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Introduction

Dietary PUFAs are potent growth inhibitors of ruminal bacte-
ria.[1, 2] In addition, linoleic acid (LA, 18:2D9Z, 12Z ; x :yDz denotes a
fatty acid with x carbons and y double bonds in position z
counting from the carboxyl end) was demonstrated to inhibit
the frequency of conjugation in Gram-negative bacteria.[3] Bac-
terial species of the gut microflora thus have access to a pro-
tective metabolic cascade known as biohydrogenation, which
eliminates double bonds in PUFAs, ultimately producing satu-
rated fatty acids. Early studies of biohydrogenation identified
CLA as a first intermediate in the reduction of LA to stearic
acid (18:0) by the ruminal bacterium B. fibrisolvens.[4] The dis-
covery of anticarcinogenic properties of CLA[5] then stimulated,
besides medical research, a strong interest in the bioconver-
sion of PUFAs into their conjugated species.[6, 7] Four PUFA
double bond isomerases have been published to date, and in
the following sections we summarize current data relating to
their biochemical properties and reaction mechanisms.

Biochemistry of CLA-Producing Enzymes

To date, separate enzymatic activities producing either
(9Z,11E)-CLA or (10E,12Z)-CLA have been found in numerous
bacteria.[7–11] Several bacterial genes encoding for PUFA isomer-
ases have been published, and in addition one eukaryotic iso-
merase has been isolated from the red alga P. filicina[12,13]

(Table 1). However, the isolation of bacterial isomerases from
native hosts remains challenging, likely because the isomerase
activity has been shown to reside in the membrane frac-
tion.[14,15] Probably for the same reason the overproduction of
the active recombinant isomerase protein has been achieved
only for PAI, which is relatively small and a soluble flavopro-
tein.[16]

To the best of our knowledge, the most detailed study of a
microbial isomerase that produces (9Z,11E)-CLA (9,11-isomer-

ase) was performed with a crude preparation of a membrane
fraction from B. fibrisolvens.[4, 14,17,18] Using sets of systematically
designed substrates with varying head group polarity and
double bond position, Kepler et al. demonstrated that the ac-
tivity of this 9,11-isomerase was based on the presence of a
free carboxylic group and a (9Z,12Z)-double bond system in
the substrate. Fatty acids longer than 18 carbon atoms were
not substrates. When a preparation harboring this enzyme was
incubated with LA in the presence of 2H2O, one

2H atom was
incorporated in the product (9Z,11E)-CLA in a pro-R stereo con-
figuration (degree of labeling 88%), hinting at a reaction
mechanism involving a prototropic shift. In addition, the kinet-
ic isotope effect due to the breaking of a C�H bond at C-11 in
LA was demonstrated by use of 11-dideuterio-LA as a sub-
strate, with no loss of deuterium from the product being ob-
served in this case. Therefore, both the protonation of the D12
double bond and the release of the intermediate LA carbanion
from the active site were excluded as possible reaction path-
ways. Instead, Kepler et al. suggested a concerted mechanism
for the LA isomerization, involving hydrogen removal from C-
11 and stereospecific transfer (R configuration) of the solvent-
derived proton by the enzyme to C-13 of the substrate (Fig-
ure 1A).
In addition, several Lactobacillus species can convert LA into

(9Z,11E)-CLA, but in contrast to the isomerase from B. fibri-
solvens, varying amounts of (9E,11E)-CLA can be found in the
reaction products.[15,19,20] Moreover, the cDNA sequence of the
linoleate isomerase from Lactobacillus acidophilus has been
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The biotransformation of linoleic acid (LA) into conjugated linole-
ic acid (CLA) by microorganisms is a potentially useful industrial
process. In most cases, however, the identities of proteins in-
volved and the details of enzymatic activity regulation are far
from clear. Here we summarize available data on the reaction
mechanisms of CLA-producing enzymes characterized until now,
from Butyrivibrio fibrisolvens, Lactobacillus acidophilus, Ptilota
filicina, and Propionibacterium acnes. A general feature of enzy-
matic LA isomerization is the protein-assisted abstraction of an

aliphatic hydrogen atom from position C-11, while the role of
flavin as cofactor for the double bond activation in CLA-produc-
ing enzymes is also discussed with regard to the recently pub-
lished three-dimensional structure of an isomerase from P. acnes.
Combined data from structural studies, isotopic labeling experi-
ments, and sequence comparison suggest that at least two differ-
ent prototypical active site geometries occur among polyunsatu-
rated fatty acid (PUFA) double bond isomerases.
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submitted to public databases[9] (Table 1). However, until now
its enzymatic activity has only been characterized with crude
membrane preparations in which the enzyme was solubilized
with b-octyl glucopyranoside, and besides the (9Z,11E)-CLA as
main product, (9E,11E)-CLA and (9Z,11Z)-CLA were also detect-
ed in small amounts.[15] Whether these less abundant CLA iso-
mers are side-products of this 9,11-isomerase specific to Lacto-
bacilli or whether their formation is catalyzed by distinct pro-
teins remains unclear.
Recent in vivo studies have linked CLA production with the

formation of PUFA species containing hydroxy groups at C-

10.[7,8,21] Apparently, a distinct pathway leading to CLA forma-
tion via (12Z)-10-hydroxyoctadec-12-enoic acid exists in some
Lactobacillus, Propionibacterium, Bifidobacterium, and Clostridi-
um-like bacteria of the human gut.[7] Several species of Lacto-
bacillus have been reported to accumulate CLA isomers along
with (12Z)-10-hydroxy- and (12E)-10-hydroxyoctadec-12-enoic
acid during LA biotransformation under microaerobic condi-
tions.[6, 8] The requirement for low oxygen concentration and
the suppression of culture growth by low levels of LA in the
medium was similar to the conditions established for B. fibri-
solvens.[14] Feeding of isolated (12Z)-10-hydroxyoctadec-12-

Table 1. Identification and biochemical properties of PUFA double bond isomerases

Host, references Butyrivibrio fibrisolvens[4,14,17,18] Lactobacillus acidophilus[9,15] Propionibacterium acnes[10, 11, 16,36] Ptilota filicina[12, 13, 22]

Accession number gene not identified DQ239438 AX062088 AF354661

Substrate 18:2D9Z, 12Z 18:2D9Z, 12Z 18:2D9Z, 12Z 20:5D5Z, 8Z, 11Z, 14Z, 17Z

Product 18:2D9Z, 11E 18:2D9Z, 11E 18:2D9E, 11E 18:2D10E, 12Z 20:5D5Z, 7Z, 9Z, 14Z, 17Z

Km [mm] 9.7 not determined 14 32.8
Protein properties associated with membrane associated with membrane monomer, contains FAD glycosylated, homodimer,

fraction fraction contains flavin cofactor
Heterologous overexpression no no S. cerevisiae, active

N. tabacum, active
O. sativa, active
E. coli, active
L. lactis, active

E. coli, inactive
A. thaliana, active

Figure 1. A) Hydrogen transfer by isomerases from B. fibrisolvens, P. filicina, and P. acnes (top to bottom). Only atoms C-8 to C-14 of LA are shown for clarity.
Double bond positions are indicated by numbers. Waved lines indicate that the stereoconfiguration of hydrogen transfer has not been confirmed. For the iso-
merase from P. acnes the stereochemistry of the hydrogen transfer was predicted on the basis of structural data.[16] In the case of the isomerase from P. filicina
the stereochemistry of hydrogen abstraction, but not its readdition, was elucidated by use of g-linolenic acid labeled with deuterium at position C-11.[12] Only
the site of hydrogen abstraction—not the stereochemistry—has been established for the isomerase from B. fibrisolvens.[18] Nevertheless, in this case the sol-
vent-derived proton is incorporated in the product at C-13 in pro-R configuration.[18] B stands for a general base: an amino acid side chain or a water mole-
cule, for example. B) Structure of the isomerase from P. acnes in complexation with (10E,12Z)-CLA (PDB ID 2BAB). The protein is shown as grey ribbon, whereas
FAD and (10E,12Z)-CLA are shown as black sticks. C) Active site of the isomerase from P. acnes with the bound product (10E,12Z)-CLA. CLA and amino acids
important for catalysis are shown as sticks. For clarity, FAD and amino acids forming hydrophobic contacts to CLA in the binding pocket are shown schemati-
cally.
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enoic acid to L. acidophilus cells or to mixed microbial cultures
from human gut resulted in reduced levels of the substrate, ac-
companied by simultaneous production of (9Z,11E)-CLA.[7,8] It
has to be noted, however, that the interconversion of these
molecules was not shown directly with the isolated isomerase
protein or by isotope labeling. Moreover, at the present
moment the identities of enzymes and possible intermediates
involved in the isomerization have not been confirmed.
The isomerase from P. acnes, the representative member of

the 10,12-isomerase family, has been cloned, overproduced in
E. coli, and characterized biochemically in terms of substrate
specificity and the structures of resulting conjugated PUFAs.[11]

The preferred substrate was LA, which was converted exclu-
sively into (10E,12Z)-CLA, Unlike 9,11-isomerase from B. fibri-
solvens, however, this 10,12-isomerase accepted long-chain
PUFAs as substrates, and the formation of conjugated trienes
from linolenic acid (18:3D9Z, 12Z, 15Z), arachidonic acid
(20:4D5Z, 8Z, 11Z, 14Z), and docosahexaenoic acid
(22:6D4Z, 7Z, 10Z, 13Z, 16Z, 19Z) was confirmed by HPLC, mass spectrom-
etry, and NMR.
The only well studied example of a eukaryotic PUFA double

bond isomerase is the one from P. filicina,[12] and to date no
other double bond isomerases from higher organisms have
been reported. In contrast with the microbial enzymes, this pu-
rified enzyme showed a clear preference for the w-3 very long
chain PUFAs such as eicosapentaenoic acid (20:5D5Z, 8Z, 11Z, 14Z, 17Z)
and docosahexaenoic acid (22:6D4Z, 7Z, 10Z, 13Z, 16Z, 19Z). The distinc-
tive feature of its reaction behavior was the formation of a
conjugated triene—that is, two double bonds of the PUFA
were shifted by the enzyme when three or four double bonds
were present in the substrate. However, the physiological role
of the resulting conjugated trienoic PUFA in marine algae is
yet not understood. g-Linolenic acid (18:3D6Z, 9Z, 12Z) and
dihomo-g-linolenic acid (20:3D8Z, 11Z, 14Z) were transformed by
this isomerase into mixtures of conjugated diene and triene
fatty acids, the latter products being predominant. In contrast,
LA gave only a conjugated diene PUFA as a product, but the
identity of this substance has not been established.[22] The pro-
posed scheme for the first step of this reaction was similar to
the mechanism elucidated for the isomerase from B. fibri-
solvens, including the hydrogen abstraction at C-11 and its in-
tramolecular transfer to C-13 with g-linolenic acid as the sub-
strate (Figure 1A). Moreover, Wise et al. have suggested that
the formation of the conjugated trienoic PUFA required an ad-
ditional hydrogen elimination step followed by the concerted
shift of two double bonds; at this stage one solvent-derived
proton was incorporated at C-11 of arachidonic acid
(20:4D5Z, 8Z, 11Z, 14Z).[12]

Reaction Mechanisms of PUFA Double-Bond
Isomerases

The early reaction models based on biochemical characteriza-
tion of enzymes from B. fibrisolvens and P. filicina logically sug-
gested the allylic shift mechanism in which the fatty acid inter-
mediate is activated by hydrogen removal from C-11. However,
these models clarified neither the natures of the hydrogen-re-

moving groups in PUFA double bond isomerases nor the func-
tional groups responsible for free carboxy group binding. How-
ever, the recently published structure of the isomerase from
P. acnes in complexation with its product (10E,12Z)-CLA shed
light on the atomic details of the reaction.[16] It turned out to
be a flavoenzyme containing one noncovalently bound flavin
adenine dinucleotide (FAD) moiety per protein unit (Figure 1B).
In the protein–(10E,12Z)-CLA complex the product FA adopted
a strongly bent U-shaped conformation inside the highly hy-
drophobic substrate-binding channel (Figure 1C). The carbon
atom C-11 of LA was predicted to be the site of hydrogen ab-
straction and was positioned just 3.2 K away from the redox-
active nitrogen atom N-5 of FAD, immediately suggesting an
intermediate FA oxidation by the latter during the catalytic
cycle. Such a precise alignment of the substrate was achieved
by hydrogen bonding between the free carboxylic group of
the FA and two flexible residues at the entrance to the active
site: Arg88 and Phe193 (Figure 1C).
The mode of FA binding to the isomerase from P. acnes may

allow some general conclusions to be drawn for both 9,11-
and 10,12-isomerases. Because all published PUFA double
bond isomerases have strictly preferred free FAs over esterified
ones, it is likely that the free carboxylate group is recognized
in a similar way by all group members. Moreover, the distance
between the active site entrance and the N-5 atom of FAD
might be very similar for all enzymes, based on the fact that C-
11 of the FA substrate has been shown to be the hydrogen
ACHTUNGTRENNUNGabstraction site in all three isomerases discussed so far.
In addition, the structural model allowed a two-step mecha-

nism to be postulated for the isomerase reaction. The sub-
strate LA is converted either into an intermediate carbocation
or into a radical, by hydrogen or hydride anion removal, re-
spectively, at position C-11 of the substrate, resulting in the re-
duced FAD. The hydrogen or the hydride anion, respectively, is
then transferred back from FAD to the FA substrate at position
C-9, due to the preferential stabilization of the mesomeric
structure, with either a partial positive charge or an electron at
C-9, by Phe168 (Figure 1C).
In contrast to 9,11-isomerases, the reaction cycle of 10,12-

isomerases does not result in proton exchange between the
solvent and (10E,12Z)-CLA (A.L. and I.F. , unpublished results,
Figure 1A). In view of the low sequence similarity between the
three isomerases from L. acidophilus, P. filicina, and P. acnes
(Figure 2), it is probable that, despite the conservation of the
FAD binding motif, the overall geometries of the active sites in
9,11-isomerases and in 10,12-isomerases are different. The pres-
ence of water molecules or polar amino acid residues in the
9,11-isomerase active site might be a plausible explanation for
proton exchange between the FA intermediate and the sol-
vent. Thus, deuteration at C-13 could be mediated by the N�H
bond at position N-5 in the reduced FAD, since tertiary amino
groups easily exchange protons with the solvent. Recently, the
incorporation of water-derived 2H into (9Z,11E)-CLA at the C-13
position during the biotransformation of LA by mixed ruminal
microorganisms has been demonstrated, with isotopic enrich-
ment in CLA averaging at 26.8%, in comparison with 43.2% in
water.[23] Together these data point towards the possibility of a
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common reaction mechanism for all 9,11-isomerases. Unfortu-
nately, until now none of these bacterial enzymes has been
isolated as a pure protein or protein complex suitable for spec-
troscopic and structural analysis.
At first glance, the isomerization of LA to CLA is a simple

chemical reaction; however, it requires an energetically de-
manding step to cleave a relatively inert C�H bond at C-11 in
order to initiate the allylic shift of either the (9Z)- or the (12Z)-
double bond. The allylic shift is driven by the negative free
energy of conjugation, which in buta-1,3-diene is estimated to
be about �16.7 kJm�1, which makes the overall reaction irre-
versible. At least in the case of the isomerase from P. acnes the
substrate activation and hydrogen transfer seems to be assist-
ed by FAD, which might be also the case for other PUFA
double bond isomerases, due to the conserved FAD binding
domain (Figure 2).
Apart from PUFA double bond isomerases, the positional

and geometrical isomerization of double bonds has also been
studied in several other enzyme systems (Figure 3), including
steroid delta isomerase,[24] isopentenyl diphosphate:dimethyl-
ACHTUNGTRENNUNGallyl diphosphate isomerase types 1 and 2,[25–27] 4-hydroxybu-
tyryl-CoA dehydratase,[28] (2E)-decenoyl-acyl-carrier-protein iso-
merase,[29] D3Z,D2E-enoyl-CoA isomerase,[30] D3,5-D2,4-dienoyl-
CoA isomerase,[31] and cis-trans FA isomerase from Pseudomo-
nas sp.[32] All listed enzymes, apart from 4-hydroxybutyryl-CoA
dehydratase, modify lipophilic substrates and are involved in a
variety of different metabolic pathways such as bacterial FA
biosynthesis, FA b-oxidation, biosynthesis of isoprenoids, deg-

Figure 3. Classification of carbon-carbon double bond isomerases according
to reaction mechanism. The list of enzymes was retrieved from http://expasy.
org/enzyme/. Only the enzymes for which the reaction mechanism and/or
structure was published were selected. The most common mode of double
bond activation is deprotonation of the carbon atom next to the double
bond by an acidic amino acid side chain, such as Glu or Asp. The pKa of the
allylic C�H is usually lowered by an adjacent keto or carboxy group, making
an enzymatic proton abstraction relatively facile. This group consists of acyl-
CoA- (enoyl-CoA isomerase (ECI), dienoyl-CoA isomerase (DECI) and acyl-ACP
isomerases (FabA, FabM), as well as keto steroid isomerase (KSI). In contrast,
protonation of the double bond by a Cys residue is a unique feature of an
isopentenyl diphosphate:dimethylallyl diphosphate isomerase (IDI) type 1 re-
action.[26,42] A third option is double bond isomerization coupled to transient
substrate oxidation, performed by cofactor-dependent enzymes of two
types: 1) heme-containing cis-trans isomerase from Pseudomonas sp. (CTI),
and 2) flavin-dependent 10,12-isomerase from P. acnes, isopentenyl diphos-
phate:dimethylallyl diphosphate isomerase type 2, and 4-hydroxy butyryl-
CoA dehydratase (4-BUDH). All listed flavoenzymes contain FAD; for isopen-
tenyl diphosphate:dimethylallyl diphosphate isomerase type 2 and 4-hydrox-
ybutyryl-CoA dehydratase a radical mechanism of C�H bond cleavage, fol-
lowed by substrate isomerization and readdition of hydrogen from FAD, has
been demonstrated. For references see the text.

Figure 2. Sequence conservation between isomerase proteins from L. acido-
philus, P. filicina, and P. acnes. Amino acid conservation between the three
proteins is about 12% (counting relative to the sequence from P. acnes). The
most strongly conserved region is their N-terminal FAD-binding domain, in-
cluding the canonical GxGxxG(x)18E nucleotide binding motif,

[41] indicated by
black rectangles.
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radation of steroids, and modification of plasma membrane
lipids. Enzymatic double bond activation embraces three major
mechanisms known from organic chemistry : 1) protonation of
the double bond, 2) abstraction of the labile a-proton assisted
by an electron-deficient keto or acyl group, and 3) oxidative
cleavage of a C�H bond, which can generate either radical or
carbocation intermediates. The latter option involving FAD and
radical intermediates has been demonstrated for isopentenyl
diphosphate:dimethylallyl diphosphate isomerase type 2 and
4-hydroxybutyryl-CoA dehydratase.[27,33,34] Notably, the struc-
ture of the PAI-(10E,12Z)-CLA complex also suggested a FAD-
dependent mechanism of LA isomerization. Although there is
no resemblance in terms of protein fold or substrate structure
between isopentenyl diphosphate:dimethylallyl diphosphate
isomerase type 2, 4-hydroxybutyryl-CoA dehydratase, and the
10,12-isomerase from P. acnes, all three enzymes likely employ
FAD as a cofactor to cleave a stable C�H bond. It should be
noted that the group of flavin-dependent carbon-carbon
double bond isomerases so far includes only proteins from
anaerobic bacteria. The absence of molecular oxygen in the
environment enables a rich repertoire of carbon- and nitrogen-
centered radical reactions in these microorganisms.[35] If the
conservation of the FAD binding domain, hydrogen transfer
data for the 9,11-isomerase from B. fibrisolvens, and the fact
that most of the CLA producing bacteria are anaerobes or
ACHTUNGTRENNUNGmicroaerophyles[4,7,23] are taken into account, it is tempting to
speculate that flavin-dependent radical mechanisms may be in-
volved in biosynthesis of all CLA isomers by bacteria.

Outlook

Steadily growing evidence relating to the beneficial health
ACHTUNGTRENNUNGeffects of CLA has resulted in a need for biotechnological
ACHTUNGTRENNUNGproduction of pure CLA isomers. Four isomerase proteins, spe-
cifically producing either (9Z,11E)-CLA or (10E,12Z)-CLA, have
been described to date, and several research groups have at-
tempted to create transgenic plants producing pure CLA iso-
mers through the introduction of the isomerases either from
P. acnes[11,36] or from P. filicina.[13] These studies revealed that rel-
atively small amounts of (10E,12Z)-CLA were accumulated in
vivo only upon overexpression of isomerase gene from
P. acnes. More precisely, (10E,12Z)-CLA made up about 0.3%
and 0.9% of esterified FAs in the seeds of transgenic tobacco[11]

and rice plants,[36] respectively. In the case of the isomerase
from P. filicina, isomerase activity was detected in tissues of
transgenic A. thaliana plants only by an in vitro assay, and no
accumulation of any conjugated PUFA was detected in seed
lipids.[13]

The structure of the FAD-containing isomerase from P. acnes
provided the atomic model for the reaction mechanism. De-
spite the conservation of N-terminal FAD-binding motifs, com-
parison of kinetic parameters and proton transfer suggests a
different organization of the active sites in 9,11- and 10,12-iso-
merases. Moreover, low sequence conservation between these
two families restricts homology modeling efforts, although the
isolation of individual 9,11-isomerases suitable for structural
studies should resolve this intriguing question.

A major feature of the PUFA double bond isomerase reac-
tion is the cleavage of inert C�H bonds in the absence of a
strong oxidant. Conceptually, a similar reaction is catalyzed by
lipoxygenases, which abstract bis-allylic hydrogen atoms in
PUFAs, followed by the recombination of a FA radical with
ACHTUNGTRENNUNGmolecular oxygen.[37] Efficient transfer of atomic hydrogen by
lipoxygenases is based on a quantum-mechanical tunneling
effect, which has been demonstrated before.[38–40] Interestingly,
flavin-dependent radical isomerization mechanisms have re-
cently been demonstrated for two other unrelated bacterial
flavoenzymes: isopentenyl diphosphate:dimethylallyl diphos-
phate isomerase type 2 and 4-hydroxybutyryl-CoA dehydra-
tase. Apparently, in anaerobic bacteria the use of flavin radicals
for transient substrate activation is a recurrent theme, which
can be used for identification of new bacterial isomerases spe-
cific towards C�H bond cleavage.

Abbreviations

CLA: conjugated linoleic acid. FAD: flavin adenine dinucleotide.
9,11-Isomerase: PUFA double bond isomerase producing
(9Z,11E)-CLA. 10,12-Isomerase: PUFA double bond isomerase
producing (10E,12Z)-CLA. LA: linoleic acid. PUFA: polyunsatura-
ted fatty acid.

Acknowledgements

A.L. was supported by a Georg Christoph Lichtenberg stipend
from the master/PhD program Molecular Biology and the Inter-
national Max Planck Research School Molecular Biology, Gçttin-
gen.

Keywords: conjugated linoleic acid · fatty acids · flavin ·
isomerases

[1] E. Devillard, N. Andant, R. J. Wallace, FEMS Microbiol. Lett. 2006, 262,
244–248.

[2] M. R. Maia, L. C. Chaudhary, L. Figueres, R. J. Wallace, Antonie Van Leeu-
wenhoek 2007, 91, 303–314.

[3] R. Fernandez-Lopez, C. Machon, C. M. Longshaw, S. Martin, S. Molin,
E. L. Zechner, M. Espinosa, E. Lanka, F. de La Cruz, Microbiology 2005,
151, 3517–3526.

[4] C. R. Kepler, K. P. Hirons, J. J. McNeill, S. B. Tove, J. Biol. Chem. 1966, 241,
1350–1354.

[5] Y. L. Ha, N. K. Grimm, M. W. Pariza, Carcinogenesis 1987, 8, 1881–1887.
[6] J. Ogawa, S. Kishino, A. Ando, S. Sugimoto, K. Mihara, S. Shimizu, J.

Biosci. Bioeng. 2005, 100, 355–364.
[7] E. Devillard, F. M. McIntosh, S. H. Duncan, R. J. Wallace, J. Bacteriol. 2007,

189, 2566–2570.
[8] J. Ogawa, K. Matsumura, S. Kishino, Y. Omura, S. Shimizu, Appl. Environ.

Microbiol. 2001, 67, 1246–1252.
[9] J. Cao, Y. J. Wang, H. D. Yu, Y. N. Wang, Cloning and Expression of Lino-

leate Isomerase Gene from Lactobacillus acidophilus AS1.1854 and Prop-
erties of the Recombinant Enzyme. seq. ID DQ239438 2005.

[10] M. Coakley, R. P. Ross, M. Nordgren, G. Fitzgerald, R. Devery, C. Stanton,
J. Appl. Microbiol. 2003, 94, 138–145.

[11] E. Hornung, C. Krueger, C. Pernstich, M. Gipmans, A. Porzel, I. Feussner,
Biochim. Biophys. Acta 2005, 1738, 105–114.

[12] M. L. Wise, M. Hamberg, W. H. Gerwick, Biochemistry 1994, 33, 15223–
15232.

ChemBioChem 2008, 9, 1867 – 1872 D 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chembiochem.org 1871

PUFA Isomerases

http://dx.doi.org/10.1007/s10482-006-9118-2
http://dx.doi.org/10.1007/s10482-006-9118-2
http://dx.doi.org/10.1099/mic.0.28216-0
http://dx.doi.org/10.1099/mic.0.28216-0
http://dx.doi.org/10.1093/carcin/8.12.1881
http://dx.doi.org/10.1263/jbb.100.355
http://dx.doi.org/10.1263/jbb.100.355
http://dx.doi.org/10.1128/JB.01359-06
http://dx.doi.org/10.1128/JB.01359-06
http://dx.doi.org/10.1128/AEM.67.3.1246-1252.2001
http://dx.doi.org/10.1128/AEM.67.3.1246-1252.2001
http://dx.doi.org/10.1046/j.1365-2672.2003.01814.x
http://dx.doi.org/10.1021/bi00255a002
http://dx.doi.org/10.1021/bi00255a002
www.chembiochem.org


[13] W. Zheng, M. L. Wise, A. Wyrick, J. G. Metz, L. Yuan. W. H. Gerwick, Arch.
Biochem. Biophys. 2002, 401, 11–20.

[14] C. R. Kepler, S. B. Tove, J. Biol. Chem. 1967, 242, 5686–5692.
[15] S. Irmak, N. T. Dunford, S. E. Gilliland, V. Banskalieva, M. Eisenmenger,

Lipids 2006, 41, 771–776.
[16] A. Liavonchanka, E. Hornung, I. Feussner, M. G. Rudolph, Proc. Natl.

Acad. Sci. USA 2006, 103, 2576–2581.
[17] C. R. Kepler, W. P. Tucker, S. B. Tove, J. Biol. Chem. 1970, 245, 3612–3620.
[18] C. R. Kepler, W. P. Tucker, S. B. Tove, J. Biol. Chem. 1971, 246, 2765–2771.
[19] J. Fairbank, A. Hollingworth, J. Griffin, E. Ridgway, D. Wickens, A. Singer,

T. Dormandy, Clin. Chim. Acta 1989, 186, 53–58.
[20] L. Alonso, E. P. Cuesta, S. E. Gilliland, J. Dairy Sci. 2003, 86, 1941–1946.
[21] N. Kishimoto, I. Yamamoto, K. Toraishi, S. Yoshioka, K. Saito, H. Masuda,

T. Fujita, Lipids 2003, 38, 1269–1274.
[22] M. L. Wise, J. Rossi, W. H. Gerwick, Biochemistry 1997, 36, 2985–2992.
[23] R. J. Wallace, N. McKain, K. J. Shingfield, E. Devillard, J. Lipid Res. 2007,

48, 2247–2254.
[24] H. S. Cho, G. Choi, K. Y. Choi, B. H. Oh, Biochemistry 1998, 37, 8325–

8330.
[25] S. Steinbacher, J. Kaiser, S. Gerhardt, W. Eisenreich, R. Huber, A. Bacher,

F. Rohdich, J. Mol. Biol. 2003, 329, 973–982.
[26] W. Zheng, F. Sun, M. Bartlam, X. Li, R. Li, Z. Rao, J. Mol. Biol. 2007, 366,

1447–1458.
[27] W. Kittleman, C. J. Thibodeaux, Y. N. Liu, H. Zhang, H. W. Liu, Biochem-

istry 2007, 46, 8401–8413.
[28] B. M. Martins, H. Dobbek, I. Cinkaya, W. Buckel, A. Messerschmidt, Proc.

Natl. Acad. Sci. USA 2004, 101, 15645–15649.

[29] M. S. Kimber, F. Martin, Y. Lu, S. Houston, M. Vedadi, A. Dharamsi, K. M.
Fiebig, M. Schmid, C. O. Rock, J. Biol. Chem. 2004, 279, 52593–52602.

[30] A. M. Mursula, D. M. van Aalten, J. K. Hiltunen, R. K. Wierenga, J. Mol.
Biol. 2001, 309, 845–853.

[31] Y. Modis, S. A. Filppula, D. K. Novikov, B. Norledge, J. K. Hiltunen, R. K.
Wierenga, Structure 1998, 6, 957–970.

[32] A. von Wallbrunn, H. H. Richnow, G. Neumann, F. Meinhardt, H. J. Hei-
pieper, J. Bacteriol. 2003, 185, 1730–1733.

[33] S. C. Rothman, T. R. Helm, C. D. Poulter, Biochemistry 2007, 46, 5437–
5445.

[34] U. Muh, I. Cinkaya, S. P. Albracht, W. Buckel, Biochemistry 1996, 35,
11710–11718.

[35] W. Buckel, B. T. Golding, Annu. Rev. Microbiol. 2006, 60, 27–49.
[36] J. Kohno-Murase, M. Iwabuchi, S. Endo-Kasahara, K. Sugita, H. Ebinuma,

J. Imamura, Transgenic Res. 2006, 15, 95–100.
[37] I. Feussner, C. Wasternack, Annu. Rev. Plant Biol. 2002, 53, 275–297.
[38] M. H. Glickman, J. P. Klinman, Biochemistry 1995, 34, 14077–14092.
[39] K. W. Rickert, J. P. Klinman, Biochemistry 1999, 38, 12218–12228.
[40] M. J. Knapp, K. Rickert, J. P. Klinman, J. Am. Chem. Soc. 2002, 124, 3865–

3874.
[41] O. Dym, D. Eisenberg, Protein Sci. 2001, 10, 1712–1728.
[42] J. Wouters, Y. Oudjama, S. J. Barkley, C. Tricot, V. Stalon, L. Droogmans,

C. D. Poulter, J. Biol. Chem. 2003, 278, 11903–11908.

Received: March 4, 2008
Revised: May 5, 2008
Published online on July 4, 2008

1872 www.chembiochem.org D 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim ChemBioChem 2008, 9, 1867 – 1872

A. Liavonchanka and I. Feussner

http://dx.doi.org/10.1016/S0003-9861(02)00002-4
http://dx.doi.org/10.1016/S0003-9861(02)00002-4
http://dx.doi.org/10.1007/s11745-006-5030-9
http://dx.doi.org/10.1073/pnas.0510144103
http://dx.doi.org/10.1073/pnas.0510144103
http://dx.doi.org/10.1016/0009-8981(89)90203-9
http://dx.doi.org/10.1007/s11745-003-1188-4
http://dx.doi.org/10.1021/bi962158v
http://dx.doi.org/10.1194/jlr.M700271-JLR200
http://dx.doi.org/10.1194/jlr.M700271-JLR200
http://dx.doi.org/10.1021/bi9801614
http://dx.doi.org/10.1021/bi9801614
http://dx.doi.org/10.1016/S0022-2836(03)00527-8
http://dx.doi.org/10.1016/j.jmb.2006.12.055
http://dx.doi.org/10.1016/j.jmb.2006.12.055
http://dx.doi.org/10.1021/bi700286a
http://dx.doi.org/10.1021/bi700286a
http://dx.doi.org/10.1073/pnas.0403952101
http://dx.doi.org/10.1073/pnas.0403952101
http://dx.doi.org/10.1074/jbc.M408105200
http://dx.doi.org/10.1006/jmbi.2001.4671
http://dx.doi.org/10.1006/jmbi.2001.4671
http://dx.doi.org/10.1016/S0969-2126(98)00098-7
http://dx.doi.org/10.1128/JB.185.5.1730-1733.2003
http://dx.doi.org/10.1021/bi0616347
http://dx.doi.org/10.1021/bi0616347
http://dx.doi.org/10.1021/bi9601363
http://dx.doi.org/10.1021/bi9601363
http://dx.doi.org/10.1146/annurev.micro.60.080805.142216
http://dx.doi.org/10.1007/s11248-005-3736-8
http://dx.doi.org/10.1146/annurev.arplant.53.100301.135248
http://dx.doi.org/10.1021/bi00043a013
http://dx.doi.org/10.1021/bi990834y
http://dx.doi.org/10.1021/ja012205t
http://dx.doi.org/10.1021/ja012205t
http://dx.doi.org/10.1110/ps.12801
http://dx.doi.org/10.1074/jbc.M212823200
www.chembiochem.org

