60/40) 2.47 min (96%); 1H NMR (DMSO-d6) � 11.85 (br, 1H),
9.1 (d, 0.5H), 9.05 (d, 0.5H), 7.70 (s, 1H), 7.42 (d, 1H, J 
 8.7 Hz),
7.2–7.15 (m, 2H), 5.53–5.52 (m, 1H), 4.1 (m, 0.5H), 3.8–3.6 (m,
3–4H), 3.3–3.1 (m, 1H), 2.95–2.8 (m, 2H), 1.88–1.6 (m, 2H),
1.4–1.2 (m, 2H). Anal. calcd for C18H20N3O5Cl � 1.25 H2O: C,
51.93; H, 5.45; N, 10.09. Found: C, 52.09; H, 5.05; N, 9.69.

1-[N-(5-chloroindole-2-carbonyl)-L-glycyl]4-hydroxypiperidine [16]. A
mixture of glycine methyl ester hydrochloride (6.25 g, 50.0 mmol),
5-chloro-1H-indole-2-carboxylic acid (9.75 g, 50.0 mmol), and
1-hydroxybenzotriazole hydrate (HBT, 11.5 g, 75.0 mmol) in dichlo-
romethane (100 ml) at RT was treated sequentially with trieth-
ylamine (5.0 g, 49.6 mmol) and DEC (9.55 g, 50.0 mmol) and stirred
overnight. The mixture was concentrated, the residue was stirred
vigorously with ethyl acetate (250 ml), hexanes (50 ml), and aque-
ous 1N NaOH (50 ml) and filtered, and the filtered solid was
washed successively, twice with 1N NaOH and twice with 2N HCl-
water-ethyl acetate (V/v/v), and dried, giving N-(5-chloroindole-
2-carbonyl)-glycine methyl ester as a colorless powder (11.5 g, 86%
yield) and showing the following properites: mp 252–254�C with
decomposition; 1H NMR (DMSO-d6) � 11.87 (br, 1H), 9.05 (t, 1H,
J 
 6.0 Hz), 7.72 (d, 1H, J 
 2.0 Hz), 7.45 (d, 1H, J 
 8.7 Hz),
7.19 (dd, 1H, J 
 2.0, 8.7 Hz), 4.05 (d, 2H, J 
 6.0 Hz), 3.91 (s, 3H).
Anal. calcd for C12H11ClN2O3: C, 54.05; H, 4.16; N, 10.50. Found:
C, 54.11; H, 4.23; N, 10.56. A suspension of N-(5-chloroindole-2-
carbonyl)-glycine methyl ester (8.0 g, 30 mmol) in tetrahydrofu-
ran (THF) (100 ml) was treated with 1N NaOH (35 ml), and the
resulting mixture was stirred for 18 h at 25�C. The solution was
acidified with 6N HCl (7 ml) and concentrated. The residue was
suspended in water and filtered, and the filtered solid washed
with water, giving N-(5-chloroindole-2-carbonyl)-glycine as a col-
orless powder [7.42 g, 98%, HPLC (60/40) 2.89 min (100%)]
and showing the following properies: 1H NMR (300 mHz, DMSO-
d6) � 12.68 (br, 1H), 11.85 (br, 1H), 8.95 (t, 1H, J 
 5.9 Hz), 7.72
(d, 1H, J 
 2.0 Hz), 7.44 (d, 1H, J 
 8.7 Hz), 7.19 (dd, 1H, J 

2.0, 8.7 Hz), 7.14 (d, 1H, J 
 �2 Hz), 3.96 (d, 2H, J 
 5.9 Hz).
Anal. calcd for C11H9N2O3Cl: C, 52.29; H, 3.59; N, 11.09. Found:
C, 52.26; H, 3.73; N, 11.20. 4-Hydroxypiperidine (84 mg, 0.83
mmol) and N-(5-chloro-1H-indole-2-carbonyl)-glycine (200 mg,
0.8 mmol) were coupled according to Procedure A using dichlo-
romethane (2 ml) and dimethylformamide (0.3 ml) but substitut-
ing the following workup: The reaction mixture was stirred with
ethyl acetate and aqueous 2N HCl, the resulting suspension was
filtered and the collected solid was washed successively with
aqueous 2N HCl, aqueous 2N NaOH-water-ether (V/v/v) and

dried, giving the title substance (180 mg, 68%). For [16]: 1H NMR
(DMSO-d6) � 11.84 (br, 1H), 8.68 (br, 1H), 7.71 (d, 1H), 7.43 (d,
1H), 7.17 (dd, 1H), 7.14 (s, 1H), 4.80 (br, 1H), 4.15 (m, 2H), 3.91
(m, 1H), 3.72 (m, 2H), 3.20 (m, 1H), 3.05 (m, 1H), 1.75 (m, 2H),
1.48 (m, 1H), 1.38 (m, 1H); TSPMS 336/338 (MH�, 100%).
HRMS m/e 336.1115 (calcd for C16H18N3O3Cl � H, 336.1115).

1-[N-(5-chloroindole-2-carbonyl)-L-histidyl]4-hydroxypiperidine [17].
A mixture of N�-(t-Boc)-Nim-(p-tosyl)-l-histidine (1.32 g, 3.90 mmol),
4-hydroxypiperidine (303 mg, 3.0 mmol), and triethylamine
(300 mg, 3.0 mmol) in dichloromethane was treated with dieth-
ylphosphoryl cyanide (700 mg, 3.90 mmol) and stirred at RT
overnight. The mixture was diluted with ethyl acetate, and the re-
sulting suspension was washed with aqueous sodium bicarbonate
and brine, dried, concentrated, and chromatographed on silica
eluted with 1, 2, 4, and 8% ethanol-dichloromethane, giving
1-[N�-(t-Boc)-Nim-(p-tosyl)-l-histidyl]4-hydroxypiperidine as a col-
orless foam [517 mg, 35%, HPLC (50/50) 4.75 min, (97%)], 1H
NMR (CDCl3) � 7.91 (m, 2H), 7.81 (d, 1H, J 
 8 Hz), 7.6 (d, 1H,
J 
 8 Hz), 7.35 (d, 2H, J 
 8 Hz), 7.07 (s, 1H), 5.4 (br, 1H), 4.9
(m, 1H), 4.1–3.6 (m, 3–4H), 3.3–3.0 (m, 2H), 2.85 (dd, 1H),
2.78 (dd, 1H), 2.45 (s, 3H), 1.8–1.4 (m, 5H), 1.38 (s, 9H). This
material was dissolved in 4 M HCl-dioxanes (3 ml), stirred at RT
for 1 h, concentrated, and triturated with ether, giving 314 mg
of 1-(l-histidyl)-4-hydroxypiperidine dihydrochloride, 1H NMR
(D2O, partial) � 8.72 (d, 1H, J 
 9 Hz), and 7.44 (d, 1H, J 
 9
Hz). The dihydrochloride (200 mg, 0.73 mmol) and 5-chloroin-
dole-2-carboxylic acid (135 mg, 0.69 mmol) were coupled using
triethylamine (74 mg, 0.73 mmol), HBT (168 mg), and DEC
(140 mg, 0.73 mmol) in dichloromethane (4 ml) according to
Procedure A but omitting the acid wash, and the crude product
was chromatographed on silica (7 g) eluted with 5, 10, and 20%
ethanol-dichloromethane containing 0.5% (v/v) concentrated
NH4OH, to give the title substance as a colorless powder [232
mg, 81%, HPLC (40/60) 2.57 min, (98%)]. For [17]: 1H NMR
(DMSO-d6) � 11.8 (br, 1H), 8.87 (d, 0.5H), 8.83 (d, 0.5H), 7.72
(d, 1H, J 
 �2 Hz), 7.53 (m, 1H), 7.40 (d, 1H, J 
 8.6 Hz), 7.23
(m, 1H), 7.18 (dd, 1H, J 
 �2, 8.7 Hz), 6.79 (m, 1H), 5.25–5.15
(q, 1H), 4.8 (m, 1H), 4.1–3.6 (m, 3–4H), 3.2–3.1 (m, 1H), 3.0–
2.85 (m, 2H), 1.7–1.5 (m, 2H), 1.3–1.15 (m, 2H). HRMS m/e
416.1479 (calcd for C20H22N5O3Cl � H, 416.1489).

1-[N-(5-chloroindole-2-carbonyl)-L-alanyl]4-hydroxypiperidine [18].
4-Hydroxypiperidine (101 mg, 1.0 mmol) and Boc-l-alanine (189
mg, 1.0 mmol) were coupled according to Procedure A using EDC
(200 mg, 1.05 mmol) and HBT (229 mg, 1.5 mmol) in dichloro-
methane (5 ml), giving 1-[N-(t-Boc)-l-alanyl]4-hydroxypiperidine
(118 mg, 44%). This material (118 mg, 0.43 mmol) was dissolved
in 4 M HCl-dioxane (2 ml) and stirred at 25�C for 2 h, concen-
trated, and the residue triturated with ether, giving 1-(l-alanyl)-4-
hydroxypiperidine hydrochloride (90 mg, 100%). Coupling of this
hydrochloride (58 mg, 0.28 mmol) and 5-chloro-1H-indole-2-car-
boxylic acid (55 mg, 0.28 mmol) according to Procedure A was
performed using triethylamine (37 �l, 0.28 mmol), EDC (56 mg,
0.29 mmol), and HBT (51 mg, 0.33 mmol) in dichloromethane
(5 ml) at 25�C overnight. The product was purified by radial chro-
matography (ethyl acetate) and obtained as a foam (81 mg, 83%).
For [18]: PBMS 350/352 (MH�, 100%). 1H NMR (DMSO-d6, 400
mHz) � 11.75 (br, 1H), 8.74 (d, 0.5H, J 
 8 Hz), 8.72 (d, 0.5H, J 

8.5 Hz), 7.65 (s, 1H), 7.37 (m, 1H), 7.15 (m, 1H), 7.13 (m, 1H),
4.95 (m, 1H), 4.71 (m, 1H), 4.0 (m, 0.5H), 3.8–3.6 (m, 2.5H), 3.3–
3.25 (m, 0.5H), 3.2–3.05 (m, 1H), 2.9–2.8 (m, 0.5H), 1.8–1.6 (m,
2H), 1.3–1.2 (m, 2H), 1.24 and 1.23 (d, J 
 5–6 Hz, 3H total).
HRMS m/e 350.1271 (calcd for C17H20ClN3O3 � H, 150.1271).

1-[N-(5-chloroindole-2-carbonyl)-L-valyl]4-hydroxypiperidine [19].
4-Hydroxypiperidine (101 mg, 1.0 mmol) and t-Boc-l-valine (217
mg, 1.0 mmol) were coupled according to Procedure A using EDC
(200 mg, 1.05 mmol) and HBT (229 mg, 1.5 mmol) in dichlo-
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romethane (5 ml), giving 1-[N-(t-Boc)-l-valyl]4-hydroxypiperidine
(213 mg, 73%). This material (205 mg, 0.68 mmol) was dissolved
in 4 M HCl-dioxane (4 ml) and stirred at 25�C for 1.5 h, concen-
trated, and the residue triturated with ether, giving 1-(l-valyl)-
4-hydroxypiperidine hydrochloride (160 mg, 100%). Coupling of
this hydrochloride (83 mg, 0.35 mmol) and 5-chloro-1H-indole-
2-carboxylic acid (68 mg, 0.35 mmol) according to Procedure A
was performed using triethylamine (45 �l, 0.35 mmol), EDC (70
mg, 0.38 mmol), and HBT (64 mg, 0.42 mmol) in DMF (4 ml) at
25�C. The product was purified by radial chromatography (1:1
hexanes-ethyl acetate, then ethyl acetate) and obtained as a foam
(115 mg, 87%). For [19]: PBMS 378/380 (MH�, 100%). Anal. calcd
for C19H24N3O3Cl � 3 H2O: C, 52.84; H, 7.00; N, 9.73. Found: C,
52.80; H, 6.70; N, 9.73.

N,N-dimethyl-[N’-(5-chloroindole-2-carbonyl)-3-(2-fluorophenyl)-L-alanin-
amide [20]. N-(t-Boc)-l-3-(2-fluorophenyl)alanine (0.280 g, 1.0
mmol) and dimethylamine hydrochloride (82 mg, 1.0 mmol) were
coupled in dichloromethane (5 ml) using 0.16 g (1.2 mmol)
HBT, 0.165 ml (1.2 mmol) triethylamine, and 0.23 g (1.2 mmol)
EDC at 0–25�C according to Procedure A, giving (S)-[1-dimethyl-
carbamoyl-2-(2-fluoro-phenyl)-ethyl]carbamic acid tert-butyl ester,
which was used without further purification. This amide (0.92 g,
3.0 mmol) was dissolved in a solution of 1 N hydrogen chloride in
ethyl acetate (5 ml), and the solution was stirred overnight, then
concentrated to dryness. The residue was dissolved in dichloro-
methane, and 1/5 of this solution was used for coupling with
5-chloro-1H-indole-2-carboxylic acid according to Procedure A,
giving the title product as a solid. For [20]: 1H NMR (CDCl3)
9.14 (s, 1H), 7.59 (d, J 
 1.7 Hz, 1H), 7.32–7.13 (m, 4H), 7.01–
6.97 (m, 2H), 6.82 (s, 1H), 5.41–5.35 (m, 1H), 3.19–3.04 (m,
2H), 2.99 (s, 3H), 2.96 (s, 3H). MS 388 (MH�). Anal. calcd for
C20H19N3O2ClF � 0.1 H2O: C, 61.65; H, 4.97; N, 10.78. Found: C,
61.34; H, 4.61; N, 10.99.

1-[N-benzoyl-L-phenylalanyl]4-hydroxypiperidine [21]. Benzoic acid
(86 mg, 0.70 mmol) and 1-(l-phenylalanyl)-4-hydroxypiperidine
hydrochloride (10) (173 mg, 0.70 mmol) were coupled accord-
ing to Procedure A in dichloromethane (5 ml) using trieth-
ylamine (73 mg, 0.73 mmol), HBT (161 mg, 1.5 mmol), and DEC
(141 mg, 0.74 mmol), and the product was purified by chroma-
tography on silica eluted with ethyl acetate, giving the title sub-
stance (190 mg, 77%), HPLC (50/50 acetonitrile-0.1% aqueous
formic acid, 5 �M Kromasil C-8 150 � 4.6 mm, 1.0 ml/min) re-
tention time 2.58 min (99% purity, 280 nM detector wavelength).
1H NMR (DMSO-d6, 400 mHz) � 8.72 (d, 0.5H, J 
 8.5 Hz), 8.70
(d, 0.5H, J 
 8.3 Hz), 7.78 (d, 2H, J 
 7.5 Hz), 7.49–7.42 (m, 1H),
7.40–7.38 (m, 2H), 7.27–7.12 (m, 5H), 5.07 (q, 1H), 4.67 (m, 1H),
3.95–3.85 (m, 0.5H), 3.8–3.5 (m, 2.5H), 3.3–3.2 (m, 0.5H), 3.1–2.9
(m, 3.5H), 1.65–1.55 (m, 1.5H), 1.55–1.45 (m, 0.5H), 1.15–1.10 (m,
1.5H), 1.10–1.00 (m, 0.5H). HRMS m/e 353.1892 (calcd for
C21H24N2O3 � H, 353.1865).

1-[N-(2-pyrrolyl)-L-phenylalanyl]4-hydroxypiperidine [22]. Pyrrole-
2-carboxylic acid (78 mg, 0.70 mmol) and 1-(l-phenylalanyl)-
4-hydroxypiperidine hydrochloride (10) (173 mg, 0.70 mmol) were
coupled according to Procedure A in dichloromethane (5 ml)
using triethylamine (73 mg, 0.73 mmol), HBT (161 mg, 1.05 mmol),
and DEC (141 mg, 0.735 mmol), and the product was purified by
chromatography on silica eluted with 4:1 ethyl acetate-hexanes
followed by ethyl acetate, giving the title substance (210 mg, 62%),
HPLC (50/50 acetonitrile-0.1% aqueous formic acid, 5 �M Kro-
masil C-8 150 � 4.6 mm, 1.0 ml/min) retention time 2.2 min (99%
purity, 280 nM detector wavelength). 1H NMR (DMSO-d6, 400 mHz)
� 11.35 (br, 1H), 8.27 (d, 0.5H, J 
 8.3 Hz), 8.24 (d, 0.5H, J 
 8.3
Hz), 7.25–7.10 (m, 5H), 6.84 (d, 1H, J 
 1 Hz), 6.79 (d, 1H, J 
 1
Hz), 6.02 (d, 1H, J 
 2.5 Hz), 5.04 (q, 1H), 4.65 (m, 1H), 3.95–3.85
(m, 0.5H), 3.8–3.7 (m, 1H), 3.7–3.5 (m, 1.5H), 3.3–3.1 (m, 0.5H),
3.1–2.9 (m, 1.5H), 2.9–2.8 (m, 2H), 1.65–1.55 (m, 1.5H), 1.5–1.4

(m, 0.5H), 1.25–1.1 (m, 1.5H), 1.05–0.95 (m, 0.5H). Anal. calcd
for C19H23N3O3: C, 66.84; H, 6.79; N, 12.31. Found: C, 66.47; H,
6.71; N, 12.17.

1-[N-(benzofuran-2-carbonyl)-L-phenylalanyl]4-hydroxypiperidine [23].
Benzofuran-2-carboxylic acid (81 mg, 0.50 mmol) and 1-(l-phenyl-
alanyl)-4-hydroxypiperidine hydrochloride (10) (124 mg, 0.50
mmol) were coupled according to Procedure A in dichloro-
methane (3 ml) using triethylamine (51 mg, 0.50 mmol), HBT
(115 mg, 0.75 mmol), and DEC (101 mg, 0.525 mmol), and the
product was purified by chromatography on silica eluted with 4:1
ethyl acetate-hexanes followed by ethyl acetate, giving the title
substance (170 mg, 86%), HPLC (50/50 acetonitrile-0.1% aque-
ous formic acid, 5 �M Kromasil C-8 150 � 4.6 mm, 1.0 ml/min)
retention time 3.6 min (99% purity, 280 nM detector wave-
length). 1H NMR (DMSO-d6, 400 mHz) � 8.86 (d, 0.5H, J 
 8.3
Hz), 8.81 (d, 0.5H, J 
 8.3 Hz), 7.73 (d, 1H, J 
 7.5 Hz), 7.62 (d,
1H, J 
 8.3 Hz), 7.58 (m, 1H), 7.43 (t, 1H, J 
 7 Hz), 7.29 (t, 1H,
J 
 8 Hz), 7. 25–7.35 (m, 4H), 7.30–7.10 (m, 1H), 5.12 (q, 1H),
4.68 (d, 1H, J 
 4 Hz), 3.95–3.89 (m, 0.5H), 3.8–3.7 (m, 1H), 3.7–
3.5 (m, 1.5H), 3.3–3.15 (m, 0.5H), 3.15–2.9 (m, 3.5H), 1.65–1.55
(m, 1.5H), 1.55–1.45 (m, 0.5H), 1.3–1.0 (m, 2H). Anal. calcd for
C23H24N2O4�0.33 H2O: C, 69.34; H, 6.24; N, 7.03. Found: C,
69.70; H, 6.26; N, 6.50.

1-[N-(5-chlorobenzofuran-2-carbonyl)-L-phenylalanyl]4-hydroxypiperidine 
[24]. 5-Chlorobenzofuran-2-carboxylic acid (137 mg, 0.70 mmol)
and 1-(l-phenylalanyl)-4-hydroxypiperidine hydrochloride (10)
(173 mg, 0.70 mmol) were coupled according to Procedure A in
dichloromethane (5 ml) using triethylamine (73 mg, 0.73 mmol),
HBT (161 mg, 1.05 mmol), and DEC (141 mg, 0.74 mmol), and
the product was purified by recrystallization from ether, giving
the title substance (198 mg, 66%), HPLC (50/50 acetonitrile-0.1%
aqueous formic acid, 5 �M Kromasil C-8 150 � 4.6 mm, 1.0 ml/
min) retention time 4.7 min (99% purity, 280 nM detector wave-
length). 1H NMR (DMSO-d6, 400 mHz) � 8.96 (d, 0.5H, J 
 8.3
Hz), 8.92 (d, 0.5H, J 
 8.3 Hz), 7.83 (m, 1H), 7.66 (d, 1H, J 
 8.7
Hz), 7.56 (d, 1H, J 
 3 Hz), 7.44 (dd, 1H, J 
 2.5, 9 Hz), 7.25–7.15
(m, 5H), 7.15–7.1 (m, 1H), 5.09 (q, 1H), 4.73 (m, 1H), 3.95–3.85
(m, 0.5H), 3.8–3.7 (m, 1H), 3.7–3.5 (m, 1.5H), 3.1–2.9 (m, 4H),
1.7–1.55 (m, 1.5H), 1.55–1.45 (m, 0.5H), 1.3–1.1 (m, 1.5H), 1.1–
1.0 (m, 0.5H). Anal. calcd for C23H23N2O4Cl � 0.3 H2O: C, 63.90;
H, 5.50; N, 6.48. Found: C, 63.67; H, 5.40; N, 6.36.

RESULTS

Antihyperlipidemic effects of CP-320626 in ob/ob mice
Evidence that CP-320626 exhibits antihyperlipidemic prop-

erties was first obtained in the diabetic ob/ob mouse, where
significant reductions in plasma cholesterol2 [31%; 128 	
12 vs. 186 	 6 (SEM; n 
 10) mg/dl; P � 0.05] and triglyc-
erides [26%; 202 	 17 mg/dl vs. 273 	 32 mg/dl (SEM; n 

10); P � 0.06] were observed following 10 mg/kg b.i.d. ad-
ministration for 15 days (12). These reductions were observed
in the absence of changes in plasma insulin, glucagon, free

2 The plasma cholesterol lowering observed in experimental animals
was not a consequence of interference by CP-320626 with the cholesterol
oxidase–based cholesterol detection system, because the signal produced
for a 400 mg/dl cholesterol standard was not altered by concentrations of
CP-320626 between 0.1 �g/ml and 12 �g/ml (27 �M), concentrations
that bracket plasma concentrations observed at efficacious doses.
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fatty acids, or �-hydroxybutyrate (12), indicating that the
observed reductions in plasma triglycerides and cholesterol
were not a tertiary consequence of secondary alterations
in glycemic control mechanisms induced by the hypogly-
cemia resulting from glycogen phosphorylase inhibition.

Hypolipidemic effects of CP-320626 in rats and dogs
The antihyperlipidemic properties of CP-320626 ob-

served in ob/ob mice were confirmed in a series of two
week studies in normoglycemic rats and dogs in which treat-
ment at doses between 30 and 400 mg/kg (rats) and 3 and
30 mg/kg (dogs) was associated with substantial reductions
in serum cholesterol and triglycerides (Tables 1 and 2) in
the absence of notable glucose lowering (not shown). For
example, male rats treated with CP-320626 displayed a
dose-dependent up to 60% decrease in serum cholesterol2

and triglycerides for doses between 30 and 400 mg/kg
(Table 1). The magnitude of these reductions was related
to exposure to CP-320626, with significant reductions oc-
curring at peak plasma drug levels (Cmax) in excess of 3
�M (Table 1). Female rats treated with CP-320626 dis-
played similar effects (not shown).

Dogs were even more sensitive to the hypolipidemic ef-
fects of CP-320626. As shown in Table 2, both male and fe-
male dogs treated with CP-320626 displayed a dose-depen-
dent up to 90% decrease in plasma cholesterol2 and an up
to 50% reduction in plasma triglycerides for doses between
3 and 30 mg/kg. Again, the unanticipated magnitude of
cholesterol and triglyceride reduction was related to expo-
sure to CP-320626, with significant reductions occurring
at peak plasma drug levels (Cmax) in excess of 2 �M (Table
2). These results, together with the absence of glucose
lowering by CP-320626 in these normoglycemic animals,
suggest that CP-320626 affects a second target that results
directly in the observed hypolipidemic effects.

Direct inhibition of cholesterol biosynthesis by CP-320626
To determine whether the plasma cholesterol and triglyc-

eride lowering observed in experimental animals was a con-
sequence of direct inhibition of de novo sterol and/or tri-

glyceride synthesis, we evaluated the ability of CP-320626 to
inhibit cholesterol and fatty acid synthesis in cultured HepG2
(human liver) cells. As shown in Fig. 2, when CP-320626 and
[2-14C]acetate were added simultaneously to near-conflu-
ent cultures of HepG2 cells, and simultaneous incorpora-
tion of radiolabel into sterols and fatty acids was permitted
to proceeded for 6 h as outlined in Experimental Proce-
dures, CP-320626 inhibited cholesterol synthesis in a dose-
dependent fashion, exhibiting an IC50 of 4 �M. Fatty acid
synthesis was not substantially affected by CP-320626 at con-
centrations that markedly inhibited cholesterol synthesis
(Fig. 2), indicating that the reduction in cholesterol forma-
tion was not a consequence of altered acetate pools result-
ing from generalized effects on intermediary metabolism.

Site of cholesterol synthesis inhibition is CYP51
To determine the site of cholesterol synthesis inhibited

by CP-320626, we asked whether cholesterol production was
inhibited in the absence of concomitant accumulation of
precursor sterols, or whether cholesterol synthesis inhibi-
tion occurred in conjunction with accumulation of choles-
terol precursors. Because all cholesterol precursors after
squalene coextract with cholesterol in the nonsaponifi-
able lipid fraction, inhibition of cholesterol formation in
the absence of sterol accumulation is indicative of inhibi-
tion at a site prior to squalene formation, whereas accu-
mulation of a specific post-squalene cholesterol precursor
is indicative of inhibition of the cholesterolgenic enzyme
that utilizes the accumulated intermediate as a substrate.

TABLE 1. Lipid-lowering effects of 2 week CP-320626 treatment
in male ratsa

Parameter

Group Cholesterol Triglyceride Plasma Cmax Plasma AUC

mg/kg mg/dl mg/dl �M �M � h

0 62 	 4 72 	 11 — —
30 55 	 4 48 	 7 3.2 	 0.9 18 	 8
100 42 	 2c 50 	 5b 11.2 	 2.8 112 	 82
400 35 	 1c 29 	 2c 34.3 	 6.8 420 	 100

AUC, area under the curve. Male Sprague Dawley rats (250 g)
were maintained on RMH 3200 laboratory meal and administered ei-
ther vehicle (0.1% Pluronic P-105 in 10% DMSO) or vehicle contain-
ing the indicated doses of CP-320626 twice daily for 11 days. Plasma
samples were obtained after an overnight fast, 3 h after the final dos-
ing, and were assessed for total cholesterol, triglycerides, and drug lev-
els as outlined in Experimental Procedures.

a Values represent the mean 	 SEM for n 
 10 rats per group.
b P � 0.05.
c P � 0.01.

TABLE 2. Lipid-lowering effects of 2 week CP-320626 
treatment in dogs

Parameter

Group Cholesterol Triglyceride Plasma Cmax
a Plasma AUCa

mg/kg  mg/dl  mg/dl  �M  �M � h

Female dogs
0 135 	 13 29 	 3
3 62 	 16c 30 	 4
10 39 	 2c 15 	 5
30 14 	 8d 15 	 3b

Male dogs
0 139 	 17 26 	 4
3 91 	 32 19 	 3
10 36 	 19b 14 	 1b

30 28 	 7c 12 	 2c

All dogs
0 137 	 9 27 	 2 — —
3 77 	 16c 25 	 4 2.1 	 0.7 3.5 	 4.1
10 38 	 8c 15 	 2c 6.0 	 1.7 10.7 	 5.4
30 21 	 4d 14 	 1d 24.0 	 9.7 112.9 	 56.7

Male and female beagle dogs (8–10 kg), were fed Agway Respond
2000 laboratory dog chow twice daily for 2 weeks, and just prior to each
meal received a 10 ml aqueous bolus of either vehicle (0.1% Pluronic
P-105 in 10% DMSO) or vehicle containing the indicated amounts of
CP-320626. Plasma samples were obtained after an overnight fast, 3 h
after the final dosing, and were assessed for total cholesterol, triglycer-
ides, and drug levels as outlined in Experimental Procedures. Values
represent the mean 	 SEM for n 
 3 dogs per sex per group.

a Numbers represent mean 	 SD for male plus female combined
data (n 
 6/group).

b P � 0.05.
c P � 0.01.
d P � 0.001.
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As shown in Fig. 3, reduction of cholesterol synthesis
from [2-14C]acetate by CP-320626 occurred concomitantly
with an enhanced formation of isotopically labeled meth-
ylsterols. Consistent with this observation, the chromato-
graphic pattern of accumulated cholesterol precursors ap-
peared identical to that observed following treatment of
HepG2 cells with the known CYP51 inhibitor, ketocona-
zole (not shown), suggesting that cholesterol synthesis in-
hibition by CP-320626 was potentially a consequence of
inhibition of the cholesterolgenic enzyme, CYP51.

When [3H]lanosterol was included in nonsaponifiable
lipid fractions prior to TLC analysis, the [14C]-labeled cho-
lesterol precursor accumulating following both ketocona-
zole and CP-320626 treatment comigrated with authentic
[3H]lanosterol (Fig. 4). Because monomethylsterols and
dimethylsterols migrate with Rf values between those of cho-
lesterol and the trimethylsterol, lanosterol, by silica gel TLC
(24), the 1:1 comigration of the accumulating methyl-
sterol with authentic lanosterol suggests that the accumu-
lating methylsterol is lanosterol, further suggesting that
CP-320626 is a direct inhibitor of CYP51.

Cholesterol synthesis inhibition and lanosterol 
accumulation in ob/ob mice

To determine whether the effects of CP-320626 noted
in HepG2 cells also occur in vivo, the ability of CP-320626

to inhibit cholesterol synthesis and induce accumulation
of lanosterol was evaluated acutely in ob/ob mice. Unlike
rats and CD1 mice in the untreated state, where the distri-
bution of radiolabeled sterols formed acutely from [14C]
acetate is � 85% cholesterol, 10% methylsterols, and 5%
squalene (13), in the ob/ob mouse, the cholesterol and
methylsterol peaks were nearly equivalent (Fig. 5, upper
panel). Consistent with these observations, the monometh-
ylsterol and dimethylsterol levels were �10-fold greater
in ob/ob mouse liver (5.6% of the hepatic cholesterol level)
than in rat liver (0.57% of the hepatic cholesterol level),
whereas the trimethylsterol levels in ob/ob mouse and rat
liver were essentially the same (0.48% of the respective he-
patic cholesterol levels), suggesting a pathway bottleneck
at the cholesterolgenesis steps of sterol 4-demethylation in
ob/ob mice.

Similar to the observations made in Hep-G2 cells, inhi-
bition of hepatic cholesterol synthesis and accumulation
of methylsterols was also noted in ob/ob mice 1 h after a
single 30 mg/kg oral dose of CP-320626 (Fig. 5, upper
panel). Both hepatic cholesterol synthesis inhibition and
methylsterol accumulation were dose responsive between
3 mg/kg and 30 mg/kg (Fig. 5, lower panel), suggesting
that, as in HepG2 cells, cholesterol synthesis inhibition in
ob/ob mice was a consequence of inhibition of CYP51.
The 1:1 comigration of the accumulating sterol with lanos-
terol was again confirmed by cochromatography with au-
thentic [3H]lanosterol (not shown).

Fig. 2. CP-320626 inhibits cholesterol but not fatty acid synthesis
in HepG2 cells. HepG2 cells were incubated for 6 h at 37�C in supple-
mented Dulbecco’s modified Eagle’s medium (DMEM) containing
5 mM glucose, either 1% DMSO (control) or 1% DMSO contain-
ing CP-320626 sufficient to produce the indicated final inhibitor
concentrations, and 4 �Ci of [2-14C]acetate. After incubation, samples
were saponified, the nonsaponifiable lipids extracted with hexane
and separated by silica gel TLC, and the cholesterol and cholesterol
precursors quantitated as described in Experimental Procedures.
The remaining aqueous phase was then acidified to pH �2, the pro-
tonated fatty acids extracted with hexane and separated by silica gel
TLC, and the fatty acids quantitated as described in Experimental
Procedures. Data for cholesterol and fatty acid synthesis are the
mean of triplicate determinations 	 SD and are expressed as cpm
[2-14C]acetate incorporated into cholesterol (open circles) or fatty
acids (closed circles) during the 6 h incubation at 37�C.

Fig. 3. Methylsterol accumulation after cholesterol synthesis inhibi-
tion by CP-320626. HepG2 cells were incubated for 6 h at 37�C in sup-
plemented DMEM containing 5 mM glucose, either 1% DMSO (con-
trol) or 1% DMSO containing CP-320626 sufficient to produce the
indicated final inhibitor concentrations, and 4 �Ci of [2-14C]acetate.
After incubation, samples were saponified, the nonsaponifiable lipids
extracted with hexane and separated by silica gel TLC, and the cho-
lesterol and cholesterol precursors quantitated as described in Exper-
imental Procedures. Data for cholesterol and methylsterol production
represent the mean of triplicate determinations 	 SD and are ex-
pressed as cpm [2-14C]acetate incorporated into cholesterol (closed
circles) and methylsterols (open circles) during the 6 h incubation at
37�C. No increases in squalene, squalene oxide, or squalene dioxide
relative to control levels were noted following CP-320626 treatment.
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Fig. 4. Comigration of the accumulating sterol with lanosterol.
HepG2 cells were incubated for 6 h at 37�C in supplemented DMEM
containing 5 mM glucose, either 1% DMSO (control; top panel),
1% DMSO containing CP-320626 (final inhibitor concentration of
10 �M; center panel), or 1% DMSO containing ketoconazole (final
inhibitor concentration of 1.0 �M; bottom panel), and 4 �Ci of
[2-14C]acetate. After incubation, samples were saponified, and the
nonsaponifiable lipids were extracted with hexane, mixed with an
authentic [3H]lanosterol chromatographic standard (15.8 nmol, 86
mCi/mol), and separated by silica gel TLC as described in Experi-
mental Procedures. Channels were then dried, sectioned into 2.0
mm slices, immersed in 5 ml of Aquasol-2 liquid scintillation fluid
(New England Nuclear, Boston, MA), and assessed for radioactivity
using a dual-channel program of a Beckmann LS6500 liquid scintil-
lation counter. Shown are the [14C]cpm (open circles) and [3H]cpm
(lanosterol standard; solid circles) as a function of distance from
the bottom of the chromatogram, with cholesterol migrating to 58
mm (Rf 
 0.26) and lanosterol migrating to 69 mm (Rf 
 0.33).

Fig. 5. Effect of CP-320626 and ketoconazole on sterol synthesis
in ob/ob mice. Male C57BL/6J-ob/ob mice (5–7 weeks old; 50–
60 g) were administered a 0.2 ml oral bolus of either vehicle, or ve-
hicle containing either CP-320,626 or ketoconazole at a concen-
tration sufficient to give a dose of 30 mg/kg (upper panel) or the
indicated doses of CP-320626 (lower panel). One hour after com-
pound administration, animals received an intraperitonal injection
of 0.1 ml R,S-[2-14C]mevalonolactone (100 �Ci/ml; 58 mCi/mmol).
One hour after radiolabel administration, animals were euthanized
by pentobarbital injection, and two 0.5 g liver pieces were removed
and saponified as outlined in Experimental Procedures. The non-
saponifiable lipids were then extracted with petroleum ether and
separated by silica gel TLC, and the cholesterol and cholesterol
precursors were quantitated as described in Experimental Proce-
dures. Data for hepatic cholesterol and methylsterol production
represent the mean 	 SD for n 
 6 mice per group and are ex-
pressed as dpm [2-14C]mevalonolactone incorporated into choles-
terol (black bars, upper panel; closed circles, lower panel) and meth-
ylsterols (gray bars, upper panel; open circles, lower panel) during
the 1 h interval between [2-14C]mevalonolactone injection and
pentobarbital administration.
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Accumulation of lanosterol but not other precursor 
sterols in rat plasma after treatment with CP-346086

To determine whether in addition to lanosterol, other
precursor sterols also accumulate after inhibition of cho-
lesterol synthesis by CP-320626, liver and plasma sterols
were isolated from rats treated with CP-320626 for two
weeks at a dose of 30 mg/kg/day as outlined in Table 1
and separated and quantitated by GC/MS as described in
Experimental Procedures. Under these conditions, plasma
cholesterol levels were reduced by 16% [69 	 2.5 mg/dl
(control) vs. 59 	 2.4 mg/dl (treated) (SEM; n 
 6)].
Plasma trimethylsterol (lanosterol � dihydrolanosterol)
concentrations were increased by 32%, from 0.37% of the
control cholesterol peak to 0.49% of the control cholesterol
peak. Plasma monomethyl and dimethyl sterols, however,
were increased only slightly (12%) from 0.57% of the con-
trol cholesterol peak to 0.64% of the control cholesterol
peak. Plasma cholestanol, 8-dehydrocholesterol, desmos-
terol, 7-dehydrocholesterol, and lathosterol levels in con-
trol rat plasma were all below the limits of detection and
were not increased to above lower limits of quantitation
after treatment with CP-320626. Liver levels of these pre-
cursor sterols, however, were either unchanged (desmos-
terol and 7-dehydrocholesterol), or slightly reduced (choles-
tanol and 8-dehydrocholesterol, 15% reduction; lathosterol,
8% reduction). Together, these observations are further
evidence for CYP51 as the site of cholesterolgenesis inhibi-
tion by CP-320626.

Direct inhibition of CYP51 by CP-320626
To demonstrate that inhibition of cholesterol synthesis

by CP-320626 was indeed by direct inhibition of CYP51 ac-
tivity, we assessed the ability of CP-320626 to inhibit recom-
binant human CYP51 in vitro. As shown in Fig. 6 (upper
panel), CP-320626 inhibited recombinant human CYP51
activity with an IC50 of 5.2 �M, a value similar to that noted
for cholesterol synthesis inhibition in HepG2 cells (see
above). Inhibition was competitive with respect to the sub-
strate lanosterol and exhibited a Ki of 0.3 �M (Fig. 6, lower
panel).

Based on difference spectra, CP-320626 demonstrated a
pattern of interaction with the enzyme (absorbance maxi-
mum at 390 nm, minimum at 420 nm) similar to that ob-
served for the substrate, lanosterol, with a maximum shift
occurring at 6 �M, a value similar to the IC50 of 5.2 �M
shown in Fig. 6 (upper panel). This observation is consis-
tent with the competitive nature of the inhibition shown
in Fig. 6 (lower panel) and suggests that CP-320626 inter-
acts with the CYP51 enzyme at the substrate binding pocket
near the heme but does not interact coordinately with the
heme iron. By contrast, ketoconazole, which, like other
azole-containing CYP51 inhibitors, interacts coordinately
with the heme iron (25–29), demonstrated a typical Type II
pattern of interaction with the enzyme (absorbance maxi-
mum at 430 nm, minimum at 394 nm) with a maximal shift
at 20 �M.

CP-320626 also showed specificity for CYP51 inhibition
relative to other CYPs, indicating that this inhibition was
not simply due to nonspecific interference with the CYP

reaction mechanism or with NADPH-CYP reductase. For
example, in parallel in vitro evaluations, CP-320626 inhib-
ited CYP51, CYP3A4, CYP2D6, and CYP2C9, with respec-
tive IC50 values of 5 �M (Ki 
 0.3 �M), �50 �M, 29 �M
(Ki 
 15 �M), and 12 �M (Ki 
 10 �M).

Fig. 6. Direct inhibition of lanosterol 14�-demethylase (CYP51)
activity by CP-320626. Twenty picomoles recombinant human
CYP51 and 125 pmol human cytochrome-P450 (CYP) reductase
were incubated for 60 min at 37�C in 640 �l of 88.3 mM phosphate
buffer (pH 7.4) containing 16.9% glycerol, 84 �M DTT, 84 �M
EDTA, 0.42 mM KCN, 10 mM MgCl2, 0.54 mM NADP�, 6.2 mM
DL-isocitric acid, 0.5 U/ml isocitrate dehydrogenase, 7.8% rat lipid,
2% tyloxapol, 0.2 mg/ml dioleylphosphitidylcholine, 39 �M lanos-
terol (upper panel) or the indicated concentrations of lanosterol
(lower panel), and the indicated concentrations of CP-320626 as
outlined in Experimental Procedures. After incubation, reactions
were terminated by addition of ergosterol (reference standard) in
ethyl acetate, and the reaction product (4,4-dimethylcholesta-
8,14,24-trien-3�-ol) and reference standard were extracted with
ethyl acetate, separated by HPLC, and quantitated as outlined in
Experimental Procedures. Shown are the percentage of control
CYP51 activity as a function of CP-320626 concentration (upper
panel) and the reciprocal CYP51 activity as a function of CP-320626
concentration for the various lanosterol concentrations evaluated
(lower panel).

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


Harwood et al. Dual-action glycogenolysis and cholesterolgenesis inhibitors 559

Structure–activity relationships for CYP51 inhibition 
within the CP-320626 series

Inhibition of CYP51 by an N-aroyl-� amino acid deriva-
tive such as CP-320626 is novel. We investigated structure–
activity relationships of this inhibition by preparing and
evaluating other substituted phenylalanines, glycine and
other �-amino acids bearing aliphatic, acidic, and basic
sidechains, and analogs having the 5-chloroindole moiety
replaced by other aryl residues. The syntheses of these
compounds were straightforward. The structures and in-
hibitory activities in HepG2 cell cholesterol synthesis inhi-
bition, recombinant human CYP51 enzyme inhibition,
and glycogen phosphorylase enzyme inhibition assays are
presented in Tables 3 and 4.

A high degree of correlation between HepG2 cell cho-
lesterolgenesis inhibition and CYP51 inhibition was ob-
served where both activities were measured (R2 
 0.77;
Fig. 7), indicating that most (�80%) of the variation in
HepG2 cell cholesterol synthesis inhibition is a conse-
quence of CYP51 inhibition. By contrast, there was no cor-
relation between glycogen phosphorylase inhibition and
either HepG2 cell cholesterol synthesis inhibition or CYP51
inhibition within the series (R2 
 0.029; not shown). Con-
sistent with this finding is the observation that the two
most potent CYP51 inhibitors discovered from within this
series, [8] and [9], were only modest glycogen phosphory-
lase inhibitors (Table 3), whereas, two of the most potent
glycogen phosphorylase inhibitors of the series, [2] and

[4], showed no appreciable CYP51 inhibition at concen-
trations of up to 10 �M (Table 3). Furthermore, ketocona-
zole, a potent inhibitor of CYP51 (IC50 
 0.1 �M), did not
inhibit human liver glycogen phosphorylase at concentra-
tions up to 10 �M, and the potent glycogen phosphorylase
inhibitor, CP-91149 (IC50 
 0.13 �M; 9), inhibited CYP51
activity by only 15%, at 10 �M.

The des-fluoro analog l-phenylalanine congener [3]
(10) retains the high CYP51 inhibition of CP-320626. The
unnatural d-phenylalanine enantiomers of CP-320626 and
[3] {[2] and [4], respectively}, were evaluated and found not
to inhibit CYP51 at 10 �M. As mentioned above, this struc-
ture-activity relationship (SAR) is distinctly divergent from
that of glycogen phosphorylase inhibition in N-(5-chloroin-
dole-2-carbonyl)-phenylalanine amides, where such enanti-
omers have similar activity (10). CYP51 inhibitory activity
was also very sensitive to the presence of the benzyl side
chain in the compounds examined. Histidine [17], 3-pyri-
dylalanine [12], tyrosine [13], and valine [19] gave some-
what lower levels of inhibition, glycine [16] and alanine
[18] were of further reduced inhibitory activity, and the cor-
responding lysine [14] and aspartic acid [15] derivatives
did not show appreciable inhibition at 10 �M. Substitution
of the phenylalanine ring at the para position with chloro
[10] or methoxy [11] substituents did not diminish CYP51
inhibitory activity, and substitution at the ortho position
with either fluoro [8]or chloro [9] substituents produced
the most potent inhibitors in the series. The effect of al-

TABLE 3. SAR of lanosterol 14�-demethylase inhibition by CP-320626 analogs

Number X R * Y

Glycogen 
Phosphorylase

Inhibition
HepG2 Cell Lanosterol 
Demethylase Inhibition

Direct CYP51
Inhibition

 IC50; nM % Inh @ 10 �M  % Inh @ 10 �M

1 Cl p-F-PhCH2 S 4-Hydroxypiperidino 155 60 75
2 Cl p-F-PhCH2 R 4-Hydroxypiperidino 250 0 0
3 Cl PhCH2 S 4-Hydroxypiperidino 164 58 83
4 Cl PhCH2 R 4-Hydroxypiperidino 172 4 0
5 Cl PhCH2 R,S NMe2 105 49 41
6 F p-F-PhCH2 S 4-Hydroxypiperidino 718 7 —
7 H PhCH2 S 4-Hydroxypiperidino 481 59 61
8 Cl o-F-PhCH2 S 4-Hydroxypiperidino 316 92 91
9 Cl o-Cl-PhCH2 S 4-Hydroxypiperidino 387 98 99

10 Cl p-Cl-PhCH2 S 4-Hydroxypiperidino 660 49 61
11 Cl p-OMePhCH2 S 4-Hydroxypiperidino �10,000 66 65
12 Cl 3-Pyridyl-CH2 S 4-Hydroxypiperidino 455 27 —
13 Cl p-OH-PhCH2 S 4-Hydroxypiperidino 1,112 27 63
14 Cl NH2(CH2)4 S 4-Hydroxypiperidino �10,000 0 —
15 Cl CH2COOH S 4-Hydroxypiperidino 12,530 6 15
16 Cl H — 4-Hydroxypiperidino 975 21 15
17 Cl 4-Imidazolyl-CH2 S 4-Hydroxypiperidino 2,400 46 —
18 Cl CH3 S 4-Hydroxypiperidino 9,700 23 —
19 Cl (CH3) 2CH S 4-Hydroxypiperidino �10,000 49 —
20 Cl o-F-PhCH2 S NMe2 164 66 —

CYP51, lanosterol 14�-demethylase. The inhibition of [2-14C]acetate incorporation into cholesterol in HepG2 cells produced by 10 �M com-
pound (average of triplicate determinations), the inhibition of the enzymatic activity of recombinant human CYP51 produced by 10 �M compound
(average of triplicate determinations), and the concentration of compound required to inhibit by 50% the activity of human liver glycogen phos-
phorylase (average of three or more determinations), were determined as outlined in Experimental Procedures. 1 is CP-320626.
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tering the 5-chloroindole substituent was also examined.
Inhibitory potency was maintained when the chlorine was re-
placed with hydrogen [7] but not with fluorine [6]. N-meth-
ylindole [23] and benzofuran [24] analogs showed little
CYP51 inhibitory activity, indicating a possibly critical H-bond
contribution from the indole of CP-320626. Benzamide
[21] and pyrrole-2-carboxamide [22] analogs also showed
marginal inhibitory activity.

DISCUSSION

In this report, we describe dual-action glycogenolysis/
cholesterolgenesis inhibitors that act through inhibition
of both glycogen phosphorylase and CYP51. Inhibition of
the activities of glycogen phosphorylase and CYP51 are in-
dependent, because CP-320626 and related analogs ex-
hibit divergent structure–activity relationships, with no
correlation between the two inhibitory activities across the
series of evaluated inhibitors (R2 
 0.029). Indeed, the two
activities are divergent to the extent that there exist ana-
logs within the series that are potent glycogen phosphory-
lase inhibitors that are devoid of appreciable CYP51 inhib-
itory activity {e.g., [2], [4]} and analogs within the series
that are potent CYP51 inhibitors but are weak glycogen
phosphorylase inhibitors {e.g., [8], [9]}. Furthermore, ke-
toconazole and azalanstat, which inhibit CYP51 activity
with IC50 values of 0.1 �M and 0.01 �M, respectively, show
no inhibition of glycogen phosphorylase activity at con-
centrations up to 10 �M, whereas the glycogen phosphor-

ylase inhibitor, CP-91149, which inhibits glycogen phos-
phorylase activity with an IC50 of 0.13 �M (9), showed
only slight inhibition of CYP51 activity at a concentration
of 10 �M.

CP-320626 demonstrates a pattern of interaction with
CYP51 that suggests that interaction with the enzyme ac-
tive center is at the substrate binding pocket near the
heme but not through coordinate interaction with the
heme iron. Thus, CP-320626 acts to inhibit CYP51 exclu-
sively as a substrate mimetic rather than as a combined
substrate analog/heme binding agent. This is in stark con-
trast to the azole-containing CYP51 inhibitors, such as ke-
toconazole, miconazole, itraconazole, fluconazole, and
azalanstat, whose unhindered basic imidazole nitrogen in-
teracts coordinately with the heme iron of CYP51 in a
characteristic Type II pattern of interaction, replacing
H2O as the native sixth ligand (25–29). This observation is
consistent with the absence of any basic atom in CP-320626
that could form a coordinate complex with the heme iron
of CYP51. In this regard, Haitao et al. (30) have also re-
cently reported a series of nonazole antifungal agents that
bind to the active center of Candida albicans CYP51 to in-
hibit enzymatic activity without coordinate interactions
with the active site heme. Whether these observations im-
ply a potential for greater specificity of the indole-2-car-
boxamide series of CYP51 inhibitors, relative to azole-con-
taining CYP51 inhibitors, remains to be explored.

The ability to treat hyperglycemia and hyperlipidemia
simultaneously with a single agent is attractive, especially
given that a high percentage of type 2 diabetics also ex-
hibit dyslipidemia (7, 8, 31), are therefore at increased risk
of developing cardiovascular disease (7, 8, 31), and are as
a consequence often treated with combined therapy to

TABLE 4. SAR of lanosterol 14�-demethylase inhibition by analogs 
of CP-320626

Number Ar

Glycogen
Phosphorylase

Inhibition
HepG2 Cell Lanosterol
Demethylase Inhibition

IC50; nM % inh @ 10 �M

21 �10,000 18

22 �10,000 15

23 �10,000 4

24 �10,000 6

The inhibition of [2-14C]acetate incorporation into cholesterol in
HepG2 cells produced by 10 �M compound (average of triplicate de-
terminations) and the concentration of compound required to inhibit
by 50% the activity of human liver glycogen phosphorylase were deter-
mined as outlined in Experimental Procedures.

Fig. 7. Correlation between HepG2 cell cholesterol synthesis in-
hibition and CYP51 inhibition. Inhibition of [2-14C]acetate incorpo-
ration into cholesterol in HepG2 cells (average of triplicate deter-
minations) and inhibition of the enzymatic activity of recombinant
human CYP51 (average of triplicate determinations), for a series of
CP-320626 analogs, were assessed at a concentration of 10 �M as out-
lined in Experimental Procedures.
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improve both the hyperglycemia and the dyslipidemia (7).
In this regard, both glycogen phosphorylase inhibitors
and CYP51 inhibitors have independently shown favor-
able efficacy attributes in humans. For example, a proto-
type glycogen phosphorylase inhibitor, CP-316819, was
shown to reduce the postglucagon rise in plasma glucose
levels by 54% in healthy human volunteers at a dose of 6
mg/kg (32). In addition, CYP51 inhibitors, such as keto-
conazole, have demonstrated significant total and LDL
cholesterol-lowering activity in experimental animals (28,
33–35) and in humans, when administered as extended,
high-dose therapy for the treatment of prostate cancer
(24, 36–39), Cushing’s syndrome (40), or hyperandrogenism
(41). Furthermore, that the glucose-lowering and choles-
terol-reducing activities of CP-320626 occur at approxi-
mately the same doses in experimental animals (�5 mg/
kg) suggests that the antidiabetic and antihypercholester-
olemic properties of this class of agents may occur at ap-
proximately equivalent doses in clinic.

However, despite the potential benefits associated with
the combined glucose-lowering and lipid-lowering efficacy
of these inhibitors, the potential for adverse effects associ-
ated with long-term lanosterol accumulation in clinic is un-
tested. Indeed, adverse effects such as lenticular posterior
cataracts and ichthyosis have been noted following accu-
mulation of desmosterol in various tissues after treatment
with desmosterol reductase inhibitors such as triparinol
(42). However, although lanosterol, dihydrolanosterol,
and various other methylsterols have been shown to accu-
mulate in the liver and blood of rats treated with ketocon-
azole (33), in the liver, blood, and various other tissues of
hamsters treated with azalanstat (28, 34), and in the blood
of humans following prolonged, high-dose treatment with
ketoconazole (24, 37, 38), the rapid secretion of these meth-
ylsterols into the bile (24, 28) and elimination via the feces
(24) may lessen or even prevent similar adverse effects.

In addition, the potential for oxidized lanosterols (43–
46), substituted lanosterols (43–46), and CYP51 reaction
product intermediates (47, 48) to act secondarily as feed-
back inhibitors of posttranscriptional processes involved
in HMG-CoA reductase synthesis (43, 44, 46, 47, 49) and/
or as stimulators of HMG-CoA reductase degradation (43,
48, 49) could further limit the degree of lanosterol accu-
mulation after treatment with these agents.

In this regard, it is noteworthy that although rat plasma
levels of lanosterol and dihydrolanosterol were elevated
after treatment with CP-320626, their elevation was mini-
mal relative to the observed reduction in plasma choles-
terol (16%), representing only �0.12% of initial plasma
cholesterol levels, with no increases in any other sterol
precursors noted after treatment. This observation indi-
cates that neither lanosterol nor any other sterol precur-
sor replaces cholesterol in the circulation after treatment
with CP-320626, as was reported for desmosterol accumu-
lation after triparinol treatment (34). These observations
also suggest that the lanosterol and dihydrolanosterol that
could potentially accumulate after CP-320626 treatment
are either efficiently eliminated via the bile or are con-
verted to oxidized metabolites that exhibit powerful in-

hibitory effects on HMG-CoA reductase production or
degradation, as outlined above.

An additional concern with CYP51 inhibition as a mech-
anism for cholesterol lowering is the observation that most
CYP51 inhibitors identified to date have shown poor spec-
ificity relative to the CYPs involved in adrenal and gonadal
steroidogenesis (27, 29, 36, 40). Indeed, it is for this lack
of specificity for CYP51 versus the CYPs involved in andro-
gen formation (29, 36, 40) and adrenal steroid formation
(29, 36, 40) that high-dose ketoconazole treatment has
been effectively utilized in the treatment of prostate carci-
nomas (24, 36, 39) and Cushing’s syndrome (36). The
CYP51 inhibitor azalanstadt has also shown a low specific-
ity for CYP51 relative to these steroidogenic CYPs (27) and
has reportedly induced a variety of effects associated with
cortisol, mineralocorticoid, and gonadal steroidogenesis
inhibition (27, 50). That CP-320626 and related analogs
show up to a 50-fold specificity (based on Ki values) for
CYP51 versus CYP3A4, CYP2D6, and CYP2C9 and that CP-
320626 does not coordinately associate with the heme iron
of CYP (see above), together suggest that such specificity
for cholesterolgenesis inhibition versus steroidogenesis in-
hibition is plausible, but would need to be demonstrated
preclinically.

Finally, the importance of CYP51 activity in spermatoge-
nesis and in oogenesis through production of the signal-
ing sterols FF-MAS and T-MAS in oocytes and testis (51, 52)
suggests that systemically available CYP51 inhibitors could
also limit these processes. Indeed, inhibition of meiosis by
ketoconazole (53, 54) and azalanstat (50) has recently been
demonstrated. Clearly, dual-action glycogen phosphorylase/
CYP51 inhibitors would need to have their actions restricted
to the liver, the primary site for both the glucose-lowering
and cholesterol-lowering effects of these compounds, and
this could be accomplished through development of in-
hibitors that are subject to first-pass hepatic metabolism.

In conclusion, dual-action glycogen phosphorylase/CYP51
inhibitors, such as those described in this report, have the
potential to favorably affect both hyperglycemia and hyper-
cholesterolemia in patients with type 2 diabetes. However,
such agents would need to avoid potential adverse effects
associated with cholesterolgenesis intermediate accumula-
tion, inhibition of adrenal and gonadal steroidogenesis,
and inhibition of spermatogenesis and oogenesis typically
associated with long-term treatment with systemically avail-
able, poorly selective, CYP51 inhibitors.

REFERENCES

1. Harris, M. I., K. M. Flegal, C. C. Cowie, M. S. Eberhardt, D. E.
Goldstein, R. R. Little, H. M. Wiedmeyer, and D. D. Byrd-Holt. 1998.
Prevalence of diabetes, impaired fasting glucose, and impaired
glucose tolerance in US adults. The Third National Health and Nu-
trition Examination Survey, 1988–1994. Diabetes Care. 21: 518–526.

2. Treadway, J. L., P. Mendys, and D. J. Hoover. 2001. Glycogen phos-
phorylase inhibitors for treatment of type2 diabetes mellitus. Ex-
pert Opin. Investig Drugs. 10: 439–454.

3. King, H., R. E. Aubert, and W. H. Herman. 1998. Global burden of
diabetes 1995–2005: prevalence, numerical estimates and projec-
tions. Diabetes Care. 21: 1414–1431.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


562 Journal of Lipid Research Volume 46, 2005

4. American Diabetes Association. 1998. Economic consequences of
diabetes mellitus in the US in 1997. Diabetes Care. 21: 296–309.

5. American Diabetes Association. 2001. Implications of the United
Kingdom prospective diabetes study. Diabetes Care. 24 (Suppl.): 28–32.

6. American Diabetes Association. 2003. Standards of medical care
for patients with diabetes mellitus. Diabetes Care. 26 (Suppl.): 33–50.

7. American Diabetes Association. 2003. Management of dyslipi-
demia in adults with diabetes. Diabetes Care. 26 (Suppl.): 83–86.

8. National Cholesterol Education Program Expert Panel. 2001. Ex-
ecutive summary of the third report of the National Cholesterol
Education Program (NCEP) Expert Panel on Detection, Evalua-
tion and Treatment of High Blood Cholesterol in Adults (Adult
Treatment Panel III). J. Am. Med. Assoc. 285: 2486–2497.

9. Martin, W. H., D. J. Hoover, S. J. Armento, I. A. Stock, R. K. McPher-
son, D. E. Danley, R. W. Stevenson, E. J. Barrett, and J. L. Treadway.
1998. Discovery of a human liver glycogen phosphorylase inhibitor
that lowers blood glucose in vivo. Proc. Natl. Acad. Sci. USA. 95:
1776–1781.

10. Hoover, D. H., S. Lefkowitz-Snow, J. A. Burgess-Henry, W. H. Martin,
S. J. Armento, I. A. Stock, R. K. McPherson, P. E. Genereux, E. M.
Gibbs, and J. L. Treadway. 1998. Indole-2-carboxamide inhibitors of
human liver glycogen phosphorylase. J. Med. Chem. 41: 2934–2938.

11. Rath, V. L., M. Ammirati, D. E. Danley, J. L. Ekstrom, E. M. Gibbs,
T. R. Hynes, A. M. Mathiowetz, R. K. McPherson, T. V. Olson, J. L.
Treadway, and D. J. Hoover. 2000. Human liver glycogen phosphor-
ylase inhibitors bind at a new allosteric site. Chem. Biol. 7: 677–682.

12. Treadway, J. L., R. K. McPherson, P. E. Genereux, W. J. Zavadoski,
P. Vestergaard, Y. Kwon, D. J. Hoover, and E. M. Gibbs. 1998. The
human liver glycogen phosphorylase inhibitor CP-320626 shows
sustained glucose lowering on multiple dosing in diabetic ob/ob
mice (Abstract). Diabetes. 47: 287.

13. Harwood, H. J., Jr., E. G. Barbacci-Tobin, S. F. Petras, S. Lindsey,
and L. D. Pellarin. 1997. 3-(4-chlorophenyl)-2-(4-diethylamino-
ethoxyphenyl)-A-pentenonitrile monohydrogen citrate and related
analogs. Reversible, competitive, first half-reaction squalene syn-
thetase inhibitors. Biochem. Pharmacol. 53: 839–864.

14. Petras, S. F., S. Lindsey, and H. J. Harwood, Jr. 1999. HMG-CoA re-
ductase regulation: use of structurally diverse first half-reaction
squalene synthetase inhibitors to characterize the site of meval-
onate-derived nonsterol regulator production in cultured IM-9
cells. J. Lipid Res. 40: 24–38.

15. Harwood, H. J., Jr., S. F. Petras, L. D. Shelly, L. M. Zaccaro, D. A.
Perry, M. R. Makowski, D. M. Hargrove, K. A. Martin, W. R. Tracey,
J. G. Chapman, W. P. Magee, D. K. Dalvie, V. F. Soliman, W. H. Mar-
tin, C. J. Mularski, and S. A. Eisenbeis. 2003. Isozyme-nonselective
N-substituted bipiperidylcarboxamide acetyl-CoA carboxylase in-
hibitors reduce tissue malonyl-CoA concentrations, inhibit fatty
acid synthesis, and increase fatty acid oxidation in cultured cells
and in experimental animals. J. Biol. Chem. 278: 37099–37111.

16. Chandler, C. E., D. E. Wilder, J. L. Pettini, Y. E. Savoy, S. F. Petras,
G. Chang, J. Vincent, and H. J. Harwood, Jr. 2003. CP-346086: an
MTP inhibitor that lowers plasma cholesterol and triglycerides in
experimental animals and in humans. J. Lipid Res. 44: 1886–1901.

17. Patterson, G. W. 1971. Relation between structure and retention
time of sterols in gas chromatography. Anal. Chem. 43: 1165–1170.

18. Nes, W. R. 1985. A comparison of methods for the identification of
sterols. Methods Enzymol. 111: 3–51.

19. Stromstedt, M., D. Rozman, and M. R. Waterman. 1996. The ubiq-
uitously expressed human CYP51 encodes lanosterol 14�-demeth-
ylase, a cytochrome P450 whose expression is regulated by oxy-
sterols. Arch. Biochem. Biophys. 329: 73–81.

20. Coats, W. S., M. F. Browner, R. J. Fletterick, and C. B. Newgard.
1991. An engineered liver glycogen phosphorylase with AMP allo-
steric activation. J. Biol. Chem. 266: 16113–16119.

21. Luong, C. B. H., M. F. Browner, R. J. Fletterick, and B. L. Haymore.
1992. Purification of glycogen phosphorylase isozymes by metal-
affinity chromatography. J. Chromatogr. 584: 77–84.

22. Engers, H. D., S. Shechosky, and N. B. Madsen. 1970. Kinetic
mechanism of phosphorylase a. I. Initial velocity studies. Can. J.
Biochem. 48: 746–754.

23. Lanzetta, P. A., L. J. Alvarez, P. S. Reinach, and O. A. Candia. 1992.
An improved assay for nanomole amounts of inorganic phosphate.
Anal. Biochem. 100: 95–97.

24. Miettinen, T. A. 1988. Cholesterol metabolism during ketocona-
zole treatment in man. J. Lipid Res. 29: 43–51.

25. Vanden Bossche, H., and L. Koymans. 1998. Cytochromes P450 in
fungi. Mycoses. 41: 32–38.

26. Lamb, D. C., D. E. Kelly, M. R. Waterman, M. Stromstedt, D. Rozman,
and S. L. Kelly. 1999. Characteristics of the heterologously expressed
human lanosterol 14�-demethylase (other names: P45014DM, CPY51,
P45051) and inhibition of the purified human and Candida albi-
cans CYP51 with azole antifungal agents. Yeast. 15: 755–763.

27. Swinney, D. C., O. Y. So, D. M. Watson, P. W. Berry, A. S. Webb,
D. J. Kertesz, E. J. Shelton, P. M. Burton, and K. A. M. Walker.
1994. Selective inhibition of mammalian lanosterol 14�-demeth-
ylase by RS-21607 in vivo and in vitro. Biochemistry. 33: 4702–4713.

28. Walker, K. A. M., D. J. Kertesz, D. M. Rotstein, D. C. Swinney, P. W.
Berry, O. Y. So, A. S. Webb, D. M. Watson, A. Y. Mak, P. M. Burton,
B. M. Dunlap, M. Y. Chiou, L. G. Tokes, L. J. Kurz, J. R. Kern, K. W.
Chan, A. Salari, and G. R. Mendizabal. 1993. Selective inhibition
of mammalian lanosterol 14�-demethylase: a possible strategy for
cholesterol lowering. J. Med. Chem. 36: 2235–2237.

29. Shaw, J. T. B., M. H. Tarbit, and P. F. Troke. 1987. Cytochrome
P450-mediated sterol synthesis and metabolism: differences in sen-
sitivity to fluconazole and other sterols. In Recent Trends in the
Discovery, Development and Evaluation of Antifungal Agents.
Fromtling, R. A., editor. J. R. Prous Science Publishers S. A. Phila-
delphia, PA. 125–139.

30. Haitao, J., W. Zhang, M. Zhang, M. Kudo, Y. Aoyama, Y. Yoshida, C.
Sheng, Y. Song, S. Yang, Y. Zhou, J. Lu, and J. Zhu. 2003. Structure-
based de novo design, synthesis, and biological evaluation of non-
azole inhibitors specific for lanosterol 14�-demethylase of fungi. J.
Med. Chem. 46: 474–485.

31. American Diabetes Association, National Institute of Diabetes and
Digestive and Kidney Diseases. 2002. The prevention of type 2 dia-
betes. Diabetes Spectrum. 15: 147–157.

32. Treadway, J. L., C. B. Levy, D. J. Hoover, R. W. Stevenson, E. M.
Gibbs, R. A. Gelfand, and O. Kuye. 2001. Glucose lowering by gly-
cogen phosphorylase inhibitors in rats, dogs, and humans (Ab-
stract). Diabetes. 50: 133.

33. Strandberg, T. E., R. S. Tilvis, and T. A. Miettinen. 1987. Effects of
ketoconazole on cholesterol synthesis and precursor concentra-
tions in the rat liver. Lipids. 22: 1020–1024.

34. Burton, P. M., D. C. Swinney, R. Heller, B. Dunlap, M. Chiou, E.
Malonzo, J. Haller, K. A. M. Walker, A. Salari, S. Murakami, G.
Mendizabal, and L. Tokes. 1995. Azalanstat (RS-21607), a lanos-
terol 14�-demethylase inhibitor with cholesterol-lowering activity.
Biochem. Pharmacol. 50: 529–544.

35. Lee, E. Y., D. M. Lim, S. E. Yoo, D. K. Kim, and Y. K. Paik. 1999.
Biochemical basis for a cholesterol-lowering activity of 2-[2”-
(1”,3”-dioxolane)]-2-methyl-4-(2’-oxo-1’-pyrrolidinyl)-6-nitro-2H–
1-benzopyran (SKP-450), a novel antihypertensive agent. Biochem.
Pharmacol. 57: 579–582.

36. Sonino, N. 1987. The use of ketoconazole as an inhibitor of ste-
roid production. N. Engl. J. Med. 317: 812–818.

37. Kraemer, F. B., and A. Pont. 1986. Inhibition of cholesterol synthe-
sis by ketoconazole. Am. J. Med. 80: 616–622.

38. Miettinen, T. A., and V. V. Valtonen. 1984. Ketoconazole and cho-
lesterol synthesis. Lancet. II: 1271.

39. Trachtenberg, J., and A. Pont. 1984. Ketoconazole therapy for ad-
vanced prostate cancer. Lancet. II: 433–435.

40. Rotstein, D. M., D. J. Kertesz, K. A. M. Walker, and D. C. Swinney.
1992. Stereoisomers of ketoconazole: preparation and biological
activity. J. Med. Chem. 35: 2818–2825.

41. Pepper, G. M., L. Poretsky, J. L. Gabrilove, and M. M. Ariton. 1987.
Ketoconazole reverses hyperandrogenism in a patient with insulin
resistance and acanthosis nigricans. J. Clin. Endocrinol. Metab. 65:
1047–1052.

42. Hoeg, J. M., and H. B. Brewer, Jr. 1987. HMG-CoA reductase inhib-
itors in the treatment of hypercholesterolemia. J. Am. Med. Assoc.
258: 3532–3536.

43. Anderson, J. A., D. A. Leonard, K. P. Cusack, and L. L. Frye. 1995.
15-Substituted lanosterols: post-transcriptional suppressors of
HMG-CoA reductase. Arch. Biochem. Biophys. 316: 190–196.

44. Frye, L. L., K. P. Cusack, D. A. Leonard, and J. A. Anderson. 1994.
Oxolanosterol oximes: dual action inhibitors of cholesterol bio-
synthesis. J. Lipid Res. 35: 1333–1344.

45. Trzaskos, J. M., S. S. Ko, R. L. Magolda, M. F. Favata, R. T. Fischer,
S. H. Stam, P. R. Johnson, and J. L. Gaylor. 1995. Substrate-based
inhibitors of lanosterol 14�-demethylase: I. Assessment of inhibi-
tor structure-activity relationship and cholesterol biosynthesis inhi-
bition properties. Biochemistry. 34: 9670–9676.

46. Trzaskos, J. M., R. T. Fischer, S. S. Ko, R. L. Magolda, S. Stam, P.
Johnson, and J. L. Gaylor. 1995. Substrate-based inhibitors of lanos-

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


Harwood et al. Dual-action glycogenolysis and cholesterolgenesis inhibitors 563

terol 14�-demethylase: II. Time-dependent enzyme inactivation by
selected oxylanosterol analogs. Biochemistry. 34: 9677–9681.

47. Frye, L. L., K. P. Cusack, and D. A. Leonard. 1993. 32-Methyl-32-
oxylanosterols: dual action inhibitors of cholesterol biosynthesis. J.
Med. Chem. 36: 410–416.

48. Leonard, D. A., M. A. Kotarski, J. E. Tessiatore, M. F. Favata, and J. M.
Trzaskos. 1994. Post-transcriptional regulation of HMG-CoA reduc-
tase by 3�-hydroxy-lanost-8-en-32-al, an intermediate in the conver-
sion of lanosterol to cholesterol. Arch. Biochem. Biophys. 310: 152–157.

49. Trzaskos, J. M., R. L. Magolda, M. F. Favata, R. T. Fischer, P. R.
Johnson, H. W. Chen, S. S. Ko, D. A. Leonard, and J. L. Gaylor. 1993.
Modulation of HMG-CoA reductase by 15�-fluorolanost-7-ene-3�-ol:
a mechanism-based inhibitor of cholesterol biosynthesis. J. Biol.
Chem. 268: 22591–22599.

50. Vaknin, K. M., S. Lazar, M. Popliker, and A. Tsafriri. 2001. Role of
meiosis-activating sterols in rat oocyte maturation: effects of specific
inhibitors and changes in the expression of lanosterol 14�-demeth-
ylase during the preovulatory period. Biol. Reprod. 64: 299–309.

51. Majdic, G., M. Parvine, A. Bellamine, H. J. Harwood, Jr., W. W. Ku,
M. R. Waterman, and D. Rozman. 2000. Lanosterol 14�-demeth-
ylase (CYP51), NADPH-cytochrome P450 reductase and squalene
synthase in spermatogenesis: late spermatids of the rat express
proteins needed to synthesize follicular fluid meiosis activating ste-
rol. J. Endocrinol. 166: 463–474.

52. Stromstedt, M., M. R. Waterman, T. B. Haugen, K. Tasken, M. Par-
vinen, and D. Rozman. 1998. Elevated expression of lanosterol
14�-demethylase (CYP51) and the synthesis of oocyte meiosis-acti-
vating sterols in postmeiotic germ cells of male rats. Endocrinology.
139: 2314–2321.

53. Tsafriri, A., M. Popliker, R. Nahum, and Y. Beyth. 1998. Effects of
ketoconazole on ovulatory changes in the rat: implications on the
role of meiosis-activating sterol. Mol. Hum. Reprod. 4: 483–489.

54. Lu, Z., G. Xia, A. G. Byskov, and C. Y. Andersen. 2000. Effects of
amphotericin B and ketoconazole on mouse oocyte maturation:
implications on the role of meiosis-activating sterol. Mol. Cell. En-
docrinol. 164: 191–196.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

