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Summary

Fatty acids are central components of biological membranes, serve as
energy storage compounds, and act as second messengers or as
covalent modifiers governing protein localization. Biosynthesis of fatty
acids uses a conserved mechanism across all species and is carried out in
repeated cycles of reactions. In Eukaryotes, these reactions are catalyzed
by type | fatty acid synthases (FAS), large architecturally diverse,
multienzyme complexes that integrate all steps of fatty acid synthesis into
complex biosynthetic assemblies. Two strikingly different types of FAS have
emerged in fungi and in animals. The fungal FAS is a rigid, 2.6-MDa barrel-
shaped structure with its 48 functional domains embedded in a matrix of
scaffolding elements, which comprises almost 50% of the total sequence
and determines the emergent multienzymes properties of fFAS. All
functional core domains of fFAS are derived from monofunctional
bacterial enzymes, but the evolutionary origin of the scaffolding elements
remains enigmatic. In the first part of the thesis using a combined
phylogenetic and structural biology approach we have identified two
bacterial protein families of non-canonical fatty acid biosynthesis starter
enzymes and trans-acting polyketide enoyl reductases (ER) as potential
ancestors of core scaffolding regions in fFAS. The architectures of both
protein families are revealed by representative crystal structures of the
starter enzyme FabY and DfnA-ER. In both families, a striking structural
conservation of insertions to scaffolding elements in fFAS is observed,
despite marginal sequence identity. The combined phylogenetic and
structural data provide first insights info the evolutionary origins of the

complex multienzyme architecture of fFAS.

In contrast structural and evolutionarily analysis revealed that animal FAS
is related to polyketide synthase type | (PKS 1), which is utilized by bacteria

to synthesize a broad spectrum of secondary metabolites. Animal FAS is



an open X-shaped structure with catalytic domains not interrupted by the
insertion of scaffolding elements but connected to each other via short
not conserved linker sequences. Crystallographic data together with
biochemical and electron microscopy (EM) analysis indicate that animal
FAS displays an extraordinary degree of flexibility to ensure productive
interactions between the active sites during the reaction cycle.
Conformational changes most likely result from a combination of internal
domain flexibility in the linker regions, which connects individual domains
in the animal FAS. The second part of the thesis is thus dedicated to
investigating how intra domain linking influences catalytic properties and
conformational crosstalk between domains. This was achieved by
generating more then 40 different constructs with various linker lenths.
Combined structural and kinetic data from purified constructs helped us
to better understand the emergent properties of the megasynthase
system. A long-term goal is to use these insights for the construction of
artificial multienzymes incorporating complete and complex molecular

pathways.
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Introduction

In the beginning of the early 20t century it was considered that
fatty acids have only two functions- serve as a source of calories and as
building blocks for membranes!. In 1929, George and Mildred Burr
published two papers, where they demonstrated that fatty acids were an
essential dietary constituent?3, In their experiment they kept rats on strict
diet and noticed that if fatty acids were omitted from the food, a
deficiency syndrome ensued that often led to death4. After this many
other research groups were able to show that fatty acids and their
metabolites possess very unique biological roles that is distinctive from its
function as a source of energy or as a simple construction unit>7. A wide
range of cellular processes are dependent on fatty acids, from the
biosynthesis of essential cellular structural components (membrane
phospholipids, lipoproteins, and lipoglycans) and cofactors (lipoate and
biotin) to energy storage reservesd 0. Fatfty acids participate as
components of signal transduction pathways and as docking sites for
cytoplasmic signaling proteins such as kinases'!'. Polyunsaturated fatty
acids containing two or more carbon-carbon double-bonds are
important as constituents of the phospholipids, where they appear to
confer distinctive properties to the membranes, in particular by
decreasing their rigidity!2.

Storage lipids, such as triacylglycerols, are deposited as fat droplets
in large amounts in vertebrate fat cells'3. These droplets are surrounded by
a protective monolayer of phospholipids and biologically active
hydrophobic proteins. Triacylglycerols are released when required by
hydrolysis reactions catalyzed by lipases under the influence of
hormones'4. Subsequent oxidation of triacylglycerols produces more than

twice the energy (9 kcal/g) as the oxidation of carbohydrates (4 kcal/g)!>.
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Biosynthesis of fatty acids uses a conserved mechanism across all
species and it is carried out in repeated cycles of reactions. In Eukaryotes,
these reactions are catalyzed by type | fatty acid synthase (FAS), a large
architecturally diverse, multienzyme complexes that integrate all steps of
fatty acid synthesis info complex biosynthetic assemblies!é 17, In contrast, in
dissociated type Il FAS system, proteins are all expressed as individual
polypeptides from separate genes, these systems are found mostly in
bacteria but also in eukaryotic organelles such as mitochondria and
plastids'®. In the following section | will compare the fundamentally distinct
organization of different FAS systems and examine the structural and

chemical principals of enzyme reactions.
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Bacterial FAS

The biosynthesis of fatty acids is the first step in the formation of
membrane lipids and it is essential for all bacterial cells. It involves more
than ten separately expressed genes and proteins, which are abundant in
the bacterial cytosol. Central to this process is the acyl carrier protein
(ACP), a cofactor protein that covalently binds all faftty acyl
intermediates!?. ACP is one of the most expressed protein in E. coli and is
converted to its active holo-form by holoACP-synthase (AcpS) which
transfers the 4-phosphopantetheine (P-PAN) prosthetic group from CoA to
apo-ACP2.21  (Figure 1). Activated holo-ACP then enters fatty acid
biosynthesis cycle, which consist of four stages; Initiation, chain

elongation, chain reduction and termination.

apo-ACP
ACP -OH

CA N Figure 1. Activiation of ACP by AcpS.
AcpS Trimeric AcpS attaches phosphopanteth-
eine group from CoA on to a serine residue
of ACP in a conserved Asp-Ser-Leu motif.
v o oH The resulting terminal sulthydryl group of
|F! n H the phosphopantetheine arm is then used
ACP ‘O/c‘,,\o o o \/\[( e to bind all the growing fatty acid intermedi-
’ ’ ate in a covalent high-energy thioester

P Pan SH bond.

Initiation of fatty acid biosynthesis. The first step in fatty acid biosynthesis is
the carboxylation of acetyl-CoA by acetyl-CoA carboxylase (ACC) to
form the universal extender unit malonyl-CoA (Figure 2). The overall ACC
reaction requires a biotin cofactor, adenosine triphosphate (ATP) and the
coordinated action of four gene products, AccA, AccB, AccC, and
AccD?22,

14



AccB —Biotin

Bicarbonate

ADP-:

) Cefin Figure 2. Biosynthesis of Malonyl-CoA by

Qoo ACC. AccC catalyzes the ATP-dependent
Acety-CoA transfer of CO2 from bicarbonate to biotin
Malonyl-CoA attached to AccB. AccB then shuttles the

carboxy-biotin intermediate to the tran-
scarboxylase enzyme composed of AccA
AccA AccA and AccD subunits where carboxyl group is

transferred from biotin to acetyl CoA to
form malonyl CoA.

Accbh

AccD

Chain elongation. The elongation step is initiated by the Claisen
condensation of malonyl- ACP with an acyl-CoA, catalyzed by the
condensing enzyme, the B-ketoacyl-ACP synthase Il or FabH, to form B-
ketoacyl-ACP2 (Figure 3 B). FabH of E. coli, produces mainly linear fatty
acids, because it has specificity only for acetyl-CoA, in contrast Gram-
positive bacteria utilize special FabH enzymes which can choose as a first

building block larger branched-chain substrates24.

Chain reduction. The Chain reduction cycle consists of three core enzyme
activities that progressively reduce the acyl chain attached to ACP
through each round (Figure 3 C). First, the NADPH-dependent B-ketoacyl-
ACP reductase, or FabG, reduces the B-keto group to a B-hydroxyl
intermediate?s. Second, two isoforms, FabA and FabZ, catalyze the
dehydration of B -hydroxyacyl-ACPs, albeit with different substrate
specificities 2¢. The third step involves the reduction of the enoyl chain by
the NADH-dependent Fabl?’. Gramm-negative bacteria utilize alternative
enoyl-ACP reductase — the flavoprotein FabK28, The fully reduced acyl-

ACP chain functions as a starter substrate for the next round of
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elongation, which is initiated by an elongation condensing enzyme: FabF
or FabB (Figure 3C). The FabF isoform is universally expressed, but some
bacteria utilize the FabB enzyme, which is used for condensing

unsaturated fatty acids26.2?,

During each round of the condensation reactions, the acyl chain is
detached from ACP and binds to the cysteine residue in the active sites of
FabH, FabB or FabF (Figure 3)'8. An extender malonyl-ACP then enters the
active site and the acyl chain is added to the carboxyl end of the
malonyl unit, which loses a CO2 group in the process. Therefore, the acyl
chain is constructed ‘inside out’ as the additional carbon groups are
added to the base of the acyl chain. The cycle is repeated until the acyl
chain reaches 16-18 carbon groups in length, at which point the vast

majority of acyl-ACPs are utilized in membrane biosynthesis (Figure 3D)3°.

Transfer of fatty acids to the membrane. The most ubiquitous system is the
PIsX-PIsY pathway, which is found in all but one family of protecbacterias©.
First, PIsX, a peripheral membrane protein, transfers the acyl group from
the long-chain acyl-ACP end product of the elongation pathway (Figure
3, blue arrow) to inorganic phosphate to form a reactive acyl-phosphate
intermediate (Figure 4D). This is then attached to glycerol-3-phosphate
(G3P) to form acyl-glycerol-3- phosphate (LPA; lysophosphatidic acid) by
the acyltransferase membrane protein PIsY. Another acyltransferase, PlsC
then adds a second acyl chain to the 2-position of LPA to form

phospatidic acid (PA)31. PA represents the fundamental building block

16
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Figure 3. Catalytic reaction cycle of type I
bacterial FAS. (A) FabD fransfers the
malonyl group from CoA to ACP. (B) FabH
initiates first cycles of fatty acid elongation
by combining acetyl-CoA with malonyl-
ACP to form acetoacetyl-ACP. (C) The
NADPH-dependent FabG reduces the
condensatfion product to B-hydroxyacyl-
ACP. The hydroxyl group is removed by
one of two B- hydroxyacyl dehydratases
FabZ/FabA. The double bond is then
reduced in an NADH-dependent reaction
by an enoylreductase Fabl generating
acyl-ACP extended by two carbon unifs.
At this point the cycle starts again through
the condensatfion reaction of acyl-ACP
with another malonyl-ACP group catalyzed
by FabB/F. This is repeated multiple fimes
until saturated Ci14 or C18 acyl-ACP s
diverted for ufilization in  membrane
biosynthesis (blue arrow). (D) The most
widely distributed pathway starts with the
conversion of a long-chain acyl-ACP end
product of fatty acid synthesis to an acyl-P
by PIsX. PIsY fransfers the fafty acid from
the acyl-P to glycerol-3-phosphate G3P fo
form lysophosphatidic acid (LPA). LPA is
then converted to phosphatidic acid (PA)
by PIsC. PA is the key intermediate in the
synthesis of all membrane glycerolipids.



from which the phospholipids are derived, giving rise fto

phosphatidylserine, phosphatidylethanolamine and phosphatidyl-glycerol.

Regulation of fatty acid synthesis. The primary pathway for the regulation
of fatty acid synthesis in E. coli is through feedback inhibition by long-
chain acyl-ACPs, which affects three enzymes: ACC, FabH and Fabl.
Inhibition of ACC limits the supply of malonate groups for chain initiation
and elongation (Figure 2)32. Regulation of FabH prevents the initiation of
new acyl chains and limits the total number of fatty acids that are
produced (Figure 3B)33. Finally, Fabl catalyzes the reduction of enoyl-ACP,
which is critical for the completion of the acyl chain elongation cycle; a
reduction in Fabl activity slows the rate of fatty acid elongation (Figure
3C)34.
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Mitochondrial FAS

The mitochondrial FAS (mtFAS) produces short-chain fatty acids,
which are essential for the structure, dynamics and enzymatic function of
inner and outer mitochondrial membranes33-37, Any irregularity in enzymes,
responsible for biosynthesis of mitochondrial fatty acids in eukaryotes
results in respiratory incompetence, abnormal morphology and cell
deaths3s-41,

mtFAS diverges from the cytosolic FAS as it is of the type Il
dissociated organization and many of the proteins are highly homologous
to their bacterial counterparts, but nevertheless the eukaryotic type |
systems do have three distinguishing featuresss. First, the prokaryotic
systems utilize three different B-ketoacyl synthases (FabH, FabB and FabF)
with divergent substrate specificities that range from 2- to 16-carbon; the
MtFAS only has one KS and predominantly produces fatty acids of 14 or
less carbon atoms'é42, Second, the bacterial type Il system has a FabD,
dedicated enzyme which directly utilizes acetyl-CoA in the initiation
step43. In contrast, the mitochondrial type Il system appears to generate
the acetyl primer by decarboxylation of malonyl moieties at the B-
ketoacyl synthases3s42, Third, the mtFAS proteins that catalyze the final two
steps of the fatty acid elongation cycle, Htd2 and 2-enoyl-ACP reductase
(Etr1), do not share clear sequence similarities to prokaryotic FAS type I

enzymes and structurally belong to different protein classes42.
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Animal FAS

Eukaryotic type | fatty acid synthases (FAS) are giant multifunctional
proteins. Various evolutionary processes such as gene duplication and
gene fusion led to the emergence of the type | FASs#. In animal cells fatty
acid synthesis is catalyzed by a single 540kDa homodimeric multienzyme
with a characteristic X-shape (Figure 4)174647  Based on its X-ray crystal
structure, mammalian Fatty Acid Synthase (mFAS) is divided into a lower
condensing portion containing the B-ketoacyl synthase (KS), malonyl-
/acetyl-transferase (MAT) domains and an upper B-carbon modification
section, consisting of the enzymatic dehydratase (DH), enoylreductase
(ER), and p-ketoreductase (KR) domains!’ (Figure 4B and C). The upper
part also possesses two additional non-enzymatic domains, a pseudo-
ketoreductase (pKR) and a pseudo-methyltransferase (pME), according
to their structural homology with active KR and ME enzymes48. All reaction
intermediates, like in the bacterial FAS system, are covalently bound to an
ACP, which translocates between the active sites during catalysis.
Reaction products are released from the ACP as free fatty acids by the
thioesterase (TE) domain (Figure 4D). Interestingly, both ACP and TE
domains were found disordered in the crystal structure and could not be
visualized due to their flexibility48. Structurally the KS, KR and MAT domains
are homologs of their bacterial functional counterparts FabB, FabD and
FabG48-50, The DH domain adopts a pseudo-dimeric fold, distantly

resembling the bacterial homo-dimeric FabA“s.

A key feature distinguishing the type | FASs and type Il counterparts
is the presence of discrete connecting regions between the active

domains. In the porcine FAS 9% of total sequence is invested in
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A

condensing modifying

Front view A
Bottom view

Figure 4. Structural overview of
mamalian FAS. (A) Linear
sequence organization of mFAS.
(B) X-ray structure of mFAS colored
by domain as indicated. mFAS
forms an X-shaped homodimer
with a lower condensing and an
upper modifying part. (C) Top and
bottom views, demonstrating the
“S" shape of the modifying
(upper) and condensing (lower)
parts of mFAS. (D) Full lenth model
of mFAS with ACP (dark grey) and
TE (blue).

the form of solvent exposed linkers#851, The importances of the linking

regions are discussed in part Il. Despite differences in the overall
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organization of the mFAS, the enzymatic reactions and mechanism of de
novo fatty acid synthesis are essentially identical to dissociative bacterial
FAS system (Figure 5). For example, exactly the same intermediates and
reactions are present in the elongation cycle. However, some enzymatic
differences do occur in the stage of initiation, condensation and

termination.

The MAT domain transfers acetyl- and malonyl-CoA. The Bacterial FAS
system utilizes two dedicated enzymes, FabH and FabB, for transferring
acetyl or malonyl-CoA 1852 (Figure 5B, step 1 and 4). In contrast the animal
FAS contain a single MAT enzyme for loading both the Acetyl and
Malonyl-CoA units on to the ACP4. The choice of substrate loaded is
entfirely random acetyl and malonyl moieties are rapidly exchanged
between CoA and FAS. If the applicable substrate is loaded, then a
productive reaction can follow, otherwise the inappropriately loaded
substrate is transferred back to CoA, which must be present at all times
during the FAS reaction to ensure efficient substrate sorting4. Scavenging

of CoA from the assay incubation mixture halts fatty acid synthesiss3.54,

TE and KS determine the chain length of fatty acid products. Two
enzymatic domains determine the chain length in mFAS. First, during the
elongation cycle ACP fransfers growing fatty acid chains to the active site
cysteine of the KS domain. For fatty acids containing up to 16 carbons this
transfer is very rapid and occur in less then 1 second, however for chains
containing 18, 20 or 22 C atoms this process requires several minutesss.
Secondly, TE has very limited activity toward substrates with less than 16
carbon atoms %¢. Thus the specificities of the chain elongation and chain

termination steps complement each other perfectly
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A. Catalytic reaction cycle of type Il bacterial FAS
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B. Catalytic reaction cycle of mamalian FAS

/ i
T ~ Elongation
Initiation _ Malonyl-CoA Termination on 7th round

Acetyl -CoA 0 [6) \ M
HsC S-Pan-P -fACP
HzC S-CoA e\
NADP+H™ @

HS-Pan-P=ACP \ NADPH @ DH H0
\ @ o Palmitate-CoA
S-CoA 2 % i) ﬁ o
N ) /U\}T KS HIC/l\/\ S-Pan-P —JACP Hac/\/"\ S-Pan-P = ACP

S ‘an-P = ACP

NADPH

HchJ\ S-Pan-P = ACP

O * nappiHt

o
HzC/\JL S-Pan-P —JACR

Figure 5. Comparison of the catalytic reaction cycle of type Il bacterial FAS and mammalian FAS. Red arrows
indicate steps that are repeated only once; black arrow shows reactions that are redone multiple times. Proteins
sharing enzymatic functions in animal and type Il FAS are colored in identical color. (A) Catalytic cycle of
bacterial FAS. Bacteria ufilize a specialized enzyme (FabH) for the initiation step in acyl chain formation and uses
an acyl-CoA as a primer to condense with malonyl-ACP (step 2 and 3). For more details refer to Figure 3. (B)
Catalytic reaction cycle of mammalian FAS. The reaction cycle of FAS is initiated by the fransfer of the acyl
moiety of the starter substrate acetyl-CoA to the ACP (step 1) catalyzed by the dual-specific malonyl/acetyl
fransferase (MAT). ACP then transfers the acetyl group to the active cysteine on the KS (step 2). In the next step
the elongation unit malonyl-CoA is loaded onto ACP by MAT (step 3 and 4). The B-ketoacyl synthase (KS)
catalyzes the decarboxylative condensation of the acyl intermediate with malonyl-ACP (step 5). The product is
further modified at the B- carbon position by B-ketoreductase (KR) (step 6), dehydratase (DH) (step 7) and enoyl
reductase (ER) (step 8) to yield a four carbon acyl substrate for further cyclic elongation with two-carbon units
derived from malonyl-CoA (step 4). After seven rounds of elongation, the end product is released from the
enzyme as free fatty acid by a thiosterase (TE)

23



to ensure that the main product released from the FAS is the 16 C atom

fatty acid.
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Fungal FAS

Yeast FAS, a member of the fungal type | FAS family, contains six
copies of eight independent functional domains in an aéB6 molecular
complex of 2.6 MDa% (Figure 6). Each of the o and B subunits
accommodates four functional domains. The B-chain carries the AT, ER,
DH domain, and the largest part of the malonyl/palmitoyl fransferase
domain (MPT). The remaining half of the MPT, the double-tethered ACP,
the KR, the KS and the phosphopantetheine transferase (PPT) are
encoded by the a-chainl'é%8.5? (Figure 6, A and B). These eight functional
domains catalyze all reactions required for synthesis of fatty acids in yeast:
activation, priming, multiple cycles of elongation, and terminationsd. The
assembled fFAS adopts a barrel-shaped formation with two domes
separated by a central wheel structure’644.57.58.60 (Figure 6 D). Each dome
contains three full sets of enzymatic domains and three double-tethered
ACP domains for substrate transfer (Figure 7A)60.61,

Fungal FAS invests nearly 50% of its absolute sequence length into
building scaffolding elements, which are mainly inserted of conserved
enzymatic domains'éé2 (Figure 7B). These sequences are not directly
involved in catalysis but instead dictate the architectural interactions and
define the arrangement of the catalytic domains 16580, Despite
considerable differences in the overall organization of fungal FAS, the
enzymatic reactions and mechanism of de novo fatty acid synthesis are
essentially identical to dissociative bacterial and X shaped mammalian
FAS systems!85057 However, some differences occur in the activation of

ACP, elongation and termination stages.
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Figure 6. Structure of the fungal FAS. (A) Domain organization
of the FAS a and B polypeptides from yeast. (B) Crystal structure
of yeast FAS at 3.1 A resolution, colored by domains as indicated
in pannel (A). The central wheel comprises the dimeric KS and KR
domains and the peripheral PPT, while the B-chain domes
contain the AT, MPT, ER and DH domains. The ACP attachment
points are indicated by black sphere. (C) Chain distribution in FAS
complex. The heterododecameric complex is composed of a
D3-symmetrical a6 hexamer and two C3-symmetrical 33 trimers.
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Figure 7. Location the ACP domains. (A) The ACP domains, shown as red surfaces, are
located inside the fungal FAS barrel (golden color). The active site clefts of the enzymatic
domains participating in the fatty acid elongation oriented to interact with the ACP. (B)
Fungal FAS scaffolding elements (grey) without core enzymatic domains.

Fungal FAS requires a specific activation mechanism. Before the ACP can
start to deliver its substrates, it has to be posttranslationally modified by the
addition of a P-Pan¢3.¢4, This activation of the fungal FAS is performed by a
specific PPT very similar to bacterial AcpS that covalently attaches the
phosphopantetheine moiety of coenzyme A (CoA) onto a conserved
serine residue of the ACP¢. One of the major differences of fungal and
mammalian FAS is the mechanism of the posttranslational modification of
the ACP domain. A separately expressed PPT enzyme performs the
activation of the mammalian FAS, in contrast the fungal FAS PPT domain is
fused to the C terminal end of the a chainé. This PPT domain is located
outside of the barrel, spatially separated from the ACP (Figure 8)16.44.57-60,
Therefore it is currently not clear how fungal PPT could activate ACP. One
possibility is that the fungal FAS auto-activates during the folding events

prior to the closure of the reaction chambers¢’.
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Figure 8. Activation of fungal ACP. Front view of the fungal FAS (right panel) and close-
up view of ACP (orange) and PPT (cyan) locations.

Fungal FAS uses a bi-functional MPT for loading and termination. The fFAS
harbors no TE domain like in animal FAS, but contains a bi-functional MPT
domain instead, which transfers malonyl moieties used for the chain
elongation from CoA to ACP and back-transfers saturated C16/C18
products from ACP to CoA3%860.68 (Figure 9). Two factors determine this
unigque property of the fungal MPT. First MPT contain a deep hydrophobic
pocket, which is optimally suited for binding the hydrophobic C16 tail of
palmitatess0, Second during the elongation cycle malonyl- CoA
preferentially binds to the active site of MPT. But as soon as growing acyl
chain is long enough the binding affinity to the MPT will be strong enough
to displace malonyl CoA and allow transferring the mature fatty acid to

free CoA57.68-70,
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Figure 9. Catalytic reaction cycle of the fungal FAS. Fungal FAS utilizes a dedicated AT domain, which is located
on B-chain and has unique specificity for the priming substrate, acetyl-CoA (step 1). In contrast, mammalian FAS
use the MAT domain fo load both the priming and the elongating substrate onto ACP (Figure 5B, step 1 and 4).
In bacterial type Il FAS systems, the acetate primer is directly transferred from acetyl-CoA to the B -ketoacyl-ACP
synthase lll (FabH) that catalyzes the first condensation reaction in the chain elongation cycle (Figyre 5A, step
2). Fungal FAS adopts bi-functional MPT for choosing elongation (step 4) substrate and terminating reaction by
fransferring 18 carbons fatty acid back to CoA.
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Aim of the thesis

Nature developed three types of FAS enzymes, built on completely
different architectural principles, but catalyzing highly related series of
chemical reaction'®¥, In the type Il FAS, reaction intermediates are
covalently attached to the ACP that shuttles substrates between the
dissociated enzymatic components'8. In the multifunctional eukaryotic
FAS, ACP forms an integral part of the catalytic machinery resulting in
minimized diffusion distances and higher catalytic efficiency48¢0. The 2.6
MDa barrel shaped fungal FAS integrates all active domains in the rigid
scaffolding matrix which comprises almost 50% of the total sequence’!.
Inside the barrel the concentration of ACP and all other active sites is
approximately 1 mM ensuring that none of the enzymatic reaction steps
are rate-limiting%8. Substrate shuttling within the fungal FAS happens
entirely by 2D diffusion of the double-tethered ACP, without a requirement
for large overall conformational changesé!. All functional domains of fFAS
are derived from monofunctional bacterial enzymes, but the evolutionary
origin of the scaffolding elements remains enigmatic. The first part of the
thesis is therefore focused on finding out the evolutionary origins of
scaffolding elements using combined phylogenetic and structural biology
approach to better understand the evolutionary process, which led to the

development of the fungal FAS.

Structural and evolutionarily analysis revealed that animal FAS is related to
polyketide synthase type | (PKS 1), which is utilized by bacteria to synthesize
a broad spectrum of secondary metabolites 507273, Animal FAS is an open
X-shaped structure with catalytic domains connected to each other via
short not conserved linker sequences'’48, Crystallographic data together
with biochemical and EM analysis indicate that animal FAS displays an
extraordinary degree of flexibility to ensure productive interactions

between the ACP and the active sites during the reaction cycle (Figure
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10)17.48.5051  The nature and dynamic aspects of the substrate shuttling
mechanisms in animal FAS are not entirely understood. The second part of
the thesis is thus dedicated to investigating how inter-domain linking
influences catalytic properties and conformational crosstalk between
domains. This will be done by generating more then three dozens of
different constructs with systematically increasing or decreasing linker
lengths in different areas of animal FAS. Combined structural and kinetic
data from purified constructs will help us to better understand the
emergent properties of the megasynthase system. A long-term goal is to
use these insights for the construction of artificial multienzymes

incorporating complete and complex molecular pathways.
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Figure 10. Distribution of animal FAS conformations (adopted from Brignole et al., 2009).
(a-d) Class average of single particle images (black and white) with calculated three-
dimensional structures (yellow). (e) Cartoon of different FAS arrangements in upper and
lower part, red (asymmeftric) and blue (symmetric) in the upper B-carbon-processing,
faded color represent perpendicular or in plane conformations of the lower part FAS. (f)
Representation % of particles in different conformations, bars are colored according to
conformations in (e)
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Summary
Fungal fatty acid synthase (fFAS) is a key paradigm for the evolution of
complex multienzymes. Its 48 functional domains are embedded in a
matrix of scaffolding elements, which comprises almost 50% of the total
sequence and determines the emergent multienzymes properties of fFAS.
All functional domains of fFAS are derived from monofunctional bacterial
enzymes, but the evolutionary origin of the scaffolding elements remains
enigmatic. Here, we identify two bacterial protein families of non-
canonical fatty acid biosynthesis starter enzymes and frans-acting
polyketide enoyl reductases (ER) as potential ancestors of core
scaffolding regions in fFAS. The architectures of both protein families are
revealed by representative crystal structures of the starter enzyme FabyY
and DfnA-ER. In both families, a striking structural conservation of insertions
to scaffolding elements in fFAS is observed, despite marginal sequence
identity. The combined phylogenetic and structural data provide first
insights into the evolutionary origins of the complex multienzyme

architecture of fFAS.
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Introduction

Fatty acids are central components of biological membranes, serve as
energy storage compounds, and act as second messengers or as
covalent modifiers governing protein localization. In most eukaryotes, their
biosynthesis is catalyzed by giant multifunctional enzymes, the fatty acid
synthases (Type | FASs) 46.57.74, while bacteria and plants employ a series of
monofunctional enzymes (Type Il FAS) 187576 All FAS systems are built upon
a conserved set of chemical reactions and enzymatic activities: An acetyl
primer and malonyl elongation substrates are loaded from coenzyme A
(CoA) to the phosphopantetheinylated acyl carrier protein (ACP) by
acetyl- and malonyl-transferases (AT and MT) and are condensed to
acetoacetyl-ACP under decarboxylation by ketoacyl synthase (KS). In
three subsequent reaction steps, the B-carbon group is processed by
ketoacyl reductase (KR), dehydratase (DH), and enoyl-reductase (ER) to
yield a saturated acyl-ACP elongated by a two-carbon unit. This product
serves as a primer for the next round of elongation and the elongation
cycle continues until a chain length of Ci¢ or Cig is reached. In a
terminating step, fatty acids are back-transferred to CoA or released by
thioesterase (TE). The eukaryotic Type | FAS integrates all these enzymatic
activities required for de novo fatty acid biosynthesis into unique protein
assemblies catalysing more than 40 reaction steps. These Type | FASs are
prototypic paradigms for the general trend in eukaryotes towards the
formation of larger multidomain proteins, which minimize unspecific
interactions and permit advanced regulation of localization, activity and
degradation 44,

Two strikingly distinct Type | FAS have evolved in eukaryotes, the metazoan
and the fungal FAS (fFAS). The metazoan FAS is a 540 kDa homodimer with
two complete sets of functional domains and a versatile architecture

defined by a minimal amount of scaffolding elements 1748, Structural
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analysis of metazoan FAS and bacterial polyketide synthases (PKS)
revealed a common architecture 307273, which is used in PKS to synthesize
a broad spectrum of secondary metabolites 4477, A fully methylating,
iterative bacterial PKS was identified as a common evolutionary ancestor
of metazoan FAS and modular PKS based on the presence of an
evolutionary remnant of a methyltransferase domain in the metazoan FAS
structure 4548,

Fungal FAS forms a 2.6-megadalton assembly comprising 48
functional domains, as exemplified by the yeast asBs-heterododecameric
FAS. In addition to the enzymatic activities for fatty acid elongation, it may
also incorporate a phosphopantetheinyl transferase (PPT) domain, for
cofactor attachment to the ACP. All domains are embedded into a
scaffolding matrix that comprises nearly 50 % of the total mass and
mediates the majority of architectural interactions determining the spatial
arrangement of catalytic centres 16586062 fFAS adopts a unique barrel-
shape structure with two domes enclosing two reaction chambers, each
housing three sets of functional domains, separated by a central wheel
structure (Figure 1A). This architecture is shared with the more recently
described, closely related CMN-FAS systems in  Corynebacteria,
Mycobacteria, and Nocardia 7478, which have a slightly lower number of
scaffolding expansions and lack an internal PPT 7980, The CMN- and fFAS
are amongst the most complex biosynthetic protein machineries known ¢2,
Still, the evolutionary appearance of the hallmark scaffolding matrix for
integrating functional domains, which defines the architecture of fFAS
(and CMN-FAS) remains enigmatic, as no intermediate steps of assembly
formation have been identified so far.

Extension to core conserved folds are notoriously difficult targets for
the analysis of homology and phylogeny as well as for structure

prediction, because overall sequence conservation in these regions is
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extremely weak and strictly conserved motifs, e.g. representing catalytic
sites, are absent. Thus, we use a hybrid approach of bioinformatic analysis
guided by and combined with experimental structure determination as a
gold standard for the analysis of the evolution of the fFAS scaffolding
matrix 8182, Bioinformatically, we identify potential evolutionary ancestors
of fFAS by searching for homologues of fFAS domains that carry insertions
to their core folds in equivalent positions as their fFAS relatives. Crystal
structures of candidate proteins reveal their structural organization and
unambiguously demonstrate the fFAS-like organization of the respective

insertion elements.
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Materials and Methods
Sequence data retrieval, alignment and phylogenetic analyses
The amino acid sequences of all proteins were retrieved from GenBank

(http://www.ncbi.nim.nih.gov/sutils/genom_table.cgi). A BlastP search

was performed using the protein sequence of FabK, fFAS ER, FabF and
fFAS KS as the query sequence against completed bacterial and fungal
genomes. A total of 47 ER domains and 80 KS domains derived from the
complete genome survey were subjected to a phylogenetic analysis
(Table S1). Sequences from each enzyme family were selected to have
40-80 % sequence identity to each other. Alignments were created using
ClustalW and adjusted manually based on structural alignments using
Geneious version 6.0. Rooted phylogenetic trees were generated by the
Neighbor-Joining method wusing a Jukes-Cantfor distance model.
Bootstrapping was done using 100,000 random seeds, which were

replicated 10,000 times.

Cloning, expression and purification of DfnA-ER

The enoyl reductase domain of DfnA (A7Z6E3, res. 300-752) from Bacillus
amyloliquefaciens FZB42 (DSM 23117) 8384 was cloned from genomic DNA
and cloned into the expression plasmid pNIC28-Bsa4 85, Here the protein is
linked to a N-terminally hexa-His-tag followed by a TEV-protease cleavage
site. The protein was overproduced in E. coli BL21(DE3) pRIL pL1SL2 8. Cells
were lysed by sonication in 50 mM Hepes/NaOH, 500 mM NaCl, pH 7.4, 20
mM imidazol and the supernatant was cleared by centrifugation. DfnA-ER
was purified by immobilized metal-affinity chromatography on a Ni-NTA
column (elution with 250 mM imidazole), with His-Tagged TEV-protease
digested &, followed by a Ni-NTA column step and then subjected to size-
exclusion chromatography in 20 mM Hepes/NaOH pH 7.4, 250 mM NaCl,
5% Glycerol and 5§ mM DTT on a Superdex S200 column (GE Healthcare).
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The protein-containing fractions were pooled and concentrated in

Amicon Ultra units (Millipore).

Cloning, expression and purification of FabY

FabY (PA5174) was PCR-amplified from Pseudomonas aeruginosa PAOT
genomic DNA and cloned into the expression plasmid pNIC28-Bsa4 85, The
protein was overproduced in E. coli BL21(DE3) pRIL pL1SL2 8. Cells were
lysed by sonication in 50 mM Hepes/NaOH, 500 mM NaCl, pH 7.4, 40 mM
imidazol and the supernatant cleared by cenftrifugation, FabY was
purified by metal-affinity chromatography on a Ni-NTA column (elution
with 250 mM imidazole), and then subjected to size-exclusion
chromatography in 20 mM Hepes/NaOH pH 7.4, 250 mM NaCl, 5%
Glycerol and 5 mM DTT on a Superdex $S200 column (GE Healthcare). The
protein-containing fractions were pooled and concentrated in Amicon

Ultra units (Millipore).

Protein crystallization and structure determination

FabY crystals grew in sitting drop setups at 4 °C at a protein concentration
of 8-12 mg/ml using 0.2 M LiSO4, 0.1 M Bis Tris pH 5.5, and 15 %
polyethylene glycol 3350. Crystals were flash frozen in liquid nitrogen after
addition ethylene glycol to 25 % (v/v). DfnA-ER crystals were obtained at
room temperature in 15 % PEG3350, 0.1 M sodium malonate, 0.1M Bis Tris
at pH 6. Crystals were flash frozen after gradually increasing the ethylene
glycol concentration to 20 % (v/v) over 2h. Data were collected at
beamlines PXI and PXIll of the Swiss Light Source (Paul Scherrer Institut,
Villigen, Switzerland) and processed using XDS 887, FabY crystals belong to
space group C222; with unit cell parameters of a= 99.4 A, b = 123.3 A and
c= 100.6 A and two molecules per asymmetric unit. Structure

determination was performed by molecular replacement with the FabF
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crystal structure (PDB ID: 1KAS) 9. The final FabY model includes all
residues. DInA-ER crystallized in space group P21212;1 with cell dimensions
a=80.8A, b=940A, and c = 144.5 A and two molecules per asymmetric
unit. The final model comprises residues 304 to 751. Residues 300-303, 496-
509 and 752 could not be build in the electron density map. Structure
determination was performed by molecular replacement with FabK ER as
a search model (PDB ID: 2Z6l) 28. Model building and structure refinement
were performed for both structures with Coot ?1, PHENIX 92 and Buster-TNT
%3 (Table 1).

Data deposition

The atomic coordinates for FabY and DfnA-ER have been deposited in

the RCSB Protein Data Bank under the accession code 4cw4 and 4cwa.

Supplemental Information

Supplemental information includes one table and 10 figures
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Results

We hypothesized that scaffolding elements defining the multienzyme
structure of fFAS might already occur in bacterial proteins not involved in
the formation of assemblies with fFAS-like complexity. To test this
hypothesis we focussed on two distinct functional domains of fFAS, the KS
and ER. The KS domain is the defining unit of fatty acid synthases
responsible for the decarboxylative condensation reaction. Together with
the KR, it forms the fFAS a-chain central wheel (Figure 1A). The ER domain
of fFAS is located in the cenftral region of the B-chain, which forms the
capping domes (Figure 1A). Direct interactions between insertion
elements of KS and ER connect the dome and central wheel regions and

determine the overall organization of fFAS.

Identification of extended TIM-barrel ERs in frans-AT PKS and PUFA
synthases

ER domains display an unusual diversity among FAS systems 57.94: The
canonical bacterial ER and the metazoan FAS ER are NADPH-dependent
Rossmann-fold enzymes, but the ER of fFAS is a ~550 aa domain
comprising a TIM-barrel with a permanently bound flavin mononucleotide
(FMN) and a large a-helical insertion. Its only distant structural neighbor is
the non-canonical bacterial ER FabK 28, a 320 aa dimeric protein, which
contains a conserved TIM-barrel but lacks all extension to the barrel
observed in fFAS ER (Figure 1B).
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Fig. 1. Comparison of bacterial
and fungal TIM-barrel-fold ERs.
(A) Crystal structure of yeast FAS
(PDB ID: 2UV8). The KS, ER and
KR domains are colored in
orange, green and yellow
respectively. (B) Sequence
organization of the ER domains
of FabK, ftrans-AT PKS, PUFA,
CMN-FAS and fFAS, at
approximate sequence scale.
CMN-FAS, fFAS, trans-AT PKS
and PUFA specific sequences
are colored in orange and
purple, respectively. A PUFA-ER
specific N-terminal extension is
shown in green. Insertions
present in frans-AT PKS, CMN-
FAS and fFAS are shown in
yellow. The same color code is

used throughout. (C)
Phylogenetic free and
distribution of TIM barrel ER

proteins among bacteria and
fungi. The tree is drawn to scale,
with branch lengths in the units
of number of amino acid
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indicated.



We have used the minimal TIM-barrel ER FabK for the identification of TIM-
barrel enoyl reductases in sequence similarity searches and reconstructed
a phylogenetic tree for this family using a neighbor-joining algorithm
(Figure 1B and 1C). This analysis identifies two families of ER domains that
are more closely related to fFAS ER than FabK: ER from trans-AT PKS and
the PfaD family of ERs in marine polyunsaturated fatty acid synthases
(PUFA). PfaD homologues are standalone enzymes 9597 and share a
distinct ~80 aa N-terminal extension, unique to PUFA ERs (Figure 1B;
green). Trans-AT PKS ER domains may occur as frans-acting isolated
proteins (e.g. PedB, EthA), but in most PKS systems they are attached to
one or two AT domains to form a frans-acting AT-ER protein ?8. Members of
both protein families have not been characterized structurally, but with
450 to 480 residues they are about 40 % larger than FabK (Figure 1B and
Figure S1); the average sequence identities between frans-AT PKS ER and
PUFA ER domains with fFAS ER are ~15 %. Sequence alignments identify
three insertion sites in trans-AT PKS/PUFA ER as compared to FabK: Two
adjacent insertions (ER-S1/S2) are specific for trans-AT PKS/PUFA ER
domains (Figure 1B; magenta), whereas a large insertion (Figure 1B;
orange) (ER-S3) overlaps with a major insertion element in fFAS ER (Figure
S1).

The trans-AT PKS DfnA is a dimeric FMN-dependent enoyl reductase

To reveal the structural organization of PUFA- and frans-AT PKS ER, we
crystallized the representative ER domain of DfnhA (aa. 300-752), a trans-
acting AT-ER protein involved in difficidin biosynthesis (Figure S2) 8384, The
crystal structure was solved by molecular replacement using FabK (PDB ID:
276l) 28 as search model and refined to Rwork/Riree Of 20.7/23.3 % at a
resolution of 2.3 A (Table 1)

Table 1. Statistics on diffraction data and refinement of FabY and DfnA-ER
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FabY DfnA-ER
Wavelength (A) 0.99997 1.0003
Resolution range (A) 49.7 -1.35(1.40 - 47 -2.30 (2.38 -
1.35)* 2.30)*
Space group C2221 P 212121
Unit cell 99.4123.3 100.6 80.9 94.0 144.5
a, B.y (°) 90 90 90 90 90 90
Total reflections 875960 (78609) 350174 (33349)
Unigque reflections 134985 (13224) 52945 (5162)
Multiplicity 6.5 (5.9) 6.6 (6.5)
Completeness (%) 99.85 (98.80) 99.93 (99.71)
Mean I/sigma(l) 17.30 (1.59) 17.99 (1.38)
Wilson B-factor 12.97 46.72
R-merge 0.060 (1.005) 0.071 (1.256)
R-meas 0.065 0.077
CC1/2 0.999 (0.60) 0.999 (0.54)
cC* 1 (0.87) 1 (0.84)
R-work 0.148 (0.281) 0.207 (0.311)
R-free 0.177 (0.301) 0.233 (0.333)
Number of atoms 5934 7122
macromolecules 5067 6802
ligands 6 62
water 861 258
Protein residues 638 875
RMS(bonds) 0.009 0.007
RMS(angles) 1.28 1.00
Ramachandran
favored (%) 97.0 98.0
Ramachandran
outliers (%) 0.15 0.23
Clashscore 4.25 1.74

* Values in parentheses are for highest resolution shell.
¢ Table 1. Statistics on diffraction data and refinement of FabY and

DfnA-ER
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with two virtually identical molecules per asymmetric unit. The DInA-ER
monomer consists of a (B/a)s TIM-barrel domain (aa. 305-603 and 701-752)
with a bound FMN cofactor and an inserted a-helical substrate-binding
domain (aa. 604-700) (Figure 2A). The (B/a)s TIM-barrel domain closely
resembles FabK with an r.m.s.d. of 1.7 A over 321 matching Ca atoms.
DfnA-ER dimerizes via a large 1920 A2 interface formed by its TIM-barrel
domain and an extension of a C-terminal a-helix (dimerization tip) as
observed for FabK. The structural analysis reveals that the ER-S1/S2
insertions expand the TIM-barrel domain relative to FabK by forming a
small subdomain opposite to the dimerization interface and located 30 A
away from the active site (Figure 2A, Figure S3): Insertion ER-S1 forms a -
hairpin (aa. 432-442) which pack against the two helices (aa. 463-488) of

insertion ER-S2.

The major insertion in DfnA is structurally conserved in fungal FAS

DfnA-ER exhibits very low sequence conservation (12.7 % identity) to the
ER domain (Figure S1) of the fFAS B-chain (aa. 583-1109 in yeast FAS).
Nevertheless, the DfnA-ER crystal structure reveals a close relationsship to
the fFAS counterpart with an r.m.s.d. of 1.97 A over 360 matching Ca
atoms (Figure 2B) ?9. Short insertions in the TIM barrel domain relative to
the FabK core fold are either specific to DfnA (insertions ER-S1, ER-S2, see
above) or fFAS (aa. 784-794, 827-840), where they are involved in contacts
to the neighboring AT domain (Figure 3).

The larger ER-S3 (aa. 628-674) insertion of DINA-ER uses exactly the
same insertion site as the major extension of CMN- and fFAS-ER, the CI
insertion ¢ comprising residues 879-1024 in yeast FAS (Figure 2B). The
expansion regions aa. 628-650 and 651-674 in DfnA match in a structural
superimposition aa. 879-904 and 997-1024 in yeast FAS (Figure S4).
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Fig. 2. Structure of DfnA-ER and comparison to bacterial and fungal homologues. (A)
Cartoon representation of DfnA-ER. The FMN cofactor is shown in green, the dimerization
tips of the C-terminal helix are shown in red, extensions ER-S1/S2 (magenta) and ER-S3
(yellow) are indicated. Anchor points for the N-terminally attached AT domain in full-
length DfnA are indicated in pink. (B) Extension of the ER core fold of FabK in trans-AT
PKS, CMN-FAS and fFAS. Structures of FabK (PDB ID: 2Z6l), DfnA-ER and fFAS ER from S.
cerevesiae (PDB ID: 2UVA) and CMN ER of S. smegmatis (PDB ID: 3ZEN) are shown in
cartoon representation.
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Front view AT domain _ \

C1insertion

Fig. 3. Location and interactions of the ER domain in fFAS. Cartoon representation of S.
cerevesiae FAS (PDB ID: 2UV8) in front (top) and top view (bottom). The core of the ER
domain is colored in dark grey, ER expansion segments present in frans-AT PKS, CMN-FAS
and fFAS are shown in yellow and FAS specific helical insertions are colored orange. The
AT domain is colored in pale pink. The extension of the KS core fold are highlighted
DM3/butterfly (green), DM3/shoulders (cyan), CIS/arms (red) and DM4 (dark blue). Close-
up views of the inter-subunit intferactions mediated by ER (B-chain) and KS (a-chain) in
yeast FAS are shown on the right side.
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651-674 in DfnA match in a structural superimposition aa. 879-204 and 997-
1024 in yeast FAS (Figure S4). Inbetween these conserved segments, a
further five-helix bundle (aa. 905-996) is inserted in fFAS. As evidenced by
their absence from FabkK, the ER-S3 insertion is not required for a general
stabilization of the core fold or a productive active site conformation. In
DfnA-ER it also has apparently no relevance at the level of the isolated ER-
domain: It is neither involved in dimerization nor in DfnA-specific
adaptations of the active site. Its conservation specifically in trans-acting
(AT)xER proteins and PUFA rather suggests an involvement in the formation
of interdomain or transient intermolecular interactions in PKS assembly
lines, an analogy to the role of intersubunit connection C1 for bridging a-
and B-subunits in fFAS (Figure 3).

FabY is the closest monofunctional relative of the CMN- and fFAS
ketosynthase

The fungal FAS KS domain with a length of ~720 residues is much larger
than its monofunctional bacterial counterparts FabH (~ 320 aa) 52 and
FabB/F (~400 - 420 aa) #°. This is mainly due to three large insertions (Figure
4): the dimerization modules 3 (DM3; green and cyan) and 4 (DM4; dark
blue) and a C-terminal insertion (CIS; red) ¢1.

DM3 forms a core part of the central wheel and is involved in ACP binding
of KS ¢0.61. DM4 is located at the periphery of the KS dimer and provides
the attachment point for the PPT domain, wheras CIS is involved in

interactions with the ER domain in fFAS (Figure 3).
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In a bioinformatic search we identified proteins of the FabY family as the
most extended homologues of the complete fFAS KS domain (Figure 4).
FabY acts as the starter enzyme for fatty acid biosynthesis in P. aeruginosa
by catalyzing the condensation of acetyl moieties from acetyl-CoA to
malonyl-ACP. Its deletion affects growth, siderophore secretion, quorum-
sensing signaling and lipopolysaccharide synthesis 100.101, Members of this
recently described family of ketosynthases 192 are ~ 630 residues in size,
about 200 aa larger than other monofunctional bacterial KSs from the
FabB/F family (Figure 4). Our phylogenetic analysis shows that FabY shares
a common evolutionary ancestor with the KS domain of CMN- and fFAS
(Figure 4). FabY has only 19 % overall sequence identity to fFAS KS, but the
fFAS insertions DM3 and CIS have correspondences in FabY (Figure S5).
FabY lacks the DM4 insertion of fFAS, which is involved in PPT attachment.
Interestingly, DM4 is also absent in bacterial CMN-FAS, which utilize trans-
acting PPTs instead of integrated ones, as exemplified by mycobacterial
FAS 7980, As a result, FabY is strikingly similar over its full length to the KS
domain of mycobacterial type | FAS (26 % identity over 600 residues).

Large core-fold extensions in the non-canonical P. aeruginosa starter KS
FabY

To analyze the similarity of fFAS KS and FabY at a structural level, we
crystallized the dimeric 140 kDa P. aeruginosa FabY yielding crystals in
space group C222;, with one monomer per asymmetric unit and the
dimeric assembly generated by crystallographic twofold-symmetry. The
structure was solved by molecular replacement using FabF (PDB ID:
2GFW) and refined to Rwor/Riree 14.8/17.7 % at 1.35 A resolution. Faby is
member of the a/B-hydrolase superfamily (Figure 5A) 103104 Stryctural

superimpositions of the FabY core fold only with those of the three
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bacterial ketosynthase families reveals a close match (for 370 aligned
residues) to both FabB (r.m.s.d. 1.6 A) 195 and FabF (r.m.s.d. 1.8 A) % (Figure
S6), whereas FabH is structurally more distantly related (r.m.s.d. 2.6 A). In
line with the core fold similarity, FabY uses a Cys-His-His (Cys281, His434 and
His474) triad typical for elongating KSs (FabB/F) enzymes (Figure 5B),
whereas the functional orthologs of FabY, the FabH starter condensing
enzyme, is characterized by a His-Asn-Cys catalytic triad (Yuan, Sachdeva
et al. 2012) (Figure &B). In the high resolution crystal structure, alternate
conformations are observed for the active site cysteine residue (Cys281),
which are also detected in the spatially adjacent loop 532-535. The active
site residues of FabY have similar orientations as in the elongating KS
homologues FabB/F (Figure 5B), whereas the acyl pocket is much shorter
and resembles the starter condensing enzyme FabH (Figure 5B). This is
consistent with the finding that FabY utilizes only short chain acyl-CoA as
substrates 101,

While the bacterial KSs FabB/F closely resemble the catalytic core
of Faby, its overall closest relative are the KS domains of CMN- and fFAS,
to which the entire FabY superimposes with an r.m.s.d. of 1.9 A and 2.0 A
over 570 matching residues, respectively ?°. In comparison to the bacterial
canonical ketosynthases, FabY has three noticeable expansion segments,
Shoulder, Arms and Butterfly (Figure 5). The Shoulder region (aa. 33-83) is
inserted close to the N-terminus and comprises two a-helices and a small
three-stranded B-sheet laterally positioned away from the two-fold
symmetry axis of dimeric FabY. The Butterfly (aa. 98-158), follows only ten

residues later and consists of a shaft
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Fig. 5. Structural analysis of FabY. (A) Cartoon representation of dimeric (dark and light
colours) FabY (B) Active site of FabH (top) (PDB ID: 1NHJ) 19, FabY (middle) and FabF
(bottom) (PDB ID: 2GFY)101, The substrate entry and acyl pocket of the KS domains are
oriented to the left and right, respectively. Active site residues and the dodecanoic acid
(red) bound to FabF are shown in stick representation. Dual conformations of the active
site Cys281 in FabY are indicated. The acyl pocket in the starter KS FabH and FabY are
significant shorter than in the elongation KS FabF. (C) Extension of the KS core fold of
FabF in FabY, CMN- and fFAS. Structures of FabF (PDB ID: 1GFW), FabY and the KS
domains of S. cerevesiae (PDB ID: 2UV9) and M. smegmatis (PDB ID: 3ZEN) FAS are shown
in ribbon representation. The insertion of butterfly (green), shoulders (cyan) and arm (red)
in FabY are structurally conserved in CMN- and fFAS. The fFAS specific DM4 is shown in
dark blue.
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formed by two two-stranded anti-parallel B-sheets, capped by another
three-stranded B-sheet. The Arms are formed by the 80 C-terminal residues
of FabY (aa. 548-635). They originate from the terminal B-strand of the
core fold and comprise a short and a very long helix spanning the height
of the core domain. The helices are followed by an extensive linker (aa.
586-606) without regular secondary structure elements that protrude all
across to the second protomer. The terminal region of the Arms forms a
small three-stranded antiparallel B-sheet, before ending in a long loop
(Figure S7).

All expansion elements are located on the periphery of FabY distant
from the active site. While the Shoulders do not contribute to dimerization,
both the Arms and the Butterfly expansion contribute considerably to the
overall dimerization interface of FabY via contacts to the core fold or the
synonomous expansion regions of the second protomer, respectively.

The three expansion elements strikingly resemble the structure of
insertion elements observed in fungal and mycobacterial FAS
multienzymes (Figure 5C). The Arms closely match the CIS insertion
comprising residues 3012-3089 and 1659-1711, respectively, in CMN- and
yeast FAS. The Butterfly and Shoulder region together resemble an
insertion element designated as DM3 in fungal (aa. 1118-1179) ¢ and
mycobacterial FAS (aa. 2553-2615) 7?. DM3 in fFAS is a component of the
central wheel structure and provides part of the binding interface for the
ACP-KS interaction 6061, Based on sequence analysis and the conserved
connecting region in between (Figure 4 and Figure S5), we suggest that
the two expansions, Butterfly and Shoulder, resulted from independent
insertion events and may have separate functions. The functional
relevance of the insertion regions remains to be uncovered: Bufterfly and

Arms conftribute to dimerization, however, an equivalent extended
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dimerization interface is not required in other bacterial ketosynthases with

a conserved dimeric structure.
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Discussion

Here, we identify and characterize two families of bacterial
enzymes, which carry extensions characteristic of the fFAS multienzyme
architecture. DfnA is a two-domain, trans-acting AT-ER protein of the
polyketide assembly line for difficidin A biosynthesis in Bacillus
amyloliquefaciens. The structure of its ER domain is the first representative
of a class of frans-acting ER domains in polyketide and PUFA biosynthesis
and demonstrates their dimeric oligomerisation state.

FabY defines a family of non-canonical starter KS with a narrow
and non-regular distribution in Enterobacteriaceae and
Pseudomonaceae, including pathogenic P. aeruginosa. FabY inhibition
increases hypersensitivity to antibiotics, but its function can be bypassed in
infection by shunting of external Cs-fatty acids 9, The structural analysis
demonstrates that adaptions in FabY to its role as a starter enzyme are
limited to the active site and substrate binding pocket and unexpectedly
do not involve the ~200 aa inserted to the core fold 101,

The structures of DfnA-ER and FabY demonstrate a striking similarity
in extensions to the enzymatic core domains as compared to scaffolding
elements in the CMN- and fFAS multienzymes. The entire FabY with its
insertion regions closely resembles the KS domains of fungal and
particularly of CMN-FAS. In FAS, this domain is located in the central
wheel, in a key position for nucleating complex assembly. The conserved
DM3/butterfly extension of the fFAS a-chain KS domain plays a crucial role
in the organization of the central hub region (Figure 6, DM3/butterfly) and
conftributes to the ACP binding interface for KS interaction. The CIS/arm
interlinks the two protomers in the dimer (Figure S7) and orients the
DM3/shoulder extension for the core contacts with the ER domain of the 8
chain (Figure 3, DM3/shoulders).

DfnA-ER carries an extension to its helical subdomain, which uses
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identical anchor points and overlaps with the C1 insertion to the fFAS ER.
The dimer interface of DfnA-ER has small overlap with the interdomain
interface between the AT and ER domain in fFAS (Figure S8). For DfnA-ER
and FabY, the conserved extensions do not contribute to the formation of
active sites or substrate binding pockets suggesting a role in stabilization,
interdomain or even intermolecular interactions. Such higher-order
interactions are confirmed for PksE, a DfnA-homologue of the Bacillaene
biosynthesis cluster of B. subtilis, which co-localizes with a bimodular PKS
megaenzyme, PksR, and other PKS components to build a giant
membrane associated megacomplex 10¢,

Our structural characterization of bacterial monofunctional proteins
implementing parts of the CMN-/fFAS scaffolding elements provides first
evidence of an evolutionary route to the development of the fFAS
multienzyme architecture (Figure 7). Bacterial proteins of fatty acid, or
polyketide and PUFA biosynthesis acquired initial extension elements,
which (i) contributed to the stability of homooligomeric interactions, (ii)
provided interfaces for interdomain interactions in multidomain proteins
and (iii) contributed to protein-protein interactions. Gene fusions of several
of these proteins formed larger gene products, possibly a KSIIAT-ER
complex, which already used the extensions identified in FabY and DfnA.
There are currently no indications for the origin of the KR, MPT and ACP
domains, which may have evolved from monofunctional FAS enzymes.
Interestingly, the DH region of fFAS and DH proteins in PUFA biosynthesis
are the only DH variants containing more than two succesive hotdog folds
107 (Figure 7).
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Fig. 6. Interactions of the KS domain in fFAS. Front view on S. cerevisiae FAS (PDB ID: 2UV8)
(left) and a top view onto the isolated a-chain central wheel (right). The core of the ER
domain is colored in dark grey, ER insertions present in frans-AT PKS as well as in CMN-
and fFAS are shown in yellow and FAS specific ER insertions are colored orange. The
extension of the KS core domain are indicated: DM3/butterfly (green), DM3/shoulders
(cyan), CIS/arms (red) and specific dimerization module 4 (DM4) (dark blue).

Domain integration continued until a complete fatty acid synthase
encoded by a single gene emerged as an evolutionary stable system in
the CMN-group bacteria. Remarkably, a closely related FAS gene
product, which already contains a partial DM4 extension, used in fFAS for
PPT attachment, is found in the distant bacterial family of helically coiled
Leptospira (Figure $4;59 and supporting online text).

A fungal-type FAS has been described in genomes of fungi from all
clades (Figure S10). Thus it was likely already encoded in the last fungal
common ancestor (LFCA) 108, The fungi closest to LFCA, exemplified by the
euchytrid Spizellomyces punctatus and Batrachochyfrium dendrobatidis,
are characterized by single-gene encoded multienzyme FASs, which in

contrast to bacterial multienzyme FAS is closed by the trimeric capping
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insertion and comprises an internal PPT domain (Figure S9). The splitting
into two genes in various positions occurs at larger evolutionary distance
from LFCA around the development of Glomeromycota, Basidiomycota
and Ascomycota (Figure S10). Despite the general presence of PPT, the
DM4 insertion used for PPT attachment in yeast FAS is absent in
Ustilagomyceteae-FAS, likely due to a secondary loss.

Our results clearly identify bacterial monofunctional proteins that
implement scaffolding elements to found one of the most complex
eukaryotic multienzymes, the fungal FAS. Careful phylogenetic and
structural characterization links fungal FAS evolution to bacterial fatty acid
and polyketide metabolism. The data enable targeted studies on the role
of expansion elements in monofunctional and multifunctional enzyme
systems and confribute to a functional dissection of the fungal FAS
multienzyme architecture. This work is an important milestone towards the
rational tailoring and synthetic construction of multienzyme-inspired
molecular factories. Our approach of combining structural and
phylogenetic data may well serve as a blueprint for the analysis of other

eukaryotic multienzymes.
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Fig. 7. Origin and development of the fFAS multienzymes architecture. AT-ER proteins from
trans-AT PKS and monofunctional ketosynthase FabY already contain key interact
segments to mediate first transient contacts. These transient interactions were further
strengthened by additional expansion segments, gene fusion and additional enzymatic
domains were implemented. Possibly DH domains, as found in PUFA, and KR, MPT and
ACP domains from bacterial type Il FAS system build a stable open bacterial CMN-FAS
architecture, which was transferred to and developed (e.g. additional expansion
segments shown as black boxes) in fungi to the closed fFAS architecture. The two only
known DH families containing multiple hot-dog folds are fFAS (triplet) and PUFA
(quadruple) and possibly share a common ancestor.
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Supporting online text

All primary metabolism fFAS differ from bacterial CMN-FAS by the
presence of the barrel-closing trimeric insertion and an integral PPT.
However, the secondary metabolism HexA/B hexanoic acid synthase in
Aspergillus sp. contains an open structure resembling CMN-FAS (Figure
S7A-B). Indeed, Aspergillus HexA/B forms an independent group in the KS-
based multienzyme FAS phylogeny (fig. 4) and although it is a split-gene
FAS it is the closest evolutionary neighbor to the bacterial Leptospira FAS in
disagreement with the general phylogeny. The presence of an integrated
PPT and the split-gene organization sfill argue against a rare horizontal
gene fransfer from bacteria 45 to Aspergillus. HexA/B thus likely followed a
different evolutionary route dominated by its particular functional

requirement for substrate transfer to interacting proteins.
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Table S1. Protein sequences used for protein alignment and phylogenetic

analysis

Protein name NCBI entry
FabK Streptococcus pneumonia NP_344942.1
FabK Enterococcus faecalis ETJO9071.1

FabK Negativicoccus succinicivorans ETIB5168.1

FabK Bavariicoccus seileri WP_022795425.1
FabK Streptococcus henryi WP_018163773.1
FabK Clostridium tyrobutyricum WP_017751433.1
FabK Lactobacillus versmoldensis WP_010623791.1
FabK Desulfitobacterium dichloroeliminans | YP_007221491.1

FabK Streptococcus sp. SK643

WP_000857444.1

FabK Thermoanaerobacter wiegelii

YP_004820135.1

BaeE Bacillus amyloliquefaciens YP_001421287.1
MInA Bacillus amyloliquefaciens YP_001421027.1
Putative acyltransferase/oxidoreductase YP_001614781.1

Sorangium cellulosum

Putative uncharacterized protein
Brevibacillus brevis

YP_002773473.1

DisD Sorangium cellulosum

AAY32968.1

Acyltransferase/oxidoreductase
Streptomyces atroolivaceus

AANB85520.1

PfaD Paenibacillus curdlanolyticus

WP_006039949.1

PfaD Anabaena variabilis

YP_323104.1

PfaD Desulfobacula toluolica

YP_006762305.1

PfaD Fischerella sp. JSC-11

WP_009756804.1

PfaD Gloeobacter violaceus

NP_925777.1

PfaD Nostoc sp.

YP_007073795.1

PfaD Rhodococcus opacus

WP_005263192.1

PfaD Shewanella oneidensis NP_717210.1
PfaD Streptomyces turgidiscabies WP_006378357.1
PfaD Vibrio sp. NSP560 CCA30304.1

CMN FAS Actinobacterium

WP_023645376.1

CMN FAS Aeromicrobium marinum

WP_007078357.1

CMN FAS Gordonia paraffinivorans

WP_006899551.]1

CMN FAS Gordonia polyisoprenivorans WP_020171601.1
CMN FAS Mycobacterium smegmatis YP_88%9015.1

CMN FAS Mycobacterium tuberculosis WP_003917018.1
CMN FAS Nocardia sp. BMG111209 WP_019929056.1
CMN FAS Rhodococcus erythropolis WP_019749144.1
CMN FAS Smaragdicoccus niigatensis WP_018162296.1
CMN FAS Dietzia alimentaria WP_010541927.1

68




Leptospira sp. B5-022

WP_020769903

Leptospira licerasiae

WP_0085%205%20

Leptospira wolffii

WP_016546093

Leptospira inadai

WP_02098%101

Leptospira fainei

WP_016550436

Leptospira broomii

WP_010568982

fFAS Trametes versicolor EIW57289
fFAS Mucor circinelloides EPB92410
fFAS Drechslerella stenobrocha 248 EWCA4471

fFAS Batrachochotryium dendrobatidis XP_001547465
fFAS Botryotinia fuckeliana XP_001547461
fFAS Fusarium verticillioides 7600 (modified) | EW(G42433
fFAS Neurospora crassa OR74A (modified) | XP_962466
fFAS Leptospira kmetyi WP_020985483
fFAS Batrachochytrium dendrobatidis BDEG_05610.1
fFASCoprinopsis cinerea okayama?7#130 XP_001836417
fFASLaccaria bicolor S238N-H82 XP_001880844
fFAS Serpula lacrymans var. lacrymans S7.3 | EGN98830
fFAS Aspergillus parasiticus AAS66003
fFAS Aspergillus nidulans FGSC A4 XP_682677
fFAS Aspergillus flavus AASP0085.1
fFAS Rhizopus delemar RA 99-880 EIE91460

fFAS Mucor circinelloides f. circinelloides EPB87701
1006PhL

fFAS Ustilago maydis 521 XP_759118
fFAS Pseudozyma hubeiensis SY62 GAC97557
fFAS Amylomyces rouxii iso 1 ADN94479.1
fFAS Amylomyces rouxii iso 2 ADN94478.1
fFAS Tremella mesenterica DSM 1558 EIW67374
fFAS Cryptococcus gatti WM276 XP_003194424
fFAS Cryptococcus neoformans var. XP_571100
neoformans JEC21

fFAS Trametes versicolor FP-101664 SS1 EIW57289
fFAS Serpula lacrymans var. lacrymans S7.3 | EGN98830
fFAS Laccaria bicolor S238N-H82 XP_001880844
fFAS Coprinopsis cinerea okayama?7#130 XP_001836417
fFAS Rhodosporidium toruloides NP11 EMS21161
fFAS Aspergillus fumigatus EDP53206.1
fFAS Candida albicans EEQ46070.1
fFAS Kluyveromyces marxianus BAO40550.1
fFAS Lachancea kluyveri BAB62141.1
fFAS Neosartorya fischeri XP_001259180.1
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fFAS Saccharomyces arboricola H-6

EJS42996.1

fFAS Saccharomyces cerevisiae

AAA34602.1

fFAS Saccharomycetaceae sp. 'Ashbya
acer'

AGO12437.1

fFAS Spathaspora passalidarum

XP_007375193.1

fFAS Wickerhamomyces ciferrii CCH45960.1
FabF Bavariicoccus seileri WP_022795422.1
FabF Clostridium tyrobutyricum WP_017751436.1

FabF Desulfitolbacterium dichloroeliminans
LMG P-21439

YP_007221486.1

FabF Enterococcus faecalis NP_814075.1
FabF Negativicoccus succinicivorans ETI84545.1

FabF Porphyromonas gingivalis NP_905866.1
FabF Pseudomonas aeruginosa NP_251655.1
FabF Streptococcus sp. SK643 WP_000774057.1
FabF Thermoanaerobacter wiegelii YP_004820131.1
FabF Escherichia coli 2GFV_A

FabY Pseudomonas aeruginosa NP_253861.1
FabY Azotobacter vinelandii CA6 YP_002797779.1
FabY Cellvibrio japonicus strain Ueda107 YP_001981921.1
FabY Chromohalobacter salexigens strain | YP_574978.1
DSM 3043

FabY Enterobacter cloacae BWH 31 WP_023310156.1

FabY Gamma proteobacterium

YP_003810577.1

FabY Glaciecola mesophila KMM 241

WP_006991739.1

FabY Saccharophagus degradans strain 2-
40

YP_527077.1

FabY Simiduia agarivorans strain DSM
21679

YP_0069215075.1

FabY Teredinibacter turnerae strain ATCC
39867

YP_003073149.1
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DfnA Bacillus amyloliquefaciens
BaeE Bacillus amyloliquefaciens
MInA Bacillus amyloliquefaciens

Putative acyltransferase/oxidoreductase Sorangium cellulosum
Putative uncharacterized protein Brevibacillus brevis

DisD Sorangium cellulosum

Acyltransferase/oxidoreductase Streptomyces atroolivaceus

CMN-FAS Mycobacterium smegmatis
CMN-FAS Mycobacterium tuberculosis
CMN-FAS Gordonia paraffinivorans
CMN-FAS Gordonia polyisoprenivorans
CMN-FAS Smaragdicoccus niigatensis
CMN-FAS Rhodococcus erythropolis
CMN-FAS Nocardia sp. BMG111209
CMN-FAS Dietzia alimentaria

CMN-FAS Aeromicrobium marinum
CMN-FAS Actinobacterium

fFAS Saccharomyces cerevisiae

fFAS Spathaspora passalidarum

fFAS Lachancea kluyveri

fFAS Neosartorya fischeri

fFAS Aspergillus fumigatus

fFAS Candida albicans

fFAS Saccharomyces arboricola H-6]

fFAS Wickerhamomyces ciferrii

fFAS Saccharomycetaceae sp. 'Ashbya aceri'
fFAS Kluyveromyces marxianus

PfaD Paenibacillus curdlanolyticus

PfaD Vibrio sp. NSP560

PfaD Fischerella sp. JSC-11

PfaD Desulfobacula toluolica

PfaD Rhodococcus opacus

PfaD Nostoc sp.

PfaD m:mw83<nmu turgidiscabies

PfaD Anabaena variabilis

PfaD Gloeobacter violaceus

PfaD Shewanella oneidensis

FabK Enterococcus faecalis

FabK Negativicoccus succinicivorans
FabK Bavariicoccus seileri

FabK Streptococcus henryi

FabK Clostridium tyrobutyricum

FabK Lactobacillus versmoldensis

FabK Desulfitobacterium dichloroeliminans
FabK Streptococcus sp. SK643
FabK Thermoanaerobacter wiegelii
FabK Streptococcus pneumoniae
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DfnA Bacillus amyloliquefaciens

BaeE Bacillus amyloliquefaciens

MInA Bacillus amyloliquefaciens

Putative acyltransferase/oxidoreductase mo_.m:mEB cellulosum
Putative uncharacterized protein Brevibacillus brevis

DisD Sorangium cellulosum

Acyltransferase /oxidoreductase Streptomyces atroolivaceus
CMN-FAS Mycobacterium smegmatis

CMN-FAS Mycobacterium tuberculosis

CMN-FAS Gordonia paraffinivorans

CMN-FAS Gordonia polyisoprenivorans

CMN-FAS Smaragdicoccus niigatensis

CMN-FAS Rhodococcus erythropolis

CMN-FAS Nocardia sp. BMG111209

CMN-FAS Dietzia alimentaria

CMN-FAS Aeromicrobium marinum

CMN-FAS Actinobacterium

fFAS Saccharomyces cerevisiae

fFAS Spathaspora passalidarum

fFAS Lachancea kluyveri

fFAS Neosartorya fischeri

fFAS Aspergillus fumigatus

fFAS Candida albicans

fFAS Saccharomyces arboricola H-6]

fFAS Wickerhamomyces ciferrii

fFAS Saccharomycetaceae sp. 'Ashbya aceri'

fFAS Kluyveromyces marxianus

PfaD Paenibacillus curdlanolyticus

PfaD Vibrio sp. NSP560

PfaD Fischerella sp. JSC-11

PfaD Desulfobacula toluolica

PfaD Rhodococcus opacus

PfaD Nostoc sp.

PfaD mﬁqmwﬁo_.:,\nmm turgidiscabies

PfaD Anabaena variabilis

PfaD Gloeobacter violaceus

PfaD Shewanella oneidensis

FabK Enterococcus faecalis

FabK Negativicoccus succini
FabK Bavariicoccus seileri
FabK Streptococcus henryi

FabK Clostridium tyrobutyricum

FabK Lactobacillus versmoldensis

FabK Desulfitobacterium dichloroeliminans
FabK Streptococcus sp. SK643
FabK Thermoanaerobacter wiegeli
FabK Streptococcus pneumoniae

100 110 120 130 140 150 160 170 180 190
m_zmcmxuuwz..Hoxzzqmmm—mmew:mmmme;wwamrmmmmenmhu.mmenmowmmawﬂmwvmonm-E«m:ﬂrmmmzzmmu:uxm,\xznc_
GNEEFKRDYQ-LKYAYLAGGIIVRGIS -~ SKEMJVKLAEKEMMGF FGTGEL- N1 AHVEDARL S0 HELR DGG - SFG IV{JHNMKE T~ - -DS EEKME D}
GDQSFKEDYG-LTYAYLAGAJJHRGIS -~ SAEMET RLGRKEMLGFFGTA[L- P IRETEQA[T SEKKTEKNGQ - PYGMJLR FEPDHQ- - -DREKEL I D}
GAASFRSDYR-LRYACTAGS[RDGIS -~ SKELC VRMGKXF MGFLGT A~ TLPATESAs Fi§E RELGAGA - SYGVELP SNPALP- - ~-EVEEEMV D]
GDQSEKQDYN-LKYPYLAGAQIYKGIS -- SEKL{JIKMGKXGMMGFFGSGEL- 0LDRIERAHQ O RELQ OGE - PYG ML HLP SDB- - ~SMEEK TV E]
GSAAFREDYR-LRYAYVAGSVDGIS--SKEMEVRMGKXGL I YEGTKv-ALDAVEASHL O RELRGGE - SYGVSLWCDMDD S~ - ~-HLEWQ SVARY L
GSAEFRQDYG-IRYAYLAGAJIFRGIA--SAEL I RMGRYFLMGFFGAGL- 6LDKVESAVREAKDALGPDG - R¥GMILAH ST DDR- - ~AY EHAV VD]

- -TKETRLTG-R- SPILLAGHr -- P TEVDAKIGARA ANXF wAEEAGE[Jov TE Q1 FNDREAEME TLEE PER - AT Q Fr @FE- - DBY LWKLQVGGKRAVQ
- -TKETRLTG - R- SPILLAGHr -- P TV D AKIARA ANXF wAELAGE[Jov TEET F G NREE 0T GLLE PER - T¥Q FEA R FIE- - DBY LWKLQVGGKRIAVQ
- -TAFTRLTG-R- SPMLLAGT -~ PTIv D P AT AR ANXGe wA ELAGGHQV TEEI FARNHA T DLLE PGR - EAQFJARFL- - DPY LWKLQLGGKRIAVQ
- - TAFTKLTG - R- SBMLLAGr -- P TEV D P AZ{ AR A NXFe wAEL AGE[Jov TE T EA DNA T DLLE PER - QA Q FEARFIE- - DBY LWKLQLGGKRIAVQ
- - TAFTKLT G -R- SPILLAGHT -- P T/Iv D ARIARA ANXFF wA ELAGE[HQV TE PI FAKR[JE DK DQLD PGR - AVQ FJARFIL - - DPY LWKLQVGGKRIALQ
- -TAFTKLTG-R- SPILLAGr -- P TV DAKIGARA ANXFe wAELAGE[Jov TEET FEDRA EFK ML LE PER - AV Q F[Js B FiE- - DBY LWKLQLGGKRAVQ
- -TAFTRLTG-R- SPILLAGr -- P TV DAKIGADA ANXF wAELAGE[Jov TE PT FADRA EPK TLEH PER - AV Q F[Js BFIE- - DBY LWKLQLGGKRAVQ
- -TSETRLTG-C-SPILLAGr -- P TEVDPEIARAANYG wAELAGE[JoVSEPI FAENTQRIAELLE PER - SAQ F[s BFIE- - DBY LWKLQVGGKRIAVQ
- -TAFSRLTG-R-PPVLLAGHr -- P TEVDAAIAEA ANXSF wAELAGG[EQVTEEVFADRAEAD RLIEPGR - SYQ FS@FIL- - DPY LWKLQVGQKRAVOQ
- -TAFTRLTG- H- SPILLAGHT -- P TIv DA PIARA ANYGr wAELAGEEQV TEEI FNARHAERD GLLE PGR - GY'S FJSBFL- - DPY LWKLQLGQKRIAVQ
- -TKESKLI G-R- PPLLV PG -~ PcIvs PDF AR T NXv 11 ELAGEEYF sAAGMT AAHD S SQTEKGS - TEG IFLE Y V- - NB- - ~-FMLOWG I PHIK
- -TKESQLLG-R- APLMVPGr-- P TEVNPKTH IS L NXgv 51 ELAGE[JYF AP QGMT AAHD ERVENTK PEY - GL G IEEH V- - NB- - -RMLOWG I PAIK
- -TKESRLLG-R- APLLVPGr--p TV s P OF Al 1 NXgv 51 ELAGE[JYF S PDGMT KAHD sV SQVK KGY - GL G IFEH vV~ - NB- - -RMLOWG TPAIK
- -TEMSRLLG- I- PPIMVAGT -- P TV PwDF AR MNYv iT ELAGGEYY NGRS MTEARS Ki§E KT TP PGR - GI TVNLE YV~ - NP- - -RAMAWQIPHIG
--TKMSRLLG-I-PPIMVAGr--pTEvPwDF AR MNXSvEI ELAGGEYYNGKSMTEAS KE KT TP PGR - GI TVLH Y V- - NB- - -RAMAWQI PTG
- -TKESQLLG-R-APLMVAGr--» TEvN T DI sPs L NX&v B ELAGG[JYF s P vMM T RAID DfV SRIK PGY - GL G IFEH YV - - NB- - ~-FMLOWGIPHIK
- -TKESKLIG-R- PPLLVPGT -~ PcIvs PDF AR TNXy 11 ELAGEEYF sAAGM T AAHD SV SQTEKGS - TEG IFLH Y V- - NB- - ~-FMLOWGVPRIK
- -TKESRLLG-K- APILVPGIr-- P TEvVEP DF AR L NXgv 51 ET AGE[JYF DPRTF ONAJO RV DO WO PET - GI G IFEH YV~ - NB- - -RMLOWG TPAIK
- -TKFSRLLG-R- PPLLVPGr -- P TV s P OF AR} 1 NIy 51 ELAGE[JYF S PoGM T KAHD sV SQIK KE's - SLG IFEH Y V- - NB- - -RMLOWG T PATK
- -TSFSRLLG-R-APLLVPGT -~ PTTAS TDF AR 1 MYy iI ELAGG[EYF TAEGM T KAHE DIJv SKIKKGY - GL G IRMBYV- - NP- - -RMLOWGIPJIR
GGGSETRAHGVR-FAYIAGEJJANG IATAR - -M{j WA KM LG FFGAA[JLP - LERVQONMAD Vi§o AELD PVG L PHG IfJLEH TP NEPAMEE - - ~-H IVDIY L
GDEDFRRCHGVEK-YAYYAGAIANGISSEE - -Li TG O@r L.c S FGAA[QLI - PSRVE QAQINREO AALP NG - - PYA FJLIiH SP SEPALER - - -G SVE]
GDPNFLNFHGTK-YAYTTGAJIAGGIASEE - -METRLGREFr LGS FGAGELP - LNREE IAQNRI YALP NG - - P¥A FLEHSPNEPALER - - ~GAV D]
GDKREKTRHALK-YBY TAGATIANG I TSVA - -I K TMAENM IGFEGAGLS - IEKIKENHT EFK STEK DR - - PFG FULEH SP GDPAHEM - - ~ATVE]
GDPNFRSFHGVR-YAYAAGAIANG IASPV - -M T} AR LAS Y GAAVV - PARVD AAAERR ATEG DL - - PYACILRHESP SEPALER - - ~AIVDACL
GDPNFLNFHNVK-YAYAAGAJJAHGIASEE - -LiIBLGKES ILS SFGAG[JLS - PARVE SALINRI0 QALP QG- - PYAFJLIAH SPSEPATER - - ~RVV D]
GDPSFCTAHGVR-FEBYVGGEJJANG IATTR - -M{j TE}L AR LMG F F GAG[JLD - HRS VE RAJA DA AGLG DR - RNWG VLI H SP QEPE LEE - - ~RVAGHLV
GDPNFLSFYGVQ-SAYMTGAIAGGIASEE - -MJ I GREKILGSFGAGELP - PERLEVAENRBQ QALP HG - - PYA F[JLEHSPNDMATER - - ~-RAVDY L
GDDRFRIDHGVK-YAYVTGAJIANGIASEE - -M{J L GRERLLGSFGAALV - PERTEAAHQRI0 QALP TG - - P¥A FLAHSP SEAATER - - ~GAV D]
GDSNFRRVHGVK-YAYYAGAJIANGIASEE - L 1B oY LcsFGAALT - PSRVEAARK RO AALP NG - - PYA FLAHSP SEQALER - - -GSV E]

|||||||||||||||||||||||||||||||||||| SNXJeLG I TAGEGNA-PKEVVKKEHKKKEL TEQ- - - PEG VNI LE- - S -~ - ~P FADE I ¥ D]

-KTKLTELLGIR-YPIIQGAM}-A--WwISESTLYSEVANYGa 16 vIATGEQ- SSEWIHEQHRKTKEL TDH- - - PEG VLI L Q- -A-- - -PNKDEVLEHIC
-RTKLCDELLGID-YPIVQGA(-A--WVADAKLASEVSNYgc 16 IVGTGHD- PVDVVQRK[EEJKAL TDK-~ - - PEG VIV LL- -N-- - ~PHVEEVVSYLC
-KTRITELLNIK- YPIF QGG A- -WVADGDLAGEWV s NYJ6 L6 I TGGENA- PKEVVKANHD KK SI TDK-~ - - PEG VI LE- - § -- - -PFADD IV DAV
~-NCEFSKMVGIK- YPIIQGG-A--WwIADSSEAARSNYge LG IITGNAP- LDWRHEIRKAKKLT DK -~ - - PEGVIILE- -5 -~ - ~-ETAEEVAK]

- --KINQLLKIK- YPLIQGS[-A--RISTHKEYSEV s NXge L6 VE TS v[gM- DKDGES DOHD QR RE T DN~ - - PEGVEEQL 0- -0 -~ - -DN I YQLVEJLL
-KTKICDLIGIE-HPIFQGGH-A--WIATGELAANSENGeLGITGAGQA-PADWERQEHE KEKKI TS K- - - PYGVEVIILM- - S -~ - -PFVED VMQEIV
-KTRITELLNID-YPIFQGG-A--WVADGDLAGEVSKXHGLGIIGGENA-PKEVVKANMD KK SL T DK~ - - PEG VJILL- -5 -~ - ~PFVED IV D}

-KTKIVEMLNIK-YPIFQGG-A--wVvATAELAAR SNXJeLGITIGAGNA-PASFVREQERKAREL T DK~ - - PEGVVLE- -5 -~ - ~-PFVDEVMEJIL
--TRITELLKID-YPIFQGG-A--WVADGDLAGESKYFeLGITGGENA-PKEVVKANHD KK SLTD -~ K - PEG VI LE- - § -~ - ~PFVED IV DAV
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DfnA Bacillus amyloliquefaciens

BaeE Bacillus amyloliquefaciens

MInA Bacillus amyloliquefaciens

Putative acyltransferase/oxidoreductase moqmzma_s cellulosum
Putative uncharacterized protein Brevibacillus brevis
DisD Sorangium cellulosum
Acyltransferase /oxidoreductase Streptomyces atroolivaceus
CMN-FAS Mycobacterium smegmatis
CMN-FAS Mycobacterium tuberculosis
CMN-FAS Gordonia paraffinivorans
CMN-FAS Gordonia polyisoprenivorans
CMN-FAS Smaragdicoccus niigatensis
CMN-FAS Rhodococcus erythropolis
CMN-FAS Nocardia sp. BMG111209
CMN-FAS Dietzia alimentaria

CMN-FAS Aeromicrobium marinum
CMN-FAS Actinobacterium

fFAS Saccharomyces cerevisiae

fFAS Spathaspora passalidarum

fFAS Lachancea kluyveri

fFAS Neosartorya fischeri

fFAS Aspergillus fumigatus

fFAS Candida albicans

fFAS Saccharomyces arboricola H-6]

fFAS Wickerhamomyces ciferrii

fFAS Saccharomycetaceae sp. 'Ashbya aceri'
fFAS Kluyveromyces marxianus

PfaD Paenibacillus curdlanolyticus

PfaD Vibrio sp. NSP560

PfaD Fischerella sp. JSC-11

PfaD Desulfobacula toluolica

PfaD Rhodococcus opacus

PfaD Nostoc sp.

PfaD m.n_‘mnﬂo:._,\nmm turgidiscabies

PfaD Anabaena variabilis

PfaD Gloeobacter violaceus

PfaD Shewanella oneidensis

FabK Enterococcus faecalis

FabK Negativicoccus succinicivorans

FabK Bavariicoccus seileri

FabK Streptococcus henryi

FabK Clostridium tyrobutyricum

FabK Lactobacillus versmoldensis

FabK Desulfitobacterium dichloroeliminans
FabK Streptococcus sp. SK643

FabK Thermoanaerobacter wiegelii

FabK Streptococcus pneumoniae

Nﬁwo Nwo Nwo 230 240 Nm_o Nmo N_wo Nm_o Nm.wo
L} L}
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ELRSKGYPo Ff#r 1 G}~ VBS LEVASEYTIET-L= === == = = == = GL--KYPGLKPGSIDAISQVINT = === = = = = == m e m e e e e AKAHPN
ELRDKG Y P SPir 1 G}~ VBS LEVATE¥TET- L= == = == = = == = GL--THAGLKPGSIDA I SQVET I ~ == = = = = = mm = m e e e e e e AKAHPN
ELRDKGY PO ST 1G}6- VRS LEVATEYIET-L~ === == = = == = GL--THAGLKPGSIDAISQVIATL = === === = = === = = = o e e AKAHPS
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DLREKGY PO SEAT 1Gf}6- VBS IEVATE¥IED-Lmm = == = = == = GL--THAGLKPGEVDAISQVIAT - ~= = = == = = === mm e e e e AKAHPT
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ELRERGY PO ART 1G}6- VRS LEVAAEYIET-L= === == = = == = GL-~-THAGLKPGSIDAISQVIATL === = == = = == = = e = = e AKAHPN
RRG--- - -{JR R[S ASf¥FMG-LTPS IVR¥ACSGLSLDNNGVIRRKNH- - - -F AKI SRPEVARP FMS PAPDKMLADLVRRGLLTAEEARLAAYVPL -- -~
KEK--- - -k fjEAS¥FLG-LTPQIVE¥RAAGLSRDAQGEIQIGNK- -~ ~[JT AKVS RTEVASKFMQPAPAKMLQALVDEGRI TAKQMELAQLVPM~- - -
KyG-----JRTHEASFLD-LTPNIVY¥RAAGLGLNSANEIEIKNK- - - -[§I AKVS RREVARKFMQPAPQKMLQELVAQGLI SELQANLATKVPL ~- - -
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KHQ-----JRTHEASFLD-LTENIVY¥RAAGLSLNSANQIVINNK- - - -[J1 AKT SRREVATKFELQPAPTK I LKQLVEQGLISELQANLAERVP M-~ - -
TRE---- - VijS ASI¥F MA- LTPAVVRCAVAGLATDPSGVIVRRTR- - - -[JF AKVSRPEVAEQFLS PAPPAVLRVLVERGEI TEREADLAAHVPV —- -~
KYE-----frjEASFLD-LTANIVY¥RVAGLSLNDANQIQIKNK- -~ ~JJT AKI SRREVASKFMQPAPARI IKELLEQGLITELQAKLAANVP M~~~ -
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KHQ-----JRTjEASFLG-LTPQIVY¥RAAGLSRDASGEIVIGNK- -~ ~JJI AKI SRTEVATKFMEPAPVK ILQQLVNEGLI SEDQMLMAQSVPM~- - -
EEQ-----{@P Vijr TG}G - NPA - KY MARFKEH-N= == = == = = == = I----KQ@IPVVPSVALAKRMEK I = == = = == = = = = e e e e e e e e GA----
EEK-----[AFATIGG- NPV -PYFEPLHRA-G= === === ===~ V=== -KAIPVVPSVKLARRVQEK - —= == = == e e e e e e e e o GA----
QAG--- - -FRIFr TG~ SPG-KYMTAFQEA-G= === == = = == = I----REIPVVASVALARRMERL = == = = == = = o e e e e e GA----
EEG-- - - -k Vi T G}~ NBG - KYMERFHEA-G= == = == = = == = I--- T PVVPSVALAKRMEKL = == = = == = = == m e e e e e e e GA-=-=--
EEG-- - - -Jk Vir T G}6- NBG - KY IN IHKQN-D = == = == = = == = I----KIPVVASVALARRMERY = == = = == = = e e e e e e e e GVe-mmm
EKK-- - - -{Jp VM T G}~ TPA - PYFDDLEQA~G= == = == = = == = I--- =K@l PVIPNVELAQKMQODL = == = = == = = = = = o e e e e GVem ==
EER-----{JPVEr TG}6 - NPG - KY IPMLKEI~G= === == = = == = T---~KJI PVVASVALARKRLEKA = == = = == = = == = = e e GVemmm
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EEK-- - - - VBT TG}6- NPG - KY IQRLKER=G = == = == = = == = I----KI PVVPSVALARRMED I = == = = == = m e e e e e e GVemmm
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DfnA Bacillus amyloliquefaciens

BaeE Bacillus amyloliquefaciens

MInA Bacillus amyloliquefaciens

Putative acyltransferase/oxidoreductase mo_.m:mEB cellulosum
Putative uncharacterized protein Brevibacillus brevis

DisD Sorangium cellulosum

Acyltransferase /oxidoreductase Streptomyces atroolivaceus
CMN-FAS Mycobacterium smegmatis

CMN-FAS Mycobacterium tuberculosis

CMN-FAS Gordonia paraffinivorans

CMN-FAS Gordonia polyisoprenivorans

CMN-FAS Smaragdicoccus niigatensis

CMN-FAS Rhodococcus erythropolis

CMN-FAS Nocardia sp. BMG111209

CMN-FAS Dietzia alimentaria

CMN-FAS Aeromicrobium marinum

CMN-FAS Actinobacterium

fFAS Saccharomyces cerevisiae

fFAS Spathaspora passalidarum

fFAS Lachancea kluyveri

fFAS Neosartorya fischeri

fFAS Aspergillus fumigatus

fFAS Candida albicans

fFAS Saccharomyces arboricola H-6]

fFAS Wickerhamomyces ciferrii

fFAS Saccharomycetaceae sp. 'Ashbya aceri'

fFAS Kluyveromyces marxianus

PfaD Paenibacillus curdlanolyticus

PfaD Vibrio sp. NSP560

PfaD Fischerella sp. JSC-11

PfaD Desulfobacula toluolica

PfaD Rhodococcus opacus

PfaD Nostoc sp.

PfaD mqmnﬂo_.:,\nmm turg
PfaD Anabaena variabilis
PfaD Gloeobacter violaceus
PfaD Shewanella oneidensis
FabK Enterococcus faecal
FabK Negativicoccus succinicivorans

FabK Bavariicoccus seileri

FabK Streptococcus henryi

FabK Clostridium tyrobutyricum

FabK Lactobacillus versmoldensis

FabK Desulfitobacterium dichloroeliminans
FabK Streptococcus sp. SK643

FabK Thermoanaerobacter wiegelii

FabK Streptococcus pneumoniae

iscabies

wn_uc 310 320 wm.wo wuwo wmo wmc 370 wmo 390
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DfnA Bacillus amyloliquefaciens

BaeE Bacillus amyloliquefaciens

MInA Bacillus amyloliquefaciens

Putative acyltransferase/oxidoreductase mo_.m:m
Putative uncharacterized protein Brevibacillus
DisD Sorangium cellulosum

Acyltransferase/oxidoreductase Streptomyces atroolivaceus

CMN-FAS Mycobacterium smegmatis
CMN-FAS Mycobacterium tuberculosis
CMN-FAS Gordonia paraffinivorans
CMN-FAS Gordonia polyisoprenivorans
CMN-FAS Smaragdicoccus niigatensis
CMN-FAS Rhodococcus erythropolis
CMN-FAS Nocardia sp. BMG111209
CMN-FAS Dietzia alimentaria
CMN-FAS Aeromicrobium marinum
CMN-FAS Actinobacterium

fFAS Saccharomyces cerevisiae

fFAS Spathaspora passalidarum

fFAS Lachancea kluyveri

fFAS Neosartorya fischeri

fFAS Aspergillus fumigatus

fFAS Candida albicans

fFAS Saccharomyces arboricola H-6]
fFAS Wickerhamomyces ciferrii

fFAS Saccharomycetaceae sp. 'Ashbya aceri'
fFAS Kluyveromyces marxianus

PfaD Paenibacillus curdlanolyticus
PfaD Vibrio sp. NSP560

PfaD Fischerella sp. JSC-11

PfaD Desulfobacula toluolica

PfaD Rhodococcus opacus

PfaD Nostoc sp.

PfaD m:.mw83<nmm turgidiscabies
PfaD Anabaena variabilis

PfaD Gloeobacter violaceus

PfaD Shewanella oneidensis

FabK Enterococcus faecalis

FabK Negativicoccus succinicivorans
FabK Bavariicoccus seileri

FabK Streptococcus henryi

FabK Clostridium tyrobutyricum

FabK Lactobacillus versmoldensis
FabK Desulfitobacterium dichloroeliminans
FabK Streptococcus sp. SK643

FabK Thermoanaerobacter wiegelii
FabK Streptococcus pneumoniae
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DisD Sorangium cellulosum

Acyltransferase/oxidoreductase Streptomyces atroolivaceus

CMN-FAS Mycobacterium smegmatis
CMN-FAS Mycobacterium tuberculosis
CMN-FAS Gordonia paraffinivorans
CMN-FAS Gordonia polyisoprenivorans
CMN-FAS Smaragdicoccus niigatensis
CMN-FAS Rhodococcus erythropolis
CMN-FAS Nocardia sp. BMG111209
CMN-FAS Dietzia alimentaria
CMN-FAS Aeromicrobium marinum
CMN-FAS Actinobacterium

fFAS Saccharomyces cerevisiae

fFAS Spathaspora passalidarum

fFAS Lachancea kluyveri

fFAS Neosartorya fischeri

fFAS Aspergillus fumigatus

fFAS Candida albicans

fFAS Saccharomyces arboricola H-6]
fFAS Wickerhamomyces ciferrii

fFAS Saccharomycetaceae sp. '‘Ashbya aceri'
fFAS Kluyveromyces marxianus

PfaD Paenibacillus curdlanolyticus
PfaD Vibrio sp. NSP560

PfaD Fischerella sp. JSC-11

PfaD Desulfobacula toluolica

PfaD Rhodococcus opacus

PfaD Nostoc sp.

PfaD m.n_‘mwﬂ03<nmm turgidiscabies
PfaD Anabaena variabilis

PfaD Gloeobacter violaceus

PfaD Shewanella oneidensis

FabK Enterococcus faecalis

FabK Negativicoccus succinicivorans
FabK Bavariicoccus seileri

FabK Streptococcus henryi

FabK Clostridium tyrobutyricum

FabK Lactobacillus versmoldensis
FabK Desulfitobacterium dichloroeliminans
FabK Streptococcus sp. SK643

FabK Thermoanaerobacter wiegelii
FabK Streptococcus pneumoniae
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DfnA Bacillus amyloliquefaciens

BaeE Bacillus amyloliquefaciens

MInA Bacillus amyloliquefaciens

Putative acyltransferase/oxidoreductase woﬂmzmmca cellulosum
Putative uncharacterized protein Brevibacillus brevis

DisD Sorangium cellulosum

Acyltransferase/oxidoreductase Streptomyces atroolivaceus
CMN-FAS Mycobacterium smegmatis

CMN-FAS Mycobacterium tuberculosis

CMN-FAS Gordonia paraffinivorans

CMN-FAS Gordonia polyisoprenivorans

CMN-FAS Smaragdicoccus niigatensis

CMN-FAS Rhodococcus erythropolis

CMN-FAS Nocardia sp. BMG111209

CMN-FAS Dietzia alimentaria

CMN-FAS Aeromicrobium marinum

CMN-FAS Actinobacterium

fFAS Saccharomyces cerevisiae

fFAS Spathaspora passalidarum

fFAS Lachancea kluyveri

fFAS Neosartorya fischeri

fFAS Aspergillus fumigatus

fFAS Candida albicans

fFAS Saccharomyces arboricola H-6]

fFAS Wickerhamomyces ciferrii

fFAS Saccharomycetaceae sp. 'Ashbya aceri'

fFAS Kluyveromyces marxianus

PfaD Paenibacillus curdlanolyticus

PfaD Vibrio sp. NSP560

PfaD Fischerella sp. JSC-11

PfaD Desulfobacula toluolica

PfaD Rhodococcus opacus

PfaD Nostoc sp.
PfaD mﬁ.mnﬂoaﬁmm turgidiscabies

PfaD Anabaena variabi

PfaD Gloeobacter violaceus

PfaD Shewanella oneidensis

FabK Enterococcus faecalis

FabK Negativicoccus succinicivorans
FabK Bavariicoccus seileri

FabK Streptococcus henryi

FabK Clostridium tyrobutyricum

FabK Lactobacillus versmoldensis

FabK Desulfitobacterium dichloroeliminans
FabK Streptococcus sp. SK643
FabK Thermoanaerobacter wiege
FabK Streptococcus pneumoniae
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Figure $1 (related to Figure 1). Sequence alignments of DfnA/FabK/ER homologues. The
sequence alignment shows the conserved insertion points in FabK and DfnA-ER for the
extension elements. Insertions are colored according to figure 1. All sequences used are
given in supplementary table S1.

78



DfnD

DfnE DfnF

DfnG

s o . - w @O - @s
[ DfnH 1T Dfnl !
EmE s o« @ o« [ - e -
DfnJ
DfnA
1
*-“,l
FabK vs DfnA-ER ERSZ

ER-53

FabK DinA

Figure S2 (related to Figure 2). Domain organization of the difficidin cluster from B.
amyloliquefaciens FZIB42 and comparison of FabK and DfnA-ER. (A) Schematic
view of the difficidin cluster from B. amyloliquefaciens FZB42. KS, ketosynthase
(orange); AT, acyl-CoA transferase (pink); KR, ketoreductase (yellow); ACP, acyl
carrier protein (grey); DH, dehydratase (green); KR, ketoreductase (yellow); ER,
enoyl reductase (drak grey); TE, thioesterase (dark blue). The location of the
DHKR domain in DfnD and DfnG, where the DfnA-ER is supposed to act on the
growing polyketide chain is indicated by a grey bar above the sequence. (B)
Comparison of FabK and DfnA-ER and location of DfnA-ER specific insertion
elements. (left) Superimposition of FabK (light grey) and DfnA-ER (dark grey).
Trans-AT PKS specific elements (ER-ST and ER-S2) are colored purple. The helical
insertion in the (ER-S3) is shown in yellow. (right) Close-up view of insertion sites in
DfnA-ER.
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DfnA-ER vs fFAS ER

j N extension

N extension TIM insertion 2

TIM insertion 1

DfnA ERS. cerevisiae

Figure S3 (related to Figure 2). Comparison of DfnA-ER and the fFAS ER. (left)
Superposition of DfnA-ER (light grey) and fFAS ER (dark grey). Trans-AT PKS
specific elements are colored purple. The a-helical insertion colored in red (DfnA
ER) and yellow (fFAS ER) is conserved in both proteins. CMN- and fFAS specific
helical insertions are colored orange. (right) Close-up view of fFAS specific
insertions and their insertion sites.
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FabF Escherichia coli

FabF Bavariicoccus seileri

FabF Pseudomonas aeruginosa

FabF Thermoanaerobacter wiegelii Rt8.B1

FabF Negativicoccus succinicivorans DORA_17_25

FabF Enterococcus faecalis EnGen0311

FabF Streptococcus sp. SK643

FabF Desulfitobacterium dichloroeliminans LMG P-21439
FabF Clostridium tyrobutyricum

FabF Porphyromonas gingivalis TDC60

FabY Cellvibrio japonicus strain Uedal07

FabY Teredinibacter turnerae strain ATCC 39867

FabY Gamma proteobacterium

FabY Simiduia agarivorans strain DSM 21679

FabY Glaciecola mesophila KMM 241

FabY Azotobacter vinelandii CA6

FabY Chromohalobacter salexigens strain DSM 3043
FabY Saccharophagus degradans strain 2-40

FabY Enterobacter cloacae BWH 31

FabY Pseudomonas aeruginosa

CMN-FAS Mycobacterium tuberculosis

CMN-FAS Mycobacterium smegmatis

CMN-FAS Smaragdicoccus niigatensis

CMN-FAS Gordonia paraffinivorans NBRC 108238
CMN-FAS Corynebacterium glutamicum ATCC 13032
CMN-FAS Dietzia alimentaria

CMN-FAS Rhodococcus erythropolis CCM2595

CMN-FAS Actinobacterium LLX17

CMN-FAS Aeromicrobium marinum DSM 15272
CMN-FAS Gordonia polyisoprenivorans DSM 44266 /VH2
CMN-FAS Leptospira wol
CMN-FAS Leptospira kmetyi

CMN-FAS Leptospira licerasiae

CMN-FAS Leptospira sp. B5-022

CMN-FAS Nocardia sp. BMG111209
CMN-FAS Leptospira broomii WP_010571783
CMN-FAS Leptospira faine
CMN-FAS Leptospira inadai

fFAS HexA/B Aspergillus flavus

fFAS HexA/B Aspergillus parasiticus

fFAS HexA/B Aspergillus nidulans FGSC A4

fFAS Pseudozyma hubeiensis SY62

fFAS Ustilago maydis 521

fFAS Saccharomyces arboricola strain H-6

fFAS Saccharomyces cerevisiae

fFAS Lachancea kluyveri

fFAS Kluyveromyces marxianus DMKU3-1042
fFAS Spathaspora passalidarum NRRL Y-27907
fFAS Neosartorya fischeri NRRL 181

fFAS Candida albicans WO-1
fFAS Wickerhamomyces cifer
fFAS Cryptococcus neoformans var. neoformans JEC21
fFAS Coprinopsis cinerea okayama7#130

fFAS Laccaria bicolor S238N-H82

fFAS Cryptococcus gattii WM276

fFAS Tremella mesenterica DSM 1558

fFAS Rhodosporidium toruloides NP11

fFAS Amylomyces rouxii isoform1

fFAS Amylomyces rouxi isoform2

fFAS Schizosaccharomyces pombe

fFAS Schizosaccharomyces japonicus

fFAS Serpula lacrymans

fFAS Rhizopus delemar

fFAS Trametes versicolor

fFAS Mucor circinelloides

fFAS Drechslerella stenobrocha

fFAS Batrachochotryium dendrobatidis

fFAS Botryotinia fuckeliana

fFAS Fusarium verticillioides

fFAS Neurospora crassa
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FabF Escherichia coli

FabF Bavariicoccus seileri

FabF Pseudomonas aeruginosa

FabF Thermoanaerobacter wiegelii Rt8.B1

FabF Negativicoccus succinicivorans DORA_17_25
FabF Enterococcus faecalis EnGen0311

FabF Streptococcus sp. SK643

FabF Desulfitobacterium dichloroeliminans LMG P-21439
FabF Clostridium tyrobutyricum

FabF vo_ﬂ:ﬁoao:mm gingivalis TDC60

Faby Cel 0 japonicus strain Uedal07

FabY Teredinibacter turnerae strain ATCC 39867
FabY Gamma proteobacterium

FabY Simiduia agarivorans strain DSM 21679
FabY Glaciecola mesophila KMM 241

FabY Azotobacter vinelandii CA6

FabY Chromohalobacter salexigens strain DSM 3043
FabY Saccharophagus degradans strain 2-40
FabY Enterobacter cloacae BWH 31

FabY Pseudomonas aeruginosa

CMN-FAS Mycobacterium tuberculosis

CMN-FAS Mycobacterium smegmatis

CMN-FAS Smaragdicoccus niigatensis

CMN-FAS Gordonia paraffinivorans NBRC 108238
CMN-FAS Corynebacterium glutamicum ATCC 13032
CMN-FAS Dietzia alimentaria

CMN-FAS Rhodococcus erythropolis CCM2595
CMN-FAS Actinobacterium LLX17

CMN-FAS Aeromicrobium marinum DSM 15272
CMN-FAS Gordonia polyisoprenivorans DSM 44266 /VH2
CMN-FAS Leptospira wolffii

CMN-FAS Leptospira kmetyi

CMN-FAS Leptospira licerasiae

CMN-FAS Leptospira sp. B5-022

CMN-FAS Nocardia sp. BMG111209

CMN-FAS Leptospira broomii WP_010571783
CMN-FAS Leptospira fainei

CMN-FAS Leptospira inadai

fFAS HexA/B Aspergillus flavus

fFAS HexA/B Aspergillus parasiticus

fFAS HexA/B Aspergillus nidulans FGSC A4

fFAS Pseudozyma hubeiensis SY62

fFAS Ustilago maydis 521

fFAS Saccharomyces arboricola strain H-6

fFAS Saccharomyces cerevisiae

fFAS Lachancea kluyveri

fFAS Kluyveromyces marxianus DMKU3-1042
fFAS Spathaspora %mmmm_ichi NRRL Y-27907
fFAS Neosartorya fischeri NRRL 181

fFAS Candida albicans WO-1

fFAS Wickerhamomyces ciferrii

fFAS Cryptococcus neoformans var. neoformans JEC21
fFAS Coprinopsis cinerea okayama7#130

fFAS Laccaria bicolor S238N-H82

fFAS Cryptococcus gattii WM276

fFAS Tremella mesenterica DSM 1558

fFAS Rhodosporidium toruloides NP11

fFAS Amylomyces rou: oforml

fFAS Amylomyces rouxi isoform2

fFAS Schizosaccharomyces pombe

fFAS Schizosaccharomyces japonicus

fFAS Serpula lacrymans

fFAS Rhizopus delemar

fFAS Trametes versicolor

fFAS Mucor circinelloides

fFAS Drechslerella stenobrocha

fFAS Batrachochotryium dendrobatidis

fFAS Botryotinia fuckeliana

fFAS Fusarium verticillioides

fFAS Neurospora crassa
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FabF Escherichia coli

FabF Bavariicoccus seileri

FabF Pseudomonas aeruginosa

FabF Thermoanaerobacter wiegelii Rt8.B1

FabF Negativicoccus succinicivorans DORA_17_25

FabF Enterococcus faecalis EnGen0311

FabF Streptococcus sp. SK643

FabF Desulfitobacterium dichloroeliminans LMG P-21439
FabF Clostridium tyrobutyricum

FabF vo_._w_._s‘oao:mm gingivalis TDC60

FabY Cellvibrio japonicus strain Uedal07

FabY Teredinibacter turnerae strain ATCC 39867

FabY Gamma proteobacterium

FabY Simiduia agarivorans strain DSM 21679

FabY Glaciecola mesophila KMM 241

FabY Azotobacter vinelandii CA6

FabY Chromohalobacter salexigens strain DSM 3043
FabY Saccharophagus degradans strain 2-40

FabY Enterobacter cloacae BWH 31

FabY Pseudomonas aeruginosa

CMN-FAS Mycobacterium tuberculosis

CMN-FAS Mycobacterium smegmatis

CMN-FAS Smaragdicoccus niigatensis

CMN-FAS Gordonia paraffinivorans NBRC 108238
CMN-FAS Corynebacterium glutamicum ATCC 13032
CMN-FAS Dietzia alimentaria

CMN-FAS Rhodococcus erythropolis CCM2595

CMN-FAS Actinobacterium LLX17

CMN-FAS Aeromicrobium marinum DSM 15272
CMN-FAS Gordonia polyisoprenivorans DSM 44266 /VH2
CMN-FAS Leptospira wol
CMN-FAS Leptospira kmetyi

CMN-FAS Leptospira licerasiae

CMN-FAS Leptospira sp. B5-022

CMN-FAS Nocardia sp. BMG111209
CMN-FAS Leptospira broomii WP_010571783
CMN-FAS Leptospira faine
CMN-FAS Leptospira inadai

fFAS HexA/B Aspergillus flavus

fFAS HexA/B Aspergillus parasiticus

fFAS HexA/B Aspergillus nidulans FGSC A4

fFAS Pseudozyma hubeiensis SY62

fFAS Ustilago maydis 521

fFAS Saccharomyces arboricola strain H-6

fFAS Saccharomyces cerevisiae

fFAS Lachancea kluyveri

fFAS Kluyveromyces marxianus DMKU3-1042
fFAS Spathaspora passalidarum NRRL Y-27907
fFAS Neosartorya fischeri NRRL 181

fFAS Candida albicans WO-1
fFAS Wickerhamomyces cifer
fFAS Cryptococcus neoformans var. neoformans JEC21
fFAS Coprinopsis cinerea okayama7#130

fFAS Laccaria bicolor S238N-H82

fFAS Cryptococcus gattii
fFAS Tremella mesenterica DSM 1558
fFAS Rhodosporidium toruloides NP11
fFAS Amylomyces rouxii isoform1

fFAS Amylomyces rouxi isoform2
fFAS Schizosaccharomyces pombe
fFAS Schizosaccharomyces japonicus
fFAS Serpula lacrymans

fFAS Rhizopus delemar

fFAS Trametes versicolor

fFAS Mucor circinelloides

fFAS Drechslerella stenobrocha

fFAS Batrachochotryium dendrobatidis
fFAS Botryotinia fuckeliana

fFAS Fusarium verticillioides

fFAS Neurospora crassa
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FabF Escherichia coli

FabF Bavariicoccus seileri

FabF Pseudomonas aeruginosa

FabF Thermoanaerobacter wiegelii Rt8.B1

FabF Negativicoccus succinicivorans DORA_17_25
FabF Enterococcus faecalis EnGen0311

FabF Streptococcus sp. SK643

FabF Desulfitobacterium dichloroeliminans LMG P-21439
FabF Clostridium tyrobutyricum

FabF Porphyromonas gingivalis TDC60

FabY Cellvibrio japonicus strain Uedal07

FabY Teredinibacter turnerae strain ATCC 39867
FabY Gamma proteobacterium

FabY Simiduia agarivorans strain DSM 21679

FabY Glaciecola mesophila KMM 241

FabY Azotobacter vinelandii CA6

FabY Chromohalobacter salexigens strain DSM 3043
FabY Saccharophagus degradans strain 2-40

FabY Enterobacter cloacae BWH 31

FabY Pseudomonas aeruginosa

CMN-FAS Mycobacterium tuberculosis

CMN-FAS Mycobacterium smegmatis

CMN-FAS Smaragdicoccus niigatensis

CMN-FAS Gordonia paraffinivorans NBRC 108238
CMN-FAS Corynebacterium glutamicum ATCC 13032
CMN-FAS Dietzia alimentaria

CMN-FAS Rhodococcus erythropolis CCM2595
CMN-FAS Actinobacterium LLX17

CMN-FAS Aeromicrobium marinum DSM 15272
CMN-FAS Gordonia polyisoprenivorans DSM 44266 /VH2
CMN-FAS Leptospira wolffii

CMN-FAS Leptospira kmetyi

CMN-FAS Leptospira licerasiae

CMN-FAS Leptospira sp. B5-022

CMN-FAS Nocardia sp. BMG111209

CMN-FAS Leptospira broomii WP_010571783
CMN-FAS Leptospira fainei

CMN-FAS Leptospira inadai

fFAS HexA/B Aspergillus flavus

fFAS HexA/B Aspergillus parasiticus

fFAS HexA/B Aspergillus nidulans FGSC A4

fFAS Pseudozyma hubeiensis SY62

fFAS Ustilago maydis 521

fFAS Saccharomyces arboricola strain H-6

fFAS Saccharomyces cerevisiae

fFAS Lachancea kluyveri

fFAS Kluyveromyces marxianus DMKU3-1042

fFAS Spathaspora passalidarum NRRL Y-27907
fFAS Neosartorya fischeri NRRL 181

fFAS Candida albicans WO-1

fFAS Wickerhamomyces ciferrii

fFAS Cryptococcus neoformans var. neoformans JEC21
fFAS Coprinopsis cinerea okayama7#130

fFAS Laccaria bicolor S238N-H82

fFAS Cryptococcus gattii WM276

fFAS Tremella mesenterica DSM 1558

fFAS Rhodosporidium toruloides NP11

fFAS Amylomyces rouxii isoform1

fFAS Amylomyces rouxi isoform2

fFAS Schizosaccharomyces pombe

fFAS Schizosaccharomyces japonicus

fFAS Serpula lacrymans

fFAS Rhizopus delemar

fFAS Trametes versicolor

fFAS Mucor circinelloides

fFAS Drechslerella stenobrocha

fFAS Batrachochotryium dendrobatidis

fFAS Botryotinia fuck
fFAS Fusarium vert
fFAS Neurospora crassa
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|||||||||||| IVGEESVRERSF IQAFIGEIPINIRT THSRIFHDVAKI -FD I - -QNWPVTAARAYVEEPLS PRSMEQLV VSLGVFKHE- - FE#3G IfT IBKFADD VF DER LNFIS T
|||||||||||| LVGEDGVRQRSF IHARGHIPIVIRV TEISELLD RVAGA ~-FG I - -ADWPVAAVIIAYV[EEISLA TS GDQLI SALGT FK Y/&- -[B#5G IfATVHIRF ADD VE DQH LRASM
|||||||||||| MLGEDSVRHERSY LHAEIGIIP KR T TISHVFDMVART ~HG I - -EAWPVARI[GAF V[EESQEGRAGDQLA SALGT FAHE- -[#83G IA TLHAJADD VHAERLRFFR
|||||||||||| LVGEQVVKHQSF VQARGHSP ONIRV TEISRI FDRVAEA ~-FG I - -ESWPVAAVINSY V(IS LEPRAS GDQLA TSLGI FAKE- - [5G VIdT IAK{YADD VF AQRLSFGL
|||||||||||| MAGIETVQKGSF IQAFGHIIPKICVSEIADIFDRVAQA ~FS I - ~-RDWPVTAVESYLEESLEPAS GDQLI GCLGVFR Y- -[##5G IF¥IvS RAPQ VN NAR LTRPL
|||||||||||| IVGLDTVREASF VHAEIGEIPINIRV TISEI LD RVA SA -FG I - -DGWPVTAVISAYVEEISLA TRSMDQLI SALGT FK Y& -i##85G IfdT IMKFADD VHQQ - -RAS T
|||||||| RALAKLGVAADNV -AV I SKEEERLNRP NETEL HE RLA DALGR SE GAP HF VVS Qi SPTEA~AKECHA VF QMM GL CQT AR DE- ~[F43P NEFLACHDDE ~-LAGS AHFV~
|||||||| RSLAQLGVGADNI -AV I SKEDIILINBP NS TEL HE RIA DSMGRAP GNP #F IVS QI TR T[FAKEGEA VF QMM GL CQT iR DE- -TF#3P NEYILACHDDE ~-LATS GHFV-
|||||||| RSLAQIGLTADNI - TV VSKEDITNAINDP NEAEVHE RLA EALGR TP GNPIAF VIS Ofi SRT[AKECRARF QI T GL CQAMR S&- -ifi3P NEXSLACHDDE ~-MAKFEH#V -
........ TALASLGV SADRV - AVVSKED KNP NEISEL HE RLA DAIGR SK GAPF VS Ofs SRT[FAKEGRARF QL T GL CQMIAR DE- -TAU73P NEXILACHDDQ ~-MQEY PHI#V -
........ AVALRS VGVSAREIST I SKEPEERINNP NSDLHE RIA SATGRAD GNP [Ty VIS QI ST AAKEGRARNF QMT GL TQVIAR S/&- ~A73A NDALGCTHDP VLS KHS HLTW-
|||||||| RGLAQLGL TADBIL - AV VSKED KNP NESDL HE RLA AA IGRAD GNP #F VS QI TRT[FAKECRARF QL T GL TQMIAR 8- - Ti#3P NEYILAC{HDDV - L DHH PH#V -
|||||||| LSLNALGV SADDI -AV I SKEDININAINIDP NEAELHE RLA GALGRSE GAPIIF VVS Ofs SRT[AKECRARF QLT GL CQVifls QF- -ili3P N¥SLACHDDK ~-MAEFEH#V -
|||||||| RGLASVGL THD BV - AV VSKEDIIJAINBP NEISEL HE RLA GALGRGE GNP #F VLS Qi AR T[FAKEGRARF QL T GL CQVIAE S&- -T283P NCYILACHDDV - LAEH EH[#V -
........ RALDRL GL THD I - AVVSKEPIAN P M3SELHE RLA AALGR SR GNP [#F VVS Qi ST [FAKECRARF QLT 6L CQVITIR TE- -A73P NFILACHDDV - LAEH EHf#V -
........ NALAALGV SADRV -AVVSKEPHEWRVP NESEL HE RLA AA IGRGD GAP [F VVS QfF ST FHAKEGRALF QLI GL CQVAR EE- ~[E¥3P NRHILACTDEQ ~-MKDY PH#AV -
- —-—GNSPLRDALSAFGLSARDIGVAYKEPIEIIKENBK NENKLLY NLL RKLGR SE GNL P IVS QR FR T[S KEcRAIWQT I GVLOS #E EF- - MUTGNILEETDPD ~-MNEY PFIATF
- --EVSPLQSALDS YGLKARDIGF AYKEPIIIKENK NEINNLLH KLM LTLGR TP GNN [P VVS QAR TEEISKA GRAAMWQS I GV IQS HE EF- ~ATGNEIULADHDSD ~-MNPY SFHAF
- ——-KSPLRNALAAFGLTARDIGVAYKEPIEIIKINBK NENKLLY NLL SKLEGRTP GNL#P VVS Qi ST/ sSKEcRAIWQT I 61 LOTHE EF- - BTG NILEEFDPD -MNDY QFRTF
- ---KSPLRNALSTFGLTGEDICVAYKEPHKINIK NENKLLY NLL SKLGR TP GNL#P VVS O ST KECRALWQT I 61 LOTHE NE- - [UrG NIIULAETDPD ~-MNDY PFHTF
........ AALRKL GV SPDHI - AVVSKEDIIAINDP NEISEL HE RLA GVLGR SE GAPF VIS Ofs SRT[FAKEGRARF QLI GL CQVIAE Q& -TAU3P NYILACHDEK ~-MQQY PHI#V -
GGHDISPIRSALAVFGLTARD IGVAYKEPHENKNDK NANKLLY SLL SKLEGRTP GNL#P IVS Qi SETEAsKEcRAAIWQTV GVLQTHE EF- ~[UTGNEILHETDPD ~-MNAF SFATF
GGDGVSPIRSALAAFGLTVHDIGVAYKEDIIIINIK NEINKLLY SLL SKLGRTP GNL#P IVS Qi SR T sKEcRAWQTV eVLQTHRE E- -iUTG NTIULEEFDPD -MNAF SFIATF
GRDGISPIRSALAVFGLTARDIGVAYKEDEIKENINK NEINKLLY SLL SKLGRTQGNL AP IVS Qi SHT S KECRARWQTV GVLOTHE EE- - MUACNIULHAEGDPD -MNTEPFRTF
TDIAPLRAALATWGLTI--DLDVASLEIGHIIRVIML NFPEVIE TQM RELGRTP GRP 7 AIC Qi ST TEHPKA PRAARWMELN GCLQVI#D s/&- -G NIYLMNTI?DEA -L SSA SHIRCF
TDMAPLRAALATWGLTI- - BDLDVASLHCEHIR GRBIL NEPEVIE TQM RELGRTP GRP W ATC QI ST T[PKA PRARW MEN GC LQVAD S@- - LG NIULATRADEA - LRSA SHRCF
- --APIRTALARWGLGI--[BDITVASLERANTINDIT NEPLVIQREM THLGRTS GRPAWATC QIIFITEEPKA PRAARWMLN GC LQVI#D T/&- -EZG NEIUABIDEDPA ~-LRSF SHIACF
- -DGMQRALARFNLTA - - - DTGV I SAEMETVIKINGIK NESHV YQ ELF TRMGR TP GHA [P VMA QR witc A KECRARW ALN GVMQS i TS - -l GNEIYARDHAS PE - L QKE DMIALY
- -DGMQRALARFNL TA -~ ~[DIGV I SAEMEIKENDK NESHV YO ELF TRMGR TP GHA [P VMA QR wic A KEJGRVAIW ALN GVMQA M TS - - IiiC G NEIABDIS PE ~ L QKF DMIALY
RDPRIAPLRGALAT YGLTIBDLGVASF FCHFIKINIIK NESAT IN EMM KHLGR SE GNP I GVF QIIFRT[PKEANG W MMN GALQT N S/d- ~[He3G NEIUARINFADKL -LEQFE YL Y
RDPRIAPLRGALATYGLTIBDLGVASF FCHNKINIK NESAT IN EMM KHLGR SE GNPJI GVF QI FRTEPKEANG EWMMN GALQT N SE- ~[¥SGNEWARNTGDK I ~-LEQFEYLY
NDPRIAPLRGALAT YGLTIRDLGVASFECETIIKNK NESAT IN EMM KHLGR SE GNP L GVF QIR Y T[Fp AR W MMN GALQT N S&- -FiEGNYUARINT DKL - LQOFE YL Y
SDPRIAPLRGALAT YGLTI[EDLDVASFHCHHKINIIK NESAT IN EMMKELGR SE GNPIL GVF QR v TP KEARNG W MMN GALQT N S[8- - [7ZG NIUARNTDKL ~-LEQFEYHLY
SDPRIAPLRGALATFNLTIRDIGVASF HCHFIVINEIK NESAT IN SMM QHLGRSE GNPF GVF Qi YRT[FPKEAN W MLN GG IQTHE S/@- ~ 3G N UARNTDKL -LEQFE YL Y
SRIAPLRGALATWGLTV--[EDICVASFEHCHVINIK NSOV IC QOMKELGRKK GNAL GIF QR v TEAPKEARNG EWMFN GC LQVIAD 8- - AUZG NIIUARNT DKV ~-MEKF DYvY
SDPRIAPLRGALAAFNLTINDIGVASFEIGEHIIvINIIK NEISAT IN NMM KHLGR SE GNP [F GVF QI YR TSP KEANc W MLN GATQT i#E s/&- -G NI YA DKL -LEQYE YLY
NNPRIAPIRGALATFGLTIEDIDVCSMEGHIIKINDIK NESNT LD LMF RELGRSE GNP AL TVV QI YRT[EREIPKEARC AW MFN GALQT N s 8- -G NIUARINHDAV ~-LEQFDYIRLF
SHPNIAPLRRALAVWGLNARSVGA ISCEIGHIIINIK NEISGV YN LQF EQLGRTP GNA P VIA Qi SR TSP KEGRAWMFN GM CQT N SA - ~MZGNEUAPNISEE -LRAFRHAFY
YDPEIAPLRRALAVWGLTANDIGILSTEIGEHRUENIAE N TRI WN DVF TT ISRTP GNA [P VVA Ofi ST A KEGCRARWQMG 6L LQS L T/d- -G NEIUSPINEDSQ - F QDR QFRMF
SDPHIAPLRRALAVWGLTARNDIGVLSTEIGEHRINIHAE NETRIWN DIF TT ISRTP GNA P IVA Qi SiAL s KEcEARWQMA GLLQS [T TE- -G NEIUSOINHDSH - F QDR QFAMF
SHPNVAPLRRALAVWGLDARSVGA ISCEIGRERIKENBIK NESGV YN LQF EQLGRTP GNA P VIA QR S T/RIPKEGRAIWMF N GM CQT RN SA - - AZGNERARINISEE ~-LRAFPHIAFY
SNPAIAPLRRALAVWGLNARSVGVISCHCHTNKINIK NESGV YN QQF QHLGRSP GNAGP VIA O SRTEHPKECRALWQFN GM QTN SA - ~MTZGNEARNHSEE ~-LROY PHI#F Y
QDPT IAPLRRALAVWGLTIFDVGVASFFIGEIVINIK NEISNA YN EQF RELGRAK GNA CPVIAQWI TP KEGRARM MEN GL AQVE S8- -G NIIARNAGEE - LRAFEYRLY
NDASIAPIRGALAVYGLTIEDIGVASFEGHKNIK NSRVVN SQL KHLGRSKGNAFL AT QIR Y TP KEPRABWMAN GMMQC L S 8- -[I5G NEYARINT DAV ~-MKEFEYRVY
NDPS IAPIRGALAV YGLT I BDIGVASF FCHIKINBK NESRVVN TOM KELGR SK GNAFL ATT Qi YR T[EEPKEPRARWMAN GMMQC L S 8- -G NCIUARINEDT I ~-MREFDYRVY
RDPT IAPIRGALAVWGLTIEDLGVASFECHENKNTAK NEC DV ID SQL THLEGR SK GNAY GVF QYR TEAsKEcH: IWMLN GALQT AR 5§~ - FRIZGNEIUARINKDE Y - LARF DREGMF
KDPS IAPIRGALAVWGLGVED IGVASF EICEIIVINISK NMEC DVLD SQL KHLNR SK GNP L GVF QIR YR T sKEcRe AW MLN GVLQT 0 TE- - YRIZGNEIUARINGIDA Y -MERE DEGMF
TDARVAPLRRALAVWGLKARD IGVLSTECHENCINTAK NGTEMWN NIL AT ISR TR GNA [P IMA QfF STL s KEcEATWOMA GL LOA TN TE- ~[HIZGNEIISHINGDAR - F EAHHLIAMF
NDPS IAPLRGALAVYGLTI D INVASFEIGEFIIKINIIK NMESRVLN SQL KELGRTK GNARL AT T Qi YT [P KEPRIARWMAN GM IQCHL S&- -FAEG NEWIARINEDIV ~-MKDFE YivY
TDPRVAPLRRALAVWGLTANDIGVLST ECEFINcENISK NETHI WN DVF TNLGRTN GNA [P IMA QIS s KECEARWOLA 6L LOS H AS- -G NEIUARINHDAN - F KAH TFRIF
NDAS IAPIRGALAVYGLTI D IGVASFEIGEFIIKINIIK MESRVVN SQL KELGR SKGNARL ATT Qi YT [P KEPRARWMAN GMMQCHL S&- -[Ei5G NEWIARINIDAYV ~-MKEFEYiVY
NDPRIAPLRGALATWGLTI BDLGVASLECHININDK M3SQS LN DML GHLGR SK GNARL AvVC QI YRT[EIPKEAN: W MMN GA TQVEAN S 8- -G NIUARNGDKV -LEKE SFRVY
SNPHVSPLRAGLSTFGLTVRDIGVASFEIGHCHKINIDY NESSVVN QQM EHLGRTS GNVi#le AVF QIJHR TSP KEARNAWMLN GALQMAE T/d- -G NTIULONTE-D RLRKEK YfIVY
KDPT IAPLRGALATWGLTIBDLDVASF FCHFIvINEIK MES SVIC QOM EHLGRKK GNA M GIF Qi YRT[TPKEANG W MFN GC LQVIAN s/@- - LG NEIUABRINGDQ - VMEKEDYRIVY
SDPS IAPLRGALATWGLTVEDIGVASF FCHTNKINIK NESNV IC QQL RELGRKK GNAL GIF O YRTEHPKEARNG EWMMN GC LQVIAD /8- ~MZG NEYARNTGDP - VMEQY DLEVY
GDAT IAPLRGALATWGLTI BDLDVASF ECHSHIKINIK M3SSVIC QQL RELEGRKK GNAL GIF QI YRTHHrKEARNG BWMMN GC LQVIAN S8- -G NEYJARINTGDA - VMEEFDYRIVY
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FabF Escherichia coli

FabF Bavariicoccus seiler

FabF Pseudomonas aeruginosa

FabF Thermoanaerobacter wiegelii Rt8.B1

FabF Negativicoccus succinicivorans DORA_17_25

FabF Enterococcus faecalis EnGen0311

FabF Streptococcus sp. SK643

FabF Desulfitobacterium dichloroeliminans LMG P-21439
FabF Clostridium tyrobutyricum

FabF vo_._w_._s‘oao:mm gingivalis TDC60

FabY Cellvibrio japonicus strain Uedal07

FabY Teredinibacter turnerae strain ATCC 39867

FabY Gamma proteobacterium

FabY Simiduia agarivorans strain DSM 21679

FabY Glaciecola mesophila KMM 241

FabY Azotobacter vinelandii CA6

FabY Chromohalobacter salexigens strain DSM 3043
FabY Saccharophagus degradans strain 2-40

FabY Enterobacter cloacae BWH 31

FabY Pseudomonas aeruginosa

CMN-FAS Mycobacterium tuberculosis

CMN-FAS Mycobacterium smegmatis

CMN-FAS Smaragdicoccus niigatensis

CMN-FAS Gordonia paraffinivorans NBRC 108238
CMN-FAS Corynebacterium glutamicum ATCC 13032
CMN-FAS Dietzia alimentaria

CMN-FAS Rhodococcus erythropolis CCM2595

CMN-FAS Actinobacterium LLX17

CMN-FAS Aeromicrobium marinum DSM 15272
CMN-FAS Gordonia polyisoprenivorans DSM 44266 /VH2
CMN-FAS Leptospira wol
CMN-FAS Leptospira kmetyi

CMN-FAS Leptospira licerasiae

CMN-FAS Leptospira sp. B5-022

CMN-FAS Nocardia sp. BMG111209
CMN-FAS Leptospira broomii WP_010571783
CMN-FAS Leptospira faine
CMN-FAS Leptospira inadai

fFAS HexA/B Aspergillus flavus

fFAS HexA/B Aspergillus parasiticus

fFAS HexA/B Aspergillus nidulans FGSC A4

fFAS Pseudozyma hubeiensis SY62

fFAS Ustilago maydis 521

fFAS Saccharomyces arboricola strain H-6

fFAS Saccharomyces cerevisiae

fFAS Lachancea kluyveri

fFAS Kluyveromyces marxianus DMKU3-1042
fFAS Spathaspora passalidarum NRRL Y-27907
fFAS Neosartorya fischeri NRRL 181

fFAS Candida albicans WO-1
fFAS Wickerhamomyces cifer
fFAS Cryptococcus neoformans var. neoformans JEC21
fFAS Coprinopsis cinerea okayama7#130

fFAS Laccaria bicolor S238N-H82

fFAS Cryptococcus gattii
fFAS Tremella mesenterica DSM 1558
fFAS Rhodosporidium toruloides NP11
fFAS Amylomyces rouxii isoform1

fFAS Amylomyces rouxi isoform2
fFAS Schizosaccharomyces pombe
fFAS Schizosaccharomyces japonicus
fFAS Serpula lacrymans

fFAS Rhizopus delemar

fFAS Trametes versicolor

fFAS Mucor circinelloides

fFAS Drechslerella stenobrocha

fFAS Batrachochotryium dendrobatidis
fFAS Botryotinia fuckeliana

fFAS Fusarium verticillioides

fFAS Neurospora crassa
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- -RDVPRNP --RSLDLAFLNS KGF Gl@NNATAS I I APHRVEGMLKKRY GE QDF VR YTHKREAVRS CAAGY DL~ AAT QGQFD TI¥HF GEGLI DE SKIRI DQERL SLP GFAKP IALGF
- -QDIDELGC --GNIDVAFLNSKGF G@NNATATVL SPTVVNRY LERHY SGGQW TAFQDKQVQSRDDAARY LA- AADKGDLRPIYEF GTRVIDEEEI SI SNTEI TLP GFANPVSLGD
- -EDLGCGE --KGLDVAFINSKGF G@NNATGVVL SPQFVLRLLRNRY GEAEF ARFLTRQQHT IAQAARY DQ- AALRG DFQVEYHF GAHMI DE GDLKI TQDQVQVP GFAQP IDLTV
- -ADKTCEQ--G-MDIAFLNSKGF G@NNATAT VL SPRLVEQMLS ARY DAETL QA YRTKREGT REAAARY HA- EAD CGRFN TIYKF GEGMI DEAALHI TPD SLALP GFANAVP LKV
- -TDIDKGA--GNVDVAFLNSKGFG@NNATATLL SPQVVNSMLAKRY SSEDI VAYESRREQVREKAKTY DL~ SASQGNFD TIYHF GQDLIKEDEIQMTEQEIRIAGFANP IDLRM
R-DVRRDDLDVCFINPFEADS KGF GENNATGVLL SPRVT EKMLRKREGE AAF AD YRSRREAT RE AARRY DE- QVL QGRFD IL¥NF GQDMI DEHAI EVNEEGVKVP GFKQAIRFRK
- -DPLPFEA--D---ATFINAKGF Gl@NNATGLVI SPAATERLLAKRHGQRAVDDWKHRREATLAASQTY LE- TAD SGRFE VT YRF GEGVLEG PEL SMTRDALHIP GF DRPVSLTV
- -NDQNVGV -~ ENC SVAFLNS KGF GI@NNATAT VF SPS IANGY LLKKY GT ERFAT YSS AQEKT TAAAQSY LD~ EADKGALNPIYEF GNNIVDEEKIQIQRDSIRIPGFEFE IPLLN
- -QDCKLEE --DQGQI AFINSKGF Gl@NNATGVVY SPKLTHQWLRKRY GEAVF AD YQQRNRQVRRHANAY DQ- AASQGELNVIYLF GQQGINEEDIKIDMNGI TIPGFEKP ITYAT
- ~SNRDMRQD- -KP LEVCF INS-GABGNNASGVVLSPRI AEKMLRKRHGQAAFAAYVEKREQ TRAAARA YD- QRALQGDLEI IYNFGQDL IDEHAIEVSAEQVTVPGFSQPLVYK
WVR- DTLRL GGKFP LKAGMLT SLG F[gH VS GLVAL VHP QA FTA SLDPAQRADY QRRADARLLAGQR-RLASAI AGGAPMYQRPGDRRF DHEAPERP QEASMLLNPAARLGDGEAYT
WVR- EPLDLRGKFPLKAGL VT SLG F[&H VS GLVAL VEP EAFTAALDPS EREDY RT RAE QRMLAGQRRL VS ~AI AGGRPMYE KPADRRF DHD VP EK- ~RQEAAMLLS TDARLGENDQ
WAR-KSLVFEN --GLKAGLVT SLG F[§H VS GLVCVAHP QAFTE ST PEGKRAEY LAAAQARETAGRV-R IS SAMHGG DALYERPADRRVAS-RDDEGAL LLSNDARLGEDGV YL VPG
WPR- ETLRL GERFPLKAGLLT SLG Fl@H VS GLTAVVHEP EAFTA SLAPEERESY RTRAAERERQGHQ-RFLQTLCGGEPAYQRPPNRRF DES VDEHD AEAGLLLDPRVRLSE SDVYR
LRKPLDLRAKAP--KAGLVTSLGF GHVSALVAIVHPDAF YEAVRVARGAEAADVWRA SATAREEAGLRT - IVAGMHGGVL YERPVE

WLR- ETLQLGGAMP LKAGLLT SLG Fl§H VS GLIAV THP EAFHRAVEST YGEDEANRIRES GLERERSGAR -RL VDALY GGE SLY¥VR PEARRLGEGS -~ ADEVKDREAAVLLDP AAR
WAR- QPLKF GDQLP LRAGLLT SLG F[&H VS GLTAV VEP QA FVE SVPADKRADY VAAAQQRTID GQR-RLAKAMCGG DS LYERPADRRL GAD GT PAKAS RQL EADML LS EDARLGAD
WLR-RPLAAG---GLKAGLVTSLGF{&H VAGLTALAEPAAFLAAVPADQREDY LARAQARRVAGRV-RLVEAMHGGAPAYRRPADRRL GDAGVREREAGLLLD PQARL -DDGV YAG
WLR-RPFDL G- --AIRAGIVTSLGFE@H VAGLIVLAHPAAFVATL PADEREGY LERAEARLVD GRL-RLVRSMYGG DPMFERPADRRL GEGQAQVR TREAALLLDP QARLGDDGVY
WAR- ETLRLGDRFPLKAGLLT SLGF[@H VS GLTAVVEPEAFTA SLDPAEREDY RRRAAERERKGS Q-RLLEAMCGGEAAYRRPANRRF DETRDEHD AEAQVLLDPATRLGE SGAYA
SDES IRFGK HK LKAGMLTTLG FGH V@A LC LLVHS DYF LASVP EEKRAEY LSKRNERE IRGRNRY HEI RMGVGKPL YERKKTKSYFEEDEIG ILLDADYRIRSEQKG

SDES IRFGKNHWKAGMLTS LG FGH I[§VLC LFLHRNFFWG ILNEEEREAY IDRCRERGKY ATHRY NEI RLGNG TQL YERRTHSYFEEEDEE SALLDAS YRS SYFVSK

TDES IPFGKEN IKAGMLTTLGFGHV[@ALC LFVHS DYF LAALT LEQREAY LAL RRKRE IKYRNRY HEI REGLGKPMYERHTKSYFQEEEIG ILLDAGYRSKLGEK

TDES IPFGKEN IRAGILTTLGFGHV[GALC LFVHS DYF LAALT QEQRE TY LELRKKRE IRYRNRY HEI REGIGKPLYERHTKSYFQEDEIGLLLNAEYRSKPGEKK

WPR- QPELRF GDRFALKAGL VT SLG F[@H VS GLLAVVHEP QAFTEAT APEQREEY LRRAEQRQLS GRQ-RFAEAMCGGAP LYE RBADRRF GGD GT PSAKMRQLEADVLLS DQARLSSD
TDQS IRYGKHKLKAGMLTTLGFGHV[GALC LLVHS DFF LASLS PEQRQNYLSIRNERE ITGRNRY HEI REGIGKPMYERKTKS¥FEEEEVS LLLDS SFRGAKS SVP PK

TDQS IRYGKHKLKAGMETTLGFGH VA LC VFVHS DFF LATLS PEQRQNYLSI RKERE ISGRNRY HEI REGIGKPMYERKT KS¥FDEE EVS LLLDS SFRKAKS SVS SK

TDES IRYGKHKLKAGILTTLGFGHV[@ALC LLVHS DFF LAALS PEQRQNYLSIRNERE IAGRNRY HEI REGIGKPMYERKTKSYFEEEEVS LLLDS SFRKAKS SVP PK

P --TRTVQLRE VKAFLLTS FGFGQKEG QVVGVAP KYF LA TLP RP QVE GY YRKVKVRT EAGDRAY AAAVMSQ- AVVKIQTQNPYDE QDA

P --TRTVQLREVKAFLLTS FGFGQK/EG QVVGVAP KYF FATLP RPEVE GY YRK VRVRT EAGDRAY AAAVMSQ- AVVKIQTQNPYDEPDA

P--IRSIQTDGIKAFLINS CGFGQKEAQLVGVHP RYFLGLLSEPEFEEYRTRRQLRI AGAERAY ISAMMTN- SIVCVQSHPPEGPAEM

N--STSIHRTPHH- VNAAAVS SFGFEQVGGITLVLEAAH ILGRL SDKAFDEY VARRKARQHQTY TRMES AL~ TKE DL VRI KDNRP WP AELE

N--STSIHRTPHH-VNAAAVS SFGFEQVGGITLVLEAAH ILGRL SDKAFEEY VARRKARQHQTY TRMES AL - TKE DLVRI KDNRP WP AELE

P -S-KTLKTDGVRAVSITS FGFGQKEG QAVVVHP DCL YAATIP EDRYNEY AAK VS ARQKGAYK YF HNGMI YN~ KLF VSKEHAPYTDDLE

P-S-KTLKTDGVRAVSITS FGFGQK/EG QA IVVHP DYL YGAITEDRYNEY VAKVS AREKS AYKFF HNGMI YN~ KLF VSKEHAPYTDELE

P-S-RSLKTDG IKAVSVTS FGFGQK/GA QA VAVHP DFL YAAVDEATYNAY VAK VT AREKAAYK YF HNGMI HN- TLF VSKEHAPYSDELE

P-S-HSIKTDGIKAVSVTS FGFGQKGAQA IAVHP DFL YAAVDKT TYEKY VEK CRLREKAAYK YF HHGMI NN~ SLF VVKEHAPYSDDLE

P-S-RSIQTDGIKAVSVTS FGFGQKEAQA IVIHP DYL YAVLD QS TYHEY AAK VT ARNKKTYR YMHNA ITRN- TMF VAKDKAPYSDELE
P-S-RSIQTDGIKAFSVTSFGFGQKEAQVIGIHPKYL YATLDRS QFEAYKAK VE SRQKKAYRFF HNGLINN- SIFVAKNKAPYEDNIQ

P -S-RSIQTDG IKAVSVTS FGFGQKEAQAVVVHP DYL FAVLDRS TYE EYATKVS ARNKKTYR YMHNA ITRN- TMF VAKDK AP¥SDELE

P-S-RSIKTDGVKAVSITS FGFGQKEAQAIAINS DYLFGVLSREQYE TY AAK FAERHNKAYS HEHEAF I NN- SLFRVKDKAPYSDELQ

P --SKPIQHVRLECGLLTS FGFGQ VG QVAIVHP RYL FAALQ THELE AYKKRRQDRE LN TYS RMSSALVNN- NMVQIKDG PPY¥TAELE

P--SKPIHT DG IHVGVMSS FGFGQV[8c TAMVVHP RYL LGALE PS YYEAYKSRNRARALQSYKVMSEMMI NN~ SLVKVKDHPPYIGDME

P--SRSIRTDGIRAGVMSS FGFGQV[EG TAMVLHP RYL FGALE PTYYE GYKNRNRVRALQSYKAMSDMMI KN~ SLVKVKEH PPYIGEME

P--SKPIQHVRLECGLLTS FGFGQVEcQI ATVHP RYL FAALQAHELE AY KKRRQDRE LD TYS RMSSALVNN- NMVQIKEGPPYTAELE
P--SKPIQHVRLECGILTSFGFGQVGEALIVHPRYL YAALE PSVLAEYQAKRRNRE LD TYSRMSSSMVRN-NLVQIKDAPPYSAELE

P--SKSIQTDG IKAGLLTS FGFGQV[Ec QALIVHP SLL IGALE PAQFE AYKKL ND QRKKW SYRRF NDF FTNG- KLV IIKDG TPETPEQE

P--SRSIQTDGLKAGLLKS FGFGQAMGEVLITHP DYVFGALEES QYNEYMAKNAQRY ARTYR YLHDS ITGVADFVQVKNEAPYSDDLEFAV

P--CRSIQTDGLKAGILKS FGFGQAMGEVLIIHP DYVLGALEENQYNEYKARNAQRY AKAYR YLHDS ITGVS EFVQVKTEAPYSEDLEYTV
P--SEGIQTDGIKAASVTAFGFGQVEGQVIVIHP DYIYGVIDEATYNAYKAK TAARY KASYRYTHDALV YN~ NLVRAKDS PPYTKEQEKAV
P--SQGIQTDGVRAGSVTAFGFGQVIEGQI IATHP DYVLATLDKD TYEAY TAK TK IRY QASYR YT HDALVNN- NLF RAKDH PPY¥TAEQEKIV

P--SKSIFTDGIRAGVMSS FGFGQ VGG TALIVHP RYL FAALE PSAFE SYRIRNHARAQEAYKVMTEMMT SN- SLVRIKDG PPYSPELEQPV

P--SRSIQTDGLKAGLLKS FGFGQAMGEI LITHP DYVLASLEESQYAEYKAKNAQRY AKAYR YLHDS LT GVADFVQVKNE APYSAELESSV

P--SKTIHTDGIRAGVMSS FGFGQ VGG TC LVIHP RYL LAALE PSAYDAYKVKNHRRQRL SYKAMSEMMI SN- SLVRVKDAPPYIKDLEAPV

P --SRSIQTDGLKAGLLKS FGFGQAGEVLITHP DYVFGALEES QYNEYMAKNAQRY AKTYR YLHDS ITGVADFVQVEKNE APY¥SDDLEFAV

P--SRSLQTDG IKAFSVTS FGFGQK/GAQA IGVHP RYL FATLDEQ TYEAYRAK VS ARHKKAYR YF HSS LC NN~ NMF VARNTAPYSPELEVSV
P--SRSVQTDGLKAIVLKSFGFGQAMAEI LVLHP DYL FAAIDDANFEAYAKERE IRQVASYRYYHEMLT STAPLVRVKDAAPYTDAQQSTVY

P--SRSIQTDGIKAFSVTS FGFGQKEAQAIGIHPKYL FATLDEQTYSAYCTK VEARQKKAYR YF HNGMI TNT LFVA-KDHSPYTDDQQG
P--SRSIQTDGVKAFSVTSFFGFGQKEAQA IGVHPKYLFATLDEKTYAEY CAKVDARQKKAYR YF HDGFINNKLFVA-KNNSPYSDDQLSKVLLNP DARVS EDKKS SELKY
P--SKSIQTDGVKAFSVTS FGFGQKEAQA IGVHP KYL YATLD EEVFNAYRTK VEARQKKTYRFF HNGLINNT LFVA-KDK SP¥SDDQLQS VLLN
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FabF Escherichia coli

FabF Bavariicoccus seileri

FabF Pseudomonas aeruginosa

FabF Thermoanaerobacter wiegelii Rt8.B1

FabF Negativicoccus succinicivorans DORA_17_25

FabF Enterococcus faecalis EnGen0311

FabF Streptococcus sp. SK643

FabF Desulfitobacterium dichloroeliminans LMG P-21439
FabF Clostridium tyrobutyricum

FabF Porphyromonas gingivalis TDC60

FabY Cellvibrio japonicus strain Uedal07 SNPYADMFD

FabY Teredinibacter turnerae strain ATCC 39867 NEGY-DF

FabY Gamma proteobacterium VSEFADMLRSPCER
FabY Simiduia agarivorans strain DSM 21679 KSPYKDLVK

FabY Glaciecola mesophila KMM 241 KNPFEDMI

FabY Azotobacter vinelandii CA6 DERFGDMLD

FabY Chromohalobacter salexigens strain DSM 3043 DNPYGQL

FabY Saccharophagus degradans strain 2-40 DEGYGEF

FabY Enterobacter cloacae BWH 31 DKQYPDF

FabY Pseudomonas aeruginosa KDARFSDMLDA
CMN-FAS Mycobacterium tuberculosis G

CMN-FAS Mycobacterium smegmatis YVL

CMN-FAS Smaragdicoccus niigatensis AGCR

CMN-FAS Gordonia paraffinivorans NBRC 108238 PADAVGADERS
CMN-FAS Corynebacterium glutamicum ATCC 13032

CMN-FAS Dietzia alimentaria INDDGVLAS STGAGDH
CMN-FAS Rhodococcus erythropolis CCM2595 LVYRSN----LPGCK
CMN-FAS Actinobacterium LLX17 PACR

CMN-FAS Aeromicrobium marinum DSM 15272 AGPACR

CMN-FAS Gordonia polyisoprenivorans DSM 44266 /VH2 DAAQDVSSSSSARTI
CMN-FAS Leptospira wolffii

CMN-FAS Leptospira kmetyi

CMN-FAS Leptospira licerasiae

CMN-FAS Leptospira sp. B5-022

CMN-FAS Nocardia sp. BMG111209 GVYIPTGCTTTPSAK
CMN-FAS Leptospira broomii WP_010571783

CMN-FAS Leptospira fainei

CMN-FAS Leptospira inadai

fFAS HexA/B Aspergillus flavus

fFAS HexA/B Aspergillus parasiticus

fFAS HexA/B Aspergillus nidulans FGSC A4

fFAS Pseudozyma hubeiensis SY62

fFAS Ustilago maydis 521

fFAS Saccharomyces arboricola strain H-6

fFAS Saccharomyces cerevisiae

fFAS Lachancea kluyveri

fFAS Kluyveromyces marxianus DMKU3-1042

fFAS Spathaspora passalidarum NRRL Y-27907

fFAS Neosartorya fischeri NRRL 181

fFAS Candida albicans WO-1

fFAS Wickerhamomyces ciferrii

fFAS Cryptococcus neoformans var. neoformans JEC21

fFAS Coprinopsis cinerea okayama7#130

fFAS Laccaria bicolor S238N-H82

fFAS Cryptococcus gattii WM276

fFAS Tremella mesenterica DSM 1558

fFAS Rhodosporidium toruloides NP11

fFAS Amylomyces rouxii isoform1

fFAS Amylomyces rouxi isoform2

fFAS Schizosaccharomyces pombe

fFAS Schizosaccharomyces japonicus

fFAS Serpula lacrymans

fFAS Rhizopus delemar

fFAS Trametes versicolor

fFAS Mucor circinelloides

fFAS Drechslerella stenobrocha

fFAS Batrachochotryium dendrobatidis

fFAS Botryotinia fucke
fFAS Fusarium vertic
fFAS Neurospora crassa
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Figure $4 (related to Figure 4). Sequence alignments of FabY homologues,
insertions are colored like in figure 4. All sequences used are given in
supplementary table S1.
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FabF vs FabY
A B butterfly

butterfly ‘98
: 7~ J

shoulders

FabF E. coli FabY P. aeruginosa

monomer 2

monomer 1

monomer 1 monomer 2

monomer 1 monomer 2

Figure S5 (related to Figure 5). Comparison of FabF and FabY. (A) Superposition of
FabF (2GFW.pdb) (purple) and FabY (dark grey). The butterfly and shoulder
insertions in FabY are shown in green and cyan, respectively. The C-terminal
extension (arms) is colored red. (B) Close-up view of insertion sites in FabY. The
arm expansion segment extends over the full surface of FabY. (C) The KS core
domain, the butterfly, shoulder and arm extension are colored in light grey, light
green, light cyan and red. (D) Rotated views of a surface representation
highlighting the arm extension in FabY
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Chain B

top view

AT IEIR . Chain A ChainB
fFAS (S. cerevisiae) DfnA-ER
Figure S6 (related to Figure 6). DfnA-ER has small overlap with the interdomain
interfface between the AT and ER domain in fFAS. DfnA-ER is superimposed on
fFAS (2UV9.pdb). DfnA-ER molecule A and B are shown in blue and green,
respectively. The AT, the core of the fungal ER and fungal ER insertions are shown

in pink, dark grey and orange, respectively. (left) The fFAS is in cartoon and the
DfnA-ER in surface representation.
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Figure S7 (related to Figure 7). Schematic comparison of fungal FAS | subtypes
and distribution of single and split genes of fFAS in the fungal kingdom. (A)
Comparison of domain structures of type | FAS from bacteria and fungi. A full-
length sequence carrying all currently known insertions (e.g. Ascomycota) is
given on top, and deletions in the respective FAS types are shown in black.
Purple lines for the different fungal species indicate the partitioning in two chains.
Insertions conserved between in frans-AT PKS/PUFA-ER and Type | FAS ER are
shown in yellow and CMN-/fFAS specific insertions in orange. An N-terminal
extension of AT is shown in pink. The DM3 domain is colored cyan and green; the
DM4 and CIS insertions of KS are shown in blue and red, respectively. In
Aspergillus- and Leptospira-type either no or a smaller DM4 insertion (50 %
sequence length) is present (half filled blue/black). (B) Variations in KS of FabY
and CMN-/fFAS together with an analysis of ‘closed’ and ‘open’ barrel structures
(left) Schematic representation of FabY. The conserved KS core is shown in light
gray, the insertion of butterfly shoulders and arms are shown in green, cyan and
red, respectively. KS extensions of each FAS subtype are shown as an inset
together with a schematic representation of the overall architecture. In bacteria,
the 4'-phosphopantetheinyl transferase (PPT) activity is provided in trans by the
standalone AcpS protein (violet) whereas the PPT is always part of the
multienzyme in fFAS. In  Aspergillus and Ustilaginomycetes species, the PPT is
directly atftached to the KS, where as in Agaricomycetes/Ascomycoty/
Tremellocytes/Rhodospordium/Euchytrids /Zygomycota (right site) the PPT is
anchored to the DM4 region (dark blue). This type of fFAS, as well as the
Ustilaginomycetes FAS are characterized by an N-terminal extension (pink) to the
AT domain, which closes the FAS barrel. This overview demonstrates that closing
of the FAS barrel is not coupled to the presence of the DM4 domain. (C)
Distribution of single and split genes of fFAS in the fungal kingdom. A schematic
representation of fungal phylogeny is adapted from '€, Fungal phyla are colored
based on the occurrence of FAS variants: Single gene FAS (blue), Split (two)
gene FAS (black) or both variants (single/split gene) FAS (green). Phyla with no
DNA sequencing information for fFAS are shown in italic. The most ancient fungal
phyla are characterized by single FAS genes and splitting occurred later in
evolution around the development of Glomeromycota, Basidiomyceta and
Ascomyceta.
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Part I
Emergent properties of Dynamic Multienzymes:
The influence of interdomain linking on animal FAS multienzyme

kinetics
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Summary

In this project we altered mechanical and physical properties of linker
regions in the animal FAS to better characterize how infradomain linking
influences catalytic properties and conformational crosstalk between
domains. This was achieved by generating more then 40 different
constructs with varied linker sequences. Combined structural and kinetic
data from purified constructs helped us to better understand the
emergent properties of the megasynthase system. A long-term goal is to
use these insights for the construction of artificial multienzymes

incorporating complete and complex molecular pathways.

97



Introduction

The de novo synthesis of long chain fatty acids from malonyl-CoA is an
iterative process that requires seven catalytic activities. In most bacteria
and plants the associated enzymes are discrete monofunctional
polypeptides'®. Two strikingly different types of fatty acid synthase (FAS)
systems have evolved in fungi and in animals®’. Fungal FAS is a rigid, 2.6-
MDa barrel-shaped aépé-heterododecamer with 50% of its polypeptide
chains providing scaffolding elements!és8, Contrastingly, the animal FAS
consists of a 270-kDa polypeptide chain comprising all seven enzymatic
activities, that assemble into an intertwined, X-shaped 540kDa
homodimeric multienzyme!’ (Figure 1). Mammalian FAS (mFAS) is divided
infto a condensing portion containing the p-ketoacyl synthase (KS),
malonyl-/acetyl- transferase (MAT) domains and an B-carbon
modification section, consisting of the enzymatic dehydratase (DH),
enoylreductase (ER) and p-ketoreductase (KR) domains as well as two
non-enzymatic domains, the pseudo-KR (pKR) and the pseudo-
methyltransferase (pPME)#48 (Figure 1 A). All reaction intermediates are
covalently bound to an ACP and translocate between the active sites

during the catalysis4s .

The fatty acid production cycle in animal FAS is initiated by the transfer of
the acyl moiety of the starter substrate acetyl-CoA onto the terminal thiol
of the phosphopantheteine (P-Pant) cofactor of the ACP, catalyzed by
the double-specific MAT4. Then, ACP passes the acetyl group to the
active cysteine on the KS. In the next step the elongation unit malonyl-
CoA is loaded onto ACP by MAT. The KS catalyzes the decarboxylative
condensation of the acyl intermediate with malonyl-ACP. KR, DH and ER
further modify the product at the B- carbon position yielding a fully

saturated acyl chain elongated by two carbon units. This acyl chain
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functions as a starter substrate for the next round of extension, until the
growing fatty acid reaches a length of 16 to 18 carbon atoms and is

released by thioesterase (TE) from ACP.

Prior to each round of chain extension, the growing acyl chain is
detached from the ACP and transferred to the active-site cysteine of the
KS%0. This transfer requires the P-Pant moiety to thread the acyl chain into
the KS active site. Interaction with the B -carbon processing domains does
not require detachment of the acyl chain from the hydrophobic core of
the ACP45. In animal FAS ACP is connected via flexible linker (approx. 14
aa) to the KR domain!’48, In the X ray structure of porcine FAS, both ACP
and the following TE domains were not visible due to their flexibility!748,
Modelling an ACP to the porcine FAS structure revealed that distances
between the P-Pant thiol of the one ACP are not sufficient to reach active
sites in one reaction chamber!’48, However, early biochemical evidence,
including mutant-complementation analyses and site-specific crosslinking,
indicated that the ACP domains can functionally contact to the KS and
MAT domains of both subunits'®?, In the crystal structure it was observed
that two reaction chambers do not appear in identical conformations;
the distances between active sites associated with the lower and upper
parts on the left cleft are different to the right cleft!”48, Therefore, it was
proposed that efficient substrate shutting and catalysis requires
conformational changes, which could result from the flexibility in the linker
regions'é.58,

These predictions were later confirmed by electron microscopy (EM)
analysis that revealed the high structural flexibility of animal FAS: animal
FAS can adopt more then 16 different conformational statess!. In the
absence of substrate, 2D image analysis revealed class averages with an

identical organization of the upper B -carbon processing part, but the
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lower parts of FAS rotated by about 90 degree relative to upper section of
the molecule making it nearly perpendiculard!. It is also possible that this
conformation could represent a full 180-degree rotation of the upper
relative to the lower part. Once FAS was substrate-loaded the majority of
the molecule showed asymmetric arrangement in the upper part most

likely resulting from internal flexibility in the B-carbon processing domains>!.

The conformational flexibility in animal FAS originates from the linking
regions which make approximately 9% of overall amino acid sequence#.
Some linker regions in the FAS appear to be conserved and well
structured. For example, the linker region between KS and AT domains is
composed of two short a-helices and a three-stranded antiparallel B-
sheet which restricts the relative movement of the KS and AT domains!”.
Other linker regions such as KR-ACP or DH-MAT do not appear to have
special folds or secondary structure elements. They are rich in alanine and
serine residues, similar to the inter-domain segments of the dihydrolipoyl
tfransacetylase polypeptide chains of pyruvate dehydrogenase, that
provide conformational flexibility and the same fime avoid collapsed
conformations''o, Until now, only the ACP to TE linker in animal FAS was
examined!'!. Increasing the linker length by 13 amino acids did not alter
overall FAS activity, whereas, decreasing the linker length by 22 residues

reduced fatty acid synthesis by 28%!!!.

Currently, it is unclear if and how intra-domain linking can influence
catalytic properties and conformational domain crosstalks in anima FAS. [t
seems that some linker's function as flexible tethers, while other may
function more like structured hinges. In order to address these questions
we have generated more then 40 different FAS variants with increased or

decreased linker lengths in two areas of porcine FAS; linker which links
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ACP to the KR domain and linker between MAT-DH domains that
connects upper and lower part of the animal FAS. Combined molecular
dynamics and kinetic data from modified linker constructs enable us to

better understand complex dynamics of animal FAS.
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Materials and Methods

Cloning of full-length pFAS.

Full-length pFAS (FL pFAS) was synthefically synthesized (gene script).
Linear fragment containing FL pFAS was cloned in to the pIDK vector
(MultiBac) using Red ET recombination and sequentially transferred into

the EmBacY following standart MultiBac protocol.

Cloning of the linker constructs.

Mutagenesis on the original pFAS insert and vector was problematic
because of the large size of the construct. Therefore two-step approach
was developed. In the first step small fragment usually 1-2 KB in size was
isolated and mutated using PCR. In the next step this fragment was
recombined with digested original plasmid using Red E/T recombination.
For the KR-ACP linkers the length of the isolated fragment was 1.5 kb
which was amplified using standard P1_KR_ACP_frw (AACGCATCAAGTC
TGGACGGT) and P1_KR_ACP_rev (CATGCTATGCATCAGCTGCT) primers.
This primers were used in combination with other primers containing
deletfion (table 1) and insertion (table 2) sequences. Original plasmid
containing FL pFAS was digested with Apal and Mfel (NEB) and later
recombined with PCR amplified fragments carrying appropriate deletion
or insertion sequences. DH-MAT linker constructs were cloned as
mentioned above, using standard P2_DH_MAT_frw (TCTGCTGCTGAGTACT
GACGAAG) and P2_DH_MAT_ rev (CAGIGTIGTACAGCITICTGACGGT).
Linker deletion and insertion primers are listed in the table 3 and 4. Original

plasmid was digested using Aatll and Nhel (NEB).
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Table 1. Primers sequence for the KR-ACP deletion constructs

Primer name

Primer sequence

KR_ACP_DEL_1_AA_frw

AAGAAAGCGGCTICCICGCGACGGAAGCT

KR_ACP_DEL_1_AA_rev

CGAGGAGCCGCITICTTCTCCGCCAG

KR_ACP_DEL_3_AA_frw

GAGAAGAAACCICGCGACGGAAGCICG

KR_ACP_DEL_3_AA_rev

GICGCGAGGITITCTTICTCCGCCAGAAC

KR_ACP_DEL_5_AA_frw

GCGGAGAAGCGCGACGGAAGCICGCAGAA

KR_ACP_DEL_5_AA_rev

TTCCGICGCGCITCTCCGCCAGAACAAATG

KR_ACP_DEL_7_AA_frw

CIGGCGGAGGACGGAAGCICGCAGAAAG

KR_ACP_DEL_7_AA_rev

CITCCGICCICCGCCAGAACAAATGATG

KR_ACP_DEL _10_AA_frw

GITCTGGCGAGCTICGCAGAAAGACCIGGICA

KR_ACP_DEL_10_AA _rev

CIGCGAGCTICGCCAGAACAAATGATGAC

KR_ACP_DEL_14_AA_frw

TTTGITCTGGACCIGGICAAGGCGGITGCC

KR_ACP_DEL 14 _AA rev

ACCGCCITGACCAGGICCAGAACAAATGATGACAGCACAGG

Table 2. Primers sequence for the KR-ACP insertion constructs

Primer name

Primer sequence

KR_ACP_INS_1_AA_frw

GCGGAGAAGAAACTGGCGGCAGCTICCICGCGACGGAAGCT

KR_ACP_INS_1_AA_rev

AGGAGCTIGCCGCCAGITICTICTCCGCCAGAACAAATG

KR_ACP_INS_3_AA_frw

TGGCGGAGAAGAAACTGGCTIGAACTGGCTGAAGCGGCAGCTCCTIC
GCGACGGAA

KR_ACP_INS_3_AA_rev

TCGCGAGGAGCTGCCGCITCAGCCAGTITCAGCCAGITICTTCTCCGC
CAGAACAAA

KR_ACP_INS_5_AA_frw

GAAAGCGGCAGCTICTGGCTGAAAAGGCGCCTICGCGACGGAAGCT
CGCAG

KR_ACP_INS_5_AA_rev

GICGCGAGGCGCCITITCAGCCAGAGCTIGCCGCTITCITCTICCGCC

KR_ACP_INS_7_AA_frw

GCGGAGAAGAAACTGGCTIGAAAAGGCGCTIGGCGGCGGCAGCTC
CICGCGACGGAAG

KR_ACP_INS_7_AA_rev

GCGAGGAGCTIGCCGCCGCCAGCGCCITITCAGCCAGITICTICTCCG
CCAGAACAAA

KR_ACP_INS_10_AA_frw

CGGAGAAGAAACTGGCTIGAAAAGGCGCTIGGCGAAAGAGAAGGC
GGCAGCICCICGCGACGGAAG

KR_ACP_INS_10_AA _rev

AGGAGCTGCCGCCITCICTITCGCCAGCGCCITITCAGCCAGITTICTTCT
CCGCCAGAACAAAT

KR_ACP_INS_14_AA_frw

CGGAGAAGAAACTGGCTIGAAAAGGCGCTIGGCGAAAGAGAAGAGT
GACTTTITICGGCGGCAGCTICCICGCGACGGAAG

KR_ACP_INS_14_AA _rev

AGGAGCTGCCGCCGAAAAGTICACTCITCTICTITCGCCAGCGCCTTITC
AGCCAGITICTTCTCCGCCAGAACAAAT
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Table 3. Primers sequence for MAT-DH deletion constructs

Primer name

Primer sequence

MAT_DH_DEL_1_AA_frw

CGGTAGCIGTAGCICIGTTIGCGGIT

MAT_DH_DEL_1_AA_rev

AACCGCAACAGAGCTACAGCTACCGCICGGGAAATCCG

MAT_DH_DEL_2_AA_frw

ATITCCCGAGCGGTAGCAGCICTIGITGCGGITTATAAG

MAT_DH_DEL_2_AA _rev

ACCGCAACAGAGCTIGCTACCGCICGGGAAATCCGC

MAT_DH_DEL_3_AA_frw

CCCGAGCGGTAGCICIGTTGCGGITTATAAG

MAT_DH_DEL_3_AA_rev

ACCGCAACAGAGCTACCGCICGGGAAATCCGCCGCGGAT

MAT_DH_DEL_4 AA_frw

GATITCCCGAGCAGCICIGITGCGGTITATAAG

MAT_DH_DEL_4_AA _rev

AACAGAGCIGCICGGGAAATCCGCCGCGGA

MAT_DH_DEL_5_AA_frw

CGGCGGATITCCCGAGCICIGITGCGGITTATAAG

MAT_DH_DEL_5_AA_rev

ACCGCAACAGAGCTICGGGAAATCCGCCGCGGAT

MAT_DH_DEL_6_AA_frw

TCTGITGCGGITTATAAGITIGATG

MAT_DH_DEL_6_AA_rev

CITATAAACCGCAACAGACGGGAAATCCGCCGCGGATG

Table 3. Primers sequence for MAT-DH insertion constructs

Primer name

Primer sequence

MAT_DH_INS_1_AA_frw

GCGGTAGCAGCAGITIGTAGCICIGITGCGG

MAT _DH_INS_1_AA rev

CAACTGCIGCTACCGCICGGGAAATCCGC

MAT_DH_INS_2_AA_frw

TAGCGGCAGCAGITGTAGCICIGITGCGG

MAT_DH_INS_2_AA _rev

CTACAACTGCTIGCCGCTACCGCICGGGAAATCCG

MAT_DH_INS_3_AA_frw

GTAGCAGIGGCAGCAGITGTAGCICIGTTIGCGG

MAT_DH_INS_3_AA_rev

ACTGCTIGCCACTGCTACCGCICGGGAAATCCG

MAT _DH_INS_6_AA_frw

TAGCGGAAGCGGTAGIGGCAGCAGITGTAGCICIGITGCGG

MAT_DH_INS_6_AA _rev

GCTIGCCACTACCGCITCCGCTACCGCICGGGAAATCCG

MAT_DH_INS_8_AA_frw

CGGIGGAAGCAGCGGTIAGIGGCAGCAGITGTAGCICIGTIGCGG

MAT_DH_INS_8_AA _rev

CTGCTGCCACTACCGCTGCITCCACCGCTACCGCTICGGGAAATCC
G

MAT_DH_INS_10_AA_frw

AGCGGCGGIGGAAGCAGCGGTIAGTIGGCAGCAGITGTAGCTCTIGTT
GCGG

MAT_DH_INS_10_AA_rev

GCTGCCACTACCGCTGCITCCACCGCCGCTIGCTACCGCTICGGGAA
ATCCG
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Expression and purification of pFAS and linker mutant constructs.

pPFAS constructs with a C-terminal 10 HIS tag were expressed in
Spodoptera frugiperda (Sf21) cells using a MultiBac baculovirus vector.
Cells were lysed in 25 mM HEPES, 150 mM NaCl and 20 mM imidazole at
pH 7.5 using a Sonicator. The lysate was centrifuged for 40min at 35 000
rom in a TI70 rotor at 4 °C and then loaded on a 5-ml HisTrap FF column
(GE Healthcare) equilibrated in 25 mM HEPES, 150 mM NaCl and 20 mM
imidazole, pH 7.5. The column was washed with 25 mM HEPES, 40 mM
NaCl and 20 mM imidazole, pH 7.5 and then the FAS protein was eluted
with a gradient up to 300 mM imidazole in 25 mM HEPES and 150 mM
NaCl, pH 7.5. The fractions containing FAS were pulled and concentrated
in a Milipore with a 100-kDa cutoff membrane; applied to a 120-ml
Superdex 200 column equilibrated in 50 mM HEPES and 200 mM NaCl at
pH 7.4 with 5 mM DTT and 10% glycerol. The FAS fractions were pooled
and concentrated with a Millipore 100-kDa cutoff membrane to yield the
purified pFAS.

Assay of overall pFAS activities with coenzyme A substrates.

The activity of the overall FAS reaction were measured continuously at
28C temperature in 96-well plates using the decrease in 340 nm
absorbance due to NADPH oxidation. Kinetic values were determined in
the presence of 40 uM Acetyl-CoA, 150 uM NADPH and varied
concentrations of Malonyl-CoA (1-75 uM), for the overall reaction at 15
NM pFAS for wild type and linker constructs. The total reaction volume was
80ul containing 50 mM sodium phosphate, pH 7.0. To correct for non-
enzymatic oxidation of NADPH, controls were conducted in the absence

of pFAS. BioTek hybrid 1 reader was used to monitor absorbance changes.
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Assay of the partial pFAS activity.

The activity of the KR domain was measured using trans-1-decalone at
28C in 96-well plates using the decrease in 340 nm absorbance. The total
reaction volume 80 ul containing 50 mM sodium phosphate pH 7.5, 4nM
wild type pFAS or linker constructs, 150 uM  NADPH and varied
concentrations of trans-1-decalone (0.01 to 8 mM from 1M stock solution
diluted in DMSO). To correct for non-enzymatic oxidation of NADPH,
controls were conducted in the absence of pFAS. BioTek hybrid 1 reader

was used to monitor absorbance changes.

Data analysis.
Values for the kinetic parameters and their standard errors were obtained
by fitting data to the appropriate equations using the nonlinear regression

function of Prism (GraphPAD Software).
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Results

Effect of KR-ACP linker extension on catalytic activity of pFAS.

Animal FAS has two acfive chambers. The distances between the
individual active sites are up to 85 A, which means that the ACP on its 14
residue flexible linker in combination with intra-domain flexibility of FAS is
just enough to reach all necessary enzymes for condensation and B-
processing reactions. The KR-ACP linker does not have notable conserved
amino acid (aa) sequence and stable secondary structure elements.
Interestingly the length of this linker is very well conserved across the
species. Investigation of potential importance of the linker length for the
substrate shuttling during the catalysis and overall FAS activity was
initiated by making insertions of 3,5,7,10 and 14 aa in to the KR-ACP linker
region. All 6 constructs demonstrated good expression (Figure 1E) and
could be easily purified. First we tested activity of the single domain using
frans-1-decalone as a model substrate that interacts directly with the
active site of the KR domain and does not require involvement of the ACP
domain. These results revealed that activity of the KR was not affected by
increasing length of the linkers (Table 1). Next, we measured overall FAS
activity of purified linker constructs, which are summarized in table 2.
Increasing linker length up to 5 aa has little effect on FAS activity (Table 1).
Interestingly further increasing length of the linker by 7,10 and 14 aa
resulted in 12, 36 and 38% drop of the overall activity compared to the w/t
PFAS.
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Figure 1. Structural overview of mamalian FAS. (A) Linear sequence organization of mFAS.
(B) X-ray structure of mFAS colored by domain as indicated. mFAS forms an X-shaped
homodimer with a lower condensing and an upper modifying part. (C) Top and
bottom views, demonstrating the “S” shape of the modifying (upper) and condensing
(lower) parts of mFAS. (D) Full lenth model of mFAS with ACP (dark grey) and TE (blue).
Dashed red line indecent MAT-DH linker region, Dashed brown line represent KR-ACP
linker boundary. (E) SDS gel of purified KR-ACP linker constructs.
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Construct KR(%) FAS (%)
w/t pFAS 100 (+/-1.13) | 100(+/- 1.4)
KR-ACP 3 AA EXT | 96.4(+/-0.93) | 94(+/-2)
KR-ACP 5 AA EXT | 105.2(+/- 0.89) | 95(+/- 2.3)
KR-ACP 7 AAEXT | 109.2(+/- 1.33) | 88(+/- 1.94)
KR-ACP 10 AA EXT | 99.3(+/- 2.06) | 64(+/- 1.08)
KR-ACP 14 AA EXT | 112.4(+/-0.77) | 62(+/- 0.9)

Table 1. The Kcat activity of the wt FAS (100% value) was 120 +/- 1.9 nM of NADPH oxidized
NM-1 emin! and 606 +/- 6.9 nM-1 emin! of trans-1-decalone hydrolyzed in the
ketoreductase assay.

Effect of MAT-DH modifications on catalytic activity of pFAS (ongoing).

This linker region 854 to 858 connects B-carbon processing upper part and
condensing bottom part (Figure 1D). Due to the extreme flexibility of this
“hinge” region FAS can make to distinct motions: swinging of the MAT-KS2-
MAT module from side to side, and swiveling motion perpendicular to the
upper portion of the structure. In order to better evaluate importance of
the six aa linker region in this area, we cloned twelve constructs with
systematically increasing and decreasing linker length (table 2). Currently

all constructs are in the stage of virus production.

MAT- DH linker insertion constructs MAT- DH linker deletion constructs

1 aa insertion

1 aa deletion

2 aa insertion

2 aa deletion

3 aa insertion

3 aa deletion

6 aa insertion

4 aa deletion

8 aa insertion

5 aa deletion

10 aa insertion 6 aa deletion

Table 2. Summary of the all cloned linker constructs for the MAT-DH region.

109




Conclusion

The catalytic properties of multienzymes are not only determined by its
enzymatic domains, but to a large extend also by the specifics of how
these domains are coupled. In the animals FAS individual catalytic
domains are connected via small linkers. In order to understand how
linking influences catalysis and facilitates efficient communication
between adjusted domains we systematically varied linker regions and
correlated linker properties to the resulting enzymatic properties. Our
experiments revealed that the FAS can tolerate substantial changes in
length of the KR-ACP linker without influencing serious effects on the
activity; more than 10 aa had to be inserted to the linker region before
any significant outcome on functioning of the FAS was observed, which
are very distant relative of modern animal FAS, contain long KR ACP
linkers (up to 21 aa). Further experiment needed to be conducted in order
to understand exact reason why longer linkers (more then 10 aa) lowered
activity only by 40% and what are effects of reducing length of KR-ACP
linker on the catalytic properties of FAS. Furthermore we are currently
investigating one more linker region, which connects the B-carbon
processing upper part and the condensing bottom part. The information
which we will gain from this experiments will help us better understand
complex dynamics of FAS, moreover it will enable us as to construct
guidelines for individual linker regions which can be used in future for

building artificial multienzymes incorporating unique enzymatic domains.
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Summary and outlook

Multienzyme complexes confer a kinetic advantage by shuttling reaction
intermediates between consecutive enzymes and reducing the diffusion
time. The emergent properties of multienzymes are not only determined
by composition of enzymatic domains, but to a large extend by how
these domains are linked. Multienzymes can utilize two types of linkage
methods: one being flexible linkers connecting the individual domains,
whereas the other consists of rigid scaffolding elements, which fixes the
domains in one position3072110 Both types of linkage offer advantages
such as prevention of side reactions, enhanced local concentration of
active sites and the coordinated regulation of expressions. The only
example of such multienzymes that utilized both type of linkage is
eukaryotic fatty acid synthase (FAS)16.17.48.57.58 = Two strikingly different types
of FAS have emerged in fungi and in animalss’. The fungal FAS is a rigid,
2.6-MDa  barrel-shaped structure with 50% of its polypeptide chain
providing supportive scaffolding elementsiés8. Inside the barrel, the
concentration of all active sites is approximately 1 mM, which ensures high
catalytic efficiency®8. In the fungal FAS 48 functional domains are
embedded into a scaffolding matrix that mediates the majority of
architectural interactions determining the spatial arrangement of
catalytic centers’!. The sequential and structural homology of fFAS is
distantly shared with the more recently described CMN-FAS systems in
Corynebacteria, Mycobacteria, and Nocardia that have a slightly lower
number of scaffolding expansions''2. Using combined phylogenetic and
structural biology approach we have identified two freestanding bacterial
proteins FabY and DfnA-ER as potential ancestors of scaffolding regions in
fFAS. The entire FabY with its insertion regions closely resembles the KS
domains of fungal FAS and particularly of CMN-FAS. The conserved

extension of the fFAS KS plays a crucial role in the organization of the
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central wheel structure and provides binding sites for cooperating
enzymes.

Contrastingly, the animal FAS is an open X-shaped structure with catalytic
domains not interrupted by the insertion of scaffolding elements but
connected to each other via short non-conserved linker sequences*s.
Many large multienzymes like biotin-dependent carboxylases, polyketide
synthase type | (PKS I) and pyruvate dehydrogenase share very similar
construction logic to animal FAS; individual enzymatic domains with
unigue chemical functions are connected to each other via non
conserved linkers and each of this system utilizes small carrier proteins,
which translocate substrates from one enzymatic domain to another!10, In
biotin-dependent carboxylases, the biotin-carboxyl carrier protein, which
is responsible for shuttling the substrate intermediate during catalysis, is
connected via linkers to the rest of the protein!!3, The linker sequence is
not conserved and very rich in alanine and serine residues; as a result it
provides important conformational flexibility to achieve high catalytic
efficiency!'3. Interestingly similar linkers are found in the dihydrolipoyl
tfransacetylase polypeptide chains of pyruvate dehydrogenase, where
they provide conformational flexibility and at the same time avoid
collapsed conformations'!o,  Crystallographic data together with
biochemical and EM analysis indicate that animal FAS displays an
extraordinary degree of flexibility to ensure productive interactions
between the ACP and the active sites during the reaction cycle!’ 4851,
Conformational changes most likely result from a combination of internal
domain elasticity and flexibility in the linker regions, which connects
individual domains in the animal FAS. In the present work we investigated
how intra domain linking influences catalytic properties and
conformational crosstalk between domains. This was achieved by

generating more than 40 different constructs with systematically
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increasing or decreasing linker lengths between KR-ACP and MAT-DH

linkers. Initial kinetic data indicate that animal FAS can tolerate substantial

changes in length of the KR-ACP linker without having serious effects on

the activity. Our next goal is to kinetically characterize remaining KR-ACP

and MAT-DH linkers constructs, which will enable us to better understand

complex dynamic of the animal FAS.

We have used a combined approach of phylogenetic, structural and

biochemical analysis to functionally dissect two distinct fatty acid

machinaries. The information, which we gained, has a impact on the field

of synthetic biology and therapeutics in the following ways:

1)

Our structural and evolutionary analysis of the fungal FAS offers new
insights for building artificial enzymes based on rigid scaffolds. We
observed in FabY and DfnA that scaffolding elements are inserted
outside of the core regions and provide critical surface for
assembling the fungal FAS barrel. These scaffolding elements could
be utilized for integration of different chemical enzymes to build
highly processive multienzymes catalyzing unique chemical
reactions in a coordinated manner. The use of so-called protein
scaffolds for the generation of novel binding proteins via
combinatorial engineering has recently emerged as a powerful
alternative in the field of protein engineering and are used in for
numerous applications in  synthetic biology, diagnostics,

therapeutics and imaging'4.115,
Polyketides are a structurally diverse but biosynthetically related

family of natural products that display clinically relevant biological

activities, including anticancer (e.g. calicheamicin  and
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bleomycin), immunosuppression (e.q. rapamycin), and
antibacterial (e.g. erythromycin and vancomycin)!15-118, Structural
and evolutionarily analysis revealed that animal FAS is distantly
related to PKS 145, The animal FASs polypeptides contain a single
copy of all seven functional domains, whereas the type | PKSs
consists of multiple FAS-lke modules48. Each module contains
specific combinations of catalytic domains that catalyze unique
biochemical steps of chain elongation and processing. ACP
domains in each model are not only responsible for shuffling
reaction intermediates inside of the single module but also provide
the functional link between modules as they transfer end product
to the module immediately downstream, where the next chain of
chemical reactions are conducted with the cooperation of the
resident ACP domain of that module*0. To generate analogs,
traditionally, engineering has focused on substituting individual
enzymatic domains or entire modules with ones of different building
block specificity or deleting various enzymatic functions while
disregarding the linkage region!'?. But unfortunately these attempts
resulted in extremely poor vyields or completely failed'2., We
showed in the structurally related animal FAS that infra-domain
linking regions play a crucial role in the dynamics of this enzyme. As
a result of these observations we aim to construct guidelines for
individual linker regions that can be used for connecting multiple
enzymes and maintaining high catalytic efficiency. Such guidelines
could be used in re-engineering PKS with unique chemical
functions. Moreover, recently, linking protein domains into novel,
artificial polyproteins has resulted in new classes of high-affinity

binder molecules as potential protein therapeutics and
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accelerated elucidation of mechanisms governing protein folding

by single-molecule techniques!2!.122,

3) FAS is highly expressed in a number of cancers, with low expression
observed in most normal tissues. Although normal tissues tend to
obtain fatty acids though diet, tumor tissues rely on de novo fatty
acid synthesis, making FAS an attractive target for the treatment of
cancer'22, The medical use of FAS inhibitors has been hampered by
off-target activities'23. Our mechanistic understanding of dynamics
offers new ways to design inhibitors that relay on interfering with FAS
dynamics e.g. trapping linkers. One of such strategy is to use
scaffolds based inhibitor as a promising alternative to small
molecules for therapeutics application'?4, Recently, such a
scaffolding based blocker has been used in mechanically inhibiting
aberrant MAPK regulation that can conftribute to cancer and other

human diseases!?4.

Multienzyme technologies have recently gained prominence as
particularly useful tools for synthetic biology'2.122, Qur structural and
functional dissection of FAS, one of the most complex biosynthetic
machineries, provides important insights into the complex dynamics of
large carrier based proteins. Moreover it provides excellent tools for
building novel multienzyme-based nanomachines for synthetizing unique

chemical compounds.
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