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Nucleic acids carry the information and proteins do most of the work, but there is no
life without membranes. Biological membranes are composed of proteins and
amphiphilic lipids, i.e., a group of molecules consisting of hydrophobic hydrocarbon
chains which are connected to a hydrophilic head group. In an aqueous environment,
amphiphilic lipids tend to aggregate, and, if their molecular shape is more or less
cylindrical, they assemble into lipid bilayers as encountered in most membranes. In
this volume of the Handbook, the biochemistry of the biogenesis of membranes and
of their building blocks, fatty acids, and membrane lipids will be covered as well as
their genetics and functional genomics. Examples of membrane homeostasis empha-
size the flexibility and adjustability of biological membranes. For a more complete
picture, we also tried to include the biogenesis of other lipid-derived biomolecules
encountered in microbes.

Biological membranes show remarkable features, such as regions of distinct
fluidity, giving rise to what is known as lipid rafts or microdomains. The bilayer of
most biological membranes seems to be asymmetric, as the inner leaflet usually
shows a different lipid composition than the outer leaflet. Lipid composition of
biological membranes depends on physiological conditions experienced by an
organism; composition is not a constant and maybe changed upon adjusting to
other physiological conditions, employing lipid remodeling and de novo lipid
synthesis. There is lipid transfer between different membranes inside a cell, and
finally, gradients of ions and charges across biological membranes are frequent
features. In recent years, lipidomic and structural studies revealed the existence of
many more membrane lipids, sometimes limited to very specialized microbes or
organelles. Confronted with such complexity, it is obvious that experimental
approaches to study biological membranes are demanding, not always satisfactory
and still need to be improved in many cases. We are only beginning to understand the
functioning and importance of biological membranes. Besides lipids, proteins are the
other important components of biological membranes, and different functional
associations, integrations, penetrations, and movements of proteins in connection
with membranes are described, often endowing these membranes with special
functional properties.

Humans, animals, and plants are the most obvious and visible organisms for us on
our planet, and we are usually focused on them when thinking on our immediate
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needs and pleasures. However, it is “the microbes” which guarantee ongoing life on
earth, and we need to understand all aspects of their biology in order to help our
planet.

I hope that besides the experts, newcomers to the field will find the chapters of
this book interesting and understandable in the hope that “hot topics research” on the
biogenesis of fatty acids, lipids, and membranes will become accessible to a large
readership and hopefully to the interested general public.

Finally, I would like to thank the people who made this work possible:

— The editor in chief, Kenneth Timmis, who did a wonderful job in getting me on
the way with this volume and who always had constructive inputs during the
evolution of the volume

— The people at Springer, especially Simone Giesler, Sharmila Thirumaniselvan,
and Sylvia Blago, who were at the production interface and did all the manuscript
processing

— All the contributors of a chapter to this volume

— Finally, my wife, Isabel, our son, Otto Antonio, and our daughter, Carmen, who
came to understand that family efforts were necessary to ready this volume for the
Handbook

Thank you all very much!

Otto Geiger

Centro de Ciencias Gendmicas

Universidad Nacional Autonoma de México
Cuernavaca, Morelos, Mexico

December 2018
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Abstract

Fatty acids have been part of the biosphere from its beginning, providing a high
calorie foodstuff in metabolism, the structural basis of membranes, an important
class of intra-and extracellular signaling molecules, and many other functions.
They are a diverse group of molecules, although most are linear aliphatic mole-
cules with a terminal carboxylic acid. Here, we provide an overview of their
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nomenclature, their synthesis, and their biodegradation and an outline of some of
the major classes of fatty acids.

1 Introduction

Fatty acids have been part of the biosphere from its beginning (Nagy and Bitz 1963),
providing a high calorie foodstuff in metabolism (Freedman and Bagby 1989), the
structural basis of membranes (Segré et al. 2001), and an important class of intra- and
extracellular signaling molecules (Jimenez et al. 2012; Jump et al. 2013). They are
also important chemical feedstocks (Metzger 2009). Fatty acids are a diverse group
of molecules, although most are linear aliphatic molecules with a terminal carboxylic
acid. The most abundant possess 16 or 18 carbon atoms with up to two unsaturated
bonds, but they range from the shortest, propionic acid (from the Greek protos
(“first”) and pion (“fat”); the smallest carboxylic acid with fatty acid properties) to
simple species with at least 34 carbons (e.g., geddic acid (Vrkoslav et al. 2009),
isolated from the beeswax of Apis dorsata) and more complicated types such as the
mycolic acids of the mycobacteria, which can have 80 carbon atoms or more
(Takayama et al. 2005). The degree of unsaturation progresses up to at least six
unsaturated bonds (e.g., docosahexaenoic acid, initially isolated from hog brains
(Hammond and Lundberg 1953), and a plethora of other variants are known (see
Table 1)). It is not yet clear what roles all these components play — for example,
Carballeira et al. (1997) identified 37 different fatty acids in Thermotoga maritima
and 18 in Pyrococcus furiosus, while Rontani et al. (2005) identified up to 25 in
different marine aerobic anoxygenic phototrophic bacteria. To put these numbers
into perspective, a recent study of a single butter sample reported 430 different fatty
acids (albeit only 15 were major components), of which about half had more than
two double bonds (Schréder and Vetter 2013).

2 Fatty Acid Metabolism
2.1 Fatty Acid Synthesis

Biosynthesis of fatty acids is carried out by a set of highly conserved enzymatic
reactions first elucidated over a half century ago (Toomey and Wakil 1966; Vagelos
et al. 1969; Lynen 1969). The canonical pathway utilizes one acetyl-CoA and 6-8
malonyl-CoA equivalents in the NAD(P)H-dependent production of a C14-C18
saturated acyl chain (Fig. 1), where iterative condensation of acetyl moieties on the
growing acyl chain involves two rounds of reduction separated by a dehydration
step. Variation in primer and chain extension substrates, as well as the termination
reaction specificity in some microbes, allows for the synthesis of longer chain fatty
acids or, for example, branched chain fatty acids (Kaneda 1991). There is also a
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Fig. 1 General scheme of fatty acid synthase reactions leading to the synthesis of palmitic acid
(C16:0). Enzymes (in black bubbles) for the provision of substrates for FAS are shown (acetyl-CoA
carboxylase, 4CCase; malonyl-CoA/acyl-carrier protein transacylase, MCAT). Ketoacyl synthase
111 (KASIII) initiates the first cycle of FAS with malonyl-ACP and acetyl CoA. The ketoacyl-ACP is
then further reacted upon by ketoacyl-ACP reductase (KAR), hydroxyacyl-ACP dehydratase
(HAD), and enoyl-acyl-ACP reductase (ENR) to complete the reduction of the f-carbon to a fully
saturated state. KASI and II enzymes initiate elongation cycles 2—6 of FAS to produce C16 saturated
fatty acyl-ACP, which is cleaved by thioesterase (7E) to produce palmitic acid

remarkable diversity in the structural organization of fatty acid synthase (FAS)
enzyme complexes, which fall into two categories: the type I FAS comprised of
large multifunctional complexes of one or two subunits and the “dissociated” type II
FAS in which distinct/individual enzymes catalyze each step. In both cases the
growing acyl chain is linked to a 4-phosphopantetheine cofactor bound to acyl
carrier protein (ACP, existing as a domain in type I FAS) through a thioester bond
(Schweizer and Hofmann 2004; Janssen and Steinbuchel 2014). It is common for
eukaryotic microbes with a cytosolic localized FAS to harbor the type I form,
although it is also present in the “CMN” group of bacteria (Corynebacterium,
Mycobacterium, and Nocardia)(Schweizer and Hofmann 2004). It is tempting to
speculate that the type I FAS are advantaged over type II in terms of simplifying
regulation of expression to one or two genes and perhaps being more efficient by
circumventing the need for free dissociation of acyl-ACP intermediates. Yet, type II
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FAS are present in the majority of prokaryotes studied to date and appear to be
ubiquitous in the plastid organelles of phototrophic eukaryotes. In vitro reconstitu-
tion and kinetic analyses of type II FAS systems from Escherichia coli and Syn-
echococcus sp. PCC7002 have revealed significant differences in terms of which
step limits overall fatty acid synthesis (Yu et al. 2011; Kuo and Khosla 2014). While
the rationale for this evolved difference in flux control remains unclear, it was
posited that it may be related to distinct means of fatty acid desaturation occurring
in these two species (during fatty acid synthesis in E. coli and during glycerolipid
assembly in Synechococcus sp.). In the polyphyletic group of microbes we refer to as
microalgae, many of the green algae accumulate fatty acids with C16 and C18 chain
lengths, whereas in heterokonts (e.g., eustigmatophytes and diatoms), C18 fatty
acids are minor components that are largely replaced by C20 (or C22) fatty acids
(Lang et al. 2011; Vieler et al. 2012). In most type II FAS systems, the presence of
three ketoacyl synthases (KAS) results in the co-synthesis of C16 and C18 fatty
acids: KASIII for FAS initiation, KASI for elongation to C16, and KASII to elongate
from C16 to C18. Interestingly, the annotated genome sequencing of the
eustigmatophyte Nannochloropsis gaditana CCMP1779 revealed no KASII ortho-
log — suggesting the initial production of only palmitic acid C16:0 by FAS and its
subsequent elongation to the C20 fatty acids that constitute ~30% of total fatty acids
by some other enzyme (Vieler et al. 2012). From these examples, one can glean the
potential advantage of maintaining the FAS as discrete dissociated parts that can be
modified independently in terms of expression regulation and/or kinetic parameters
to optimally suit the metabolic requirements downstream of FAS.

2.2 Fatty Acid Elongation, Desaturation, and Assembly into
Glycerolipids

Synthesis is only the beginning for most fatty acids — as the overwhelming majority
does not accumulate in the free acid form but rather is desaturated, elongated
(or further chemically modified as described below), and assembled into
glycerolipids. Through a myriad of genera- and species-specific variations in sub-
strate specificity of these activities, their localization and regulation, as well as the
trafficking of intermediates across membranes and organelles, there are 100s of
distinct fatty acids and 1,000s of lipid species into which they are bound. In the
simplest case, monounsaturation of stearoyl-ACP (or stearoyl-CoA, if the
glycerolipid assembly pathway is eukaryotic and non-plastidial) at the delta 9 posi-
tion produces oleyl-ACP/oleyl-CoA, which is then used to assemble oleic acid
moieties into glycerolipids. A significantly more complex case is found in the
synthesis of long-chain polyunsaturated fatty acids (PUFAs) such as 20:5 and
22:6, where several desaturases and elongases constitute two parallel pathways for
synthesis. In some species this requires swapping the acyl-chain from CoA to
glycerolipid intermediate multiple times (Vieler et al. 2012; Bellou et al. 2016).
Here it must be noted that fatty acid desaturation can also occur during fatty acid
synthesis. Many prokaryotes, including E. coli, are capable of incorporating a cis-
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double bond initiated by FabA-dependent isomerization of the frans-2-decenoyl to
the cis-3-decenoyl intermediate which results in the production of 16:1w7 and
18:1w7 (Kass and Bloch 1967). O,-independent synthesis of PUFAs by FAS-like
polyketide synthases (PKSs) is observed in a small number of microbes, including
the marine bacterium Shewanella and some protists in the thraustochytrid family
(Metz et al. 2001; Ye et al. 2015; Yoshida et al. 2016). While desaturases predom-
inately catalyze the formation of cis-double bonds, frans-A-3-hexadecenoic acid
(trans 16:1,w13) is found in some green algae (and most higher plants) (Ohnishi and
Thompson 1991; Dubertret et al. 1994). This trans-fatty acid is formed by a distinct
desaturase (Gao et al. 2009) and specifically esterified to chloroplast-localized
phosphatidylglycerol — although at levels below those that would require our veg-
etables or algae-based supplements to be labeled as “trans-fat” foods in the grocery
store!

Along the way, elongases can act to increase the chain length of fatty acids
beyond C18. These multifunctional enzymes catalyze a reaction sequence homolo-
gous to FAS, but use long-chain acyl-CoAs as primers, and malonyl CoA for chain
length extension, and different isoforms are capable of producing fatty acids up to at
least C26 in many eukaryotic microbes (Schweizer and Hofmann 2004). While
representing only a minor fraction of total fatty acids, these very-long-chain fatty
acids (VLCFAs) are often essential for cell viability as components of both
sphingolipids and GPI anchors, as demonstrated in yeast (Tehlivets et al. 2007).

Fatty acids are assembled into glycerolipids by stepwise acylation of the sn-1 and
sn-2 hydroxyls of glycerol-3-phosphate using either acyl-CoAs or acyl-ACPs
(Riekhof et al. 2005; Gibellini and Smith 2010). The phosphatidic acid thus pro-
duced is used as substrate in the synthesis of a variety of phospholipids, glycolipids,
sulfolipids, and betaine lipids that, in varying ratios depending on the species, are the
major constituents of most microbial membranes. In addition, fatty acids can be
converted to storage lipids such as triacylglycerols commonly found in eukaryotic
microbes, as well as wax esters in some bacteria (Ishige et al. 2003). Though often
depicted as linear biosynthetic pathways, a growing body of work has revealed the
occurrence of Lands’ cycle glycerolipid acyl-editing (Lands 1960) in some
microbes, which adds to the diversity of membrane lipids through the remodeling
activity of specific acyltransferases (Das et al. 2001). Several chapters in this volume
are dedicated to various aspects of microbial glycerolipid metabolism.

23 Fatty Acid Degradation

The ability of microbes to catabolize fatty acids through B-oxidation is nearly as
ubiquitous as the capacity for de novo fatty acid synthesis. This is not surprising
when considering that energy dense fatty acids are an attractive source of energy to
drive metabolism and provide carbon skeletons for the production of macromole-
cules in growing cells. Microbial f-oxidation is not only important for microbes
which we consider decomposers but is just as important for microbes (e.g., photo-
trophic algae) that accumulate storage lipids under environmental stresses, only to
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metabolize them to support growth when permissive conditions return (Poirer et al.
2006). The metabolic “undoing” of a fatty acid shares many mechanistic similarities
with its synthesis, and in the early days of lipid biochemistry, the two pathways were
believed to be the same reversible pathway operating in opposite directions (Lynen
1964). Since then the biochemistry of p-oxidation has been studied in detail, and
several variations are known in different microbes. One example in eukaryotic
microbes is the presence of f-oxidation in both the peroxisomes and mitochondria.
While yeasts appear to only harbor the peroxisomal pathway, the fungus Aspergillus
nidulans harbors and utilizes both depending on the acyl chain length being
degraded (Maggio-Hall and Keller 2004). B-oxidation utilizes acyl-CoAs as sub-
strate regardless of locale — but a significant difference exists in the first enzymatic
step. In peroxisomes an acyl-CoA oxidase dependent on electron transfer to O,
catalyzes the first step, whereas in mitochondria an acyl-CoA dehydrogenase is
linked to the electron transport chain (Kim and Miura 2004).

Fatty acids enter mitochondrial -oxidation differently depending on their length.
Short- (<6 carbons) and medium-chain (6—12 carbons) fatty acids freely cross
mitochondrial membranes without utilizing transporters and are activated to their
CoA derivatives within the mitochondria (Schonfeld and Wojtczak 2016). Con-
trarily, long-chain fatty acids (LCFA, >12 carbons) do not freely diffuse into
mitochondria and must utilize a  carnitine((R)-(—)-3-hydroxy-4-(tri-
methylammonio)butyrate) shuttle to enter (Longo et al. 2016). Unlike short- and
medium-chain fatty acids that are activated to their CoA form in the mitochondria,
LCFAs are activated to their CoA derivative in the cytoplasm. Once activated,
LCFAs are transferred to carnitine by carnitine palmitoyltransferase 1 (CPT-1),
which is associated with the outer membrane of mitochondria, forming an acyl-
carnitine and a free coenzyme A (Nakamura et al. 2014). The acyl-carnitine is
transported into the mitochondrion by carnitine-acylcarnitine translocase in
exchange for a free carnitine. Finally, carnitine palmitoyltransferase 2 (CPT-2), on
the inner mitochondrial membrane, transfers the acyl group to a coenzyme A in the
mitochondrial matrix, liberating carnitine to be transported back out to the cytosol
(Montgomery et al. 2013). Regeneration of carnitine by CPT-1 appears to be the key
rate-limiting and regulatory step of f-oxidation of LCFA (Nada et al. 1995). The
difference in the uptake of fatty acids of various lengths may explain, at least in part,
the metabolic advantages seen with medium-chain fatty acids in comparison to
LCFA, specifically an increase in mitochondrial oxidative capacity, increased mito-
chondrial respiration, and a decrease in reactive oxygen species production (Mont-
gomery et al. 2013).

The trans-2-enoyl-CoA produced within the mitochondria is further metabolized
by three highly conserved reactions (enoyl-CoA hydratase, 3-hydroxyacyl-CoA
dehydrogenase, and ketothiolase) to yield an acetyl CoA and a shortened acyl-
CoA that reenters the next f-oxidation cycle (Hiltunen et al. 2003; Fujita et al.
2007). Prokaryotic microbes appear unanimous in their use of acyl-CoA dehydro-
genases to initiate f-oxidation, which can allow for anaerobic growth on fatty acids
as a sole carbon source as long as an alternative terminal electron acceptor is present
(Campbell et al. 2003). Of course, an exception to this has been reported in
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Arthrobacter nicotianae, from which a short-chain acyl-CoA oxidase enzyme has
been purified and characterized; its biological role remains to be elucidated (Sztajer
et al. 1993). Noticeably absent from the microbial “p-oxidizers” are the
cyanobacteria studied to date (von Berlepsch et al. 2012), but given that they
represent only a fraction of a percent of the estimated number of cyanobacterial
species, an exception to this observation seems plausible.

Given their central role in metabolism, one might expect that spills of vegetable
oils would disappear quickly from the environment. Alas, this is not always true, and
polymerization can lead to long-lasting contamination (Mudge 1997) unless spill
response is prompt and thorough (Bucas and Saliot 2002).

3 Types of Fatty Acids
3.1 Saturated Fatty Acids

Fully saturated fatty acids (Table 2) are important components of most phospho-
lipids and storage lipids. In light of the synthesis by the sequential addition of
two-carbon units, it is no surprise that the vast majority of fatty acids with more
than ten carbons have an even number of carbon atoms, and in general it is these
that have common names (Table 2). Short-chain fatty acids are moderately toxic to
microbes (Royce et al. 2013), and the larvae of some insects, such as the corn
earworm (Heliothis zea) and fall armyworm (Spodoptera frugiperda), excrete
caprylic acid to inhibit the germination of conidia of the ascomycete Beauveria
bassiana (Smith and Grula 1982). Pelargonic acid is sold as a broad-spectrum
herbicide (Dayan et al. 2009), and the alkyl esters of C8 to C12 fatty acids, along
with C8 to C10 fatty alcohols, are used as selective pruning agents for fruit trees
(Cathey et al. 1966). Long-chain fatty acids, such as palmitate (C16), inhibit
methanogenesis (Silva et al. 2016).

Hydrocarbon-degrading bacteria readily assimilate longer alkanes to fatty acids
and use them for both membrane and storage lipids (Davis 1964; Makula and
Finnerty 1968). In general, these fatty acids have the same carbon length as the
alkanes, but additional minor compounds can be detected in consortia degrading
crude oil (Aries et al. 2001).

Eukaryotic cells, including yeasts, use palmitate and myristate in directing pro-
teins to and from membranes and organelles by attaching (and removing) these fatty
acids to cysteine or glycine residues (Linder and Deschenes 2007). Myristoyl-
transferase may be an important chemotherapeutic target in trypanosomes (Herrera
et al. 2016).

3.2 Monoenoic Fatty Acids

There are two isomeric forms for each unsaturated bond in a fatty acid, the cis
(Z) and trans (E) form. Most biological unsaturated fatty acids are the cis form, but
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Table 2 Etymologies of saturated fatty acids

Carbon number Common name Etymology
C1 Formic L. formicum, ants
C2 Acetic L. acetum, vinegar
C3 Propionic Gr. pro pion, initial fat
C4 Butyric L. butyrum, (rancid) butter
C5 Valeric L. Valeriana, valerian
C6 Caproic L. caper, goat
(oy) Enanthic Gr. oenos, wine
C8 Caprylic L. caper, goat
Cc9 Pelargonic L. Pelargonium, geranium
Cl10 Capric L. caper, goat
C12 Lauric L. Laurus, laurel
Cl4 Myristic L. Myristica, nutmeg
Cl6 Palmitic Fr. palmitique, palm
CI18 Stearic Gr. stear, tallow
C20 Arachidic L. arachis, peanut
C22 Behenic Ar. Ben-oil tree, Moringa oleifera
C24 Carnaubic, lignoceric P. carnauba, wax
L. ligno, wood, ceram wax
C26 Cerotic Gr. keros, wax
C28 Montanic L. montanus, mountain, extracted from lignite
C30 Melissic Gr. melissa, bee
C32 Lacceric Hi. Lakh, resin from scale insects
C33 Psyllic L. Psylla, wax-secreting plant louse
C34 Geddic T. Gedda, beeswax (Apis dorsata)

Purists would insist that propionic acid is the smallest molecule with true fatty acid properties
Ar. Arabic, Fr. French, Gr. Greek, Hi. Hindi, L. Latin, P. Portuguese, 7. Telugu

trans-fatty acids are well known. For example, milk contains vaccenic acid (trans
18:1, 7) and a range of conjugated linoleic (C18:2) acids (a few percent of total
fatty acids (Nudda et al. 2005), and these seem to have beneficial effects on human
health (Banni et al. 2001; Da Silva et al. 2015). Bacteria have long been known to
contain frans-fatty acids in their membrane phospholipids (Keweloh and Heipieper
1996; Heipieper et al. 2003), increasing the amount of the #rans form in response to
solvents (Junker and Ramos 1999).

The commonest cis-monoenoic fatty acids are the 09 series, exemplified by
oleic acid, and fatty acids with similar unsaturation often have oleic appended as a
modifier to the saturated molecule’s name (e.g., caproleic, palmitoleic, gadoleic,
etc.; see Table 3). Here, it is worth noting that there are two alternative and
potentially confusing nomenclatures for describing the position of the
unsaturation: either n or V, counting from the acid moiety, or ®, counting from
the other end, although some sources use n in place of w. Table 3 uses the ®
notation.
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Table 3 Etymologies of some monoenoic fatty acids

E. R. Moellering et al.

Carbon Position of
number unsaturation Common name Etymology
C10 cis 10:1, o1 Caproleic L. caper, goat
cis 10:1, w6 Obtusilic L. Lindera obtusiloba (Japanese spice
bush)
Cl12 cis 12:1, o3 Lauroleic L. Laurus, laurel
cis 12:1, o7 Denticetic L. denti, teeth, cetus, whale — toothed
whale
cis 12:1, ®8 Linderic L. Lindera obtusiloba (Japanese spice
bush)
Cl4 cis 14:1, ®5 Myristoleic L. Myristica, nutmeg
cis 14:1, ®9 Physeteric L. Physeter. Sperm whale
Cl6 cis 16:1, o7 Palmitoleic Fr. palmitique, palm
trans16:1, ®7 Palmitelaidic Fr. palmitique, palm
Cl18 cis 18:1, o7 Asclepic L. Asclepia, milkweed
trans 18:1, ®7 Vaccenic L. vacca, cow
cis 18:1, ®9 Oleic L. olea, olive
trans 18:1, ®9 Elaidic Gr. elaia, olive
cis 18:1, ®12 Petroselinic L. Petroselinum, parsley
trans 18:1, ®12 | Petroselaidic L. Petroselinum, parsley
C20 cis 20:1, o7 Paullinic L. Paullinia, guarana
cis 20:1, ®9 Gondoic J. gondou, pilot whale
cis 20:1, w11 Gadoleic L. Gadus, cod
C22 cis 22:1, ®9 Erucic L. Eruca, kale
C24 cis 24:1, @9 Nervonic aka From cerebroside “nervone,” aka from
selacholeic Gr. selachos, shark
C26 C26:1, ®9 Ximenic L. Ximenia americana, tallow wood

Fr. French, Gr. Greek, J. Japanese, L. Latin

Unsaturated fatty acids have significantly lower melting points than their satu-
rated cousins, for example, the saturated C18 stearic acid has a melting point of
70 °C, while C18:1 oleic acid has a melting point of 14 °C (Knothe and Dunn 2009) —
this was the motivation for converting liquid vegetable oils to margarines by partial
hydrogenation (Chrysan 2005), albeit in the process producing significant amounts of
trans-fatty acids (Alonso et al. 2000). There has been significant concern over the
health effects of these “unnatural” trans isomers, although perhaps overstated
(de Souza et al. 2015; Kleber et al. 2015). The stereochemistry of the unsaturation
also affects the melting point — oleic acid (cis 18:1, ®9) has a melting point of 14 °C,
while elaidic acid (trans C18:1, ®9) has a melting point of 45 °C (Knothe and Dunn
2009).

Microbes seem to take advantage of these phenomena to tailor their fatty acid
composition to their growth temperature; Clostridia (Chan et al. 1971), Candida
(McMurrough and Rose 1973), Navicula (Teoh et al. 2004), and a variety of
facultative psychrophiles (Rossi et al. 2009) have been shown to increase the amount
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of unsaturation of their fatty acids at lower temperatures. Mink (Mustela vison) seem
to increase the levels of unsaturated fatty acids in their extremities to live at cold
temperatures (Mustonen et al. 2007), but apocryphal stories that polar bear (Ursa
maritimus) paws exhibit the same phenomenon may not be correct (Pond et al.
1992). On the other hand, Vibrio (Morita et al. 1993) and Colwellia (Hashimoto et al.
2015) seem to isomerize cis- to trans-fatty acids as the growth temperature increases.

3.3 Polyenoic Fatty Acids

Polyunsaturated fatty acids played a significant role in the fine arts of the fifteenth
century when it was discovered that linseed oil (Linum usitatissimum) was a “drying
0il” (Lazzari and Chiantore 1999) that polymerized to a dry varnish on exposure to
light and air. Boiling the oil initiates polymerization, and “thickens” it, so that drying
after application is speeded, and metal catalysts can serve the same function. Mixing
pigments into the boiled oil allowed the development of oil painting. The storage
triglycerides of some cultivars of linseed (flax) contain more than 65% linolenic acid
in their seed oil (all cis-C18:3; Green 1986), and it is these three unsaturated bonds
that make this molecule such an effective substrate for oxidative polymerization,
including the protection of cricket and baseball bats. Tung oil (Vernicia fordii) is
another drying oil, in this case containing triglycerides of eleostearic acids (cis, trans,
trans (80%) and all-trans C18:3; Dyer et al. 2002).

Of course there are many potential isomers for the polyenoic acids; Table 4 lists
some of the more common C18 isomers, and many others surely exist. Two are
classified as essential for the human diet (linoleic (@6) and a-linolenic acids (®3);
Burr et al. 1932), although it is becoming evident that several of their desaturation/
elongation products are more influential in human health (e.g., all-cis-5,8,11,14-
eicosatetraenoic (arachidonic acid), all-cis-4,7,10,13,16,19-docosahexaenoic acid
(DHA), and all-cis-5,8,11,14,17-eicosapentaenoic acid (EPA); Ruxton et al. 2004).
These lipids are incorporated into cellular structures and also form the foundation for
a variety of signaling cascades in mammalian cells (Ryan et al. 2014) and as such are
involved in many aspects of health and disease. Supplementing humans with ®3
fatty acids decreases inflammatory gene expression from neutrophils (Weaver et al.
2009), whereas increased w6 consumption is associated with increased inflammation
(de Batlle et al. 2012). Furthermore, low levels of serum w3 lipids (especially DHA
and EPA) are associated with more severe strokes and poorer outcomes (Song et al.
2015), while an increased total ®3:w6 ratio was associated with decreased squamous
cell carcinoma (Wallingford et al. 2013). This information is interesting in light of
nutritional recommendations and food availability. Over the course of the twentieth
century the amount of linoleic acid available in the diet increased significantly, from
~3% of available energy to >7%, largely due to the introduction of linoleic-rich
vegetable oils such as soybean and corn oil (Blasbalg et al. 2011). The low-fat trend
that swept the field of nutrition in the 1980s also encouraged increased polyunsat-
urated consumption at the expense of saturated fat (Berge 2008), but while this led to
an increased availability of @6, there has not been a concordant rise in w3 availability
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Table 4 Some octadecenoic fatty acids

Stereochemistry Trivial name Etymology

cis, cis-5,11-octadecadienoic w7 Ephedric L. Ephedra, a gymnosperm

cis, cis-6,11-octadecadienoic 7 Cilienic L. cilium, eyelash, from
Tetrahymena a ciliate

cis, cis-9,12-octadecadienoic w6 Linoleic Gr. linon — flax

trans, trans,cis-5,9,12- Columbinic En. Columbine, Aquilegia

octadecatrienoic ®6

cis, cis,trans-8,10,12-octadecatrienoic | a-Calendic L. Calendula, marigold

6

All-cis-8,10,12-octadecatrienoic ®6 B-Calendic L. Calendula, marigold

trans, cis, trans-8,10,12- Jacaric L. Jacaranda

octadecatrienoic ®6

trans,cis, trans-9,11,13- Punicic L. Punica, pomegranate

octadecatrienoic ®5

cis, trans, trans-9,11,13- a-cleostearic Gr. eleo, oily, Gr. stear, tallow

octadecatrienoic 5

All-trans-9,11,13-octadecatrienoic ®5 | p-eleostearic Gr. eleo, oily, Gr. stear, tallow

trans,trans,cis-9,11,13- Catalpic L. Catalpa

octadecatrienoic ®5

All-cis-5,9,12-octadecatrienoic ®6 Pinolenic L. Pinus

All-cis-6,9,12-octadecatrienoic 06 y-Linolenic Gr. linon — flax

All-cis-9,12,15-octadecatrienoic ®3 a-Linolenic Gr. linon — flax

All-trans-9,12,15-octadecatrienoic a-Linolenelaidic | Gr. linon — flax

®3

cis, cis, cis, trans-8,10,12,14- Ixoric L. Ixora a shrub

octadecatetraenoic w4
En. English, Gr. Greek, L. Latin

(Blasbalg et al. 2011). While vegetable oils have been major contributors to
increased dietary w6 fats, changes in agriculture and aquaculture have also altered
dietary availability of polyunsaturated fats. Animals raised on grass have more
®3-fats and a higher ®3:w6 ratio than feed-lot raised animals (Daley et al. 2010;
McDaniel et al. 2013), and farm-raised Atlantic salmon have a ®w3:06 ratio of
3.6 £ 1.8, while wild salmon’s ratio is 11 £ 2.7 (Blanchet et al. 2005). Interest-
ingly, the ratio in farmed rainbow trout and wild rainbow were not significantly
different at around 4.6 (Blanchet et al. 2005). Dairy products from cows fed grass
have substantially more »3 fats than those from their grain-fed compatriots (Benoit
et al. 2014). There are many ways in which dietary lipids might affect health, and
historically research has focused on changes in inflammation, cholesterol, and lipid
membranes (Simopoulos 2008), but there is growing interest in the influence of
dietary lipids on the microbiome (Conlon and Bird 2015). Mice fed dairy products
from pasture-fed cows not only had a decrease in inflammatory markers in adipocyte
cells, they also had an increase in paneth and goblet cells in the gut, which are known
to be protective and to participate in microbiota homeostasis (Benoit et al. 2014).
Another study showed that feeding mice a diet rich in w6 fats caused intestinal
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dysbiosis (Ghosh et al. 2013). In a mouse model of alcoholic liver disease, animals
fed a diet rich in saturated fat with alcohol were protected against endotoxemia and
liver steatosis in comparison to animals fed w6-rich corn oil and alcohol. In these
animals there were also significant alterations in gut microbiota with a reduction in
Bacteroidetes and increased Proteobacteria and Actinobacteria (Kirpich et al. 2016).
This is obviously a complex picture, made more complex by the feedback from the
microbiome, where metabolites produced by the microbiome, especially short-chain
fatty acids, likely contribute to the health of the host (Kirpich et al. 2016).

As noted above, polyunsaturated fatty acids form the foundation for a variety of
signaling cascades in mammalian cells (Ryan et al. 2014), and linolenic acid is the
start of the jasmonate pathway in plants (Pérez and Goossens 2013) and algae (Jusoh
et al. 2015).

Polyunsaturation also affects physical properties. A second unsaturation lowers
the melting point of fatty acids below that of the monoenes, such that C18:2 linoleic
acid has a melting point of —7 °C (Knothe and Dunn 2009) and polyenoic acids
usually have even lower melting points.

4 Research Needs

This volume contains an up-to-date overview of many aspects of the biogenesis of
fatty acids, lipids, and membranes. This is an exciting time for such studies because
new analytical and genomic techniques are revolutionizing the field.
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Abstract

Bacterial species, which are able to fix CO, + H, as only carbon and energy
source to acetyl-CoA and further to acetate, are called acetogens. The pathway
acetogenic bacteria possess is the linear, two-branched reductive acetyl-CoA
pathway (Wood-Ljungdahl pathway), which they not only use to fix CO, + H,
and/or CO to acetyl-CoA and further to acetate but also for redox balancing when
growing on other carbon substrates. Reduction of CO, to acetate does not leave
acetogens with any additional energy in form of ATP for their anabolism. In order
to overcome these energetic constraints, acetogens possess additional membrane
complexes which couple the electron transfer from reduced ferredoxin to H' or
NAD" to a proton or sodium ion gradient across the membrane, which in turn can
be used by a proton- or sodium ion-dependent ATP synthase for energy conser-
vation. Since acetogens are able to live autotrophically by using H, + CO,, they
are considered to be valuable tools for the fixation of greenhouse gases. Genetic
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modifications together with fermentative studies have converted these living
artists to strong work horses for production of biofuels and synthetic compounds
that help to prevent further global warming and the exploitation of our planet’s
fossil fuels.

1 Introduction

When life on earth started to evolve about 4.1 billion years ago in the Hadean period
(Bell et al. 2015), the conversion of CO, to more complex organic carbon happened for
the first time in an ancestral living cell. At this early time of our planet’s history, the most
abundant carbon source was CO, within in an atmospheric temperature of around 55°C
up to 80°C (Sojo et al. 2016; Basen and Miiller 2016). Today hydrothermal alkaline
deep sea vents are a habitat for microorganisms with similar conditions as there were
when the first life forms on our planet developed, which means a strong alkaline
environment (pH 9-11), venting fluids with temperature gradients between 40°C and
90°C and high concentrations of dissolved H, and CH, but not much dissolved CO,
(Martin et al. 2008). Authors of a recent review paper suggested that the last universal
common ancestor (LUCA) was likely able to fix CO, to a methyl group by a simple
pathway (Sojo et al. 2016). Confirming this, an experimental study compared phylog-
enies of 6.1 million protein-coding genes from sequenced prokaryotic genomes and
showed that LUCA was likely to be a thermophilic, anaerobic organism, which fixed
CO, and N, for biomass production. Interestingly, the reductive acetyl-CoA pathway,
also named Wood-Ljungdahl pathway (WLP) for CO, fixation, seems to be the first
pathway used for production of biomass (Poehlein et al. 2012). In the case of LUCA, the
WLP used H,, released by geological serpentinization, as an electron donor to firstly
reduce ferredoxin (Fd), which is used to reduce CO, to CO and to a methyl group,
respectively. Together with CO, a methyl group and CoA are combined to acetyl-CoA
which is used as a precursor for carbon metabolism and biomass production. Concom-
itant to CO, reduction, experimental data predict a proton or sodium-ion motive force
across a porous membrane or H'/Na" antiporters within a primitive cell wall, supplying
the cell with energy for ATP synthesis important for energy-requiring processes (Sojo
etal. 2016; Weiss et al. 2016). The LUCA is proposed to be the common ancestor of the
taxonomic domains of Archaea and Bacteria out of which methanogenic archaea and
acetogenic clostridia are likely the first descendants (Weiss et al. 2016). After splitting
off from LUCA, archaca modified the ancestral WLP to produce acetyl-CoA and
methane and acetogenic bacteria modified the CO, fixation pathway to synthesize
acetyl-CoA and from there acetate and biomass (Martin and Sousa 2016).

Bacteria must exhibit some strict characteristics for them to be categorized as
acetogens: Bacteria, which are able to produce biomass from fixing two molecules of
CO, via the WLP to acetyl-CoA and further to acetate and additionally couple
this pathway to energy conservation, are called acetogens (Drake et al. 2008;
Schuchmann and Miiller 2016). Acetyl-CoA is also used as a precursor for anabo-
lism, and depending on the bacterial species, also additional by-products can be
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synthesized from acetyl-CoA or acetate (Poehlein et al. 2012; Schuchmann and
Miiller 2014). Acetogenic bacteria can also feed on other carbon sources, such as
sugars and alcohols, and therefore use the WLP to reoxidize or oxidize electron
carriers to maintain a stable redox balance (Schuchmann and Miiller 2016).

It is important to clarify that not all bacteria which produce acetate are acetogenic
bacteria. For example, belonging to the genus Clostridia, there are species, which
harbor the WLP for energy conservation and hence produce acetate from two mole-
cules of CO,, such as Clostridium autoethanogenum and Clostridium ljungdahlii
(Abrini et al. 1994; Tanner et al. 1993). However, the same genus also harbors species
such as Clostridium acetobutylicum which produces acetate together with ethanol and
butanol from fermentation of glucose (Jones and Woods 1986) and is not considered to
be an acetogen. This example of acetogenic and non-acetogenic species within a genus
gives a hint toward the difficulty of classifying acetogens using simple methods such
as 16S rRNA analysis. Other genera, for instance, Eubacterium and Thermo-
anaerobacter, also harbor species that are either acetogenic or non-acetogenic. Until
now, solely bacteria belonging to the genera Sporumosa, Moorella, and
Acetobacterium have been found to only be acetogens (Drake et al. 2008; Groher
and Weuster-Botz 2016). In some cases, bacteria were not classified directly as
acetogens, while they were isolated but found to exhibit all characteristics to be an
acetogen in later studies. For example, Clostridium coccoides, isolated from the mouse
gut flora in 1976 (Kaneuchi et al. 1976), was identified as acetogenic bacterium about
20 years later when the strain was isolated from a human intestine (Kamlage et al.
1997). In total, acetogens have been found in 23 genera so far (Drake et al. 2008).

Until recently, only bacteria were known to use the WLP for the production of
acetate from acetyl-CoA. Recent findings gave evidence for the existence of archaea
harboring genes for acetate production. Genes of Bathyarchaeota collected from
marine sediments were found to encode for enzymes such as a phosphotransa-
cetylase and an acetate kinase and confirmed the latter as a functional enzyme.
Together with those genes, genes for the WLP of methanogenic archaea were
sequenced such as the methenyltetrahydromethanopterin cyclohydrolase and the
5,10-methylenetetrahydromethanopterin reductase. These findings reveal that evo-
lution of archaea and bacteria is slightly more complex than developing from LUCA
either into a methanogen or an acetogen (He et al. 2016).

This chapter summarizes the current knowledge about the pathway of CO,
fixation in acetogenic bacteria and energy conservation. Examples of different
species will further illustrate enzymatic modifications to highlight the complexity
of the WLP and energy-conserving mechanisms and how those bacteria are advan-
tageous for the production of chemicals and biofuel commodities.

2 The Wood-Ljungdahl Pathway of CO, Fixation

The WLP (reductive acetyl-CoA pathway) is used for the autotrophic metabolism in
some sulfate-reducing bacteria, in methanogenic archaea and in acetogenic bacteria
(Fuchs 1986). The first acetogenic bacterium discovered was Clostridium aceticum,
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which has been isolated in 1936 by Klaas T. Wieringa (Wieringa 1936, 1939).
However, the culture had been lost until 1979, when a spore stock of C. aceticum
was found at UC Berkeley by Gerhardt Gottschalk during his sabbatical at the
laboratory of Horace A. Barker (Braun et al. 1981). Moorella thermoacetica (for-
merly known as Clostridium thermoaceticum) was firstly described by Francis
E. Fontaine in 1942, who isolated this obligate thermophilic bacterium from horse
manure and showed that it produces acetate from various types of sugars, such as
glucose, fructose, and xylose (Fontaine et al. 1942). Starting from there, Lars
G. Ljungdahl and Harland G. Wood carried out investigations in M. thermoacetica
toward the identification of the pathway in which CO, is fixed into acetate (Wood
1952). Much of the work L. Ljungdahl performed was to elucidate the methyl branch
of the WLP, and H. Wood successfully identified the enzymatic complexity of the
carbonyl branch. Details of the stepwise identification of the WLP can be found in
various journal and review articles (Li et al. 1966; Ljungdahl and Wood 1969; Wood
et al. 1986; Ragsdale 2008; Drake et al. 2008). In honor of the achievement of those
two outstanding researchers, the reductive acetyl-CoA pathway is also referred to as
Wood-Ljungdahl pathway. Other well-studied acetogens are, for example,
Acetobacterium woodii and Clostridium autoethanogenum and will be, together
with M. thermoacetica, the ones this book chapter is mainly referring to.

In contrast to other metabolic pathways, the WLP is a reductive and linear
process, in which two molecules of CO, are converted to two molecules of H,O
and to one molecule of acetyl-CoA, which is further converted to acetate (Fig. 1). In
this pathway, eight reducing equivalents [H] are needed for the reduction of two
molecules of CO, and further intermediates to acetate (Reaction 1).

2CO; + 8[H] — acetate + 2H,0 (1)

The enzymes of the WLP are encoded in three gene clusters. For example, in the
acetogenic bacterium A. woodii, genes for the formate hydrogenase are arranged in
cluster I (Awo_c08190—Awo c08260); genes for the formyl-THF synthetase,
methenyl-THF cyclohydrolase, methylene-THF dehydrogenase, and methylene-
THF reductase are found in gene cluster II (Awo_c09260-Awo_c09310); and
genes encoding for a functional CODH/ACS are arranged in cluster III
(Awo_c10670-Awo_c10760) (Poehlein et al. 2012).

For production of acetyl-CoA, each molecule of CO, is reduced with different
enzymes which “divides” the WLP into two “branches”: One molecule is reduced to
CO by a carbon monoxide dehydrogenase (CODH) at the expense of two reducing
equivalents in the carbonyl branch, and in the other, the methyl branch, the other CO,
molecule is reduced to formate by a formate dehydrogenase or hydrogen-dependent
CO; reductase (HDCR). This reaction also needs two reducing equivalents. At the
expense of one adenosine triphosphate (ATP), formate is coupled to tetrahydrofolate
(THF), which is an important cofactor for transfer of single carbon groups. This
generates formyl-THF, which is then cyclized into methenyl-THF by a formyl-THF
cyclohydrolase. Two other reducing equivalents are needed to generate methylene-
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Fig. 1 General steps of the Wood-Ljungdahl pathway in acetogenic bacteria. One molecule of
CO, is reduced via formate to a THF-bound methyl group. The methyl group is further transferred
via a corrinoid iron-sulfur protein (Co-FeS-P) to the CO dehydrogenase/acetyl-CoA synthase. This
enzyme complex oxidizes CO, to CO and then assembles acetyl-CoA by joining the methyl group
together with CO and CoA. In the further enzymatic steps acetyl-CoA will be converted to acetate.
[H] reducing equivalent, THF tetrahydrofolate
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THEF, and additional two electrons and protons are used for the production of methyl-
THF using a methylene-THF-dehydrogenase in the first and a methylene-THF-
reductase in the second step. With the help of a methyltransferase, the methyl
group of methyl-THF is transferred from THF to a corrinoid iron-sulfur protein
(Co-FeS-P), which in turn transfers the methyl group to the CODH-bound
CO. Finally, the acetyl-CoA synthase (ACS) connects these two molecules and
CoA for synthesis of acetyl-CoA. It is important to note that the CODH and the
ACS form a complex for the simultaneous conversion of CO, via CO to acetyl-CoA.
In total, acetogenic bacteria will have used one ATP during synthesis of formyl-THF
but will also gain one ATP during synthesis of acetate from acetyl-CoA by substrate
level phosphorylation (SLP). For this, acetyl-CoA is converted to acetyl-phosphate
by a phosphotransacetylase, which recycles CoA for synthesis of the next molecule
of acetyl-CoA in the WLP. After that, an acetate kinase transfers the phosphate to
adenosine diphosphate (ADP) to synthesize ATP via SLP and to simultaneously
produce acetate. In summary, one ATP is used during synthesis of formyl-THF, and
one ATP is gained by the acetate kinase resulting in a net use/gain equation of zero
molecules of ATP (Miiller 2003; Schuchmann and Miiller 2014).

For synthesis of biomass, it is assumed that acetogenic bacteria possess a
pyruvate:ferredoxin oxidoreductase. This enzyme links the WLP to anabolism by
the carboxylation of acetyl-CoA to pyruvate. For M. thermoacetica, it was shown
that the PFOR can convert acetyl-CoA together with CO, to pyruvate and CoA at the
expense of reducing equivalents, which probably are provided by Fd*~ (Furdui and
Ragsdale 2000). It is important to note that the reverse reaction from pyruvate to
acetyl-CoA and from there to the WLP can be used by acetogens to recycle their
reducing equivalents which have been generated by heterotrophic growth (Ragsdale
2003).

3 Energy Conservation in Acetogenic Bacteria
3.1 Electron Transfer Within the WLP

As mentioned above, reducing equivalents are necessary for the electron and proton
transfer during several redox steps of the WLP. Where do these reduced molecules
come from? Atmospheric H, can either be used directly or by using electron carriers
that have acquired their electrons by transfer from H, via a hydrogenase. In some
acetogens such as 4. woodii, this hydrogenase was found to be electron bifurcating
(Schuchmann and Miiller 2012). That means this enzyme can couple an exergonic
transfer of electrons to a simultaneous endergonic electron transfer, usually by using
flavins as cofactors. In case of the hydrogenase of A. woodii and M. thermoacetica,
the exergonic electron transfer from H, ([HyH']:E, = —414 mV) to NAD"
(INAD"/NADH]:E,' = —320 mV) is driving the endergonic transfer of electrons
from H, to ferredoxin (Fd; ([Fd/Fd* J:Eo' = ~ —450 mV) (Schuchmann and Miiller
2014). Another important bifurcating enzyme found in some acetogens is the
NADH-dependent reduced ferredoxin:NADPH oxidoreductase (Nfn), which links
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the bifurcating electron transfer from two molecules of NADPH to the simultaneous
reduction of NAD" and Fd in, for example, C. autoethanogenum. This enzyme is
also found in M. thermoacetica, but here the reverse reaction is needed, which
concomitantly transfers electrons from Fd®>~ and NADH to reduce two molecules
of NADP" (Huang et al. 2012; Mock et al. 2015). However, 4. woodii probably lacks
Nfn, since a BLASTx search using nfidB of C. autoethanogenum and
M. thermoacetica could not identify a homologue of the Nfn protein (https://blast.
ncbi.nlm.nih.gov/Blast.cgi, unpublished data). It is likely that 4. woodii does not
harbor an Nfn homologue since this bacterium only uses NAD and not NADP as
reducing equivalent in the WLP.

For reduction of CO, to CO, a strong reducing equivalent is required since the
standard redox potential Ey' of CO,/CO is as low as —520 mV. Therefore, the CODH
was found to use Fd®~ which is the strongest available reducing equivalent for the
WLP (Schuchmann and Miiller 2014).

A. woodii harbors a hydrogen-dependent carbon dioxide reductase (HDCR) that
can directly use electrons and protons from H, to reduce CO, to formate
(Schuchmann and Miiller 2013), whereas C. autoethanogenum possesses a formate
hydrogen lyase, a complex of formate dehydrogenase and a bifurcating hydrogenase
to couple the reduction of Fd and NADP'([NADP'/NADPH]:E,' = —320 mV) and
the conversion of CO, to formic acid (Mock et al. 2015). In case of
M. thermoacetica, electrons needed for the reduction of CO, to formate are provided
by NADPH (Huang et al. 2012).

Other enzymes of the WLP, such as the methylene-THF dehydrogenase and the
methylene-THF reductase, also require reducing equivalents for the reduction of
methenyl-THF to methylene-THF and further to methyl-THF. 4. woodii uses NADH
for both reactions (Bertsch et al. 2015; Schuchmann and Miiller 2014), whereas
C. autoethanogenum and M. thermoacetica were both shown to use electrons
provided by NADPH for the reduction of methenyl-THF and NADH only for the
reduction of methylene-THF (Mock et al. 2015; O’ Brien et al. 1973). The
methylene-THF reductase consists of several subunits which vary between the
described species. In A. woodii, the methylene-THF reductase was shown to consist
of three subunits: MetF, which contains a flavin and is the potential electron donor
for reduction of methylene-THF; MetV, a smaller subunit which is potentially
involved in electron transfer; and RnfC2 which contains a flavin and iron-sulfur
clusters and might be the entry site of electrons provided by NADH. However, this
enzyme is apparently not bifurcating as reduction of ferredoxin or stimulation of the
reaction by ferredoxin was not observed (Bertsch et al. 2015). In contrast, the
methylene-THF reductase of M. thermoacetica has been described as an hexa-
heteromeric complex since MetF and MetV were found to be attached to HdrABC
and MvhD. Homologues of HdrABC and MvhD were shown to be bifurcating
enzymes for the reduction of heterodisulfides and Fd with H, or formate in
methanogenic archaea (Mock et al. 2014). The genome of C. autoethanogenum
predicts no flavoprotein or other NADH-oxidizing protein neighboring the metF and
metV genes and, like in M. thermoacetica, may build a complex with other enzymes
that contain a flavoprotein domain as shown for M. thermoacetica (Mock et al.
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2015). Taken together, it may well be that the methylene-THF reductase in each
C. autoethanogenum and M. thermoacetica is a bifurcating enzyme that couples the
oxidation of 2 moles of NADH with the simultaneous reduction of methylene-THF
and another still unknown electron acceptor (Mock et al. 2014, 2015).

3.2 Energy Conservation in Form of ATP

In the WLP, there is no net ATP synthesis by SLP. Thus, to overcome these energetic
constrains, acetogens developed different strategies for the improvement of their
ATP gain.

In addition to SLP, ATP can be also synthesized via ion-gradient driven phos-
phorylation. For acetogens, F,F,-ATP synthases have been shown to use H' or Na"
gradients as driving force for ADP phosphorylation (Das and Ljungdahl 1997; Miiller
et al. 2001). So far two complexes are known that couple the energy released by
exergonic electron transfer to build up a chemiosmotic ion gradient. Those complexes
are either the Ech complex (energy-conserving hydrogenase) for export of H" and
most likely also Na* which is driven by the transfer of electrons to Fd* onto either H"
or Na" depending on the species (Hess et al. 2014) or the Rnf complex (Rhodobacter
nitrogen fixation), which couples the electron transfer from Fd*~ onto NAD" to the
export of H or Na' (Biegel and Miiller 2010; Schlegel et al. 2012; Hess et al. 2016).

M. thermoacetica harbors an Ech complex which consists of several subunits
encoded in the gene cluster Moth 2184-2192 out of which Moth 2185 likely being
the Fd*~-oxidizing unit (EchF) and Moth_2186 the H'-reducing unit (EchE) since
they are homologous to EchE and EchF of the Ech complex described in
Methanosarcina barkeri (Hedderich and Forzi 2005). In M. thermoacetica, the
Ech complex may be connected to the formate dehydrogenase which would affect
energy conservation (Moth 2193) (Huang et al. 2012; Mock et al. 2014). Taken
together, the proposed model of energy conservation for M. thermoacetica is as
follows: Assuming that the methylene-THF reductase of M. thermoacetica is
electron-bifurcating and uses Fd as electron acceptor, which is not experimentally
proven, the conversion of four molecules of H, plus two molecules of CO, to acetate
by the WLP leads to an excess of two molecules of Fd>~. The Ech complex uses
these two molecules of Fd*~ for the reduction of four molecules of H" and simul-
taneous export of H'. The exact amount of H' released per two molecules of Fd*~ is
still unknown. However, assuming that two molecules of H' are exported and that
around four molecules of H' are needed for the production of one molecule of ATP
by the ATP synthase, the total energy conserved would be 0.5 molecules of ATP
(Basen and Miiller 2016; Schuchmann and Miiller 2014).

Instead of an Ech complex, A. woodii and C. autoethanogenum each have been
shown to possess an Rnf complex linked to energy conservation. The Rnf in acetogens
was firstly described by Biegel et al. in 2009 who confirmed the existence of an rnf
operon in A woodii (Awo _c22060-Awo c22010) encoding for the
subunits RnfCDGAB (Biegel et al. 2009). Experiments using inverted membrane
vesicles of 4. woodii and inhibitor studies verified the presence of a membrane-bound
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enzyme conducting ferredoxin:NAD oxidoreductase (Fno) activity together with simul-
taneous electrogenic export of Na'* (Biegel and Miiller 2010). The Fno activity was
shown to be strictly dependent on Na', and the rate of Na" transfer was found to depend
on the NAD" concentration (Hess et al. 2013). The chemiosmotic gradient of Na* then
drives the Na'-dependent F,F, ATP synthase, which needs 3.3 Na' for synthesis of one
molecule of ATP (Matthies et al. 2014; Brandt and Miiller 2015). Taken together, when
reducing CO, to one molecule of acetate, 0.5 Fd?~ are left over to be used by the Rnf
complex for export of one molecule of Na* (Fig. 2). Since the ATP synthase of 4. woodii
was found to use 3.3 Na' for the production of one molecule of ATP, overall, 0.3
molecules of ATP are synthesized (Schuchmann and Miiller 2014).

The Rnf complex was shown to work in either direction for oxidization and
reduction of Fd and NAD (Hess et al. 2013), which is depending on the current
metabolic needs of the acetogens. The potential electron entry or exit units of this
complex harboring 4Fe-4S clusters are RnfB for the oxidation or reduction of Fd*~/
Fd and RnfC, which contains an NADH-binding motif for reduction or oxidation of
NAD'/NADH (Biegel et al. 2011). The subunits RnfD/A and E together are possibly
involved in translocation of Na', as comparative modelling studies of the Rnf
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Fig. 2 Model of acetogenesis from H, + CO, and ATP synthesis in Acetobacterium woodii. A
bifurcating hydrogenase drives the oxidization of three molecules of H, and links it with the
endergonic reaction of reducing 1.5 molecules of Fd by coupling it with the exergonic reaction of
reducing 1.5 molecules NAD". One molecule of Fd>~ is used for reduction of CO, to CO via the
carbon monoxide dehydrogenase. The other 0.5 molecules of Fd*~ are used by the Rnf complex for
the reduction of NAD", leading to the export of one molecule of Na* out of the cell. In the next step,
the ATP synthase uses the electrochemical Na" gradient to generate 0.3 molecules of ATP. THF
tetrahydrofolate, Co-FeS-P corrinoid iron-sulfur protein
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complex with the well-known NADH/quinone oxidoreductase proposed Na'-bind-
ing sites in these subunits (Biegel et al. 2011; Barquera 2014; Hreha et al. 2015).

In contrast to the Na'-transferring Rnf complex of A. woodii, the Rnf complex of
C. autoethanogenum, which is encoded in the rnf-operon (CAETHG 3227-
CAETHG _3232), was found to be independent of Na', so that the translocation of
H" is assumed to build up a chemiosmotic gradient for synthesis of ATP by the H'-
dependent ATP synthase (Mock et al. 2015). Evidence for H'-dependent Rnf
complex and ATP synthases have been described for its close relative
C. ljungdahlii (Tremblay et al. 2013; Kopke et al. 2010).

Although both, 4. woodii and C. autoethanogenum, use an Rnf complex for electron
transfer and transmembranous Na" or H import or export, the amount of ATP gained
varies for these two organisms. This is due to the fact that C. autoethanogenum
possesses an Nfn complex and that its methylene-THF reductase is potentially electron
bifurcating, which enhances the availability of Fd*~ for use by the Rnf complex.
Furthermore, the ATP synthase needs about four H" molecules to produce one molecule
of ATP (Schuchmann and Miiller 2014). Taking this in account, by converting four
molecules of H, and two molecules of CO, to acetate, C. autoethanogenum should have
1.75 molecules of Fd*>~ leftover which can be used by the Rnf complex to transfer
electrons from Fd*~ to NAD, leading to an export of 3.5 molecules of H". These H"
molecules are then used by the ATP synthase to produce ~0.9 molecules of ATP (Fig. 3)
(Mock et al. 2015).

4 CO Fixation for Production of Acetyl-CoA and Acetate

Acetogens can also use CO as substrate for autotrophic growth, according to
Reaction 2:

4 CO + 2 H,O — acetate + 2 CO, 2)

Using CO as carbon donor gives acetogens two advantages. First, acetogens do
not need to use the CODH to reduce CO, to the intermediate CO, which leaves them
with one remaining Fd>~. Second, the bifunctional CODH can oxidize the additional
three molecules of CO to CO,, which is needed for the methyl branch of the WLP,
resulting in the gain of three additional molecules of Fd®~. Taking 4. woodii as an
example, growing on CO would lead to an excess of 2.5 moles of Fd*~ (and 0.5 Fd*~
would be used by the hydrogenase) which can be used as electron donor for energy
conservation by the Rnf complex. Thus, electrons will be transferred to 2.5 molecules
of NAD", concomitantly exporting 5 Na” which will then be taken up by the ATP
synthase to enhance the ATP yield to a total amount of 1.5 molecules of ATP (Fig. 4).
The higher ATP gain means that not only acetate but also other by-products could be
synthesized from acetyl-CoA or acetate depending on the enzymes available in the
genome of the acetogens and their functionality.

Growth experiments with M. thermoacetica on CO showed that this acetogen can
grow up to the same cell density and produces up to 40% of the same level of acetate
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Fig. 3 Model of acetogenesis from H, + CO, and ATP synthesis in Clostridium auto-
ethanogenum. A bifurcating hydrogenase drives the oxidization of four molecules of H, and
links it with the endergonic reaction of reducing two molecules of Fd by coupling this with the
exergonic reaction of reducing two molecules NADP*. One molecule of Fd*~ is then used for
reduction of CO, to CO via the carbon monoxide dehydrogenase and 0.5 molecules of Fd*~
together with 0.5 molecules of NADPH are used for the reduction of CO, to formate. 0.5 molecules
of NADP" are used by the Nfn complex for the generation of 0.25 Fd®~ and 0.25. By using a
bifurcating methylene-THF reductase, the oxidization of two molecules of a reducing equivalent
(potentially NADH) drives the simultaneous reduction of methylene-THF with the reduction of an
electron acceptor. Assuming that one molecule of Fd is the electron acceptor, in total 1.75 molecules
of Fd*~ are generated which are used by the Rnf complex to reduce 1.75 NAD, leading to the
export of 3.5 molecules of H" out of the cell. In the next step, the ATP synthase can use the
electrochemical H' gradient to generate around 0.9 molecules of ATP. THF tetrahydrofolate,
Co-FeS-P corrinoid iron-sulfur protein

when compared to its growth on glucose (Daniel et al. 1990). C. autoethanogenum and
C. ljungdahlii are not only producing acetate but also ethanol when grown on only CO
or when fed with a CO/H,/CO, mixture (synthesis gas) (Abrini et al. 1994; Cotter et al.
2009). Furthermore, these two organisms were shown to be likely using an aldehyde:
ferredoxin oxidoreductase (AOR) which converts acetate to acetaldehyde that can be
further reduced to ethanol (Basen et al. 2014; Kopke et al. 2010; Mock et al. 2015). By
using this enzyme, organisms can employ the advantage of gaining an ATP from
synthesis of acetate compared to other organisms, which directly use acetyl-CoA as
substrate for synthesis of acetaldehyde (Bertsch and Miiller 2015a).

However, using CO is not that simple in case of A. woodii. This is because the
HDCR was shown to be highly inhibited by CO. Hence, this acetogen is not able to
grow on CO as the only carbon source or on a H,/CO,/CO mixture. A ratio of H,/
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Fig. 4 Model of acetogenesis from CO and ATP synthesis in Acetobacterium woodii. Three
molecules of CO, are generated by oxidizing three molecules of CO via the carbon monoxide
dehydrogenase (CODH), which simultaneously generates three molecules of Fd*~. The other
molecule of CO can be directly used by the acetyl-CoA synthase for production of acetyl-CoA.
2.5 molecules of Fd*~ are used by the Rnf complex for reduction of 2.5 molecules of NAD",
leading to an export of five molecules of Na* out of the cell, which are used by the ATP synthase to
produce 1.5 molecules of ATP. The other 0.5 molecules of Fd*~ together with 0.5 molecules of
NADH are used to confurcate electrons onto two molecules of H' for the generation of H, which is
needed for reduction of CO, to formate in the WLP. THF thetrahydrofolate, Co-FeS-P corrinoid
iron-sulfur protein

CO,/CO (64%/16%/>5%) impaired the consumption of H, causing a strong reduc-
tion in growth and acetate production, which could be antagonized with the use of
formate as second carbon donor instead of CO, (Bertsch and Miiller 2015b).
Therefore, it is very important to know the enzymatics of an organism very well
before employing it as production platform for biofuels or other chemical com-
pounds as discussed in Sect. 6.

5 CO, Fixation of Acetogens During Heterotrophic Growth

In addition to their ability to live autotrophically by fixing H, + CO, or CO,
acetogens can also grow heterotrophically, which gives them the advantage to live
from nourishing of various substrates. If acetogens would only grow on H, + CO,,
they would face a major energetic disadvantage since autotrophic growth is very
energy limiting. Therefore, it is important for these bacteria to be able to use various
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substrates in order to be competitive. Their main competitors are methanogens who
occupy the same environmental niche and also grow on H, + CO,. However, their
end product of the WLP is methane which enables methanogens to conserve more
energy and thus to grow faster (Amend and Shock 2001; Basen and Miiller 2016),
challenging acetogens to adapt or to die.

M. thermoacetica was shown to grow in addition to H, + CO, or CO on, for
example, formate, methanol, hexoses, pentoses, methoxylated benzoic acids, and
several two-carbon compounds. M. thermoacetica can also use thiosulphate, nitrate,
and nitrite as alternative electron acceptors instead of CO,. 4. woodii was shown to
grow, among others, on formate, methanol, ethanol, 1,2-propanediol, 2,3-butanediol,
ethylene glycol, acetoin, lactate, glycerate, sugars, betaine, and several methoxylated
aromatic acids. Less is known for C. autoethanogenum, but it was found to grow on
substrates including xylose, pyruvate, rhamnose, and glutamate (Abrini et al. 1994).

The ability to ferment sugars such as glucose stoichiometrically only to acetate as
shown for M. thermoacetica and A. woodii is called homoacetogenesis and results in
the highest ATP yield known for glucose-fermenting bacteria, which potentially is
4.5 moles of ATP for M. thermoacetica and 4.3 moles of ATP for A. woodii
(Reaction 3) (Schuchmann and Miiller 2016).

glucose — 3 acetate 3)

The conversion of glucose to acetate can be split into different steps. Taking
A. woodii as an example, one molecule of glucose is first processed via the Embden-
Meyerhof-Parnas pathway (EMP pathway, glycolysis) to two molecules of pyruvate.
This pathway results in a yield of four molecules of ATP and two molecules of
NADH (Thauer et al. 1977). After glycolysis, each molecule of pyruvate is
converted to one molecule of acetyl-CoA and one molecule of CO, via the PFOR.
This reaction concomitantly reduces one molecule of Fd, which needs to be
reoxidized in the WLP together with the two molecules NADH left over from the
EMP. Additionally, by using the WLP the two molecules of CO, will be further
converted to acetate. Taking the 0.5 molecules of Fd*~ and 0.5 molecules of NADH
for the hydrogenase to reduce two molecules of H' to one molecule of H, for the
methyl branch and one molecule of Fd*~ for the reduction of CO, to CO in the
carbonyl branch of the WLP leaves 0.5 molecules of Fd*~ for the electron transfer
onto NAD" by the Rnf complex. This leads to the release of one molecule of Na*
used by the ATP synthase to phosphorylate ADP to ATP, altogether resulting in a net
energy gain of 4.3 molecules of ATP by fermentation of one molecule of glucose
(Schuchmann and Miiller 2016).

However, when using other carbon sources, energy in form of ATP may be used
to reduce Fd by reverting the known pathways for energy conservation (ATP
synthase and Rnf complex) so that Fd*~ can serve as electron donor for reduction
of CO; to acetate within the WLP. An example of this reversion of energy transfer is
the lactate metabolism in A. woodii (Reaction 4).

2 lactate — 3 acetate “4)
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During conversion of two molecules of lactate to two molecules of pyruvate by
the electron-bifurcating lactate dehydrogenase (LDH), four molecules of NADH
will be reduced by electrons provided by lactate and two molecules of Fd®. Those
NADH molecules could then be used in the WLP to reduce the CO, which has
been produced by conversion of pyruvate to acetyl-CoA by the PFOR that leads to
the generation of two molecules of acetate and two molecules of ATP via SLP.
However, since Fd>~ has been used by the LDH, no freely available Fd>~ will be
left over to serve as a reducing equivalent. Hence, at least 0.9 molecules out of the
2.0 molecules of ATP synthesized are needed for the ATP synthase to export three
molecules of Na". Those will then be used by the Rnf complex to further reduce
1.5 molecules of NADH to 1.5 molecules of Fd*~. These 1.5 molecules of Fd*~
are needed to feed the hydrogenase (together with NADH) with electrons for the
reduction iof H" to H, and for the reduction of CO, to CO in the carbonyl branch
of the WLP. Taken together, released from conversion of two molecules of lactate
to three molecules of acetate, 1.1 molecules of ATP are conserved (Weghoff et al.
2015).

Knowing the exact enzymatics for the WLP and of the energy-conserving
complexes as shown here for the example of 4. woodii helps to understand the
conversion of substrates to certain products and product yields. By taking this as
investigative background together with the genomic data available will facilitate the
application of forward genetic studies to utilize acetogens in biotechnological
approaches.

6 Research Needs

Global warming has started a long time ago. Since the beginning of industrialization,
the temoerature of our planet has already risen, and since 1995, United Nations
Climate Change Conferences are held to discuss plans to prevent the continuous rise
of our planet’s temperature. The aim is to avoid a total temperature rise of 2°C above
the atmospheric temperature during preindustrial times (Liew et al. 2016). Green-
house gases such as CO, are playing a big role in global warming, which are released
mainly by fossil fuel combustion in our transport vehicles and by industry
(Friedlingstein et al. 2014). However, CO, emission of transport vehicles together
with industrial syngas emission is hard to tackle. We need innovative ways to lower
the use of fossil fuels and also to recapture CO, or syngas from the industrial
exhaust.

CO + H,; can also be fixed by chemical processes such as the Fischer-Tropsch
process (FTP), which converts syngas to low-carbon liquid hydrocarbons, but may
only achieve a low efficiency depending on the syngas composition. In contrast,
using acetogenic bacteria for syngas fermentation might be more efficient and has
the additional advantage of directly converting syngas to biofuels such as bioethanol
which can be used as fuel for vehicles or even, when chemically converted, also
serve as jet fuel. Currently the company LanzaTech is installing the world’s largest
bioethanol production plant at the world’s leading steel producer ArcelorMittal in
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Ghent, Belgium, for the production of up to 104 million gallon of biofuels per year
(Liew et al. 2016).

Another company, INEOS Bio, built a smaller (8 million gallon per year semi-
commercial) facility together with the New Planet Energy Holdings, LLC, Florida,
to use burned lignocellulose and municipal solid waste materials as substrates for gas
fermentation and has already succeeded in production of bioethanol together with
electrical power, showing that plant and municipal waste can be turned into fuels and
energy (Liew et al. 2016).

These pioneering companies have shown that it is possible to use acetogens for
the production of biofuels from syngas. Research is currently undertaken to enhance
the range of products that can be synthesized from syngas, such as 2,3-butanediol
and lactate by C. [jungdahlii or even higher alcohols (butanol, hexanol) and
medium-chain fatty acids (butyrate and caproate) by co-cultures of the acetogen
C. autoethanogenum and the non-acetogen Clostridium kluyveri (Kopke et al. 2011;
Diender et al. 2016). In addition, using recently developed genetic approaches for
gene deletions and insertions in Clostridia species, such as allelic exchange, triple
cross, or CRISPR/Cas9 (Hoffmeister et al. 2016; Minton et al. 2016; Huang et al.
2016; Liew et al. 2016), will help to further modify acetogens to create pathways for
production of various biofuels or synthetic materials. However, as mentioned above,
it is important to know the enzymatics and energetics of each organism very well
before starting genetic modifications (Bertsch and Miiller 2015a), since an organism
is only able to produce the desired product, if the engineered pathways still allow a
positive ATP yield and reassure redox homeostasis.
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