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Abstract
a-methylacyl coenzyme A racemase (AMACR) is a metabolic enzyme whose overexpression has been
shown to be a diagnostic indicator of prostatic adenocarcinoma and other solid tumors. Here, we confirm that
attenuation of AMACR expression diminishes the growth of prostate cancer cell lines by using stably
expressed short-hairpin RNA constructs. This observation strongly suggests that the AMACR enzyme may be
a target for therapeutic inhibition in prostate cancer. To this end, we report here a novel assay capable of
screening libraries of diverse small molecules for inhibitors of AMACR activity. This assay facilitated the
screening of approximately 5,000 unique compounds and the discovery of 7 distinct chemical entities capable
of inhibiting AMACR at low micromolar concentrations. The most potent inhibitor discovered is the selenoorganic compound ebselen oxide [inhibitory concentration (IC50): 0.80 mmol/L]. The parent compound,
ebselen (IC50: 2.79 mmol/L), is a covalent inactivator of AMACR (KI(inact): 24 mmol/L). Two of the AMACR
inhibitors are selectively toxic to prostate cancer cell lines (LAPC4/LNCaP/PC3) that express AMACR
compared to a normal prostate fibroblast cell line (WPMY1) that does not express the protein. This report
shows the first high-throughput screen for the discovery of novel AMACR inhibitors, characterizes the first
nonsubstrate-based inhibitors, and validates that AMACR is a viable chemotherapeutic target in vitro. Mol
Cancer Ther; 10(5); 825–38. 2011 AACR.

Introduction
a-methylacyl coenzyme A racemase (AMACR, EC
5.1.99.4) is a cofactor-independent metabolic enzyme
important for the catabolism of branch-chained fatty
acids and the maturation of bile acids from cholesterol
precursors (1). The natural substrates for AMACR
include (2R)/(2S) pristanoyl coenzyme A (Pri-CoA;
Fig. 1A) and the bile acid precursor molecule (25R)/
(25S)-trihydroxycholestanoyl CoA (Fig. 1B; refs. 1–5).
Acting upon its substrate, the enzyme catalyzes the
bidirectional stereoconversion (from S to R and the
reverse) of the a-methyl proton via a 1,1-proton transfer
thought to proceed through an enolate intermediate (3, 6).
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In mammals, branch chain lipids are acquired either
directly through the degradation of chlorophyll into
phytanic acid (ruminants) or by the intake of ruminant
byproducts (milk, beef, etc.; refs. 1, 2). These lipids (and
cholesterol precursors of bile acids) naturally occur as a
racemic mixture, and their complete oxidation requires
that they be in the S-conformation (1, 2). AMACR carries
out that conversion before further oxidation. In addition
to natural substrates, AMACR can catalyze the stereoconversion of ibuprofenyl CoA (Fig 1C) from its inactive
R-conformer to its biologically active S-enantiomer (3).
Two crystal structures of the homologous AMACR
from Mycobacterium tuberculosis have been published (7,
8). Structurally, this enzyme (43% homologous to
AMACR by protein sequence) belongs to the type III
CoA transferase superfamily of enzymes. The crystal
structure indicates that the enzyme forms a dimer of
interlocking dimers with the active site at the interface
of the large domain of 1 monomer and the small domain
of the other monomer. The identified catalytic residues
are H126 and D156 (homologous residues H122 and D152
in AMACR). The size and lack of prominent topography
in the hydrophobic substrate binding pocket accommodates the binding of either enantiomer from a diverse
array of substrates (Fig. 1; refs. 7, 8). A recent kinetic study
of the recombinant human AMACR and a deuteriumlabeled substrate observed that the rate of solvent
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exchange (without stereoconversion) is twice the rate of
stereoconversion, implying that the mechanism of racemization is inefficient (3). This is consistent with data
showing little to no preference for 1 chiral center (R or S)
over the other.
Beyond its metabolic significance, AMACR is important in several human diseases. Patients with peroxisomal
deficiency (Zellweger’s syndrome) are deficient in
AMACR activity (1), and patients with inactivating
AMACR mutations (S52P and L107P) accumulate toxic
levels of the R-conformer of branch chain fatty acids in
their blood, resulting in neuropathy similar to Refsum
disease (9). In addition, the specific upregulation of
AMACR at both transcript and protein levels in prostatic
adenocarcinoma and its precursor lesions, including
putative prostate cancer progenitor populations, has been
reported (10, 11, 12). Immunohistochemical detection of
AMACR has become a valuable tool for the positive
diagnosis of prostate cancer in tissue samples (11, 13).
AMACR overexpression correlates with increased
AMACR activity, indicating that the protein being
expressed is enzymatically active and may be contributing to cancer growth (14, 15).
Decreasing the expression of AMACR through the use
of short interfering RNA constructs has been shown to
slow the growth of prostate cancer cell lines, indicating
that not only may AMACR expression directly be supporting cancer growth but also that AMACR may be a
new target for chemotherapeutic inhibition (14, 16). For
targeted therapy, AMACR offers several advantages.
First, an AMACR knockout mouse model has been generated and beyond the expected problem of branch chain
lipid accumulation (safely regulated by diet alone), the
mice have been reported to be healthy and fertile (17).
This finding is in agreement with the observation that
individuals with AMACR deficiency may remain asymptomatic for extended periods (9). Those data suggest that
targeted inhibition of AMACR may offer promise as
chemotherapy against prostate cancer without major
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inhibition-related side effects (14, 16). In addition to
prostate cancer, AMACR has been shown to be overexpressed in a variety of solid tumors, suggesting that
targeted inhibition may be translatable to other cancers
(18).
In addition to exploiting the overexpression of
AMACR for cancer chemotherapy, it is becoming increasingly clear that AMACR represents an excellent target for
imaging of prostate cancer (19). While several imaging
agents exist for detecting prostate cancer after it has
disseminated, there is still a need for imaging agents to
detect intraprostatic lesions (20, 21). Given that prostate
cancer is the most commonly diagnosed cancer in men
and the second leading cause of cancer-related death in
men (22) and an increasing number of cases are being
followed by active surveillance, finding imaging agents
that target AMACR could represent an important
advance for managing this disease (23, 24). An important
distinction between AMACR and other candidate prostate cancer imaging targets is that AMACR expression is
largely cancer specific, whereas PSA and PSMA are prostate specific, being expressed by both normal and cancerous prostate epithelial cells (20, 21).
There are few reported AMACR inhibitors. The scarcity of inhibitors relates in a large part to the unwieldy
substrate requirements of the enzyme, namely: the presence of a CoA thioester (rendering the molecule
impermeable to cells due to the presence of 3 phosphate
molecules) and a minimum carbon chain length of 8
carbons (with the exception of ibuprofenyl CoA) for the
acyl portion of the substrate (1, 2, 8). Multiple assays
exist to quantify AMACR activity (1–8, 15, 25, 26). The
most common assay relies on the production of radiolabeled water after incubation of AMACR with substrates containing tritium or deuterium at the a-position
(1–3). Also, it is possible to monitor the stereoconversion
of 1 enantiomer to another by incubating the enzyme
with a stereochemically pure pool of substrate and then
measuring the production of the opposite stereoisomer
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after diastereomeric separation using either gas chromatography (GC) or high-performance liquid chromatography (HPLC; refs. 1–2, 6). By using these assays,
inhibitors of AMACR activity have been identified
[including mercury, copper (II), diethylpyrocarbonate
(DEPC), Ellman’s reagent, and N-ethylmaleimide; refs.
1, 2]. Recently, it has been shown that fluorine for
hydrogen substitutions of known substrates near the
a-position can result in the generation of competitive
inhibitors. However, such molecules still require the
presence of the CoA (SCoA) moiety, limiting their
therapeutic potential (26).
While the aforementioned assays have single time
point dependence, 2 continuous assays have been published (4, 25). One assay is an indirect coupled assay that
monitors hydrogen peroxide production by the stereospecific oxidase immediately downstream of AMACR
(25). That assay is limited in that it requires 2 different
enzymes to be present, and a stereochemically pure
substrate (25). Recently, a circular dichroism (CD) assay
has been published (4). In this assay, the recombinant
enzyme is incubated with stereochemically pure R- or
S-ibuprofenyl CoA and CD measurements are made as
the enzyme converts 1 diastereomer to the other (4). As
with all prior assays for measuring AMACR activity or
inhibition, the CD assay cannot be used to screen more
than 1 reaction condition at a time. The arduous substrate
(single optical isomers) or product preparations (diastereomer derivitization for analytic GC/HPLC separation)
precludes the use of all existing assays in screening large
libraries of diverse compounds.
We have designed a 96-well–based assay for the detection and testing of AMACR inhibitors. By using this
assay, we discovered and subsequently characterized
AMACR inhibitors that are not substrate-based. None
of the inhibitors identified require the presence of the
CoA moiety for activity, rendering them superior to
previously identified compounds with respect to
expected pharmacokinetic properties, thereby enabling
further optimization and implementation in vitro and
in vivo. Unlike previous inhibitors, these compounds
do not behave in a competitive fashion, offering unique
opportunities to gain insight into the structural requirements for AMACR inhibition. In addition, we report the
development of the first stable AMACR knockdown cell
line of prostate cancer cells (LAPC4-AMACRKO). These
cells exhibit a statistically significant decreased growth
rate and will offer an ideal syngeneic control for further
AMACR-related in vitro and in vivo studies.

Materials and Methods
Reagents
Ebselen and ebselen oxide were purchased from
Cayman Chemical Co., 3,7,12-trihydroxycholestanoic
acid and pristanic acid from Larodan Fine Chemicals,
CoA trilithium salt from MP Biomedicals, solid phase
extraction (SPE) plates (Strata C18C) from Phenomenex,
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Inc., acetonitrile from ThermoFisher Scientific. [2, 3-3H]
Pri-CoA was synthesized by Moravek Biochemicals.
Unless otherwise indicated, all other reagents were purchased from Sigma-Aldrich Corporation. All graphs and
data analysis were accomplished by GraphPad Prism
Software (GraphPad Software). All cell lines used have
been authenticated as of November 2010 by short tandem
repeat DNA analysis according to the manufacturer’s
protocol for the PowerPlex 1.2 System (Promega Corp.).
short-hairpin RNA–mediated AMACR knockdown
The human prostate cancer cell line LAPC4 was
acquired from the laboratory of Dr. J.T. Isaacs (14). A
total of 1  106 cells were plated in 100 mm dishes in
normal culture media (Iscove’s Modified Dulbecco’s
Media, Invitrogen Corp.) supplemented with 10% fetal
bovine serum (Invitrogen) and 10 nm R1881 (PerkinElmer). The cells were allowed to establish and reach 80%
confluency. The media were then replaced with fresh
media containing 8 mg/mL hexadimethrine. Lentiviral
transduction particles encoding short-hairpin RNA
(shRNA) either targeting the AMACR transcript
(AMACRKO, Sigma-Aldrich, clone ID TRCN0000084114)
or not targeting any known human gene (vector control,
Sigma-Aldrich, SHC002V) were added to this media.
Cells were incubated with particles overnight before
replacement with fresh media without hexadimethrine
or particles. After a 24-hour recovery period, the media
were exchanged for selection media containing 5 mg/mL
puromycin and were allowed to undergo selection for
10 days before harvesting the entire population of viable
cells and expanding them into a 300-mL tissue culture
flask. Selection media were maintained henceforth.
After both the AMACRKO and the vector cell lines
adequately expanded, Western blot analysis was done.
Parental, AMACRKO, and vector cells were trypsinized,
collected, washed with phosphate buffered saline (PBS)
pH 7.4, and lyzed for 30 minutes in cell extraction buffer
(Invitrogen). Insoluble material was spun down, and
the lysate retained and quantified by the BCA Assay
Kit (ThermoFisher). A total of 50 mg of each lysate was
then loaded into adjacent wells in duplicate SDS-PAGE
gels, 4%–20% gradient (ThermoFisher). The gels were
electrophoresed according to manufacturer’s protocols
and were then transferred to nitrocellulose membranes
for Western blotting. After electrophoretic transfer,
1.5 hours at 100 V, the blots were blocked for 30 minutes
with blocking buffer (Li-Cor Biosciences). The membranes were then incubated with mouse anti-AMACR
antibodies (1:2,000, Invitrogen) and rabbit antitubulin
(1:10,000, Millipore Corp.) or mouse antiactin (1:25,000,
Sigma-Aldrich) overnight at 4 C. The membranes were
then washed with PBS (þ0.1% Tween-20, USB Corp.)
and incubated for 4 hours with antimouse and antirabbit or antimouse only secondary antibodies
(1:25,000, Li-Cor). The membranes were then developed
by the Li-Cor Odyssey infrared imaging system (Li-Cor).
Cropped results are shown in the inset within Fig. 2 and
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ciences Corp.), the single eluted peak of recombinant
protein was dialyzed for 1–4 hours against 1 L of 100
mmol/L Na/K/Pi buffer pH 7.25 (referred to hereafter as
reaction buffer) by using slide-a-lyzer dialysis cassettes
(10 kDa cutoff, ThermoFisher). The dialysis cassette was
then transferred to 3 L of reaction buffer and dialyzed
overnight. The following day the dialyzed lysate was
quantified by the BCA protein assay kit. In addition,
the recombinant AMACR-MBP protein was quantified
by densitometry analysis.

Viability (% Parental)
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LAPC4 LAPC4 LAPC4
Parental Vector AMACR
KO

AMACR
Tubulin
Actin

50

LAPC4 Parental
Vector
AMACR KO

0
0
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Time, h

Figure 2. shRNA-mediated AMACR knockout in LAPC4 cells diminishes
cell growth. Diminished AMACR expression affects cell growth as tested
by the alamarBlue assay (P < 0.005, vector vs. AMACR KO, 2-tailed t test,
r ¼ 0.9875, P ¼ 0.2505, vector vs. parental, r ¼ 0.9810), all data points are
normalized as a percentage of the maximum parental control. Inset,
Western blot analysis showing AMACR expression in parental, vector
control, and LAPC4 cells containing shRNA targeting AMACR protein.
Tubulin and actin used as loading controls. AMACR is undetectable in
AMACR KO cell line. Full-length blots in Supplementary Fig. S5.

the complete blots are included in the Supplementary
Fig. S5.
To determine the effect that shRNA-mediated AMACR
knockout has on cell growth and viability, LAPC4 parental, AMACRKO, and vector cells were assayed for their
growth rate by the alamarBlue assay (AbD Serotec). A
total of 5,000 cells of each type were plated in triplicate in
7 different tissue culture treated zero fluorescence 96-well
plates (BD Biosciences) in 100 mL of media. Beginning
with the initial plating and at subsequent 24 hour intervals, 10 mL alamarBlue reagent was added to each well
(including media only controls) and incubated for 4
hours. The plate was then read on a Fluostar Omega
plate reader (544 excitation/590 emission, BMG Labtech,
Inc.), background fluorescence removed, and the change
in fluorescence was measured for each cell type overtime.
The fluorescence measured in the parental line at 144
hours postplating was taken as the maximum reading
(100%) and all prior readings were calculated as a percentage of this time point (normalized as a percentage of
the parental line). The results are depicted in Fig. 2.
Recombinant human AMACR-maltose binding
protein fusion purification
The plasmid vector (pMal-C2x, New England Biolabs)
with human AMACR cloned after an N-terminal maltose
binding protein (MBP) was a generous gift of Ferdinandusse and colleagues (9). The plasmid was transformed
into chemically competent E. coli (TB1 strain) and recombinant protein was purified according to the manufacturer’s protocol (pMal Purification Kit, New
England Biolabs). After elution from the maltose column
(MBPHiTrap HP maltose column, GE Healthcare Bios-
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High-throughput screen
[2,3-3H] Pri-CoA was purchased from Moravek Biochemicals with a specific radioactivity of 4.7 Ci/mmol.
For the purposes of this assay, the specific radioactivity
was reduced to 60 Ci/mol by dilution with unlabeled PriCoA. Pristanic acid was purchased from Larodan and
was ligated with CoA and purified according to published procedures (1, 2). This substrate exhibited nonspecific binding to polypropylene. To improve
recoveries, 0.125 mg/mL agarose–purified bovine serum
albumin (BSA; Sigma-Aldrich) was added to the reaction
buffer for both experimental and control wells (referred
to as complete reaction buffer). Library preparation: The
Johns Hopkins Drug Library (JHDL) was diluted from the
master plates [100% dimethyl sulfoxide (DMSO)] into 1X
PBS at a final concentration of 500 mmol/L. The requested
compounds (Diversity Set 2 and Natural Products Set)
from the NCI/Developmental Therapeutics Program
(DTP) Open Chemical Repository (http://dtp.cancer.
gov) arrived as 10 mmol/L solutions in 100% DMSO
and were diluted to 500 mmol/L in reaction buffer (without BSA, final DMSO concentration of 5%). All library
plates were stored at 20 C until use, at which time they
were thawed and vigorously shaken to redissolve any
precipitates. The complete assay setup is described in
detail in the Supplementary Material, but is summarized
here and in Fig. 3. The enzymatic reaction is set up in a 96well PCR plate with a total reaction volume of 25 mL. A
total of 0.3 mmol/L AMACR-MBP is incubated with 100
mmol/L of library compound (1% DMSO) in the presence
of 150 mmol/L [2, 3-3H] Pri-CoA for 30 minutes at 37 C on
a 96-well PCR machine. Buffer only (zero AMACR) controls are included in each plate setup as background
controls. In addition, column A for each plate is used
as an AMACR only (100% activity) control and column H
is used as a positive AMACR inhibitor (DEPC; ref. 2)
control. During the incubation, a 96-well SPE (Strata
C18C Plate, Phenomenex) is conditioned with acetonitrile
and equilibrated with reaction buffer on a vacuum manifold. After 30 minutes, the reaction is acid quenched,
neutralized, diluted to 100 mL, and then transferred to the
SPE plate. Each well of the reaction plate is then washed
twice and the washes are transferred to their respective
wells. The total postreaction volume is 300 mL per SPE
well. Vacuum is applied and the reaction is pulled
through the SPE, retaining unreacted substrate and
allowing [3H] H2O product to pass into the collection
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1. Reaction buffer
2. AMACR
3. Library compound

96-well reaction plate
5 minute room temperature incubation
4 Substrate added
30 minute incubation at 37°C
5. Acid quench w/ shaking
6. Base neutralization
7. Dilution to 100 µL

96-well C18 extraction plate
8. Wash reaction plate with 100 µL buffer
9. Transfer to extraction plate
10. Repeat 8. and 9. once more
11. Apply vacuum collect eluate in collection plate

96-well collection plate
12. Shake collection plate for 10
minutes
13. Transfer 60 µL of eluate (20%) to read plate
containing 240 µL scintillation cocktail

96-well read plate
14. Shake read plate for 10 minutes
15. Read in 96-well scintillation detector

indicates a compound that is least 20% inhibitory. Such
compounds were considered worthy of further validation
(Supplementary Tables S1 and S2).
HTS validation
The Km and the Vmax for [2, 3-3H] Pri-CoA (Fig. 4) was
determined by setting up 185 mL reactions at various
concentrations of substrate (1, 5, 10, 15, 25, 50, 75, 100,
150, 200, 300, and 400 mmol/L) from which 20 mL
aliquots were taken at time points of 0, 15, 30, 60, 120,
300, 420, 600, and 900 seconds. All of the concentrations
tested had the same specific radioactivity (60 Ci/mol).
The reactions were carried out by 0.3 mmol/L AMACRMBP in microcentrifuge tubes at 37 C using complete
reaction buffer (þBSA) and were initiated by the addition of enzyme to the reaction tube. After the withdrawal
of each 20 mL aliquot at its designated time, the aliquot
was immediately dispensed into 1 well of a 96-well plate
containing 10 mL of 2 mol/L HCl to quench the reaction.
Also, background controls without AMACR-MBP were
set up for each time point and processed along with each
experimental time point. Once the aliquots were added
to the quench plate, they were processed as described
for the wells in the library screen (e.g., neutralization,
dilution to 100 mL, transfer to SPE plate, etc.). By using
specific counts per minute to DPM standards, the number
of DPM produced per unit of time was calculated and the
rate of reaction determined for all concentrations tested.
These concentration-dependent rates were then directly
plotted and were fit to the Michaelis–Menten equation to
calculate the kinetic parameters, as shown in Fig. 4
(GraphPad).
HTS candidate inhibitor validation
All library compounds that showed fractional activity of
less than 0.8 were verified first by reproducing the initial
high-throughput screen (HTS) screen. The initial candidate inhibitors were verified at least twice before further
validation (data not shown). In the case of the JHDL,

300

plate. A total of 60 mL of the eluate from each well is then
transferred to a reading plate containing liquid scintillation fluid. The read plate is then sealed, vortexed, and
read in a 96-well scintillation detector (MicroBeta Jet,
Perkin-Elmer) by using a dwell time of 2 minutes per
well and the same set of efficiency [counts per minute to
disintegrations per minute (DPM)] standards for every
plate. After the entire plate is read, the background is
corrected by removing the average counts from background wells. The fractional activity (AI/A0) was then
calculated for each library position by dividing the library
DPM by the 100% activity control for that row (A column). Any well with fractional activity less than 0.8
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Figure 3. Schematic flowchart of novel HTS for AMACR inhibitors.
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Figure 4. Kinetic analysis of AMACR-MBP purification direct plot with
nonlinear regression of substrate-dependent velocity curve of AMACRMBP incubated with [2, 3-3H] Pri-CoA. Error bars indicate SEM.
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Table 1. Novel inhibitors of AMACR discovered by HTS structures, IC50 values, and LD50 values of best
inhibitors (1–8) discovered
IC50 (±±Std.Err)
O

2.789 ± 1.341 µmol/L

Ebselen

1

N
Se
HO

2

HO

DMPMB
4.341 ± 1.402 µmol/L

CH3

H3C
OH

OH

2-(2,5-dihydroxy-4-methylphenyl)-5methyl benzene-1.4-diol

3

H
N

S

H
N

H3C

S
N

LAPC4: 98.43 ± 1.038 µmol/L
LNCaP: 71.96 ± 1.106 µmol/L
PC3: 332.3 ± 1.015 µmol/L
WPMY1: 467 ± 1.017 µmol/L
LAPC4: 58.78 ± 1.058 µmol/L
LNCaP: 116.9 ± 1.033 µmol/L
PC3: 101.1 ± 1.034 µmol/L
WPMY1: 117.6 ± 1.011µmol/L

8.995 ± 1.949 µmol/L

MSDTP

N
H

LD50 (±
±Std. Err)

S

2-methylsulfanyl-7,9-dihydro-3H-purine6,8-dithione
OH

4

N

N
N

N

DPZBD

9.795 ± 1.700 µmol/L

HO

2,5-di(pyrazol-1-yl)benzene-1,4-diol
Cl
Cl

Cl

5
HO

Rose
Bengal

Cl
O

I

I

O

O

10.00 ± 1.155 µmol/L

OH

6
NH2
O
S
HO

N

N

17.37 ± 1.256 µmol/L

O

NH2
N

Congo Red
7

N

O S O
OH
N

N
N

N

DPTD

84.69 ± 1.247 µmol/L

S

3,5-di(pyridin-4-yl)-1,2,4-thiadiazole
O

8

Ebselen
Oxide

N

0.7951 ± 1.242 µmol/L

Se
O
O

9

CoA
S

OH

772.6 ± 1.991 µmol/L

THCA-CoA
HO

OH

3,7,12-trihydroxycholestanoyl
Coenzyme A

NOTE: Capitalized letters represent the acronym of the compound as used in the article. Compound 9 included
for reference as a known substrate.
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candidate inhibitors that were distinct single chemical
entities and were available for purchase were obtained
and their inhibitory capacities tested in a small-scale IC50
(inhibitory concentration) experiment by using the
conditions identical to the HTS assay except that the
compound concentration included 1, 10, 50, 100, 200,
500, and 1,000 mmol/L concentrations (data not shown).
If a dose-dependent inhibition could be observed in
that assay, then more rigorous follow-up was pursued.
Based on this analysis and considerations of chemical
structures, only ebselen, congo red, and rose bengal
(Table 1) warranted further study. For compounds
identified from the NCI/DTP Open Chemical Repository,
validation was carried out in the exactly as for the JHDL.
2-(2,5-dihydroxy-4-methylphenyl)-5-methyl benzene-1,
4-diol (DMPMB), 2-methylsulfanyl-7,9-dihydro-3H-purine-6,8-dithione (MSDTP), 2,5-di(pyrazol-1-yl)benzene1,4-diol (DPZBD), and 3,5-di(pyridin-4-yl)-1,2,4-thiadiazole (DPTD; Table 1) were chosen for rigorous follow-up
and 1 to 10 mg requests were made from the NCI/DTP
Open Chemical Repository (http://dtp.cancer.gov). All of
the received compounds were dissolved in 100% DMSO at
25 mmol/L concentrations kept at 20 C until use. Any
subsequent dilutions were also made into 100% DMSO to
maintain the solubility.
AMACR inhibitor IC50 determination
Library compounds (Fig. 5) were tested over a broad
range of concentrations (1–1,000 mmol/L, and in addition
1–750 nmol/L for ebselen/ebselen oxide) in triplicate.
While the inhibitor concentration for those experiments
was varied, the substrate concentration was held constant
at 100 mmol/L, the AMACR-MBP at 0.3 mmol/L, and the
DMSO concentration varied from 2% to 6%. Each set of
reactions was set up on the same reaction plate to keep

B
100

Ebselen
DMPMB
MSDTP
DPZBD

0.5

DPTD

Fractional activity

Control

1.0
Activity, A1/A0

Dialysis resistant inhibition by candidate inhibitors
A total of 400 mL preincubations were set up with 0.375
mmol/L AMACR-MBP and the concentration of each
inhibitor was chosen so that inhibition would be measurable before 1 L dialysis, but would be below an IC after
dialysis. The concentrations used were as follows: 25
mmol/L ebselen, 200 mmol/L DMPMB, 400 mmol/L
MSDTP, 50 mmol/L DPZBD, 50 mmol/L DPTD, and
1.6% DMSO control. Preincubations were allowed to
continue for 30 minutes on ice and then 200 mL was
removed from each preincubation and injected into a
slide-a-lyzer dialysis cassette (10 kDa cutoff, ThermoFisher). The cassettes were then separately dialyzed
against 1 L of reaction buffer overnight. The remaining
preincubation reaction was placed at 4 C overnight By
assuming complete dialysis, the postdialysis concentration of each compound is: 5 nmol/L ebselen, 40 nmol/L
DMPMB, 80 nmol/L MSDTP, 10 nmol/L DPZBD, and 10

15 µmol/L
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variability to a minimum. The reactions were set up by
adding the necessary amount of complete reaction buffer
(13.5–14.25 mL) to the wells of the reaction plate, then the
inhibitor was added at the desired concentration (0.5–
1.5 mL) giving a total volume of 15 mL. Next 5 mL of
500 mmol/L [2, 3-3H] Pri-CoA was added to the wells, and
finally, the reaction was initiated by the addition of 5 mL
of 1.5 mmol/L AMACR-MBP to each well. The reactions
were mixed via pipetting. All downstream processing
procedures were carried out as detailed for the HTS
assay. After the reading step, the fractional activity was
calculated as described before and the data were analyzed by 3 parameter log(inhibitor) versus response analysis (GraphPad). The results of these analyses are shown
in Table 1 (all IC50 curves are given in Supplementary
Fig. S3).

0

300 µmol/L

DMPMB
kinact:0.0752 min−1
KI(inact)=24.32 µmol/L
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Figure 5. Time-dependent inactivation of AMACR. A, AMACR-MBP was incubated with each inhibitor at the following concentrations: 25 mmol/L ebselen, 200
mmol/L DMPMB, 400 mmol/L MSDTP, 50 mmol/L DPZBD, 50 mmol/L DPTD, or 1.6% DMSO control and then dialyzed overnight against 1 L reaction buffer. This
dialysis could not recover enzymatic activity, indicating inactivation of the enzyme by the inhibitor. B, inhibition progress curves for DMPMB. DMPMB is
preincubated with AMACR-MBP prior reaction initiation. Fractional activity (enzymatic activity with inhibitor/activity without) decreases with increasing
preincubation time. Kitz–Wilson transformation of inhibition progress curves allows calculation of kinact and KI(inact).
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nmol/L DPTD. The following day the UV-visible spectra
for each compound, both before and after dialysis, were
scanned to determine whether there was any absorbance
attributable to the inhibitor remaining in the dialyzed
samples. The presence of remaining inhibitor after dialysis could not be detected for any compounds (DPZBD
had no detectable absorbance peak before or after dialysis; data not shown). Next, 20 mL of both the dialyzed
and undialyzed preincubations was added to 5 mL of 500
mmol/L [2, 3-3H] Pri-CoA in a 96-well plate (final concentrations of AMACR-MBP 0.3 and 100 mmol/L [2, 3-3H]
Pri-CoA), and the reactions with AMACR-MBP were
done as described before for the HTS assay. These dialysis experiments were undertaken on 3 different occasions. Dialysis against a greater volume of reaction buffer
was attempted and did not change the results (data not
shown). The fractional activity for both the undialyzed
and dialyzed samples was calculated as described earlier.
Dialysis could not recover AMACR activity after preincubation (Fig. 5A).
Kitz–Wilson analysis
In a 37 C 96-well plate, inhibition reactions were set up
containing DMPMB concentrations from 0 to 400 mmol/L
and 5 mmol/L AMACR-MBP. Inhibition was initiated by
the addition of AMACR-MBP; immediately after which
(time point zero), a 2 mL aliquot was removed and diluted
into 98 mL of reaction buffer containing 150 mmol/L [2,
3-3H] Pri-CoA (a 50-fold dilution reducing the final
AMACR-MBP concentration to 100 nmol/L). These enzymatic reactions were allowed to proceed for 30 minutes
before quenching and processing as described before for
the HTS. Additional aliquots were withdrawn from the
inhibition reaction at subsequent time points and diluted.
Data analysis was done as described by Kitz and Wilson
(27, 28). The extent of inactivation occurring on preincu-

In vitro LD50 measurements for DMPMB and
ebselen
PC3 and LNCaP cell lines were purchased from
ATCC, WPMY1 cells were acquired from the laboratory
of Dr. S.R. Denmeade (29). LAPC4 cells are described
before. Western blotting for AMACR expression and
loading controls for these cell lines were done identically as for LAPC4 before and the results are depicted in
the inset of Fig. 6A (complete blots are in Supplementary Fig. S5).
To determine the concentration of ebselen or DMPMB
that is lethal to 50% of cells (LD50), 10,000 cells of each
type were plated in triplicate in zero fluorescence tissue
culture treated 96-well plates (BD Biosciences). The cells
established overnight and the following day their media
were replaced with media containing either ebselen or
DMPMB in a concentration range of 0 to 500 mmol/L or
0 to 400 mmol/L, respectively. After 48 hours, the alamarBlue assay for viability was done as described for
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Viability (% vehicle)
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A

bation in the inhibition reaction is measured relative to
time-matched control wells without inhibitor by simply
dividing the background corrected DPM from the experimental (% AI) well by their control well (% AC; expressed
as a percentage), giving a percent activity remaining.
Enzymatic reaction progress curves were generated by
graphing the log of the percent of activity remaining
versus preincubation time before dilution (Fig. 6B). Linear regression analysis of the reaction progress curves
allows for the calculation of the inactivation half-life
(T1/2, time to a 50% reduction in the experimental
activity). Linear regression of the T1/2 values versus [I]1
yields an equation allowing for the calculation of the
inactivation rate (kinact ¼ ln2/y-intercept) and the KI(inact)
(1/x-intercept; Fig. 6B, inset). Identical experiments
were carried out for ebselen (Supplementary Fig. S4).
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Figure 6. In vitro cytotoxicity studies of ebselen and DMPMB. A, LD50 curves for ebselen in 3 prostate cancer cell lines (PC3, LNCaP, and LAPC4) and
1 normal prostate fibroblast cell line (WPMY1). All data points are normalized as a percentage of their respective vehicle controls. Inset, Western blot analysis
of AMACR expression in 4 cell lines, showing increasing ebselen sensitivity with increasing AMACR expression (tubulin and actin blotted as loading controls).
B, LD50 curves for DMPMB as in A.
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LAPC4 earlier. The viability was calculated as a percent
of the no inhibitor control for each cell type, after
correcting for media only background fluorescence.
The percent viability as a function of increasing log of
inhibitor concentration was then analyzed by a leastsquares fit for nonlinear regression with a variable slope
(4 parameter) and constraining the bottom to zero
(GraphPad). The results of these analyses can be seen
in Fig. 6A and B.

Results
Stable shRNA-mediated AMACR knockdown
validates AMACR as a therapeutic target
Previously, we have studied the effect of substratebased AMACR inhibitors on different prostate cancer cell
lines with variable levels of AMACR expression (26). In
addition, we have transiently attenuated AMACR
expression through the use of short interfering RNA
(14). To extend these analyses, here, we report the use
of commercial lentiviral particles to stably reduce the
expression of AMACR.
LAPC4 cells were transduced with lentivirus containing an shRNA construct targeting AMACR (LAPC4
AMACRKO). As a parallel control, cells were also
transduced with lentivirus containing an shRNA construct targeting no known gene in the human genome
(vector). To assess the ability of the shRNA to reduce
AMACR expression, a Western blot was prepared by
lysates from the parental, vector, and AMACRKO cell
lines (Fig. 2, inset). As seen in Fig. 2, the shRNA construct rendered AMACR protein expression undetectable by immunoblotting. To test the growth effect of
biochemical AMACR depletion, parental, vector, and
AMACRKO cells were plated at equal density in 96-well
plates and their growth was measured for 6 days by the
alamarBlue assay. There is a statistically significant
difference between the vector and AMACRKO cell lines
(P < 0.05, 2-tailed t test), whereas no significant difference exists between vector and LAPC4 parental cell
lines (Fig. 2). Identical studies were carried out by the
prostate cancer cell line LNCaP (Supplementary
Fig. S1). Our observations confirm that reducing
AMACR expression slows prostate cancer cell growth,
providing further impetus to develop small molecules
that can inhibit AMACR activity.
Purification of enzymatically active AMACR from
E. coli
A recombinant expression vector containing the
human AMACR cDNA with an N-terminal MBP tag
was obtained (AMACR-MBP; ref. 9). By using that
vector, milligram quantities of AMACR-MBP were routinely purified. To guard against the possibility that
nonspecific carryover from the E. coli host strain may be
providing enzymatic activity similar to that of AMACR,
site-directed mutagenesis was used to create a known
inactivating mutation within the AMACR construct,
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changing serine 52 to proline (9). That mutation eliminated all measurable AMACR activity from our preparations, indicating that all measured AMACR activity
was from AMACR-MBP and not from a contaminant
(data not shown).
To ensure that we were purifying enzymatically active
AMACR-MBP, an HPLC-based assay was used (6). It has
been shown that diastereomers of the AMACR substrate
(25 R,S) 3,7,12-trihydroxycholestanoyl CoA (THCA-CoA)
can be separated and collected independently of each
other via reverse phase C18 HPLC. The separated diastereomers (either 25R or 25S) can then be incubated in
the presence of AMACR and the conversion of 1 enantiomer to the other can be monitored over time via HPLC.
Using that assay AMACR-MBP was confirmed as enzymatically active (or inactive in the case of the S52P
mutant; Supplementary Fig. S2). Although this assay is
adequate for validation and comparison of enzymatic
preparations, the retention times for the separation of
diastereomers and the amount of processing involved
make this assay impractical for use in an HTS.
Development of an HTS for AMACR inhibitors
None of the current assays for AMACR activity have
been adapted to a multiwell screening format (1–6, 9, 15,
25, 26). We established a 96-well plate assay for AMACR
activity on the basis of a previously published assay for
measuring cytochrome p450 activity (30, 31). In the platebased assay, the enzyme (0.3 mmol/L) is incubated with
150 mmol/L labeled substrate [2, 3-3H] Pri-CoA (Fig. 1) in
the presence or absence of 100 mmol/L of a library
compound producing 3H2O as a measure of enzymatic
activity (Fig. 3). The reaction mixture is transferred to a
C18 SPE plate that allows the liberated tritiated water to
be separated from any unmetabolized substrate. The
level of enzymatic activity can be measured through
the use of 96-well microplate scintillation counting.
AMACR inhibition is quantified by comparing the number of DPM from enzymatic product to plate controls
containing no inhibitor or 100 mmol/L of a known inhibitor (DEPC; ref. 2).
Kinetic parameters of the HTS
The kinetic parameters for labeled substrate in the
assay were determined (Fig. 4). Initial reaction rates were
determined by incubating 0.3 mmol/L AMACR-MBP
with varying concentrations of [2, 3-3H] Pri-CoA (specific
radioactivity was maintained at 60 Ci/mole) from which
aliquots were taken at time points from 0 to 900 seconds.
Those samples were then treated as individual wells in
our assay and processed as described earlier. The concentration-dependent time points were used to calculate
reaction rates. These rates were then directly plotted
against concentrations and kinetic parameters calculated
by nonlinear regression (Fig. 4). The calculated kinetic
values [Vmax: 294.9  21.10 pmoles/minute (SEM); Km:
85.57  17.14 mmol/L (SEM)] are similar to other published reports using human AMACR (1, 3).
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HTS of 4,896 unique small molecules
JHDL contains 3,280 distinct molecules the majority
of which are drugs currently approved by the U.S. Food
and Drug Administration, or its foreign counterparts, in
addition to numerous other bioactive compounds (32).
Those compounds were screened at a final concentration of 100 mmol/L. Any compound that diminished the
fractional activity by 20% or more was considered as a
candidate inhibitor (Supplementary Table S1). Of the
3,280 compounds screened in this library, 167 met the
criteria of a minimum of 20% inhibition (5.1% positive
hit rate), and of these, 3 were chosen for further analysis
(Rose Bengal, Congo Red, and Ebselen; Table 1). In
screening the JHDL, the detection of mercury and copper containing compounds was an internal validation of
the reliability of the assay (along with N-ethylmaleimide), as these compounds have been reported to be
inhibitory elsewhere (Supplementary Table 1; ref. 2).
AMACR has been shown to have an active site histidine
(His122; ref. 8). Therefore, the discovery of Rose Bengal,
a compound known to selectively inhibit enzymes with
active site histidine residues, indicated that the discovered compounds were relevant to AMACR biochemistry (33).
After screening the JHDL, 2 other small libraries of
compounds from the NCI/DTP Open Chemical Repository (http://dtp.cancer.gov/) were obtained. The natural
products set is composed of 235 structurally diverse
compounds. The diversity set 2 library contains 1,324
compounds that were chosen by the NCI/DTP on the
basis of several criteria as potential pharmacophores for
biological activity. The screen of both of those libraries
was done identically to that of the JHDL, and the candidate inhibitors meeting the 20% inhibitory cutoff are
listed in Supplementary Table S2. Of the 1,559 compounds from the NCI/DTP Open Chemical Repository,
37 met the cutoff of a minimum of 20% inhibition (2.4%
positive hit rate) and upon subsequent validation, only 4
were chosen for further follow-up (Table 1). The detection
of the inhibition of AMACR-MBP by mitoxantrone in
both the JHDL and the NCI/DTP libraries indicates good
reproducibility across library platforms (Supplementary
Tables S1 and S2).
Candidate inhibitor validation
After reproducing the results from the initial screen,
several of the most potent inhibitors were subjected to
subsequent analysis (Table 1). The potency of the candidate inhibitors was validated by determining their
IC50 values. The IC50 values for characterized candidate
inhibitors are listed in Table 1 and the IC50 curves
themselves are in Supplementary Fig. S3. Trihydroxycholestanoyl CoA (compound 9) is a well-characterized
substrate and was included as a positive control for
inhibition and as external validation of the SPE-based
assay (1, 2, 6). Ebselen oxide was tested as a commercially available derivative of the most potent inhibitor,
ebselen, and showed an equivalent ability to inhibit
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AMACR (Table 1). As the first reported inhibitors of
AMACR that are not substrates containing SCoA, the
IC50 values for these compounds (1–8) ranged from 0.80
to 84.69 mmol/L, which compares favorably to recently
reported competitive inhibitors of the enzyme (Ki: 0.9–
137 mmol/L), all of which are based on known AMACR
substrates and contain the cell impermeable CoA moiety (10).
Time-dependent nondialyzable inhibition by
candidate inhibitors
During the validation experiments for ebselen, it was
observed that the degree of inhibition increased, depending on whether the reaction was initiated with substrate
or enzyme. The only difference between those 2 conditions is the amount of time that the enzyme is preincubated with inhibitor before the addition of substrate
(reaction initiation). Enzyme initiated reactions had no
preincubation period and substrate initiated reactions
had preincubation times of 5 minutes or more. In the
presence of ebselen, a preincubation time of 5 minutes or
more reduces the fractional activity of AMACR-MBP
from approximately 50% to just above background,
showing a time-dependent component to ebselen inhibition (Supplementary Fig. S3, inset).
Published reports showing that ebselen is capable of
covalent modification of proteins suggest that ebselen
may cause an irreversible inhibition of AMACR that is
resistant to dialysis (34, 35). To assess this possibility,
experiments were set up whereby the AMACR-MBP was
preincubated with inhibitor for 30 minutes at 4 C, dialyzed overnight, and then exposed to the substrate. The
amount of activity remaining after dialysis was then
compared with controls to determine to what extent
the dialysis could recover AMACR-MBP activity. As
shown in Fig. 6A, for none of the inhibitors tested, could
activity be recovered. The only inhibitor for which there
seemed to be any statistically significant recovery of
activity was DPZBD, and even this was only marginal
(Fig. 6A). To ensure that the compounds themselves were
capable of being dialyzed, the UV-visible spectrum of
each reaction was checked before and after dialysis and in
all cases, the absorbance peaks of the inhibitors seen
before dialysis were not seen after dialysis (data not
shown). Neither congo red nor rose bengal could be
included in that analysis as both have been shown to
form nondialyzable aggregates (36, 37).
The dialysis data (Fig. 5A) suggest that the AMACR
inhibitors may be acting as covalent inactivators. To
further investigate this possibility, we chose to carry
out Kitz–Wilson analyses for our top 2 inhibitors (compounds 1–2, Table 1; refs. 27, 28). Inhibition progress
curves for compound 2 (DMPMB) were linear with
increasing time and concentration (Fig. 5B, inset), and
upon Kitz–Wilson transformation yielded an inactivation rate (ki(inact)) of 0.07521(0.01067) per minute and
a KI(inact) of 24.32(3.07) mmol/L (Fig. 5B). Unfortunately,
the inhibition progress curves for ebselen are curvilinear
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and do not fit the standard Kitz–Wilson model; and
transformation of the linear portion of these curves
results in a negative ki(inact) (Supplementary Fig. S5). It
has been suggested in the literature that inhibitors with
this pattern of Kitz–Wilson analysis may be indicative of
multiple binding events (either multiple inactivator binding sites or multiple inactivator molecules binding to a
single site; ref. 38).
Noncysteine-dependent inactivation by ebselen
Ebselen has been shown to covalently modify cysteine
residues in several proteins (34, 35). However, it has not
been shown that any cysteine residues play a role in
AMACR catalysis (7, 8). To gain further insight into
the mechanism of inhibition by ebselen, we sought determine whether or not ebselen-mediated inhibition (100
mmol/L) could be prevented by preincubation of
AMACR with cysteine-specific alkylating agents [5
mmol/L tributylphosphine (TBP), 15 mmol/L iodoacetamide (IAA), TBP þ IAA, 20 mmol/L dithithreitol
(DTT)]. The enzyme was either first exposed to the
alkylating agents and then directly incubated with ebselen before enzymatic measurement; or the AMACR was
dialyzed after exposure to alkylators (removing excess
alkylator) and then ebselen was added. Both the enzymatic activity and the sensitivity to inhibition with alkylator/ebselen were tested (Supplementary Fig. S6). The
data for TBP indicate that TBP coincubated with ebselen
can protect AMACR from inhibition, presumably by
alkylation of ebselen by excess TBP rather than direct
protection of AMACR. When the excess TBP is dialyzed
away, the enzyme is still sensitive to inhibition by ebselen. While IAA itself did slightly inhibit AMACR activity
(approximately 83% activity remaining after dialysis), it
could not protect AMACR from ebselen-mediated inhibition. The combination of TBP and IAA was slightly
inhibitory after dialysis (approximately 81% activity,
similar to IAA alone) and did offer some degree of
protection from ebselen before dialysis (approximately
50% activity remaining, most likely attributable to the
reaction of TBP with ebselen), but this protection was not
present after dialysis. DTT did not protect AMACR from
inhibition during coincubation of both ebselen and DTT.
The fact that none of the cysteine-specific reactive compounds affected AMACR activity confirms that there is
not likely a cysteine-mediated contribution to catalysis.
Their failure to protect AMACR from ebselen inhibition
indicates that cysteine modification by ebselen may not
be the cause of AMACR inhibition
In vitro toxicity for ebselen and DMPMB
AMACR inhibitors may have differential effects on cells
on the basis of the amount of AMACR protein being
expressed. As a baseline for comparison, 4 immortalized
human prostate cell lines with differing levels of AMACR
expression were tested for toxicity in the presence of ebselen
and DMPMB (Fig. 6A and B). WPMY1 is a nontumorgenic
human prostate stromal myofibroblast cell line that has
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undetectable AMACR protein by Western blot analysis
(Fig. 6A, inset; ref. 29). PC3, LAPC4, and LNCaP are 3
commonly used prostate cancer cell lines listed in order of
increasing AMACR expression (Fig. 6A, inset). For all 4 cell
lines, LD50 experiments were carried out by plating each line
in triplicate at equal density in 96-well plates. The cells were
then allowed to establish overnight before exposure to
increasing quantities of either ebselen or DMPMB. For ebselen, the measured LD50 decreases with increasing AMACR
expression (LD50s, WPMY1: 467.1  1.017 mmol/L, PC3:
332.3  1.015 mmol/L, LAPC4: 98.43  1.038 mmol/L,
LNCaP: 71.96  1.106 mmol/L, Fig. 7A). This trend did
not seem when measuring the LD50 for DMPMB in these
cell lines: WPMY1: 117.6  1.011 mmol/L, PC3: 101.1  1.034
mmol/L, LAPC4: 58.78  1.058 mmol/L, 116.9  1.033
mmol/L (Fig. 6B).

Discussion
Recent controversy about prostate cancer screening has
highlighted the need for noninvasive intraprostatic detection and monitoring of cancer (23, 24, 39). A tissue
biomarker of prostate cancer like AMACR provides an
ideal candidate for targeted molecular imaging and chemotherapy (19, 21). AMACR has been shown to be overexpressed in prostate adenocarcinoma by at least 10-fold
over normal tissue and is used as an immunohistochemical marker of prostate cancer (11). To further exploit
AMACR overexpression for both therapeutic and imaging purposes, we have created the first published 96well–based assay to screen for inhibitors and report the
first inhibitors for AMACR that are not SCoA-containing
substrate analogs (Figs. 3 and Table 1).
Unlike its predecessors, our assay is not a single-condition assay and can therefore be used to screen large
numbers of compounds, concentrations, and conditions
at the same time. Until now a high-throughput assay for
AMACR activity has remained elusive for a variety of
reasons, the most obvious being the fact that AMACR is a
racemase that requires an SCoA moiety in its substrates
(Fig. 1). As a racemase, AMACR is responsible for the
stereoinversion of a single chiral center, and as such does
not produce a product that is easily distinguishable from
its substrate. There have been only 2 other published
multiwell screens for inhibitors of any known racemase
(40, 41). We show here a 96-well plate–based AMACR
assay capable of screening thousands of compounds and
finding unique chemical entities that do not face the
limitations of substrate-based competitive inhibitors (26).
While validating the most potent inhibitors (ebselen
and DMPMB, Table 1), we observed that this inhibition
is both time dependent and irreversible by dialysis
(Fig. 5, Supplementary Figs. S3 and S4). Furthermore,
we show that both DMPMB and ebselen are irreversible
inactivators of AMACR, the first uncompetitive AMACR
inhibitors reported.
Ebselen has been previously reported to covalently
modify several other proteins, act as a peroxidase, have
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anti-inflammatory properties, and be neuroprotective (34,
35, 42–44). It is important to consider that all of
the aforementioned characteristics are not only beneficial but considered chemopreventative for cancer (45). In
addition, ebselen has been used in 2 different clinical trials
as a neuroprotective agent (44, 46). Neuroprotective doses
of ebselen (300 mg/day) were well tolerated and could
reach therapeutic levels through oral dosing (44, 46). Those
pharmacologic properties make ebselen amenable to use in
the setting of prostate cancer. To this end, we have determined the LD50 for ebselen and DMPMB in a variety of
prostate cell lines and have observed some interesting
trends. For ebselen, cells that express more AMACR seem
to be more sensitive to ebselen-mediated cell death (Fig. 6).
There is a 5-fold difference in LD50 between the highest
AMACR expressing cell line (LNCaP) and the lowest
AMACR expressor (WPMY1). In addition, we show in
Supplementary Fig. S7 that both ebselen and DMPMB
induced necrotic cell death. One possible explanation for
this observation is that cell lines with high AMACR expression may become dependent on AMACR activity (for
example, branch chain lipid oxidation may provide additional reducing equivalents or intermediary metabolites
like acetyl-CoA) and are then sensitized to ebselenmediated AMACR inhibition. The observation that the
AMACR inhibitors ebselen and DMPMB cause necrotic
cell death (Supplementary Fig. S7) is consistent with
another published report of metabolic inhibitors causing
necrosis rather than apoptosis, and supports the possibility
that AMACR overexpression may make cells dependent on
metabolites derived from AMACR reliant pathways (47).
This AMACR addiction is consistent with the observation
that LAPC4 cells with decreased AMACR expression grow
much more slowly than do the vector controls (Fig. 2). The
difference in sensitivity to ebselen between cells expressing
AMACR and those that do not suggests that there is a
therapeutic window for specifically targeting AMACR
expressing cells (cancer) while sparing the non-AMACR
expressing normal tissue.
Ebselen is known to inhibit other enzymes through
covalent modification of cysteine residues (34, 35). We
show that preincubation of AMACR with cysteinespecific reagents (20 mmol/L DTT, 5 mmol/L TBP, or
15 mmol/L IAA) does not abrogate AMACR-MBP activity, nor does it prevent ebselen-mediated inhibition (Supplementary Fig. S6). This observation suggests that
ebselen is not simply alkylating an exposed cysteine,
but we hypothesize rather that it may alkylate the active
site histidine (His122) specifically. Rose bengal has been
reported to inhibit enzymes with an active site histidine
reside, so it is perhaps not surprising that our assay
discovered it to inhibit AMACR (33).

Along with its role in prostate cancer, the AMACR
homolog in Mycobacterium tuberculosis has been intimately tied to the field of AMACR research through
use of both crystal structures and the enzyme itself as
a stand-in for AMACR (7, 8). It has not been established
whether the homolog is required for survival, but it will
be interesting to see whether our assay can be used to
screen for homolog-directed antibiotics and whether any
of the compounds that we have outlined here may show
antibiotic activity.
Intraprostatic tumor imaging remains elusive as the
conventional agent, [18F] fluorodeoxyglucose with positron emission tomography, has not proved useful in prostate cancer and all other agents remain at the experimental
stage (20). As covalent inactivators of AMACR, ebselen,
DMPMB, and MSDTP (unpublished observation) may
accumulate in areas where AMACR is highly expressed
(like prostate cancer) compared with areas with little to no
AMACR expression (normal tissue), suggesting that postive emission/computed tomography imagible analogs of
ebselen could represent an advance over noncovalent
inhibitors. Although we have only studied the properties
of a single ebselen analog (ebselen oxide), there are numerous other synthetically available analogs (42, 48). We
believe that our discovery of these potent inhibitors of
AMACR activity warrant further preclinical investigation
as imaging and chemotherapeutic agents for prostate cancer. Furthermore, the high-throughput assay that we have
developed lends itself to the rapid screening of both new
libraries and derivatives of the inhibitors described here.
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