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Bacteria can use fatty acids (FAs) from their environment as
carbon and energy source. This catabolism is performed by the
enzymes of the well-known p-oxidation machinery, producing
reducing power and releasing acetyl-CoA that can feed the
tricarboxylic acid cycle. FAs are extremely diverse: they can be
saturated or (poly)unsaturated and are found in different sizes.
The need to degrade such a wide variety of compounds may
explain why so many seemingly homologous enzymes are
found for each step of the p-oxidation cycle. In addition, the
degradation of unsaturated fatty acids requires specific
auxiliary enzymes for isomerase and reductase reactions.
Furthermore, the p-oxidation cycle can be blocked by dead-end
products, which are taken care of by acyl-CoA thioesterases.
Yet, the functional characterization of the enzymes required for
the degradation of the full diversity of FAs remains to be
documented in most bacteria.
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Introduction

Fatty acids (FAs) are carboxylic acids with a saturated or
(poly)unsaturated aliphatic chain. FAs are the major com-
ponents of lipids, especially as esters in membrane and
storage lipids. However, they can also be found in the
environment as their standalone form, such as in the gut
where they originate from the degradation of triglycerides
found in dietary fats, or as hydrolysis products from host
membranes. Most bacteria possess a f-oxidation machinery

allowing use of free FAs from their environment as energy
and carbon source. Similar machineries are found in mi-
tochondria. In bacteria, the biochemistry of the degradation
process is very well-described [1]. As often, this knowledge
derives mainly from studies performed in E. co/, and
testing only a limited set of saturated or monounsaturated
FAs. However, in their environment, bacteria can en-
counter a diversity of FAs that might be saturated or (poly)
unsaturated or have different sizes, and which may require
specific enzymatic activities for their degradation. In par-
allel, bacteria often contain multiple homologs for a given
step of the p-oxidation machinery, without a clear under-
standing of the specific role of these different homologs.
Both the diversity of FA degradation enzymes and the role
of potential auxiliary enzymes have only been scratched
upon in bacteria other than K. co/i. Therefore, a great
variety of functions still await to be discovered.

In this review, we report and discuss the information
available on the strategies used by bacteria to degrade a
wide variety of FAs, especially the unsaturated fatty
acids (UFAs). This might prove to be an important re-
source for biotechnological developments, where the FA
degradation machinery has been tweaked in all sorts of
fashion for production of biofuel, or of derived molecules
of interest [2]. Also, the diversity of FA degradation ac-
tivities might play a crucial role in the context of the gut
microbiome, given the recent reports that bacterial FA
metabolism can impact host immunity responses or
obesity [3,4]. Finally, recent studies have highlighted
the importance of FA degradation for adaptation of pa-
thogenic bacteria to their environment [5,6].

Three main aspects will be discussed: variations ob-
served in the FA degradation enzymes forming the ca-
nonical p-oxidation machinery, specific activities
required for unsaturated FA degradation (isomerases and
reductases), and acyl-CoA (coenzyme A) thioesterase
activity required for proofreading and release of dead-
end products.

Canonical $-oxidation

The B-oxidation process in bacteria has been reviewed
recently in detail [1,7]. Therefore, we will only briefly
summarize the canonical p-oxidation cycle involved in
the degradation of straight-chain FAs (Figure 1). In
Gram-negative bacteria, free FAs are bound and inter-
nalized by a specific outer membrane receptor (FadL in
E. coli). Then, FA import into the cytoplasm is coupled
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Figure 1
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Canonical p-oxidation of saturated and UFAs at odd position. The enzyme activities are indicated in yellow boxes. ACD : acyl-CoA dehydrogenase.
FACS : Fatty acyl-CoA synthase. ECH : enoyl-CoA hydratase. HACD: hydroxyacyl-CoA dehydrogenase. KACT : ketoacyl-CoA thiolase. EC/ : 3,2-

enoyl-CoA isomerase.

with its activation to acyl-CoA by a fatty acyl-CoA syn-
thase (FACS, FadD in E. co/i). The acyl-CoA then en-
ters a cycle of successive reactions, acyl-CoA
dehydrogenase (ACD), enoyl-CoA hydratase (ECH),
hydroxyacyl-CoA dehydrogenase (HACD), and finally
ketoacyl-CoA thiolase (KACT), to eventually release 2
carbons in the form of an acetyl-CoA molecule, which
then feeds the tricarboxylic acid cycle. The cycle also
produces reducing power in the form of FADH, and
NADH, making growth on long-chain FAs relying
heavily on active respiration and a producer of reactive
oxygen species [8,9]. Furthermore, the high solicitation
of the ubiquinone pool for respiration creates a deficit of
ubiquinone available for disulfide bridge formation and
thereby triggers an envelope stress response [10,11].

Diversity in the trifunctional enzyme complex family

The trifunctional enzyme complex (TFE) catalyzes
three steps of the FA p-oxidation cycle: the ECH,
HACD, and KACT reactions. It is formed by a hetero-
tetramer of FadA-like (B- subunit) and FadB-like (o-
subunit) proteins (IFigure 2). The p-subunit carries the

KACT activity, while the a-subunit carries both the
ECH and HACD activities. Phylogenetic studies sug-
gested that TFE can be grouped into 4 families, which
might correspond to different quaternary structures [12].
Very often, several TFE homologs are present in the
genome of a given species. However, since the se-
quences alone cannot provide a clue to the TFE(s) re-
sponsible for FA degradation, the role of several
homologs remains a mystery.

For example, besides the major TFE complex FadBA,
E. coli also contains a second TFE complex Fadl]
(homologs to FadA and FadB, respectively, with roughly
35% identity and 50% similarity for both pairs). The
Fadl] enzymes have been proposed to be involved in
the anaerobic degradation of FAs due to a residual ac-
tivity of FadlI] observed in faZBA mutants in the absence
of oxygen [13]. However, fadlJ mutants do not show by
themselves any phenotype for growth on FA, neither in
the presence or absence of oxygen, and FadBA appears
to be the TFE involved in both conditions. Further-
more, fadBA and fadlJ operons are both repressed in the
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Figure 2
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Architecture of the TFE complexes. (a) Structure of the TFE complex
formed by Pseudomonas fragi FadBA proteins (PDB: 1WDK) [65]. (b)
Structure of the TFE complex formed by E. coli FadlJ proteins (PDB:
8BNU). This model has been obtained using a combination of the
crystallographic structures of Fadl and FadJ and the cryo-electron
microscopy structure of the complex [15]. The proposed positioning of
the membrane is shown in gray. ECH, domain colored in blue. HACD ,
domain colored in green. KACT, domain colored in purple. Positions of
the active sites are indicated by yellow stars. Note that the orientation
chosen to show the H-H region of Fadl in panel B puts the a-subunit to a
90° rotation compared with the structure shown for FadBA in panel A.

absence of oxygen and induced in the presence of long-
chain FAs, suggesting that rather than different growth
conditions, they might function together or be involved
in the degradation of different kinds of FAs. Con-
sistently, enzymatic kinetic studies suggested they could
display different chain size specificity [14]. In vitro,
Fadl] prefers medium- and long-chain enoyl-CoAs,
whereas FadBA prefers short-chain enoyl-CoA sub-
strates [14]. This complementary substrate specificity
would allow for complete degradation of long-chain
enoyl-CoAs. However, this model is based solely on
vitro data and does not fit with the fact that a fadlJ
mutant does not have a phenotype for growth on long-
chain FAs [13]. In addition, structural studies suggest
that the Fadl] complex is associated with the
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membrane, thanks to the presence of a small H-H re-
gion in the B-subunit (Fadl), which is absent in FadA
[14,15] (Figure 2b). Fadl] structure is indeed more clo-
sely related to the human TFE that has been shown also
to associate to the membrane through this H-H region
[16]. In the absence of /# vive phenotype of fadl/ mu-
tants, we suggest that FadI] might be involved in the
degradation of specific FA species still to be discovered.

The question of the substrate specificity of TFEs is
likely to be a recurring theme. For example, in
Myxococcus xanthus, 3 operons coding for putative pro-
teins of the TFE family have been identified [17].
Phenotypic analysis has provided evidence of FA de-
gradation activity only for one of them. Similarly, three
TFEs have been described in Strepromyces [18]. Com-
plementation studies of an K. co/i fadBA mutant suggest
that they have different efficiency for FAs of different
sizes and are differentially regulated by the presence of
FAs or by the growth phase. In Pseudomonas aeruginosa,
three fadBA operons are involved in the degradation of
long-chain FAs derived from the lung surfactant phos-
phatidylcholine [5]. Pseudomonas putida possesses two
fadBA-like operons [19]. The main FadBA system is
induced in the presence of FA and is required for the
catabolism of n-phenylalkanoic acids [20]. However, a
mutant is still able to use FAs, suggesting that the
second set is a functional TFE [20]. A last example is the
characterization of mutants of the three fzZB homolog
genes in Ralstonia eutropha [21].

Diversity in the fatty acyl-CoA synthase and acyl-CoA
dehydrogenase families

An even greater number of genes coding for FACS and
ACD homologs is often observed in bacterial genomes,
suggesting a narrower substrate specificity for these
enzymes. For instance, in addition to the FadD acyl-
CoA synthase essential for FA degradation, E. co/i
possesses a short-chain acyl-CoA synthase FadK that is
expressed in anaerobic conditions [22], but its exact
substrate and role /7 vivo are unclear. Likewise, in P.
aeruginosa, as many as 6 FACS have been reported, all
contributing to the degradation of FAs, with some of
them specific for acyclic terpenes [23,24]. Vibrio cho-
lerae genome encodes two ACD homolog fadE genes,
both of which being similarly repressed by the FadR
regulator in the absence of FAs and activated by the
small RNA FarS, suggesting they are both involved in
FA degradation [25]|. Pseudomonas putida K'T12440
strain contains at least 5 ACD homologs involved in
FA degradation [26,27]. Diversity in the FACS and
ACD repertoire is especially impressive for bacteria
relying heavily on FA metabolism, such as Myco-
bacteria containing hundreds of genes potentially in-
volved in FA metabolism [28].

www.sciencedirect.com
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4 Cell Regulation

Isomerases involved in the degradation of
unsaturated fatty acids

The reactions described in Figure 1 form the canonical
B-oxidation cycle required for the degradation of
straight-chain saturated FAs. However, a variety of
(poly)unsaturated FAs are also metabolized by p-oxida-
tion and require different auxiliary enzymes, depending
on the position of the double bond, at an odd or at an
even carbon position.

The more ‘classical’ case is the presence of an un-
saturation at an odd position, such as the 9-¢is double
bond present in oleic acid and in many other dietary
FAs. After 3 cycles of p-oxidation, the 3-¢zs double bond
is directly isomerized to 2-frans that can be processed
further by the ECH hydratase, so that the ACD step is
shunted (Figure 1, reaction highlighted in blue). Very
often, this 3,2-enoyl-CoA isomerase activity (ECI) is
carried out by the same protein that carries the sub-
sequent ECH reaction (such as FadB in E. co/i). Indeed,
these two reactions are performed by enzymes of the
same low-similarity hydratase/isomerase superfamily. In
the case of ECI/ECH bifunctional enzymes such as
FadB, the two reactions share a common catalytic site
[29]. However, the ECI reaction might also be carried
out by a standalone ECI protein [30]. For instance, in
Mycobacterium tuberculosis, it has been shown that the
FadB enzyme does not perform the ECI reaction be-
cause of a steric hindrance caused by the Phe287 residue
at the catalytic site [31]. A distinct isomerase is therefore
required for the degradation of oleic acid. Several po-
tential ECI proteins have been screened based on their
in vitro biochemical activity, their upregulation in the
presence of unsaturated FAs, and their ability to com-
plement an K. co/i AfadBA mutant expressing Mtb
FadBA. This led to the characterization of several stan-
dalone cis—trans-enoyl-CoA isomerases and of the pro-
minent monofunctional ECI (EchAS5) involved in the
degradation of oleic acid [31].

It has to be mentioned that FadB-like enzymes, in ad-
dition to the ECH, HACD, and ECI activities described
above, possess a fourth activity of 3-hydroxy-acyl epi-
merase [32]. It may take place when particular types of
unsaturated FAs are degraded, but to date, there is no
report of such an activity iz vivo.

2. 2,4-dienoyl-CoA reductase involved in the
degradation of unsaturated fatty acids

The degradation of FAs with a double bond at an even
position requires an additional enzymatic activity.
During the degradation of this class of FAs, after a
number of pf-oxidation cycles placing the double bond at
position 4 and one ACD reaction, a 2,4-double-bound
intermediate (#7ans-2,cis-[trans-4-dienoyl-CoA) is formed
(Figure 3a). This intermediate cannot be processed by

the ECH enzyme [33]. Instead, it must be reduced by an
auxiliary 2,4-dienoyl-CoA reductase (DECR) to #ans-2-
enoyl-CoA that can reenter the B-oxidation cycle, al-
lowing the complete degradation of the carbon
chain [33].

In bacteria, the reduction of double bonds at an even
position of unsaturated FAs is performed mainly by the
FadH protein family. E. co/i FadH is a 73-kDa monomer
whose structure has been solved [34] (Figure 3b). FadH
is characterized by the presence of three different do-
mains: the N-terminal residues 1-368 form a triose-
phosphate isomerase barrel that binds FMN, a [4Fe-4S]
cluster, and the substrate; residues 369—467 and 626671
form the FAD-binding site; and residues 468-625 form
the NADP(H)-binding domain [34]. The reduction of
trans-2,cis-[trans-4-dienoyl-CoA proceeds from NADPH
to the substrate by electron transfer through the FAD,
the [4Fe-4S] cluster, and FMN to finally reduce the
substrate to generate 2-enoyl-CoA that can be processed
subsequently by the ECH enzyme [35]. Mutations in
the cysteine residues that bind the [4Fe—4S] cluster re-
sult in a loss of function of the protein, suggesting that
the cluster is essential for a successful electron transfer
[36]. Initial studies of FadH enzymatic activity revealed
that the protein was lacking stereoselectivity and that it
could reduce both the 2-#rans,A-cis and 2-transA-trans
isomers with equal efficiency [37]. This suggested a
possible isomerization reaction performed by FadH on
the substrate, but such an activity was not detected [35].

It is expected that fadH would be essential for growth on
only FAs with a double bond at even position, but only a
few studies have tested its importance iz vivo. To our
knowledge, the only report is in E. coli, where a fadH
mutant has been shown to be affected for growth on
petroselinic acid (¢/s-6-octadecenoic acid) but not on
oleic acid (¢is-9-octadecenoic acid) [38]. In other organ-
isms such as Shewanella livingstonensis Acl0, FadH might
have an indirect role in membrane remodeling in re-
sponse to stress conditions. Indeed, the marine y-pro-
teobacteria S. livingstonensis ~ Acl0  produces
eicosapentaenoic acid (a 20-carbon FA containing 5
double bonds) subsequently incorporated into the
membrane lipids to resist to low temperature, high hy-
drostatic pressure, and oxidative stress. In this bac-
terium, FadH has a role in the conversion of
docosahexaenoic acid into eicosapentaenoic acid, and
this conversion has been shown to be drastically im-
paired in a fadH mutant [39].

Interestingly, a bacterium-like DECR enzyme has been
discovered in the mitochondria of protozoan parasites
belonging to Trypanosoma species [40]. The capability
of these parasites to switch from an extracellular to an
intracellular lifestyle is associated with genes that have
been acquired through lateral gene transfer mostly from

Current Opinion in Microbiology 2024, 77:102402
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Figure 3
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DECR FadH. (a) Degradation of linoleic acid with a double bond at an even position (highlighted in red). After 3 cycles of degradation, 2,4-dienoyl-CoA
is produced by ACD. The action of the DECR is required for its conversion to 2-enoyl-CoA that can reenter the cycle. (b) Structure of E. coli FadH. The
N-terminal TIM barrel is colored in pale red, the acyl-CoA substrate is atom color-coded, and FMN cofactor is shown as red sticks. The [4Fe-4S]
cluster is in the center of the figure (yellow and orange balls). The middle flavodoxin-like domain is in green, with FAD drawn as green sticks. The C-
terminal domain is in blue and includes NADP shown in blue sticks. TIM : triose-phosphate isomerase.

Modified from [34].
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6 Cell Regulation

Proteobacteria. 'The FadH-like protein found in Lesh-
mania major has been acquired likely from Proteobacteria
during the first evolution stages of Trypanosomas and is
highly conserved in the intracellular parasites. L. major
and E. co/i FadH enzymes are homologs, with conserved
cofactor binding and active sites. A higher expression of
FadH is observed in the differentiation from L. major
extracellular (promastigotes) to intracellular stage
(amastigotes) and it is essential for survival inside mac-
rophages and for the virulence during infections in mice
models [40]. A deletion of this gene leads to an accu-
mulation of 2,4-dienoyl-CoA that might be toxic for
amastigotes, as accumulation of some UFAs shows a
great antimicrobial activity [40], or might inhibit the f-
oxidation of other FAs as it has been described in
mammals [41].

FadH appears to be widely conserved in bacteria [40],
which suggests that the presence of a DECR is crucial to
deal with the complex nature of FA mixtures found in
the environment.

Thioesterases involved in the degradation of
unsaturated fatty acids

Acyl-CoA species with double bonds at positions 3 and 5
are another type of intermediates that can be generated
through the partial degradation of unsaturated FAs. First,
in the case of a double bond at an odd position such as in
oleic acid, it has been shown that 10% of the 2,5-dienoyl-
CoA is ‘mistakenly’ isomerized into 3,5-dienoyl-CoA in-
stead of being processed by the ECH [42] (Figure 4a).
Second, specific unsaturated FAs such as conjugated lino-
leic acid will also lead to the formation of 3,5-dienoyl-CoA
by their degradation through the canonical B-oxidation
cycle (Figure 4b). In E. co/i, these 3,5-dienoyl-CoA species
are dead-end products that cannot be further processed
because E. coli lacks the activity of 3,5-tetradeca- or 3,5-
dodecadienoyl-CoA isomerase [42].

In E. co/i, the accumulation of the medium-chain 3,5-
tetradecadienoyl-CoA or 3,5-dodecadienoyl-CoA inter-
mediates is detrimental since they might both inhibit
the enzymes of the FA degradation machinery, and lock
and titrate the available CoA molecules. It has been
shown however that when E. co/i is grown on conjugated
linoleic acid, free 3,5-tetradecadienoic acid is detected in
the growth medium, suggesting that an acyl-CoA
thioesterase activity might prevent toxicity of the accu-
mulated intermediate [42]. Furthermore, a thioesterase
activity is indeed induced in the presence of FAs [42].
Thioesterases belong to the large hotdog fold protein
family and can be involved in a variety of metabolic
pathways [43]. The hotdog fold is usually formed by a
dimer, while some enzymes such as TesB in E. coli
present a ‘double hotdog’ resulting from the fusion of
the hotdog domain (Figure 4c) [44]. This protein family

has a low degree of primary sequence conservation, de-
spite the conservation of the hotdog fold observed in the
numerous three-dimensional structures available. The
catalytic scaffold and residues are not strictly conserved
either. This prevents a direct functional assignment from
a sequence-based or even three-dimensional structure-
based approach [45]. Seven hotdog thioesterases are
present in E. co/i. Three of them have been assigned to
specific pathways different from FA metabolism (EntH
in enterobactin synthesis, Paal in phenylacetic de-
gradation, and Menl in the synthesis of menaquinone)
[46-48]. YciA thioesterase is active on acyl-CoA and may
be involved in CoA recycling and balancing acyl-CoA
pools [45]. Three thioesterases have been assigned to
the degradation of FAs (TesB, FadM, and Yigl). They
are active on acyl-CoA, though they seem to have broad
specificities and redundant functions [42,49,50]. Most
notably, the thioesterases II (T'esB) and I1I (FadM) were
found to allow for the partial degradation of conjugated
linoleic acid [49] (Figure 4b). fadM expression is con-
trolled by the FadR repressor (see below) and is there-
fore responsible for the observed induction of a
thioesterase activity in the presence of exogenous FAs
[51]. More recently, the Yigl thioesterase has been
shown to contribute also to the growth on conjugated
linoleic acid [50].

It must be noted that a 3,5-dienoyl-CoA isomerase ac-
tivity is present in eukaryotes [30]. It is possible that
bacteria other than E. co/i might possess this activity and
hence would not require the thioesterase proofreading
mechanism discussed above.

A word about regulation

Expression of genes involved in the degradation of FAs is
controlled by transcriptional repressor and induced in the
presence of exogenous FAs. The best-described regulator
is FadR from the GntR protein family, found in E. /i and
y-proteobacteria [52]. FadR represses fad genes in the
absence of exogenous FAs. In the presence of long-chain
FAs (more than 12-carbon long), after their import and
activation to CoA via Fadl. and FACS proteins, long-chain
acyl-CoA binds to FadR, triggering its release from the
DNA and the expression of the fad genes. For a detailed
description of this FadR-dependent regulation, see [1,53].
Regulators performing a role similar to FadR have been
described in other bacteria, even if they belong to the
distinct T'etR protein family. For example, the YsiA pro-
tein of Bacillus subtilis controls the expression of a full set of
genes involved in FA degradation [54]. A homolog protein
has been described in Thermus thermophilus [55). In P. aer-
uginosa, the PsrA protein (also from the TetR protein fa-
mily) has been shown to repress fazdBA and fadE
expression [56,57]. For a global description of the genetic
regulation of FA degradation in different bacteria, see re-
ference [58].

Current Opinion in Microbiology 2024, 77:102402

www.sciencedirect.com



Figure 4
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Thioesterase-mediated proofreading of dead-end 3,5-dienoyl-CoA intermediates. (a) 3,5-tetradecadienoyl-CoA is produced by an unspecific
isomerase activity during degradation of oleic acid [51]. 3,5-tetradecadienoic acid is released by the activity of thioesterases. (b) 3,5-dodecadienoyl-
CoA is produced by the degradation of conjugated linoleic acid [49,50]. 3,5-dodecadienoic acid is released by the activity of thioesterases. (c) Hotdog
fold of the FadM dimer (PDB: 1NJK) and of the TesB monomer (PDB: 1C8U) [44]. The two repeats of TesB are highlighted with 2 different colors,
connected by a segment colored in blue.

Obviously, the induction of expression in the presence
of exogenous FAs is a strong indication that a gene is
involved in FA degradation. However, the full set of FA
degradation genes is induced in the presence of straight-

chain FAs, even if they are not useful in this condition.
For example, in E. co/i, the genes coding for the auxiliary
enzymes FadH and FadM are repressed by FadR and
induced in the presence of any long-chain FAs in concert
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with the canonical enzymes of the B-oxidation cycle
[59,60]. In Bacillus, the regulon of the YsiA regulator
comprises genes predicted to form the canonical p-oxi-
dation cycle, but also putative homologs and auxiliary
enzymes such as FadH [54]. Also, in Vibrio cholerae, a
putative thioesterase, which might have a role similar to
FadM, is controlled by FadR [61]. Therefore, genes that
are useless in the presence of saturated FAs, such as
JfadM and fadH, are still induced, which might appear as
a waste of energy. However, this might be explained by
the fact that unsaturated FAs represent the majority of
FAs encountered in the environment, and more often in
complex mixtures of different types of FAs for which all
the panoply of degradation enzymes are required. An
unfortunate consequence for the researcher is that ge-
netic regulation cannot be a means of identifying the
genes specifically involved in the processing of FAs
containing double bonds.

Perspectives and challenges

The challenge is thus to attribute functions to the many
homologs of the different steps of p-oxidation found in
bacterial genomes. The first approach to systematically
identify the enzymes involved in FA catabolism in a
bacterium of interest would be to characterize the reg-
ulons of FA-sensing regulators. However, it is not pos-
sible to simply search for potential binding sites in the
genome, because the consensus sites of FadR-like or
PsrA-like regulators are notoriously not very well-con-
served [52]. For example, new FadR-binding sites that
had escaped previous sequence search could be evi-
denced solely experimentally in K. co/i [62,63]. There-
fore, experimental transcriptomic studies would have to
be performed, in the presence of long-chain FAs, or if
feasible on mutants for the transcriptional repressors
sensing long-chain FAs. This approach was used to
identify the last missing gene for B-oxidation in K. co/i
[64]. Such an approach has been successfully used also
more recently in M. tuberculosis to identify genes in-
volved in degradation of oleic acid among myriad genes
encoding proteins with homology to p-oxidation en-
zymes [31]. However, as discussed above, the identifi-
cation of genes induced by long-chain FAs will not give
information on the precise biochemical function of the
cognate enzymes. Another approach for a more sys-
tematic prediction of the functions of FA degradation
enzymes would be to have access to precise and rigorous
classification of subprotein families. However, here
again, it is surprising that there are no exhaustive phy-
logenetic studies of the different enzymes of the p-oxi-
dation cycle and auxiliary enzymes. Only a classification
of the TFE enzymes into four groups has been proposed
[12], however with no correspondence with distinct

potential biochemical functions. Dedicated and ex-
haustive phylogenetic studies on the different enzymes
involved in FA degradation might prove helpful to
predict their possible sequence-function relationship,
but also simply to have an idea of the distribution of the
different activities in bacteria. However, as exemplified
with the TFE families, if experimental biochemical in-
formation is lacking, this might still be of limited use.
More physiological and biochemical studies are there-
fore needed to assess the extent of the panoply of en-
zymes involved in the degradation of the variety of FAs.

Conclusion

The huge diversity of enzymes involved in FA de-
gradation that can be identified in bacterial genomes
certainly reflects the adaptation of bacteria to an equally
huge diversity of exogenous FAs available in their spe-
cific niche. A striking example is M. tuberculosis that has
been reported to contain hundreds of genes potentially
involved in FA metabolism [28]. This certainly reflects
the very specific lipid membranes synthesized by My-
cobacteria (mycolic acids), but maybe also the FA sto-
rage and catabolic activities, including p-oxidation
required for its survival inside granuloma. Another ex-
ample is P. aeruginosa, in which the B-oxidation ma-
chinery is induced in the lungs of cystic fibrosis patients,
to make use of FAs produced through the hydrolysis of
phosphatidylcholine from the host [5]. In the case of
enteric bacteria, variety in FAs arises directly from diet.
Therefore, it is expected that FA catabolism activities
will have a strong impact on the gut microbiome. Recent
studies indeed reported the effect of mutations in the
fad genes altering virulence or colonization ability of
Vibrio cholerae [6].

Thus, in front of the importance of FA catabolism in the
physiology of pathogens or in the context of the micro-
biome, the scarcity of studies to better characterize FA
catabolism in bacteria other than E. co/i is all the more
surprising.

Data Availability

No data were used for the research described in the ar-
ticle.

Declaration of Competing Interest

The authors declare that they have no known competing
financial interests or personal relationships that could
have appeared to influence the work reported in this

paper.

Current Opinion in Microbiology 2024, 77:102402

www.sciencedirect.com



Acknowledgements

We thank all the members of the SAMe unit, and in particular Viola
Pavoncello and Pierre Garcia, for constructive discussions. This project was
supported by Institut Pasteur and Centre National de la Recherche
Scientifique and by a grant from the Agence Nationale de la Recherche
(ANR-10-LABX-62-IBEID).

References and recommended reading
Papers of particular interest, published within the period of review, have
been highlighted as:

o of special interest
ee of outstanding interest

1. Pavoncello V, Barras F, Bouveret E: Degradation of exogenous
fatty acids in Escherichia coli. Biomolecules 2022, 12:1019.

2. JanBen HJ, Steinblchel A: Fatty acid synthesis in Escherichia
coli and its applications towards the production of fatty acid
based biofuels. Biotechnol Biofuels 2014, 77:7.

3. Song X, Zhang H, Zhang Y, Goh B, Bao B, Mello SS, Sun X, Zheng
W, Gazzaniga FS, Wu M, et al.: Gut microbial fatty acid
isomerization modulates intraepithelial T cells. Nature 2023,
619:837-843.

4. Takeuchi T, Kameyama K, Miyauchi E, Nakanishi Y, Kanaya T, Fujii
T, Kato T, Sasaki T, Tachibana N, Negishi H, et al.: Fatty acid
overproduction by gut commensal microbiota exacerbates
obesity. Cell Metab 2023, 35:361-375 €9..

5. Son MS, Matthews WJ, Kang Y, Nguyen DT, Hoang TT: In vivo
evidence of Pseudomonas aeruginosa nutrient acquisition and
pathogenesis in the lungs of cystic fibrosis patients. Infect
Immun 2007, 75:5313-5324.

The authors show the upregulation of fad genes involved in the utiliza-
tion of phosphatidylcholine from lung surfactant, and the importance of
the fadBA genes in this process.

6. Yang S, Xi D, Wang X, Li Y, Li Y, Yan J, Cao B: Vibrio cholerae
VC1741 (PsrA) enhances the colonization of the pathogen in
infant mice intestines in the presence of the long-chain fatty
acid, oleic acid. Micro Pathog 2020, 147:104443.

7. Jimenes-Diaz L, Caballero A, Segura A: Pathways for the
degradation of fatty acids in bacteria. In Aerobic Utilization of
Hydrocarbons, Oils, and Lipids. Edited by Rojo F. Springer Nature;
2019:291-313.

8. Doi H, Hoshino Y, Nakase K, Usuda Y: Reduction of hydrogen
peroxide stress derived from fatty acid beta-oxidation
improves fatty acid utilization in Escherichia coli. App! Microbiol
Biotechnol 2014, 98:629-639.

9. Agrawal S, Jaswal K, Shiver AL, Balecha H, Patra T, Chaba R: A

s genome-wide screen in Escherichia coli reveals that
ubiquinone is a key antioxidant for metabolism of long-chain
fatty acids. J Biol Chem 2017, 292:20086-20099.

This is a seminal study showing that ubiquinone is a limited resource for

bacteria grown on long chain FA.

10. Jaswal K, Shrivastava M, Roy D, Agrawal S, Chaba R: Metabolism
e of long-chain fatty acids affects disulfide bond formation in
Escherichia coli and activates envelope stress response
pathways as a combat strategy. PLoS Genet 2020, 16:e1009081.
The authors show that the heavy respiration activity necessary for
growth on long chain FAs causes a limitation of ubiquinone available for
disulfide bond formation.

11. Jaswal K, Shrivastava M, Chaba R: Revisiting long-chain fatty
acid metabolism in Escherichia coli: integration with stress
responses. Curr Genet 2021, 67:573-582.

12. Venkatesan R, Wierenga RK: Structure of mycobacterial §-
oxidation trifunctional enzyme reveals its altered assembly and
putative substrate channeling pathway. ACS Chem Biol 2013,
8:1063-1073.

13. Campbell JW, Morgan-Kiss RM, Cronan JE: A new Escherichia

* coli metabolic competency: growth on fatty acids by a novel
anaerobic beta-oxidation pathway. Mo/ Microbiol 2003,
47:793-805.

Fatty acid degradation in bacteria Schiaffi, Barras and Bouveret 9

In this study, the authors identified FadlJ and FadK as homologues of
the FadABD proteins in E. coli. They show that they are responsible for a
residual FA degradation activity in the corresponding fadABD mutants.

14. Sah-Teli SK, Hynénen MJ, Schmitz W, Geraets JA, Seitsonen J,

. Pedersen JS, Butcher SJ, Wierenga RK, Venkatesan R:
Complementary substrate specificity and distinct quaternary
assembly of the Escherichia coli aerobic and anaerobic f-
oxidation trifunctional enzyme complexes. Biochem J 2019,
476:1975-1994.

This study highlights important structural and enzymatic differences

between the TFE enzymes from E. coli.

15. Sah-Teli SK, Pinkas M, Hyndnen MJ, Butcher SJ, Wierenga RK,

ee Novacek J, Venkatesan R: Structural basis for different
membrane-binding properties of E. coli anaerobic and human
mitochondrial g-oxidation trifunctional enzymes. Structure
2023, 31:812-825 e6.

A full model of the FadlJ complex of E. coli is proposed based on

crystallographic and cryo-EM studies. Membrane binding properties are

characterized in light of this model.

16. Xia C, Fu Z, Battaile KP, Kim JP: Crystal structure of human
mitochondrial trifunctional protein, a fatty acid p-oxidation
metabolon. Proc Natl Acad Sci USA 2019, 116:6069-6074.

17. Bullock HA, Shen H, Boynton TO, Shimkets LJ: Fatty acid
oxidation is required for Myxococcus xanthus development. J
Bacteriol 2018, 200:e00572-17.

18. Menendez-Bravo S, Paganini J, Avignone-Rossa C, Gramajo H,
Arabolaza A: Identification of FadAB complexes involved in fatty
acid p-oxidation in Streptomyces coelicolor and construction
of a triacylglycerol overproducing strain. Front Microbiol 2017,
8:1428.

19. Wang Q, Nomura CT: Monitoring differences in gene expression
levels and polyhydroxyalkanoate (PHA) production in
Pseudomonas putida KT2440 grown on different carbon
sources. J Biosci Bioeng 2010, 110:653-659.

20. Olivera ER, Carnicero D, Garcia B, Mifiambres B, Moreno MA,
Cafedo L, Dirusso CC, Naharro G, Luengo JM: Two different
pathways are involved in the beta-oxidation of n-alkanoic and
n-phenylalkanoic acids in Pseudomonas putida U: genetic
studies and biotechnological applications. Mol Microbiol 2001,
39:863-874.

21. Insomphun C, Mifune J, Orita |, Numata K, Nakamura S, Fukui T:
Modification of f-oxidation pathway in Ralstonia eutropha for
production of poly(3-hydroxybutyrate-co-3-hydroxyhexanoate)
from soybean oil. J Biosci Bioeng 2014, 117:184-190.

22. Morgan-Kiss RM, Cronan JE: The Escherichia coli fadK (ydiD)
gene encodes an anerobically regulated short chain acyl-CoA
synthetase. J Biol Chem 2004, 279:37324-37333.

23. Kang Y, Zarzycki-Siek J, Walton CB, Norris MH, Hoang TT:
Multiple FadD acyl-CoA synthetases contribute to differential
fatty acid degradation and virulence in Pseudomonas
aeruginosa. PLoS One 2010, 5:e13557.

24. Zarzycki-Siek J, Norris MH, Kang Y, Sun Z, Bluhm AP, McMillan IA,
Hoang TT: Elucidating the Pseudomonas aeruginosa fatty acid
degradation pathway: identification of additional fatty acyl-CoA
synthetase homologues. PLoS One 2013, 8:e64554.

25. Huber M, Fréhlich KS, Radmer J, Papenfort K: Switching fatty
acid metabolism by an RNA-controlled feed forward loop. Proc
Natl Acad Sci USA 2020, 117:8044-8054.

26. McMahon B, Mayhew SG: Identification and properties of an
inducible phenylacyl-CoA dehydrogenase in Pseudomonas
putida KT2440. FEMS Microbiol Lett 2007, 273:50-57.

27. Guzik MW, Narancic T, llic-Tomic T, Vojnovic S, Kenny ST, Casey
WT, Duane GF, Casey E, Woods T, Babu RP, et al.: Identification
and characterization of an acyl-CoA dehydrogenase from
Pseudomonas putida KT2440 that shows preference towards
medium to long chain length fatty acids. Microbiology 2014,
160:1760-1771.

28. Cole ST, Brosch R, Parkhill J, Garnier T, Churcher C, Harris D,
Gordon SV, Eiglmeier K, Gas S, Barry CE, et al.: Deciphering the

www.sciencedirect.com

Current Opinion in Microbiology 2024, 77:102402


http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref1
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref1
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref2
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref2
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref2
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref3
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref3
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref3
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref3
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref4
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref4
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref4
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref4
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref5
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref5
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref5
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref5
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref6
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref6
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref6
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref6
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref7
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref7
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref7
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref7
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref8
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref8
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref8
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref8
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref9
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref9
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref9
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref9
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref10
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref10
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref10
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref10
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref11
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref11
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref11
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref12
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref12
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref12
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref12
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref13
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref13
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref13
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref13
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref14
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref14
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref14
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref14
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref14
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref14
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref15
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref15
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref15
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref15
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref15
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref16
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref16
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref16
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref17
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref17
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref17
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref18
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref18
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref18
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref18
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref18
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref19
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref19
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref19
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref19
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref20
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref20
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref20
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref20
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref20
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref20
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref21
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref21
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref21
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref21
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref22
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref22
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref22
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref23
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref23
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref23
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref23
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref24
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref24
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref24
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref24
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref25
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref25
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref25
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref26
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref26
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref26
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref27
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref27
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref27
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref27
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref27
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref27
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref28
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref28

10 Cell Regulation

biology of Mycobacterium tuberculosis from the complete
genome sequence. Nature 1998, 393:537-544.

29. Yang SY, Elzinga M: Association of both enoyl coenzyme A
hydratase and 3-hydroxyacyl coenzyme A epimerase with an
active site in the amino-terminal domain of the multifunctional
fatty acid oxidation protein from Escherichia coli. J Biol Chem
1993, 268:6588-6592.

30. Hiltunen JK: Y Qin: beta-oxidation - strategies for the
metabolism of a wide variety of acyl-CoA esters. Biochim
Biophys Acta 2000, 1484:117-128.

31. Srivastava S, Chaudhary S, Thukral L, Shi C, Gupta RD, Gupta R,
Priyadarshan K, Vats A, Haque AS, Sankaranarayanan R, et al.:
Unsaturated lipid assimilation by mycobacteria requires
auxiliary cis-trans enoyl CoA isomerase. Chem Biol 2015,
22:1577-1587.

32. Yang SY, Li JM, He XY, Cosloy SD, Schulz H: Evidence that the
fadB gene of the fadAB operon of Escherichia coli encodes 3-
hydroxyacyl-coenzyme A (CoA) epimerase, delta 3-cis-delta 2-
trans-enoyl-CoA isomerase, and enoyl-CoA hydratase in
addition to 3-hydroxyacyl-CoA dehydrogenase. J Bacteriol
1988, 170:2543-2548.

33. Dommes V, Baumgart C, Kunau WH: Degradation of unsaturated
fatty acids in peroxisomes. Existence of a 2,4-dienoyl-CoA
reductase pathway. J Biol Chem 1981, 256:8259-8262.

34. Hubbard PA, Liang X, Schulz H, Kim JJ: The crystal structure and
*e reaction mechanism of Escherichia coli 2,4-dienoyl-CoA
reductase. J Biol Chem 2003, 278:37553-37560.

Importantly, the structure described here was obtained with a FadH
protein ‘as purified’ still containing all the cofactors, especially the [Fe-S]
cluster, which is normally lost in oxidant environments. Importantly, this
structure provides the basis to describe the flow of electron and me-
chanism of the reduction reaction.

35. Liang X, Thorpe C, Schulz H: 2,4-Dienoyl-CoA reductase from
Escherichia coli is a novel iron-sulfur flavoprotein that
functions in fatty acid beta-oxidation. Arch Biochem Biophys
2000, 380:373-379.

eeThis study clearly shows the difference between eukaryotic and

bacterial DECR. In particular, it shows for the first time the presence of a

[Fe-S] cluster in the bacterial protein.

36. Tu X, Hubbard PA, Kim JJ, Schulz H: Two distinct proton donors
at the active site of Escherichia coli 2,4-dienoyl-CoA reductase
are responsible for the formation of different products.
Biochemistry 2008, 47:1167-1175.

37. Dommes V, Kunau WH: 2,4-Dienoyl coenzyme A reductases
from bovine liver and Escherichia coli. Comparison of
properties. J Biol Chem 1984, 259:1781-1788.

38. You SY, Cosloy S, Schulz H: Evidence for the essential function
of 2,4-dienoyl-coenzyme A reductase in the beta-oxidation of
unsaturated fatty acids in vivo. Isolation and characterization
of an Escherichia coli mutant with a defective 2,4-dienoyl-
coenzyme A reductase. J Biol Chem 1989, 264:16489-16495.

39. Ogawa T, Hirose K, Yusuf Y, Kawamoto J, Kurihara T:
Bioconversion from docosahexaenoic acid to
eicosapentaenoic acid in the marine bacterium Shewanella
livingstonensis Ac10. Front Microbiol 2020, 11:1104.

40. Semini G, Paape D, Blume M, Sernee MF, Peres-Alonso D,

. Calvignac-Spencer S, Déllinger J, Jehle S, Saunders E, McConville
MJ, Aebischer T: Leishmania encodes a bacterium-like 2,4-
dienoyl-coenzyme A reductase that is required for fatty acid f-
oxidation and intracellular parasite survival. mBio 2020,
11:e01057-20.

This elegant study shows the acquisition by Leishmania of a bacterial-

like DECR by horizontal gene transfer, and the importance of this activity

in adaptation of the parasite to its environment.

41. Osmundsen H, Bjornstad K: Inhibitory effects of some long-
chain unsaturated fatty acids on mitochondrial beta-oxidation.
Effects of streptozotocin-induced diabetes on mitochondrial
beta-oxidation of polyunsaturated fatty acids. Biochem J 1985,
230:329-337.

42. Ren Y, Aguirre J, Ntamack AG, Chu C, Schulz H: An alternative
. pathway of oleate beta-oxidation in Escherichia coli involving

the hydrolysis of a dead end intermediate by a thioesterase. J
Biol Chem 2004, 279:11042-11050.
This is the first evidence of a thioesterase activity in E. coli important for
a proofreading activity in FA degradation.

43. Dillon SC, Bateman A: The Hotdog fold: wrapping up a
superfamily of thioesterases and dehydratases. BMC
Bioinforma 2004, 5:109.

44. Li J, Derewenda U, Dauter Z, Smith S, Derewenda ZS: Crystal
structure of the Escherichia coli thioesterase Il, a homolog of
the human Nef binding enzyme. Nat Struct Biol 2000, 7:555-559.

45. Zhuang Z, Song F, Zhao H, Li L, Cao J, Eisenstein E, Herzberg O,
Dunaway-Mariano D: Divergence of function in the hot dog fold
enzyme superfamily: the bacterial thioesterase YciA.
Biochemistry 2008, 47:2789-2796.

46. Leduc D, Battesti A, Bouveret E: The hotdog thioesterase EntH
(YbdB) plays a role in vivo in optimal enterobactin biosynthesis
by interacting with the ArCP domain of EntB. J Bacteriol 2007,
189:7112-7126.

47. Song F, Zhuang Z, Finci L, Dunaway-Mariano D, Kniewel R, Buglino
JA, Solorzano V, Wu J, Lima CD: Structure, function, and
mechanism of the phenylacetate pathway hot dog-fold
thioesterase Paal. J Biol Chem 2006, 281:11028-11038.

48. Chen M, Ma X, Chen X, Jiang M, Song H, Guo Z: Identification of a
hotdog fold thioesterase involved in the biosynthesis of
menaquinone in Escherichia coli. J Bacteriol 2013,
195:2768-2775.

49. Niel, RenY, Janakiraman A, Smith S, Schulz H: A novel paradigm

* of fatty acid beta-oxidation exemplified by the thioesterase-
dependent partial degradation of conjugated linoleic acid that
fully supports growth of Escherichia coli. Biochemistry 2008,
47:9618-9626.

This study demonstrates that a thioesterase activity is required for

growth on conjugated linoleic acid, the redundancy of tesB and fadM

genes, and the existence of at least another thioesterase involved.

50. Schmidt M, Proctor T, Diao R, Freddolino PL: Escherichia coli Yigl
is a conserved gammaproteobacterial acyl-CoA thioesterase
permitting metabolism of unusual fatty acid substrates. J
Bacteriol 2022, 204:e0001422.

51. Nie L, Ren Y, Schulz H: Identification and characterization of
Escherichia coli thioesterase Il that functions in fatty acid
beta-oxidation. Biochemistry 2008, 47:7744-7751.

52. Kazakov AE, Rodionov DA, Alm E, Arkin AP, Dubchak |, Gelfand

* MS: Comparative genomics of regulation of fatty acid and
branched-chain amino acid utilization in proteobacteria. J
Bacteriol 2009, 191:52-64.

This is a very thorough bioinformatic study of the regulation of FA uti-

lization, both for the characterization of the transcriptional regulator

families, but also the binding sites. This study predicts a new regulator

FadP in Burkholderiales.

53. Jimenes-Diaz L, Caballero A, Segura A: Regulation of fatty acids
degradation in bacteria. In: Aerobic Utilization of Hydrocarbons,
Oils, and Lipids, Handbook of Hydrocarbon and Lipid Microbiology.
Edited by Rojo F. 2019 Springer Nature; 2019:751-771.

54. Matsuoka H, Hirooka K, Fujita Y: Organization and function of the
YsiA regulon of Bacillus subtilis involved in fatty acid
degradation. J Biol Chem 2007, 282:5180-5194.

55. Agari Y, Agari K, Sakamoto K, Kuramitsu S, Shinkai A: TetR-family
transcriptional repressor Thermus thermophilus FadR controls
fatty acid degradation. Microbiology 2011, 157:1589-1601.

56. Kang Y, Nguyen DT, Son MS, Hoang TT: The Pseudomonas
aeruginosa PsrA responds to long-chain fatty acid signals to
regulate the fadBA5 beta-oxidation operon. Microbiology 2008,
154:1584-1598.

57. Wells G, Palethorpe S, Pesci EC: PsrA controls the synthesis of
the Pseudomonas aeruginosa quinolone signal via repression
of the FadE homolog, PA0506. PLoS One 2017, 12:e0189331.

58. Fujita Y, Matsuoka H, Hirooka K: Regulation of fatty acid
metabolism in bacteria. Mo/ Microbiol 2007, 66:829-839.

Current Opinion in Microbiology 2024, 77:102402

www.sciencedirect.com


http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref28
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref28
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref29
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref29
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref29
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref29
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref29
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref30
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref30
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref30
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref31
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref31
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref31
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref31
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref31
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref32
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref32
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref32
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref32
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref32
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref32
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref33
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref33
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref33
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref34
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref34
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref34
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref35
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref35
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref35
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref35
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref36
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref36
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref36
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref36
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref37
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref37
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref37
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref38
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref38
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref38
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref38
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref38
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref39
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref39
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref39
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref39
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref40
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref40
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref40
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref40
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref40
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref40
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref41
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref41
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref41
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref41
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref41
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref42
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref42
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref42
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref42
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref43
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref43
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref43
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref44
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref44
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref44
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref45
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref45
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref45
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref45
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref46
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref46
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref46
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref46
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref47
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref47
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref47
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref47
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref48
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref48
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref48
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref48
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref49
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref49
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref49
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref49
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref49
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref50
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref50
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref50
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref50
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref51
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref51
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref51
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref52
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref52
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref52
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref52
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref53
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref53
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref53
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref53
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref54
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref54
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref54
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref55
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref55
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref55
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref56
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref56
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref56
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref56
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref57
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref57
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref57
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref58
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref58

59.

60.

61.

62.

Feng Y, Cronan JE: A new member of the Escherichia coli fad
regulon: transcriptional regulation of fadM (ybaW). J Bacteriol
2009, 191:6320-6328.

Feng Y, Cronan JE: Overlapping repressor binding sites result in
additive regulation of Escherichia coli FadH by FadR and ArcA.
J Bacteriol 2010, 192:4289-4299.

Gao R, Lin J, Zhang H, Feng Y: Transcriptional repression of the
VC2105 protein by vibrio FadR suggests that it is a new
auxiliary member of the fad regulon. Appl/ Environ Microbiol
2016, 82:2819-2832.

My L, Rekoske B, Lemke JJ, Viala JP, Gourse RL, Bouveret E:
Transcription of the Escherichia coli fatty acid synthesis

Fatty acid degradation in bacteria Schiaffi, Barras and Bouveret 11

63.

64.

65.

operon fabHDG is directly activated by FadR and inhibited by
ppGpp. J Bacteriol 2013, 195:3784-3795.

My L, Ghandour Achkar N, Viala JP, Bouveret E: Reassessment of
the genetic regulation of fatty acid synthesis in Escherichia
coli: global positive control by the dual functional regulator
FadR. J Bacteriol 2015, 197:1862-1872.

Campbell JW, Cronan JE: The enigmatic Escherichia coli fadE
gene is yafH. J Bacteriol 2002, 184:3759-3764.

Ishikawa M, Tsuchiya D, Oyama T, Tsunaka Y, Morikawa K:
Structural basis for channelling mechanism of a fatty acid beta-
oxidation multienzyme complex. EMBO J 2004, 23:2745-2754.

www.sciencedirect.com

Current Opinion in Microbiology 2024, 77:102402


http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref59
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref59
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref59
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref60
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref60
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref60
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref61
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref61
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref61
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref61
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref62
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref62
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref62
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref62
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref63
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref63
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref63
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref63
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref64
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref64
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref65
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref65
http://refhub.elsevier.com/S1369-5274(23)00139-X/sbref65

	Matching the β-oxidation gene repertoire with the wide diversity of fatty acids
	Introduction
	Canonical β-oxidation
	Diversity in the trifunctional enzyme complex family
	Diversity in the fatty acyl-CoA synthase and acyl-CoA dehydrogenase families

	Isomerases involved in the degradation of unsaturated fatty acids
	2. 2,4-dienoyl-CoA reductase involved in the degradation of unsaturated fatty acids
	Thioesterases involved in the degradation of unsaturated fatty acids
	A word about regulation
	Perspectives and challenges
	Conclusion
	Data Availability
	Declaration of Competing Interest
	Acknowledgements
	References and recommended reading




