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ABSTRACT

Deciphering the mechanisms of bacterial fatty acid biosynthesis is crucial for both the engineering of bacterial
hosts to produce fatty acid-derived molecules and the development of new antibiotics. However, gaps in our
understanding of the initiation of fatty acid biosynthesis remain. Here, we demonstrate that the industrially
relevant microbe Pseudomonas putida KT2440 contains three distinct pathways to initiate fatty acid biosynthesis.
The first two routes employ conventional p-ketoacyl-ACP synthase III enzymes, FabH1 and FabH2, that accept
short- and medium-chain-length acyl-CoAs, respectively. The third route utilizes a malonyl-ACP decarboxylase
enzyme, MadB. A combination of exhaustive in vivo alanine-scanning mutagenesis, in vitro biochemical char-
acterization, X-ray crystallography, and computational modeling elucidate the presumptive mechanism of
malonyl-ACP decarboxylation via MadB. Given that functional homologs of MadB are widespread throughout
domain Bacteria, this ubiquitous alternative fatty acid initiation pathway provides new opportunities to target a
range of biotechnology and biomedical applications.

1. Introduction

performed by a type I fatty acid synthesis (FASI) pathway (Smith et al.,
2003). Canonical FASI consists of a single polypeptide chain that folds to

The production of membrane lipids is an essential process for all
known forms of cellular life. Except for Archaea, which synthesize
membrane lipids from isoprenoids (De Rosa and Gliozzi, 1986), bacteria,
plants, and animals utilize fatty acids for membrane production. In an-
imals, the suite of reactions required for fatty acid biosynthesis are

form several catalytic domains capable of iteratively elongating the
covalently attached acyl chain (Smith, 1994). In contrast, most bacteria
have a type II fatty acid synthesis (FASII) pathway, which is given by a
distributed system of enzymes that catalyze each step of this biosyn-
thetic process (Rock and Jackowski, 2002). The modular nature of

Abbreviations: ACP, acyl carrier protein; DFT, density functional theory; FAS, fatty acid synthesis; GC-MS-FAME, gas chromatography-mass spectrometry analysis
of fatty acid methyl esters; GNAT, Gen5-related N-acetyl transferase; HDF, hot-dog fold; ITC, isothermal titration calorimetry; KAS, p-ketoacyl-ACP synthase; LC-MS,
liquid chromatography-mass spectrometry; mad, malonyl-ACP decarboxylase; MD, molecular dynamics; RMSD, root-mean-square deviation.
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FASIL, in part, underlies the diversity of fatty-acid derived products
bacteria can generate (Lu et al., 2004).

FASII can be broadly partitioned into three sets of reactions: initia-
tion, elongation, and termination (Fig. 1). FASII initiation culminates in
the production of a f-ketoacyl group covalently attached to acyl carrier
protein (ACP) (Fig. 1A) (Lai and Cronan, 2003). In the case of Escherichia
coli, EcFabH (f-ketoacyl-ACP synthase III (KASIII)) catalyzes the Claisen
condensation of acetyl-CoA with malonyl-ACP to produce the f-ace-
toacetyl-ACP primer (Tsay et al., 1992). Moreover, the KASIII conden-
sation reaction may also be catalyzed by a variant of the KASI/II domain
containing protein which is exemplified by FabY from P. aeruginosa
(Yuan et al., 2012b). Notably, homologs of EcFabH from other species
have also been shown to accept alternative acyl-CoAs, including
branched-chain acyl-CoAs and medium-chain-length acyl-CoAs (Qiu
etal., 2005; Yuan et al., 2012a). Regardless of their identity, these varied
fB-ketoacyl-ACP primers all subsequently proceed through a series of
reactions that elongate their chain length by two carbons in each cata-
lytic cycle (Fig. 1B) (Alberts et al., 1964; Bergler et al., 1994; Garwin
et al., 1980; Kass et al., 1967; Mohan et al., 1994). The resultant
acyl-ACPs terminate the fatty acid elongation cycle when used as sub-
strates in the production of membrane phospholipids or other fatty
acid-derived products, such as polyhydroxyalkanoates (Fig. 1C) (Choi
et al., 2020). Modulating different stages of fatty acid biosynthesis can
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Fig. 1. Proposed fatty acid biosynthesis pathway in P. putida KT2440. (A)
Initiation culminates either with the synthesis of a f-ketoacyl-ACP species
(B-acetoacetyl-ACP via FabH1 or p-keto-decanoyl-ACP via FabH2), or genera-
tion of acetyl-ACP from decarboxylation of malonyl-ACP by MadB. (B) Each
catalytic cycle extends the growing acyl-ACP chain by two carbons donated
from malonyl-ACP. (C) Fatty acid biosynthesis is terminated when one of the
elongation intermediates is consumed to generate a fatty acid-derived product.
The production of medium-chain-length polyhydroxyalkanoate from (R)-
B-hydroxyacyl-ACP and the liberation of free fatty acid by a thioesterase (TE)
are shown as examples.
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alter the profile of fatty acid-derived products generated and in extreme
cases can potentially lead to inviability (Wright and Reynolds, 2007).

More recently an alternate KAS-independent FASII initiation
pathway was discovered in E. coli in the form of malonyl-ACP decar-
boxylase (MadA, also referred to as YiiD) (Sanyal et al., 2019; Whaley
etal., 2021). The Mad system was first identified in AfabH strains which
exhibited growth and colony morphology defects, yet remained viable,
thereby suggesting the presence of a FabH-independent initiation
pathway (Sanyal et al., 2019; Whaley et al., 2021). The catalytic domain
of Mad is housed by a hot-dog fold (HDF) domain that may exist as a
fusion with a Gen5-related N-acetyl transferase (GNAT) domain (MadA),
such as that discovered in E. coli, or as a stand-alone protein (MadB)
(Whaley et al., 2021). Ultimately, the Mad system produces acetyl-ACP
that can enter the elongation step via condensing enzymes such as of
FabB/F (Garwin et al., 1980).

Despite landmark discoveries in model bacterial species such as
E. coli and P. aeruginosa, there are significant gaps in our understanding
of fatty acid biosynthesis in non-traditional model organisms. For
example, although numerous publications reported the engineering of
the industrially relevant microbe Pseudomonas putida KT2440 (Demling
etal., 2021) to produce polyhydroxyalkanoates (Mezzina et al., 2021), a
fatty acid-derived product, a comprehensive, mechanistic understand-
ing of how fatty acids are produced in this species is lacking and thus
prevent rationale engineering of the system. To that end, here we
elucidate the three pathways for the initiation of fatty acid biosynthesis
in P. putida. We find that P. putida harbors two KASIII enzymes, FabH1
(PP_4379) and FabH2 (PP_4545), that accept short- and
medium-chain-length acyl-CoAs, respectively. We also demonstrate that
AfabH1 AfabH2 double mutants are not only viable, but exhibit wild
type-like growth rates due to an undescribed gene, PP_0262, that we
identified independently in a forward-genetic screen. Biochemical and
phylogenetic characterization of PP_0262 established that it is a MadB
enzyme. Whole-protein alanine-scanning mutagenesis, isothermal
titration calorimetry (ITC), X-ray crystallography, and structural and
computational studies elucidate the putative mechanism of action of
MadB. In addition, we demonstrate that functional homologs of MadB
are present in a variety of bacteria, highlighting the widespread nature
of this enzyme in fatty acid biosynthesis.

2. Material & Methods

All materials and methods are described in full in the Supplementary
Data.

3. Results

P. putida strains lacking KASIII homologs are viable. In an effort
to identify candidate KASIII enzymes in P. putida, we performed a BLAST
(Altschul et al., 1990) search against the P. putida proteome using E. coli
FabH (EcFabH, hereafter) (Tsay et al., 1992) as the query sequence. We
identified two predicted proteins that we deemed FabH1 (PP_4379) and
FabH2 (PP_4545), which exhibit 29% and 26% identity to EcFabH,
respectively (Fig. S1). Unlike the gene encoding EcFabH, FabH1 and
FabH2 are not embedded within an operon that contains other fatty acid
biosynthesis genes (My et al., 2013) (Fig. 2A). Characteristic of known
KASIII enzymes, however, FabH1 and FabH2 both contain the canonical
catalytic triad of residues important for enzymatic function (Davies
et al., 2000) (Fig. S1). To determine what role, if any, FabH1 and FabH2
play in fatty acid initiation in P. putida grown in a modified M9 media
(see Material & Methods for the exact composition) with glucose as the
carbon source, we generated P. putida strains that lacked these corre-
sponding genes both singly and in combination. Growth curve analyses
of these deletion strains demonstrated that they did not exhibit a marked
growth defect, but rather resembled wild type P. putida (Fig. 2B).

FabH1 and FabH2 exhibit different acyl-CoA substrate specific-
ities. Considering the lack of overt phenotype observed in the double
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deletion strain, we were curious if either FabH1 or FabH2 exhibited any
fatty acid initiation activity at all. To examine the in vivo activity of both
proteins, we expressed them heterologously in a AfabH E. coli strain we
generated using CRISPR-Cas9 (Jiang et al., 2015). While the AfabH E.
coli strain displayed a reduced maximal growth rate compared to wild
type, plasmid-based expression of EcfabH or fabH1 partially restored
wild type-like growth in this genetic background (Fig. 2C and Fig. S2).
Expression of fabH2 did not improve the growth of the AfabH E. coli
strain (Fig. 2C and Fig. S2). This suggested that while FabH1 may have
EcFabH-like activity, FabH2 may catalyze a different reaction. Indeed,
FabH2 exhibits 75% amino acid sequence identity with a Pseudomonas
aeruginosa protein (PA3286) that accepts octanoyl-CoA instead of
acetyl-CoA (Yuan et al., 2012a) (Fig. S3).

We next validated the activity and specificity of the P. putida EcFabH
homologs in vitro by determining their production of p-ketoacyl-ACP
species using a high mass accuracy intact protein liquid
chromatography-mass spectrometry (LC-MS). In the following assays,
malonyl-ACP was produced by EcFabD-catalyzed acyl transfer reaction
between holo-ACP and malonyl-CoA. In the presence of malonyl-ACP
and acetyl-CoA, purified EcFabH produced p-acetoacetyl-ACP (Fig. 2D;
Reaction I). When supplied with malonyl-ACP and a 1:1 mixture of
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acetyl-CoA:octanoyl-CoA, purified FabH1 only performed the conden-
sation reaction with acetyl-CoA and malonyl-ACP producing p-acetoa-
cetyl-ACP (Fig. 2D; Reaction II). In contrast, FabH2 specifically utilized
octanoyl-CoA, producing p-keto-decanoyl-ACP (Fig. 2D; Reaction III).
The octanoyl-ACP was likely produced due to the promiscuous acyl-
transfer activity of activity of FabD between acyl-ACP and octanoyl-
CoA (Marcella and Barb, 2017). Overall, these in vitro activities are
consistent with the ability and inability of FabH1 and FabH2, respec-
tively, to rescue growth of the AfabH E. coli strain. In addition, gas
chromatography-mass spectrometry analysis of fatty acid methyl esters
(GC-MS-FAME) obtained from P. putida AfabH1 and AfabH2 strains was
consistent with their demonstrated activities (Fig. S4). Strains lacking
FabH1 displayed a reduction in C;4 and C;¢ species and a concomitant
increase in C;g species (Fig. S4), as previously seen in E. coli AfabH
strains (Yao et al., 2012). Strains lacking FabH2 had a conspicuous
accumulation of p-hydroxyoctanoic acid, not detected in either
wild-type or AfabHI1 strains (Fig. S4), consistent with octanoyl-CoA
entering the fatty acid degradation pathway (Thompson et al., 2020)
rather than being shunted into fatty acid biosynthesis by FabH2. These
data suggest that the viability of the AfabH1 AfabH2 double mutant is
due to an additional KASIII-independent mechanism for fatty acid
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Fig. 3. MadB is implicated in fatty acid initiation. (A) Schematic outlining the production and utilization of a P. putida genomic library to screen for novel fatty
acid initiation factors. (B) Genomic fragments contained within indicated plasmids that rescued the E. coli AfabH colony size defect. Dotted line reflects ambiguity in
fragment junction. (C) Maximum specific growth rates of wild-type E. coli and AfabH E. coli strains transformed with pBTL-2 plasmid bearing indicated genes (n = 5).
(D) Quantification of cell size of wild-type E. coli, AEcfabH, and AEcfabH + madB dividing cells (n = 8, 13, 5, respectively). (E) Maximum specific growth rates of wild-

type E. coli and indicated mutant strains at 37 °C (n = 5).

biosynthesis initiation. Additionally, these observations also provide a
confirmation of FabH activity in P. putida.

Expression of PP_0262 rescues E. coli AfabH growth and cell size
defects. To elucidate other genes in P. putida with fatty acid initiation
activity, we utilized a forward genetic screen (Fig. 3A), taking advantage
of the small colony phenotype exhibited by AfabH E. coli strains (Yao
et al.,, 2012). Briefly, we cloned P. putida genomic fragments into
pKMO062, a derivative of pBTL-2 (Prior et al.,, 2010), generating a
plasmid library. We then electroporated this plasmid library into a
AfabH E. coli strain, selected for kanamycin-resistance, and visually
screened for large colonies corresponding to rescue of the AEcfabH
growth defect. Using this method, we isolated 52 large-colony trans-
formants and subjected their respective plasmids to Sanger sequencing.
Most of the recovered plasmids contained non-overlapping fragments of
the P. putida genome. Indeed, several recovered plasmids contained no
insert at all. Despite the high level of apparent false positives, we iso-
lated five plasmids that all shared the P. putida genomic region con-
taining PP_0262, which encodes a 151 amino acid protein that we
hypothesized to be a MadB enzyme (Fig. 3B). To verify that madB alone
can rescue the AfabH E. coli growth defect, we cloned the open reading
frame of madB into an expression plasmid and introduced it into the
AfabH E. coli strain. Heterologous expression of madB in the AEcfabH
mutant restored wild type-like growth, comparable to the EcfabH control
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(Fig. 3C and Fig. S5).

In addition to a small colony phenotype, E. coli strains lacking FabH
have been reported to have reduced cell size (Whaley et al., 2021; Yao
et al., 2012). To determine if expression of madB can restore wild
type-like cell size in a AEcfabH strain, we used microscopy to examine
actively dividing cells from wild type, AEcfabH, and AEcfabH + madB
strains. As previously reported (Yao et al., 2012), we confirmed AEcfabH
cells are significantly smaller than wild-type cells (P < 0.0001) (Fig. 3D
and Fig. S5). Expression of madB in AEcfabH cells, notably, rescued this
small cell size defect (Fig. 3D and Fig. S5). The ability of madB to restore
both the growth and cell size defects of AfabH E. coli strains suggests
madB has a role in fatty acid initiation.

MadB supports growth of E. coli lacking both native FabH and
MadA. Although MadB appeared to have fatty acid initiation capabil-
ities comparable to EcFabH, it remained a formal possibility that MadB
does not have a direct role in fatty acid initiation. For example, E. coli
strains lacking FabH can still grow, albeit poorly, due to the presence of
MadA (YiiD) (Sanyal et al., 2019; Whaley et al., 2021). Furthermore,
overexpression of madA has been demonstrated to rescue both the
growth and cell size defects of AfabH E. coli strains (Whaley et al., 2021).
To rule out any indirect effects MadB may exert on madA expression, we
generated an E. coli strain that lacked madA and had fabH replaced with
madB using CRISPR-Cas9 (Jiang et al., 2015) (Fig. 3E and Fig. S5). The
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Fig. 4. MadB and FabH1 are the main fatty acid initiation factors in
P. putida. (A) Growth curves of wild-type P. putida and indicated deletion
mutants (n = 5). (B) Growth curves of wild-type P. putida and AmadB AfabH1
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bearing a temperature-sensitive plasmid with madB grown at 25 °C and 37 °C
on LB agar plates for 16 h.

rescue of the synthetically lethal AfabH AmadA E. coli strain with madB
supports a direct role for MadB in fatty acid initiation.

Synthetic growth defect of AmadB AfabH1 P. putida is rescued
by medium-chain-length fatty acids. To examine the role of MadB in
P. putida fatty acid initiation, we generated strains lacking madB singly
and in combination with AfabH1 and AfabH2 (Fig. S6). We found that all
single and double mutants, except AmadB AfabH1, displayed wild type-
like growth (Fig. 4A). This phenotype contrasts AfabH E. coli, with an
intact madA, that displayed a stunted growth rate (Fig. 3E) and dimin-
ished colony size (Fig. S5). The P. putida strain lacking both MadB and
FabH1 exhibited a pronounced lag-phase and a reduced final optical
density (Fig. 4A). GC-FAME of a AmadB single mutant, however, did not
display overt fatty acid biosynthesis defects like the mutants lacking
fabH1 (Fig. S4). These data suggest that MadB and FabH1 are redundant
in maintaining a wild type-like growth rate, but FabH1 contributes more
to wild-type fatty acid biosynthesis.

Since the AmadB AfabH1 double mutant still retained FabH2, which
we demonstrated can accept a medium-chain-length acyl-CoA (Fig. 2D;
Reaction III), we surmised that supplementation of the minimal growth
medium with medium-chain-length fatty acids may rescue the growth
defect. Indeed, we observed a dramatic improvement of growth when
AmadB AfabH1 was supplemented with Cg and Cjg straight-chain satu-
rated fatty acids (Fig. 4B). Supplementation with Cg also appeared to
improve growth, albeit less significantly, while C4 and C; inhibited and
had no effect on growth, respectively (Fig. 4B). This in vivo evidence
supports the specificity of FabH2 towards medium-chain-length acyl-
CoA substrates.

Loss of FabH1, FabH2, and MadB is synthetically lethal. To
determine if we had identified all the fatty acid initiation enzymes in
P. putida, we attempted to generate a P. putida strain lacking fabH1,
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fabH2, and madB. These initial efforts were unsuccessful. To test the
hypothesis of synthetic lethality more definitively, we generated a
P. putida strain lacking fabH1, fabH2, and madB, but containing a
temperature-sensitive plasmid (Elmore et al., 2020) that expressed
madB. Whereas wild-type P. putida showed similar growth at 25 °C and
37 °C, the triple mutant bearing the temperature-sensitive plasmid dis-
played a dramatic loss of viability at the restrictive temperature
(Fig. 4C). We did, however, observe some growth at higher cell densities
for the triple mutant strain (Fig. 4C). We reasoned that these rare cells
may have retained the plasmid bearing madB, even at the restrictive
temperature of 37 °C. Indeed, all triple mutant isolates capable of
growing at 37 °C retained resistance to apramycin (35/35 colonies),
which is conferred by the temperature-sensitive plasmid. These data
suggest that triple mutants lacking FabH1, FabH2, and MadB are not
viable and that these proteins constitute the entirety of fatty acid initi-
ation enzymes in P. putida.

MadB is a malonyl-ACP decarboxylase. There are three potential
routes to generate p-acetoacetyl-ACP for the initiation of fatty acid
biosynthesis (Tsay et al, 1992). The first route is the direct
Claisen-condensation of acetyl-CoA with malonyl-ACP to yield f-ace-
toacetyl-ACP (Tsay et al., 1992). We have shown that FabH1 is capable
of this activity (Fig. 2D; Reaction II). The second route begins with the
transfer of the acetyl group from acetyl-CoA onto holo-ACP, yielding
acetyl-ACP. This acetyl-ACP can be subsequently condensed with
malonyl-ACP, by either FabB/F (Garwin et al., 1980), resulting in
p-acetoacetyl-ACP. The third route similarly generates the acetyl-ACP
precursor but via decarboxylation of malonyl-ACP. To determine
which activity, if any, MadB exhibits, we purified MadB and monitored
its ability to generate relevant ACP species in vitro by LC-MS. We found
that MadB failed to catalyze either the Claisen-condensation reaction or
the acetyltransferase reaction (Fig. S7). However, addition of MadB to a
solution containing malonyl-ACP resulted in a depletion of malonyl-ACP
and a concomitant increase in acetyl-ACP (Fig. 5A). We also found that
MadB is capable of decarboxylating malonyl-CoA and
methylmalonyl-CoA to produce acetyl-CoA and propionyl-CoA, respec-
tively, but not free malonate, thereby highlighting the importance of a
pantetheine arm and the flexibility of MadB to accept a minor substi-
tution along the malonyl group (Fig. S8).

The nature of MadB-catalyzed decarboxylation of malonyl-CoA was
also investigated using ITC. The mixing of malonyl-CoA and MadB
emitted a sustained heat indicating an exothermic reaction (AHapp =
—14.9 kJ/mol) (Fig. S9). In contrast, no heat was detected upon injec-
tion of acetyl-CoA, other than the transient heat of dilution due to the
injection event (Fig. S9). The kinetics of this reaction were investigated
by a multi-injection ITC method (Fig. S9), which revealed a Ky, of 12 +
1 mM and key of 1.4 + 0.1 57! for malonyl-CoA at 30 °C, a catalytic
efficiency that is likely too low to be physiologically relevant (Takamura
and Nomura, 1988) (Fig. S9). Hence, MadB was appropriately deemed a
malonyl-ACP decarboxylase in agreement with prior determination of
MadA from E. coli and MadB from Shewanella oneidensis (Whaley et al.,
2021).

Alanine-scanning mutagenesis of MadB indicates residues
important for function. To define the amino acids essential for MadB
activity and gain insight into the reaction mechanism, we screened a
complete library of variants harboring MadB alanine-substituted mu-
tants for their inability to rescue the colony size defect of a AfabH E. coli
strain, ultimately identifying eight such MadB variants. We subse-
quently verified the growth defect of these variants using a microplate
reader (Fig. 5B and Fig. S10). In addition, we investigated the conse-
quence of more conservative substitutions at these eight sites identified
by the alanine scanning screen (Ilel6, Leul8, Asn43, Asn45, Trp64,
Tyr90, Argl24, and Tyrl47). In general, the more conservative sub-
stitutions were less detrimental when compared to their alanine coun-
terpart, and some substitutions even appeared to outperform wild-type
MadB suggesting opportunities for further engineering. (Fig. 5B and
Fig. S10).
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MadB belongs to the hotdog fold protein family. To better un-
derstand the mechanism of MadB-catalyzed malonyl-ACP decarboxyl-
ation, we solved the structure of MadB via X-ray crystallography at 1.04
A resolution (PDB 8AYV, Fig. S11). MadB is structurally closest to a
homolog from Chlorobaculum tepidum (PDB 3LMB; 38% sequence iden-
tity with a root-mean-square deviation (RMSD) of 1.6 A) (Kube et al.,
2013). We found that MadB adopts a HDF configuration, which is
common among enzymes involved in fatty acid metabolism (Pidugu
et al., 2009). MadB exists as a dimer and this arrangement was observed
in crystallo and corroborated by size-exclusion chromatography
(Fig. S12).

Differential scanning calorimetry analysis of MadB at 22.2 pM
(monomer concentration) revealed that the enzyme thermally unfolds
with a single transition at 66.4 °C (Fig. S13); the lack of a second peak
indicates that there is no significant monomer-dimer exchange at this
concentration. This melting temperature remains constant upon two-
fold dilution to 11.1 pM and 5.55 pM monomer (Fig. S13).

Next, we sought to generate a model of MadB in complex with
malonyl-ACP. We first performed a structural similarity search (Holm,
2020) and found various structures of LnmK (4% sequence identity to
MadB with RMSD of 3.0 10\) in substrate analog-bound complexes
(Stunkard et al., 2021). LnmK is a previously characterized double-HDF
enzyme that is a bifunctional decarboxylase/acyltransferase associated
with the biosynthesis of leinamycin, a potential anti-cancer drug (Loh-
man et al., 2013; Stunkard et al., 2021). The similar scaffold (HDF),
substrate (methylmalonyl-CoA vs. malonyl-ACP), and activity (decar-
boxylation) of LnmK and MadB guided our efforts to first dock
malonyl-CoA into the presumed active site of MadB. An initial model
(Minitial) Was built via structural alignment of MadB with LnmK in
complex with 2-nitronate-propionyl-CoA (PDB 6X7L) (Stunkard et al.,
2021), which was easily modified in silico to generate the malonyl-CoA
ligand. We refined Mjpitia; with a molecular dynamics (MD) protocol that
reproduces an induced-fit process (Heo et al., 2021), and generated two
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top models, Myp1 coa and Mwpz coa, With AutoDock Vina estimated
binding affinities at —13.9 and —13.6 kcal/mol (Trott and Olson, 2010),
respectively (Fig. S14). Unlike Myp1 coa, Mmp2 coa implicated residues
Asn45 and Argl24, identified in the alanine-scanning mutagenesis
screen, as interacting with malonyl-CoA at its reaction center. In addi-
tion, Myp2 coa established a hydrogen bond network with the terminal
malonyl group analogous to that observed in LnmK (Stunkard et al.,
2021) (Fig. 5C and Fig. S14). Together, these data suggest that Myipz coa
captures legitimate interactions between MadB and malonyl-CoA.

We further performed MD-based refinement to generate a model of
MadB-malonyl-ACP, using Miyitia) after the replacement of CoA with ACP
from E. coli (PDB 4KEH; 86% identity to PP_1915 gene product, ACP
from P. putida). Five conformations selected from the MD simulations
suggested that a binding mode like Myipz coa is prevalent in the presence
of ACP (Fig. 5D). Typical of other ACP-interacting enzymes, MadB
exhibited a remarkable complementarity in charge and hydropathicity
where it contacted helix II of ACP, also referred to as the “recognition
helix” (Yadav et al., 2018) (Fig. S15). This interface between MadB and
ACP is spontaneously formed in our simulations, indicating the robust-
ness of the model.

Among the functional residues identified via alanine-scanning, our
model of MadB-malonyl-ACP seems to explain the importance of resi-
dues Asn45 and Argl124 as being directly involved in substrate binding.
Specifically, Asn45 and Arg124 bind the terminal carboxyl group of the
malonyl and the pantetheine moieties, respectively. In addition, the
identification of aromatic residues Trp64, Tyr90, and Tyr147 is likely
explained by their role in forming the hydrophobic core underlying the
substrate binding site (Fig. S16). The remaining identified residues,
Ile16, Leul8, and Asn43, are located near the dimer interface where the
proposed decarboxylation occurs (Fig. S17). To determine if these resi-
dues play an outsized role in MadB dimerization, we used the machine
learning-based predictor KFC2a (Zhu and Mitchell, 2011), which pre-
dicts residues that account for the majority of the binding affinity in a



K.J. McNaught et al.

complex. We found that Ile16, Leul8, and Asn43, were among the eight
residues predicted by KFC2a to be important for MadB dimerization
(Fig. S18). The independent identification and correlation of crucial
residues in MadB through in vivo and in silico analyses strengthens the
validity of our structural binding model.

MadB catalyzes malonyl decarboxylation through carbonyl
stabilization. Based on the precedence of the catalytic mechanism
proposed for LnmK (Fig. S19) (Stunkard et al., 2019, 2021) and the data
presented in this study, we propose a catalytic mechanism for MadB
(Fig. 6A). This proposed mechanism is equivalent to the first-half reac-
tion of LnmK. Based on the MD docking results, we created a theozyme
with Asn45, His46, Gly52, and 11e83. In IMO, hydrogen bonds with the
Gly52 backbone and the N45 side chain stabilize the anionic charge of
the terminal carboxylate of malonyl-ACP, while the Ile83 backbone
stabilizes the carbonyl group. Alternatively, IM1 represents a different
substrate orientation, in which hydrogen bonds with Gly52 and Asn45
stabilize the carbonyl, and the His46 stabilizes the carboxyl group of the
intermediate. The lone-pair electrons are subsequently delocalized from
the terminal carboxylate towards the f-keto site, resulting in C-C bond
fragmentation (decarboxylation) and the formation of an enolate in-
termediate (IM2). The anionic enolate in IM2 is then stabilized by the
hydrogen bonds with Gly52, Asn45, and His46. By modeling effects of
each amino acid residue independently, we identify the amide N-H in
Asn45 and the imidazole N-H in His46 as strong hydrogen bond donors
that can best stabilize an anionic substrate (see Material & Methods for
more detail). Finally, deprotonation of IM2 will then readily produce the
acetyl-ACP product. It is unclear whether the final resolution of the
enolate would occur spontaneously via a proton exchange with a solvent
species or whether the process is assisted by a protein side-chain.

From the terminal carboxylate of malonyl-ACP (IMO0), we modeled
the reaction coordinate profile to form the enolate intermediate IM2
through the decarboxylation transition state TS1 (Fig. 6B). Our calcu-
lations indicated that without MadB present, the uncatalyzed decar-
boxylation (Fig. 6B, black) transition state has a 23.7 kcal/mol free
energy of activation, which suggests that the reaction is likely to proceed
slowly at room temperature. Next, we considered two possible pathways
by which the amino acids (Gly52, 11e83, Asn45, and His46) can stabilize
the decarboxylation transition state (TS1). These two catalyzed
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pathways are differentiated on whether the substrate undergoes rear-
rangement in the enzyme active to form a more stable orientation (IM1).
Additionally, the two catalyzed pathways are also distinguished by the
role of Asn45 on whether it stabilizes the C1 carboxyl (Fig. 6B, orange) or
the C3 carbonyl groups (Fig. 6B, blue), of the substrate in the transition
state (TS1). The transition state in the C1 carboxyl-stabilized pathway,
(Fig. 6B, orange), has a kinetic barrier of 23.2 kcal/mol which is only
slightly lower than the uncatalyzed reaction indicating a minor contri-
bution of the amino acid residues in facilitating the decarboxylation.
Alternatively, MadB can more effectively promote decarboxylation
along the C3 carbonyl-stabilized pathway (Fig. 6B, blue), as the transi-
tion state kinetic barrier was lowered to 19.1 kcal/mol. Closer evalua-
tions of the DFT-optimized geometries along the pathways further
highlight the effects of Asn45 and His46 in promoting the decarboxyl-
ation reaction (Fig. 6C). In the resting state (IMO0), the anionic carbox-
ylate group is stabilized by hydrogen bonding with Asn45 and Gly52,
while the imidazole sidechain of His46 may interact with either the
carboxylate or the carbonyl group of the substrate. In the transition state
(TS1) of the C3 carbonyl-stabilized pathway, both the amide N-H in
Asn45 and the imidazole N-H in His46 form hydrogen bonds with the
carbonyl to stabilize the development of negative charge on the oxygen,
a feature that is missing in the C1 carboxylate-stabilized pathway.

To further evaluate the relative contribution of amino acid side
chains of Asn45 and His46 towards catalysis, we purified N45A and
H46A variants of MadB and compared their catalytic efficiency for
malonyl-CoA decarboxylation against the wild-type counterpart using
the same ITC-based assay (Fig. S9). This in vitro experiment provides a

Table 1
Steady-state kinetic parameters from ITC analyses for MadB and select variants
for malonyl-CoA decarboxylation.

MadB variant Keat Ku keat/Kwm
™ (mM) s'Mh
wild-type 1.4+01 1241 120 + 20
N45A 0.06 + 0.01 6.9+ 0.5 9+2
H46A 0.45 + 0.01 5.7 £0.2 79+ 4
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Fig. 6. Molecular mechanism of MadB-catalyzed decarboxylation of malonyl-ACP. (A) Proposed decarboxylation mechanism. The R-group of the substrate is an
ACP-bound pantetheine arm; however, a methyl group was used for the DFT calculation. (B) Free energy profile along the computed reaction coordinates. DFT-
optimized key intermediates and transition states along the MadB reaction coordinates following (C) the lowest energy reaction C3 carbonyl-stabilized pathway.
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clearer phenotype when compared to the prior in vivo alanine scan
experiment as described previously. Similar analyses, however, are not
available for Gly52 and I1e83 as their hydrogen bonding interactions are
contributed by the amide main chain. Both variants were purified
similarly to the wild-type MadB. As described above, the MadB-
catalyzed decarboxylation of malonyl-CoA is not physiologically rele-
vant; however, this scheme is useful for comparing the performance of
the different variants. The kinetic results are summarized in Table 1.
While both variants have about half the Michaelis constant, their low-
ered turnover numbers dramatically affected the overall catalytic effi-
ciency with N45A and H46A resulting in 13- and 1.5-fold lower catalytic
efficiency, respectively when compared to the wild-type enzyme and are
in line with our prior in vivo alanine scan result. The dramatic loss in
turnover number in N45A variant is consistent with its purported role
for transition state stabilization. Conversely, the less severe defect
observed for H46A may stem from a less productive orientation of the
bound substrate. Overall, along with the MD-derived model, our DFT
calculations highlight the importance of multiple amino acids including
Asn45, His46, Gly52, and Ile83 in promoting the decarboxylation re-
action of the terminal carboxylate of malonyl-ACP at MadB.
Functional homologs of MadB present in a diversity of bacterial
lineages. To determine the phylogenetic distribution of MadB homo-
logs, we utilized an iterative profile-HMM search method, JackHMMER,
using MadB as the search query (Johnson et al., 2010). We identified a
total of 479 potential homologs with the same protein domain structure
as MadB (Fig. 7A,B). In addition, we found 267 potential homologs
containing a predicted GNAT domain appended to the N-terminus
(Fig. 7A,B). One such dual-domain homolog is MadA from E. coli
(EcMadA, hereafter Fig. 7A) (Sanyal et al., 2019; Whaley et al., 2021).
We found that MadA-like proteins were restricted to Gammaproteo-
bacteria, whereas MadB-like proteins were detected in 14 distinct phyla
(Fig. 7B). To test if the homologs were functional, we surveyed the
ability of 23 MadA/MadB-like proteins across 13 phyla for their ability
to rescue the E. coli AfabH growth defect (Fig. 7C and Fig. S20). We
found that most of the examined homologs, both MadA- and MadB-like,
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conferred a growth advantage to AfabH E. coli (Fig. 7C and Fig. S20).
This suggests that MadA/MadB-like proteins can initiate fatty acid
biosynthesis similarly in a multitude of bacteria species.

4. Discussion & conclusions

Genetically dissecting the components of bacterial fatty acid
biosynthesis has been traditionally difficult, in part, due to the essential
nature of this process. For example, supplementing E. coli growth me-
dium with fatty acids does not guarantee the viability of a particular fab
mutant (Lai and Cronan, 2003). Aided by genetic redundancy, here we
identified and characterized the three enzymes, and three respective
pathways, that initiate fatty acid biosynthesis in P. putida KT2440
(Fig. 1). Rather than being idiosyncratic to P. putida, these findings
illuminate alternate fatty acid initiation in a wide variety of bacteria.

Our bioinformatics-driven approach identified FabH1 and FabH2 in
P. putida KT2440 as potential KASIII enzymes. We found that FabH1, like
EcFabH, catalyzes the Claisen condensation of acetyl-CoA with malonyl-
ACP to produce f-acetoacetyl-ACP in vitro (Tsay et al., 1992). In addi-
tion, P. putida AfabH1 strains display a similar fatty acid biosynthesis
defect observed in an E. coli AfabH strain (Yao et al., 2012). For this
reason, fabH1 appears to be the gene conspicuously absent from the
P. putida “fabHDG” operon (My et al., 2013). Sequence analysis of
FabH2 revealed high identity with a P. aeruginosa protein, PA3286 gene
product (Yuan et al., 2012a). Like PA3286 gene product, FabH2 prefers
octanoyl-CoA over acetyl-CoA, and produces p-keto-decanoyl-ACP
(Yuan et al., 2012a). In wild-type P. putida, FabH2 likely helps assimilate
exogenous fatty acids and recycle endogenous fatty acids. Interestingly,
a strain relying on FabH2 alone for growth (AmadB AfabH1) is viable in
minimal medium, suggesting sufficient side-activity with acetyl-CoA to
support de novo fatty acid initiation.

Despite the apparent ability of FabH1 and FabH2 to initiate fatty acid
biosynthesis, we found that they were unnecessary for P. putida viability
due to the presence of madB, which we identified in a forward genetic
screen. Loss of MadB alone does not cause an overt defect in fatty acid
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Fig. 7. Distribution and in vivo activity of Mad homologs within the domain Bacteria. (A) Protein domain structure of MadB and EcMadA. Green box indicates
the HDF Malonyl-ACP Decarboxylase (MAD) domain, previously referred to as YiiD_C (PF09500). Orange box indicates the GNAT domain (PF13673). (B) Count data
for MadB/MadA-like proteins found in Proteobacteria species and beyond. (C) Maximum specific growth rates of wild-type E. coli and AfabH E. coli strains trans-
formed with pBTL-2 plasmid bearing homologs from indicated species (n = 5). Dashed gray horizontal line indicates maximum specific growth rate of AfabH E. coli,
above which might indicate rescue. Media supplemented with 0.1 mM IPTG. Tree indicates relatedness of the protein sequences from each species generated by

MUSCLE (Edgar, 2004).
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biosynthesis, unlike loss of FabH1, but the AmadB AfabHI1 double
mutant exhibits a severe growth defect. This suggests that FabH1 and
MadB to a lesser degree, are the main initiation factors in P. putida. We
interrogated three possible routes for MadB-catalyzed fatty acid initia-
tion and discovered that MadB is capable of malonyl-ACP decarboxyl-
ation. The acetyl-ACP species produced by MadB is presumably
condensed with malonyl-ACP by FabB/F (Garwin et al., 1980), gener-
ating B-acetoacetyl-ACP. Whereas the FabH1 pathway only requires one
malonyl-ACP and one acetyl-CoA to produce f-acetoacetyl-ACP, the
MadB pathway requires two malonyl-ACP molecules: one to generate
acetyl-ACP and another for the condensation reaction with FabB/F. This
additional malonyl-ACP molecule, ultimately derived from acetyl-CoA,
comes at the cost of ATP hydrolysis (Fig. 1A). This extra metabolic
burden imposed by the MadB pathway may explain why the FabH1
pathway is the predominant initiation route. In E. coli, FabH similarly
plays an outsized role in fatty acid initiation, whereas MadA is only
employed under stress conditions (Sanyal et al., 2019). Future efforts in
P. putida may elucidate whether comparable transcriptional regulation
occurs with madB.

The decarboxylation of a malonyl group can occur through both
abiotic and biotic processes. The non-enzymatic process requires a
highly acidic condition and is initiated by the p-carbonyl group
abstracting a proton from the terminal carboxylate (pK, ~3) (Hunt,
2006). Alternatively, an uncatalyzed reaction at neutral pH would
encounter such a high activation energy barrier that the process would
proceed at a glacial pace. By contrast, the MadB-catalyzed reaction en-
ables FabH-independent FASII initiation such that no apparent growth
defect is observed in P. putida AfabH1 AfabH2 strains. In addition to HDF
(Lohman et al., 2013), there are at least three additional enzyme scaf-
folds that have evolved means to catalyze the decarboxylation of a
malonyl group at ambient conditions: crotonase (Benning et al., 2000;
Maderbocus et al., 2017; Stunkard et al., 2019), GNAT (Froese et al.,
2013), and the biotin dependent Na' translocating (Buckel, 2001)
protein families; all but the last protein family are cofactorless systems.
Specifically for the GNAT protein family, its counterpart in MadA is
non-functional and its function remains unknown (Whaley et al., 2021).
Despite the distinct protein scaffolds, the active site architectures of the
cofactorless systems are strikingly similar, employing elements for
substrate polarization, often with the amide backbones highlighting a
common catabolic logic: the polarization of the terminal carboxylate
and a resonance stabilized f-keto-enolate intermediate.

Unlike the first half of the malonyl decarboxylation, the final reso-
lution of the enolate intermediate (IM2) remains elusive. It is unclear
whether this process occurs spontaneously, through a proton exchange
with a solvent species, or is assisted by an amino acid side chain. In the
case of both methylmalonyl-CoA decarboxylase (MMCD, crotonase
family) and LnmK (HDF family) a flexible acid catalyst was proposed
facilitate this process; but this residue is not conserved or its equivalent
is missing in other enzyme systems indicating an alternate means for the
keto-enol tautomerization to proceed (Lohman and Shen, 2020; Stunk-
ard et al., 2019, 2021). In MadB, this final acid catalyst role may be
fulfilled by His80 as suggested by the predicted models of
malonyl-derivatives in complex with MadB. Instead, His80 may possess
additional role on an earlier stage of the reaction by attracting the
electron density from the terminal carboxylate towards the f-keto
carbonyl group. Nevertheless, other adjacent basic amino acids, such as
His46 and Lys 47, may at least partially compensate for the substitution
H80A, explaining the non-essential role of His80 for catalysis.

The analyses provided by the structural modeling and the DFT
calculation corroborates the function of the residues identified via the in
vivo alanine scanning; namely, the direct interaction with the reaction
core (Asn45) or with distal regions of the substrate (Argl124), the sta-
bilization of the dimer assembly of the substrate-binding site (Ilel6,
Leul8, and Asn43), or the formation of its underlying hydrophobic core
(Trp64, Tyr90, and Tyr147). Other residues that are key for catalysis
according to the proposed reaction mechanism (Gly52 and I1e83) were
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not identified as functional residues via mutagenesis because, according
to our models, their interactions with the substrate involve backbone
atoms. Indeed, many of the initial substitutions in the alanine scan did
not result in a complete growth defect in the AfabH E. coli background,
likely due to the complex interplay between the mutant MadB and
EcMadA. The result was only confounded as the amino acid residues
involved in catalysis serve to polarize the substrate instead of acting as a
direct proton shuttle. As such, the substitution effect would be damp-
ened for example through the effect of ordered water or chemical rescue.
Additionally, other structural features such as helix II of ACP (“recog-
nition helix”) may play an important role in stabilizing the substrate in a
reactive conformation, which may contribute to the preferential activity
of MadB toward malonyl-ACP instead of malonyl-CoA through the
complementary hydropathicity (Yadav et al., 2018).

In summary, our study describes three routes for FASII initiation in
P. putida KT2440. FabH1 and FabH2 are responsible for the conventional
Claisen condensation type reactions utilizing short and medium chain
acyl-CoA donors, respectively. The third route utilizes the malonyl-ACP
decarboxylase system, MadB. Understanding these enzymes opens an
avenue for tunability of fatty acid metabolism in P. putida and provides
insight toward the development of a more efficient biocatalyst such as in
the production of fatty-acid derived bioproducts. For example, carbon
flux may be redirected to produce non-native fatty acid products by
employing FabH homologs with different substrate specificities (Qiu
et al., 2005). Moreover, the prevalence of malonyl-ACP decarboxylase
system in the domain Bacteria also opens an avenue for biomedical
applications such as in the development of novel antibiotics.
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