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SUMMARY
The 2-arylpropionic acid derivatives, including ibuprofen, are
the most widely used anti-inflammatory analgesic cyclooxy-
genase inhibitors. The (2)-R-enantiomer, which is inactive in
terms of cyclooxygenase inhibition, is epimerized in vivo via the
2-arylpropionyl-coenzyme A (CoA) epimerase to the cyclooxy-
genase-inhibiting (1)-S-enantiomer. The molecular biology of
the epimerization pathway is largely unknown. To clarify this
mechanism, the sequence of the 2-arylpropionyl-CoA epime-
rase was identified, and the enzyme cloned and expressed. A
cDNA clone encoding the 2-arylpropionyl-CoA epimerase was
isolated from a rat liver cDNA library. The nucleotide and the
deduced amino acid sequence of this enzyme was determined.
Significant amino acid sequence similarity was found between
the rat epimerase and carnitine dehydratases from Caenorhab-

ditis elegans (41%) and Escherichia coli (27%). A bacterial
expression system (E. coli strain M15[pREP4]) was used to
express the epimerase protein, representing up to 20–30% of
the total cellular E. coli protein. The expression of the epime-
rase was confirmed with Western blots using specific anti-
epimerase antibodies and by measuring the rate of inversion of
(R)-ibuprofenoyl-CoA. Northern blot analysis revealed a prom-
inent 1.9-kb mRNA transcript in different rat tissues. In addition
to its obvious importance in drug metabolism, the homology of
the epimerase with carnitine dehydratases from several species
suggests that this protein, which up to now has only been
characterized as having a role in drug transformation, has a
function in lipid metabolism.

The 2-arylpropionic acids, including IBU, are a subset of
nonsteroidal anti-inflammatory drugs. Nonsteroidal anti-in-
flammatory drugs are widely used in the treatment of pain,
fever, and inflammation. A characteristic feature of these
therapeutic agents is their inhibition of COXs, key enzymes
in prostaglandin biosynthesis (1). Clinically, most 2-arylpro-
pionic acids are administered as racemates. An important
pathway in the metabolism of 2-arylpropionic acids is the
chiral inversion in which the (2)-R-enantiomers, which are
inactive in terms of COX inhibition, are inverted to the COX-
inhibiting (1)-S form (2, 3). Chiral inversion has been inves-
tigated in cellular homogenates (4, 5), whole isolated cells (6,
7), and whole perfused organs (8) including lung (9) and
kidney (10). The mechanism of chiral inversion involves
three metabolic steps (Fig. 1). The thioesterification of (2)-
(R)- IBU (Fig. 1A) with CoA (11) via an adenylate interme-
diate (12) is catalyzed by a microsomal and mitochondrial
enzyme, which we recently characterized as long-chain acyl-

CoA synthetase (13). The unidirectional formation of the
respective adenylates with (2)-R-enantiomers is the stereos-
elective step of inversion. In the following reaction (Fig. 1B),
the resulting (2)-(R)-ibuprofenoyl-CoA thioester is epimer-
ized (14, 15) via a cytosolic and mitochondrial enzyme (16, 5),
the 2-arylpropionyl-CoA epimerase. Hydrolysis of the thio-
esters (Fig. 1C) occurs in a nonstereoselective manner (17).
The rate of inversion is substance-dependent and species-
dependent (18). Tissue specific inversion of 2-arylpropionic
acids may have therapeutic and toxicological implications,
such as tissue-specific activity and toxicity.

The 2-arylpropionyl-CoA epimerase was recently isolated
from the cytosolic and mitochondrial fraction of rat liver and
has been characterized biochemically (16). We raised poly-
clonal antibodies against the epimerase and analyzed the
relationship between the inversion activity in various tissues
and the tissue distribution of the protein in guinea pigs and
rats (5). Furthermore, three internal peptides of the epime-
rase were identified (5). To facilitate research into the phys-
iological and pharmacological function of the enzyme, it was
necessary to identify the gene structure of the 2-arylpropio-
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nyl-CoA epimerase. We describe the cloning of the rat 2-aryl-
propionyl-CoA epimerase and its sequencing and expression
in Escherichia coli.

Materials and Methods
Drugs. IBU enantiomers were kindly supplied by Pharma Trans

Sanaq AG (Basel, Switzerland). The optical purity of the enanti-
omers exceeded 98.5%. (2)-(R)- IBU-CoA was synthesized as de-
scribed by Brugger et al. (13). All standard chemicals were purchased
from Sigma Chemie (Deisenhofen, Germany).

Library screening and cloning. 2-arylpropionyl-CoA epimer-
ase antibodies were obtained and purified as described previously
(5). Approximately 6.0 3 105 plaques from a commercially available
lgt11 cDNA library constructed from rat liver RNA (Clontech Lab-
oratories, Palo Alto, CA) were transferred onto nitrocellulose mem-
branes (Schleicher & Schuell, Keene, The Netherlands) and screened
with the polyclonal antibody against 2-arylpropionyl-CoA epimerase.
The hybridization and washing conditions were performed as de-
scribed by the manufacturer (Clontech). Eleven positive phage clones
were isolated, and their DNAs were purified by using the plate lysate
method (19). The inserts were amplified by PCR, with the lgt11
59-AGCAAGTTCAGCCTGGTTAAGT-39 and 59-TTATGAGTATT-
TCTTCCAGGG-39 insert screening amplimer (Clontech). The reac-
tion profile was as follows: denaturation at 94° for 30 sec, annealing
at 55° for 30 sec, and extension at 72° for 60 sec, each for 35 cycles.
Amplified inserts were partially sequenced. The DyeDeoxy Termina-
tor Cycle Sequencing Kit (Applied Biosystems, Foster City, CA) was
used for the preparation of the samples for sequence analysis on the
ABI Model 373A DNA Sequencer (Applied Biosystems). One clone
included the information from peptide 1 (LALDL) and peptide 2
(IYARLSGFGQSGIFSKVA) of the three peptide sequences obtained
as described previously (5). The insert (1.5 kb) of this clone was
subcloned into the EcoRI site of the puc19 vector (Pharmacia,
Freiburg, Germany) and sequenced on both strands by primer walk-
ing (19). Primer (1305), 59-CCAGGCTGAGTGGATTT-39; primer
(1749), 59-GGAACTCCCCAGCCAGA-39; primer (11045), 59-GAG-
GTGCTTAAAGACTATGG-39; primer (2 1237), 59-TACTGTTCAT-
TCACATT-39; primer (2655), 59-TTGTGTAGAAAGGTGCCC-39;
primer (2289), 59-GATTGTCCTGCCGTAG. The positive clone con-
tained a full-length open reading frame coding for a 361-amino-acid
deduced protein.

Expression and activity. The expression vector pQE30 and the
E. coli host strain M15[pREP4] were obtained from Qiagen (Chats-

worth, CA). The 59- and 39-end of the cDNA was modified by PCR
amplification, with primers incorporating the desired sequences,
which included a BamHI site in front of the starting methionine
codon and a SacI site 39 behind the termination codon. The PCR
product was ligated directly into the pCRII vector (TA Cloning Kit;
Invitrogen, Leek, The Netherlands) and transformed into One Shot
competent cells (Invitrogen). After BamHI/SacI digestion, the result-
ing insert was cloned into the BamHI/SacI-digested pQE30 vector.
The resulting construct was transformed into E. coli M15 cells.
Protein synthesis was induced by the addition of 1 mM IPTG. The
2-arylpropionyl-CoA epimerase activity of the recombinant protein
was determined in the enzyme fractions by incubation of the chem-
ically synthesized (2)-(R)-IBU-CoA thioesters and subsequent ste-
reoselective high pressure liquid chromatography analysis of IBU
after alkaline hydrolysis as described previously (20, 13).

Western blot analysis. E. coli cells were prepared according to
standard methods as described by the manufacturer (Qiagen). Sam-
ples were resolved on a 10% SDS gel and transferred onto nitrocel-
lulose membranes (Schleicher & Schuell). All subsequent steps were
conducted at room temperature. Filters were blocked for 1 hr with
TBS-T (20 mM Tris base, 137 mM NaCl, HCl to pH 7.6, and 0.1%
Tween 20)containing 5% nonfat dried milk (BioRad, München, Ger-
many). Blots were rinsed in TBS-T and then incubated (1 hr) with
the epimerase antibodies diluted in TBS-T (0.005 mg/ml). After ex-
tensive washing in TBS-T, immunoblots were incubated with perox-
idase-linked anti-rabbit antibody (Sigma) diluted 1:2000 in TBS-T.
Immunoreactivity was detected according to standard methods (21).
Blots were stained with ponceau S solution (Sigma) to monitor the
efficiency of the protein transfer. Prestained protein molecular
weight markers (Sigma) were used to estimate the apparent molec-
ular weight of proteins.

Sequence data analysis. Analysis of nucleic acid and protein
sequence data was performed with the Lasergene software package
(DNASTAR, supported by SFB 263) or the IBI/Pustell DNA and
Protein Sequence Analysis System (International Biotechnologies,
Inc., New Haven, CT).

Northern blot analysis. Total RNA was prepared from tissues
using guanidinium isothiocyanate (22). The 1086-bp BamHI/SacI
fragment incorporating the full-length 2-arylpropionyl-CoA epimer-
ase cDNA was DIG-labeled with DIG-11-deoxyuridine triphosphate
(Boehringer, Mannheim, Germany) during PCR and hybridized to a
rat multiple-tissue Northern blot. The hybridization and washing
conditions were constructed as described by the manufacturer
(Boehringer).

Fig. 1. Proposed mechanism of
chiral inversion of 2-arylpropionic
acids.
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Results
Molecular cloning and sequencing. Approximately 6 3

105 recombinants were screened with the polyclonal antibod-
ies, and 11 positive clones were obtained. The inserts of the
immunopositive reacting clones were amplified by PCR and
partially sequenced. One of the clones showed a 100% amino
acid sequence identity with peptide 1 and peptide 2 when
compared with our previously obtained peptide sequences
(5). This clone was subcloned into the EcoRI site of puc19
vector and sequenced on both strands. The nucleotide se-
quence, which was termed p-EP1, is presented in Fig. 2.

Nucleotide and deduced amino acid sequence of the
rat 2-arylpropionyl-CoA epimerase. The p-EP1 cDNA
from rat liver cytosol is shown in Fig. 2, along with the
deduced amino acid sequence. The nucleotide sequence con-
sists of 1498 bp, including a 48-bp sequence at the 59-non-
coding region, followed by an open reading frame of 1083 bp
and 367 bp in the 39-noncoding region. The ATG codon at 11
does not consist of the typical consensus sequence for eukary-
otic initiation sites, as proposed by Kozak (23). The size of the
protein and the similarity of the sequence obtained with
peptide 1 at position 94–108 leads to the conclusion that this

ATG is the start codon. The poly(A)1 tail of 9-adenine resi-
dues could be identified in the 39-noncoding region. The hex-
amer (AATAAA) at position 1462 is usual for a polyadenyla-
tion signal (24). The size of epimerase mRNA is 1.9 kb, as
presented below. It is approximately 400 bp longer than the
cDNA sequence. Because the sequence includes the entire
coding region, the 400 missing bases must correspond to the
59-noncoding region.

The protein is predicted to have a molecular mass of 43,870
Da. In agreement with reported findings (5, 16), we found
that the homogeneous protein in the SDS-PAGE has a mo-
lecular mass of approximately 42 kDa. As shown in Fig. 2,
the amino acid sequence and the sequences of the three
endoproteinase LysC-digested peptides from the purified rat
epimerase matched identically those deduced from the cDNA
sequence. Database searches revealed homologies in the
amino acid sequences between the epimerase amino acid
sequence and the Caenorhabditis elegans and E. coli carni-
tine dehydratases amounting to 41% and 27%, respectively
(Fig. 3). Several consensus sequences for protein kinase-
mediated protein phosphorylation (25) were found. These
include five consensus sites for protein kinase C-dependent

Fig. 2. Nucleotide and deduced amino acid
sequence of 2-arylpropionyl-CoA epimerase
cDNA. Right, numbering of the nucleotides.
End, the stop codon flanking the open reading
frame. Five putative sites of phosphorylation by
protein kinase C (f) and eight putative phos-
phorylation sites for casein kinase II (F) are
indicated. Additionally, five putative myristoyl-
ation sites (M) are shown. The three peptides
obtained are underlined.
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protein kinase phosphorylation and eight consensus sites for
casein kinase II-dependent phosphorylation (Fig. 2). Fur-
thermore, the epimerase amino acid sequence has five poten-
tial myristoylation sites (26).

Expression and activity of rat 2-arylpropionyl-CoA
epimerase. To examine the activity of the cloned 2-arylpro-
pionyl-CoA epimerase, we generated an expression construct
that contained the complete coding sequence of the p-EP1
cDNA cloned from the pCRII vector into the pQE30 expres-
sion vector. This construct was transfected into E. coli M15
cells, and protein synthesis was induced by the addition of
IPTG. As shown in Fig. 4A, the epimerase vector pQE30
selectively induced the synthesis of a markedly stained pro-
tein of about 43 kDa. No comparable heterologous protein
was noticeable in noninduced cultures containing the vector
construct. The difference from the molecular mass of 42 kDa
determined for the isolated protein (5, 16) could be explained
by the addition of six histidines at the amino-terminal region,
which are a part of the vector construct. No comparable
heterologous protein was detectable in noninduced cultures

containing the epimerase vector. The induced protein was
analyzed for both presence and activity of epimerase. To
determine the identity of the protein obtained, polyclonal
antibodies against epimerase (Fig. 4B) and (MRGS)His anti-
bodies (data not shown) were used in Western blots. The
antisera detected a protein of approximately 43 kDa corre-
sponding to the markedly stained protein in the SDS gel. To
measure enzyme activity, the enzyme fractions were incu-
bated with the chemically synthesized (2)-(R)-IBU-CoA thio-
ester and analyzed by stereoselective high pressure liquid
chromatography. The specific activity of the epimerase after
1 hr in the soluble fraction of the E. coli extracts containing
the expressed rat epimerase was 2.6 nmol/min/mg (Table 1).
This demonstrates that recombinant rat epimerase is ex-
pressed in a catalytically active form.

Northern blot analysis. Approximately 10 mg of total
RNA was extracted from each of four rat tissues, electro-
phoresis was performed under denatured conditions, and the
samples were transferred onto a positively charged nylon
membrane and hybridized successively with the 1086-bp

Fig. 3. A comparison of the de-
duced amino acid sequence of
the rat epimerase, C. elegans,
and E. coli carnitine dehydratase.
The alignment was performed
with the DNAsis program DNA-
STAR, Madison, WI). Shading,
amino acid identities.

Fig. 4. Expression of rat 2-arylpropionyl-CoA
epimerase in E. coli. A, SDS-PAGE analysis
(Coomassie blue stained) of the recombinant
protein in cell supernatants. The noninduced
(control; U) and induced (I) supernatants of the
expression culture are shown at different times.
Left, Mobility of prestained protein molecular
weight markers. B, The same fractions derived
from expression culture were subjected to
SDS-PAGE and immunoblotted with anti-
epimerase antibodies.
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BamHI/SacI-fragment (see Materials and Methods). Fig. 5
shows that a single prominent hybridizing band of 1.9 kb was
detected in all tissues. A strong band of rat epimerase mRNA
was detected in the liver and kidney. A very low expression
was observed in the heart and brain.

Discussion
A 42-kDa epimerase has been isolated from the cytosolic

and mitochondrial fraction of rat liver and biochemically
characterized (16). Recently, we have raised a polyclonal
antibody against this epimerase and analyzed the relation
between the inversion activity in various tissues and the
tissue distribution of the protein in guinea pigs and rats (5).
Additionally, amino acid sequence analysis of three internal
peptides of the epimerase revealed homology with regions of
the enzymes involved in the lipid metabolism.

In the present investigation, we succeeded in isolating a
cDNA clone coding for the cytosolic rat liver 2-arylpropionyl-
CoA epimerase. The clone consists of a nucleotide sequence of
1498 bp, including an open reading frame of 1083 bp coding
for the epimerase. Database searches using the deduced
amino acid sequence for p-EP1 revealed a high degree of
homology of the obtained protein sequence with the sequence

of the L-carnitine dehydratase from the higher eukaryont C.
elegans (41% identity) (27) and with the sequence of the
carnitine operon oxidoreductase (28) from E. coli (27% iden-
tity). The observed homology to proteins of the carnitine
metabolism possibly indicates an as yet undefined physiolog-
ical role of the epimerase. This hypothesis is supported by
similar biochemical mechanisms of both the carnitine dehy-
dratase and the epimerase. The function of the carnitine
dehydratase in the carnitine pathway is the specific revers-
ible dehydration of L-carnitinyl-CoA to crotonobetainyl-CoA
(compare Fig. 6A) (29). Thus, a common feature of 2-arylpro-
pionyl-CoA-epimerase and carnitine dehydratase is the affin-
ity for CoA-linked thioester substrates. The formation of the
thioester leads to an acidic a carbon atom. This is an impor-
tant prerequisite for the interaction with a basic moiety in
the active site of the epimerase and for the following proton
abstraction from the substrate. In experiments to determine
the mechanism of proton exchange at the active site, Chen et
al. (15) and Baillie et al. (30) used (2)-(R)-[2-2H]2-(4-isobu-
tylphenyl)propionyl-CoA as substrate for the epimerase en-
zyme. After inversion, the (1)-S-enantiomer was completely
depleted of the a deuterium, which indicates that the hydro-
gen atom of the new COH bond is derived from the solvent
protons. Obviously, ibuprofenoyl-CoA has no hydroxyl group
to take part in the second step of a dehydratase reaction,
which involves the release of a water molecule followed by
formation of a double bond (Fig. 6 A). However, in line with
previously discussed mechanisms of chiral inversion, a pro-
posed carnitine dehydratase/epimerase could catalyze the
first step of the dehydratase reaction, the linkage of the
hydrogen atom of (2)-(R)-ibuprofenoyl-CoA to a base in the
active site of the enzyme (Fig. 6 B). This would lead to an
alteration of the methyl group configuration. The resulting
carbanion may be stabilized by solvent protons in a nonste-
reospecific manner.

Interestingly, epimerase activity was located in both cy-
tosol and mitochondria of rat liver cells. Although mitochon-
dria contain some genetic information, most of the mitochon-
drial proteins are encoded by nuclear genes and synthesized
in the cytosol. Proteins that are destined to be transported
across the mitochondrial membrane are usually synthesized
with an amino-terminal signal sequence that is proteolyti-
cally removed. A discrepancy in the amino acid composition
of the cytosolic epimerase and its mitochondrial counterpart
was shown by Shieh and Chen (16) and was the first indica-
tion for the existence of a signal peptide. It is generally
assumed that signal peptides have highly degenerate pri-
mary sequences and that their group-specific properties re-
flect a hydrophobic structure (31). The first 20 amino acids of
the amino-terminal region of the epimerase revealed a strong
hydrophobic structure (data not shown) as determined by the
Kyte and Doolittle method (32), which had no similarity to
other amino acid sequences. Furthermore, the possible my-
ristoylation modifications in the epimerase nucleotide se-
quence (consensus sites; see Fig. 2) might play a key role in
membrane association of the modified protein. Thus, the
results support the existence of a signal sequence and, con-
sequently, suggest the hypothesis of cytosolic formation and
subsequent transport into mitochondria.

The discrepancy of the relatively low specific activity of the
expressed enzyme compared with the purified liver protein
needs clarification. Epimerase cDNA was expressed in E. coli

TABLE 1
Comparison of the specific enzyme activities from rat liver
homogenate and the cell supernatants of the recombinant
protein from E. coli

Total protein Specific activity

mg/ml nmol/min/mg

Crude liver homogenate 2.94 0.88
Purified cytosolic epimerase

from rat liver
0.005 3710

M15-PQE30 control
(without IPTG induction)

10.0 —

Recombinant protein (60
min after IPTG induction)

10.0 2.6

Fig. 5. Northern blot analysis of poly(A)1 RNA from various rat tissues.
The blots were hybridized with DIG-labeled BamHI/SacI cDNA frag-
ment of p-EP1. An RNA ladder from 1.6 to 5.3 kb in size (Boehringer) is
used as a size marker.
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because, in contrast to other microorganisms (33), no epimer-
ase activity was detectable in the bacterial expression sys-
tem. In the expression experiments, the highest activity of
the enzyme as measured by the epimerization of (2)-(R)-IBU-
CoA was found 1 hr after IPTG induction. The recombinant
enzyme showed a specific activity of 2.6 nmol/min/mg in the
cell supernatants of E. coli after 1 hr (Table 1). The enzyme
activity decreased over the time, but the level of the recom-
binant protein increased until 3 hr after IPTG induction. A
possible explanation is be that the enzyme needs to be post-
translationally processed. The consensus sites for post-trans-
lational phosphorylation (compare Fig. 2) suggests that the
activity of the epimerase is regulated by further modifica-
tions. Moreover, most large amounts of the recombinant pro-
tein may be in an incorrectly folded state. Taken together,
the lack of post-translational processing and an incorrect
folding are possible reasons for the relatively low specific
activity of the expressed enzyme compared with the purified
liver protein.

Northern blot analysis with the whole nucleotide sequence
cDNA probe showed a single hybridizing band in rat liver,
which demonstrates that this clone is derived from a single
gene. Moreover, we observed single bands in other tissues,
including heart, kidney, and brain. These results are consis-
tent with the Western blot data obtained previously, which
show that a single immunoreactive band of a 42-kDa protein
is detectable in homogenates of liver, kidney, heart, and
brain (5). A strong expression of epimerase mRNA and pro-
tein was observed in rat liver and kidney tissues, which
reflects the physiological importance of the epimerase in
these tissues. A very low level of expression of epimerase was
detected in heart and brain. It cannot be excluded that other
isoforms of epimerase may exist in these tissues, as described
for long-chain acyl-CoA synthetase (34, 35), another key en-
zyme of stereoselective chiral inversion of (2)-(R)-2-arylpro-
pionic acids. Finally, our results may not be only of scientific
importance, because prostaglandin endoperoxide synthase
(COX) isozymes are target enzymes of 2-arylpropionic acids
such as IBU (36). The (1)-S-enantiomer of IBU inhibits the
COX isoforms 2 orders of magnitude more potently than the
respective (2)-R-enantiomer. Chiral inversion of the (2)-R-
into the (1)-S-enantiomer, which takes place in vivo, results
in an increase in the COX-inhibiting (1)-S-enantiomer (37).
Malmberg and Yaksh (38) reported that the formalin-in-
duced production of spinal prostaglandin E2 in the subarach-

noid space adjacent to the lumbar spinal cord was unaffected
after the systemic and intrathecal administration of (2)-(R)-
IBU in rats. In contrast, the (1)-S-enantiomer lowered for-
malin-induced prostaglandin E2 levels and showed a signifi-
cant antinociceptive response. These results show that the
(2)-R-enantiomer itself does not possess relevant COX-inhib-
iting activity in vivo in the central nervous system at the
spinal cord level. Moreover, these findings permit specula-
tion that the affinity of (2)-(R)-ibuprofenoyl-CoA to the epi-
merase in the brain may be relatively low. The weak signal
detected in the brain by Western blot and Northern blot
analyses supports this hypothesis.

In summary, we have described the isolation and expres-
sion of a cDNA for a 2-arylpropionyl-CoA epimerase that
mediates a biocatalytic reactions with an as yet unknown
physiological role. The significant homology to enzymes in-
volved in carnitine metabolism suggests that the 2-arylpro-
pionyl-CoA epimerase may play an important role in this
aspect of fatty acid metabolism.

Further studies are necessary to clarify the physiological
role of the 2-arylpropionyl-CoA epimerase. Inhibition exper-
iments of (2)-(R)-ibuprofenoyl-CoA epimerization with dif-
ferent CoA-activated carnitine metabolites could help to de-
fine the natural substrate. Moreover, the sequence data will
make it possible to clone the human enzymes, which will help
to clearly define the role of the epimerase in human tissues.
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