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Abstract

Members of the Bacteroidetes phylum, represented by Alistipes finegoldii, are prominent 

anaerobic, Gram-negative inhabitants of the gut microbiome. The lipid biosynthetic pathways 

were analyzed using bioinformatic analyses, lipidomics, metabolic labeling and biochemistry to 

characterize exogenous fatty acid metabolism. A. finegoldii only produced saturated fatty acids. 

The most abundant lipids were phosphatidylethanolamine (PE) and sulfonolipid (SL). Neither 

phosphatidylglycerol nor cardiolipin are present. PE synthesis is initiated by the PlsX/PlsY/PlsC 

pathway, whereas the SL pathway is related to sphingolipid biosynthesis. A. finegoldii 
incorporated medium-chain fatty acids (≤14 carbons) into PE and SL after their elongation, 

whereas long-chain fatty acids (≥16 carbons) were not elongated. Fatty acids >16 carbons were 

only incorporated into the 2-position at the PlsC step, the only biosynthetic enzyme that utilizes 

long-chain acyl-ACP. The ability to assimilate a broad-spectrum of fatty acid chain lengths present 

in the gut environment is due to the expression of two acyl-acyl carrier protein (ACP) synthetases. 

Acyl-ACP synthetase 1 had a substrate preference for medium-chain fatty acids and synthetase 2 

had a substrate preference for long-chain fatty acids. This unique combination of synthetases 

allows A. finegoldii to utilize both medium- and long-chain fatty acid nutrients available in the gut 

environment to assemble its membrane lipids.

Graphical abstract

Members of the Bacteroidetes phylum are major contributors to the human gut microbiome. Here, 

we show that Alistipes finegoldii, an anaerobic commensal, acquires the fatty acid nutrients 

available in the gut environment to construct its membrane lipids utilizing a unique combination of 

acyl-acyl carrier protein synthetases with different substrate selectivities.
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Introduction

The human gut microbiome is a focus of active research because it constitutes the greatest 

biomass of commensal microorganisms in humans and has been implicated in obesity, non-

alcoholic fatty liver disease, colorectal cancer, inflammatory bowel disease, and other 

conditions (Schmidt et al., 2018; Kau et al., 2011). Despite their importance to human 

physiology, details of the biochemistry and physiology of bacteria that constitute the gut 

microbiome are just beginning to emerge. Most gut bacteria are strict anaerobes and initially 

species were known only by their 16s RNA sequences (Caporaso et al., 2011). These species 

were initially unculturable, but recently methods for the systematic isolation of hundreds of 

species have been developed (Browne et al., 2016; Lagier et al., 2018). The phylum 

Bacteroidetes contains rod-shaped Gram-negative bacteria that are widely distributed in the 

environment as well as in the guts and on the skin of animals (Gupta and Lorenzini, 2007). 

Members of class Bacteroidia are best known as major contributors to the 1.5 kg of bacteria 

in the healthy human gut microbiome (Human Microbiome Project, 2012; Johnson et al., 

2017). Perturbations in the abundance of various Bacteroidia species in the microbiome, 

such as by diet or antibiotic treatment, have been associated with metabolic diseases such as 

diabetes and obesity (Finucane et al., 2014; Walters et al., 2014). Although Bacteroidetes are 

Gram-negative, they are phylogenetically distant from the well-characterized Proteobacteria 

phylum containing common Gram-negative bacteria (Johnson et al., 2017). These Gram-

negative bacteria are thought to have lipid biosynthetic systems like those described in 

Escherichia coli, but the metabolic pathways have not been investigated in detail and they do 

contain unusual lipids. One unique feature of the environmental Bacteroidetes taxa is the 

presence of sphingolipids and sphingolipid-related lipids, like sulfonolipids (SL) (Geiger et 

al., 2010; Sohlenkamp and Geiger, 2016; Heaver et al., 2018). SL are an unusual class of 

sphingolipids containing sulfonic acid in the sphingoid base, which is derived from cysteic 

acid and saturated 15-carbon fatty acids (White, 1984; Walker et al., 2017; Abbanat et al., 

1986; Godchaux and Leadbetter, 1988). SL are found in the outer membrane (Godchaux and 

Leadbetter, 1988) and are required for gliding activity in Cytophaga species (Abbanat et al., 

1986). Other unusual lipids found in Bacteroidetes include acylated amino acids and 

dipeptides and various ceramide derivatives (Farrokhi et al., 2013; Olsen and Nichols, 2018; 

Nemati et al., 2017; Rizza et al., 1970).

Radka et al. Page 2

Mol Microbiol. Author manuscript; available in PMC 2021 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Despite the association of gut microbiome Bacteroidetes taxa with human health and 

disease, little is known about their biology in general, or their fatty acid metabolism. This 

study investigates the pathways and enzymes responsible for the utilization of exogenous 

fatty acids in Alistipes finegoldii using a combination of bioinformatics, metabolic labeling 

and biochemistry. A. finegoldii is a fully-sequenced representative of the commensal gut 

Bacteroidetes that can be cultured in the laboratory. A. finegoldii encodes a bacterial type II 

fatty acid biosynthesis system (FASII) that primarily produces saturated fatty acids ≤16 

carbons. The major lipid species in A. finegoldii are phosphatidylethanolamine (PE) and 

sulfonolipid (SL), and they lack phosphatidylglycerol. A. finegoldii efficiently incorporates 

extracellular medium-chain fatty acids (≤14 carbons) into PE and SL after their elongation 

by FASII. Long-chain fatty acids (≥16 carbons) are incorporated, but not elongated. The 

incorporation of the common dietary unsaturated fatty acids (18:1 and 18:2) is restricted to 

the 2-position of PE and excluded from SL. These results show that A. finegoldii encodes a 

unique combination of acyl-ACP synthetases with different substrate specificities to exploit 

the fatty acid nutrients provided in the gut environment to manufacture its membrane lipids.

Results

Roadmap for Alistipes lipid synthesis

A. finegoldii is a fully-sequenced Bacteroidetes resident of the human gut that can be 

propagated in an oxygen-free environmental chamber. We began with a bioinformatics 

analysis of the enzymes in bacterial fatty acid and phospholipid synthesis to provide a 

roadmap for the investigation of fatty acid metabolism in this organism (Table 1). 

Phospholipid synthesis is composed of 4 modules. First, acetyl-CoA generated from central 

metabolism is activated into malonyl-CoA in the initiation module. A. finegoldii is not 

predicted to encode homologs of known acetyl-CoA carboxylase complex genes (accABCD) 

but does encode homologs of the malonyl-CoA-ACP transacylase (FabD) and 3-ketoacyl-

ACP synthase III (FabH) (Table 1). Second, a four-enzyme repetitive cycle extends the chain 

length of the acyl-ACP in the elongation module. There are two enzymes predicted to carry 

out the enoyl-ACP reductase step, FabI and FabK (Table 1). There is no evidence for genes 

(fabA, fabB, fabM, etc.) required to introduce double bonds into the growing acyl chain 

leading to the clear prediction that A. finegoldii does not synthesize unsaturated fatty acids. 

A. finegoldii is predicted to encode for the PlsX/Y/C pathway for phosphatidic acid 

synthesis in the acyltransfer module (Table 1), which is found in all characterized bacterial 

taxa except Gammaproteobacteria (Yao and Rock, 2013). The only known phospholipid A. 
finegoldii is predicted to synthesize is PE (Table 1). Notably absent is the pgsA gene.

The Bacteroidetes phylum has been classified into environmental-associated Bacteroidetes 

and human/animal-associated Bacteroidetes groups (Johnson et al., 2017). Both 

environmental Bacteroidetes and human Bacteroidetes lack a pgsA gene. Human-associated 

Bacteroidetes lack genes encoding the AccABCD complex, but environmental-associated 

Bacteroidetes encode for accABCD gene homologs, suggesting that the commensal bacteria 

may use another mechanism to produce malonyl-CoA. Chlorobi is closely related to 

Bacteroidetes (Johnson et al., 2017) and they encode for accABCD and pgsA gene 

homologs. Together, the bioinformatics analysis suggests that phosphatidylglycerol is 
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missing in the Bacteroidetes phylum, but present in the Chlorobi. Sulfonolipids are 

sphingolipid-related lipids known to be produced by Bacteroidetes taxa (Walker et al., 2017) 

that are absent in bacterial models such as E. coli or S. aureus. Genes homologous to 2-

amino-3-ketobutyrate coenzyme A ligase and 8-amino-7-oxononanoate synthase were 

identified that correlate with the presence of SL in Bacteroidetes (Walker et al., 2017) (Table 

1). These enzymes are members of the α-oxoamine synthase family that includes serine 

palmitoyl transferase, the first step in sphingolipid synthesis. However, the biochemical 

function(s) of these genes in SL biosynthesis has not been experimentally validated. The 

acyltransferase gene (Alfi_1534) predicted in the SL pathway (Table 1) has a PlsC-like 

domain and may contain a flippase/acyltransferase domain. The genes predicted to be 

involved in the synthesis of sulfonolipids are found in both environmental- and human-

associated Bacteroidetes.

Lipid composition of A. finegoldii

The lipid metabolism of A. finegoldii was first investigated by labeling an A. finegoldii cell 

culture with [14C]acetate and separating the lipid species by 2-dimensional thin-layer 

chromatography (Fig. 1A). Four major lipid classes were resolved, and quantitation of the 

chromatograms showed that the label was distributed between PE (37%), SL (28%), and two 

unknown lipids referred to as U1 (9%) and U2 (25%). PE is widely distributed in bacteria, 

but SL is more restricted in its distribution (Walker et al., 2017; Baronio et al., 2010). There 

were also two minor, unidentified neutral lipids (NL) (Fig. 1A). We were unable to detect 

phosphatidylglycerol or cardiolipin by metabolic labeling or mass spectrometry in A. 
finegoldii lipid extracts. We were able to easily detect these two phospholipids in S. aureus 
extracts but there was no indication that they were present in A. finegoldii. These analytical 

data support the conclusion from the bioinformatic analysis that A. finegoldii lacks two 

acidic phospholipids that are major membrane phospholipids in most bacteria.

The second experiment labeled the growing cells with either [14C]acetate or [14C]oleate 

followed by the analysis of the samples in two, 1-dimensional chromatography systems 

(Figs. 1B and 1C). PE was labeled with either [14C]acetate or [14C]oleate; however, SL was 

only labeled with [14C]acetate (Fig. 1B). U1 was labeled with either [14C]acetate or 

[14C]oleate, but U2 was only labeled with [14C]acetate (Fig. 1C). These data showed that A. 
finegoldii was able to incorporate exogenous oleate into PE, but fatty acids derived from de 
novo FASII were the only acyl chains incorporated into SL. Thus, A. finegoldii can activate 

and incorporate exogenous fatty acids into its glycerolipids.

The PE mass spectrum of A. finegoldii grown in the recommended DSM Medium 104 

showed the presence of molecular species with unsaturated fatty acids (Fig. 2A). The fatty 

acid was identified as oleate (18:1Δ9) by gas chromatography, with no other unsaturated 

fatty acid present in a significant amount (not shown). This result was at odds with the 

bioinformatic pathway analysis that indicated that A. finegoldii does not make unsaturated 

fatty acids (Table 1). DSM Medium 104 for the growth of A. finegoldii contains 0.1% 

Tween 80 (polyethylenesorbitan monooleate), a nonionic detergent containing esterified 

oleate. Removal of Tween 80 from the growth medium almost completely eliminated the 

presence of oleate in the mass spectrum of PE molecular species (Fig. 2B). These data 
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showed that Tween 80 was the source of the oleate. There was no difference in the growth 

rate of A. finegoldii in the presence or absence of Tween 80 (Fig. 3A), illustrating that this 

additive is not needed for optimal growth of the organism. However, the mass spectrum in 

the medium lacking Tween 80 also showed several minor molecular species that likely 

contained unsaturated fatty acids (Fig. 2B). Removal of the beef extract from the growth 

medium by culturing on WCAB defined minimal medium lowered unsaturated PE 

molecular species even further (Fig. 2C). The fatty acid composition of A. finegoldii grown 

on WCAB minimal medium was determined by gas chromatography (Fig. 2D). Fifteen 

carbon fatty acids were the most abundant (65%) and the bacterium synthesized straight 

chain and branched-chain iso and anteiso pentadecanoic acid. The prevalence of branched-

chain fatty acids meant that FabH uses branched-chain acyl-CoAs derived from branched-

chain amino acid degradation precursors to generate the corresponding iso and anteiso fatty 

acids (Choi et al., 2000). The abundance of 15:0 suggests propionyl-CoA is used for 

initiation, and the 16:0 fatty acids suggests initiation from either acetyl- or butyryl-CoA, all 

of which are fermentation products of the Bacteroidetes. Stearate was only 2% of the total, 

setting the upper limit for the elongation of acyl-ACP by A. finegoldii FASII. Although A. 
finegoldii grew more slowly and to a lower density in the WCAB medium than in DSM 

Medium 104 (Fig. 3A), these data confirm that the bacterium lacks the capacity for de novo 
unsaturated fatty acid biosynthesis.

The essentiality of de novo FASII in A. finegoldii was addressed using the covalent 

condensing enzyme inhibitor, cerulenin (Vance et al., 1972; D’Agnolo et al., 1973) (Fig. 

3B). The minimal inhibitory concentration for cerulenin was 100 μM, and either the addition 

of exogenous oleate or anteiso-pentadecanoic acid did not overcome cerulenin growth 

inhibition. These data show that FASII is required for A. finegoldii growth, and although the 

bacterium can incorporate exogenous fatty acids into PE, it cannot survive solely on 

exogenous fatty acids.

A. finegoldii also contains SL (Fig. 1), and the structure of this lipid was investigated by 

mass spectrometry (Fig. 4). There was no indication of oleate in the spectrum of SL (Fig. 

4A) even when the strain was grown in Medium 104 containing Tween 80 (Fig. 4A), 

consistent with the lack of [14C]oleate incorporation into this lipid (Fig. 1B & 1C). The SL 

molecular species were not altered by growth in the minimal WCAB medium (Fig. 4B). The 

SL mass spectra appear to be a single series with different fatty acid chain lengths, but there 

were two different SL species detected. The peak labeled 30:0 was fragmented and consisted 

entirely of an SL called sulfobacin B (Walker et al., 2017) that is constructed from two 15-

carbon fatty acids (Fig. 4C). However, the molecular species labeled 33:0 in Fig. 4B is a 

mixture of two SL species (Fig. 4D). This peak does contain the SL described above 

constructed from 16:0 and 17:0 fatty acids (Fig. 4D, inset). However, the major species in 

this peak is an SL constructed from a 3-hydroxy-17:0 and a trans-2-15:0 fatty acid (Fig. 4D, 

inset). This SL structure is called flavocristamide A (Walker et al., 2017). The 3-hydroxy- 

and trans-2 acyl chains correspond to acyl-ACP intermediates that were extracted from the 

FASII elongation cycle to construct flavocristamide A.

Radka et al. Page 5

Mol Microbiol. Author manuscript; available in PMC 2021 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Exogenous fatty acid metabolism

A. finegoldii was grown in the presence of different fatty acids followed by the analysis of 

the PE and SL by mass spectrometry to assess the ability of the bacterium to incorporate 

extracellular fatty acids into membrane lipids (Fig. 5). The saturated fatty acids were labeled 

with deuterium so that molecular species containing these fatty acids could be distinguished 

from those generated from de novo biosynthesis. Because unsaturated fatty acids were not 

produced by Alistipes, they could be recognized without a heavy label. Upon entering the 

cell, the exogenous fatty acids had two possible fates. They could be incorporated into 

PE/SL without alteration, or they could be funneled into FASII where they would be 

elongated prior to their incorporation (Fig. 5A). In each labeling experiment, the proportion 

of the total molecular species derived from direct incorporation and the proportion that was 

elongated prior to incorporation was estimated by quantifying the mass spectra of PE and 

SL. For example, A. finegoldii was labeled with 14:1 fatty acid and the PE mass spectrum 

was obtained (Fig. 5B). An estimate for the percent of the total PE molecular species that 

contained a 14:1-derived fatty acid was calculated by integrating the total ion current for 

each molecular species with an unsaturated fatty acid, and comparing this value to the total 

area of all molecular species. In this example, the PE molecular species that did not contain 

an unsaturated fatty acid (30:0 and 31:0) were in the minority (Fig. 5B), illustrating the 

efficiency of exogenous fatty acid utilization for PE synthesis. The proportion of the fatty 

acid that was incorporated intact compared to the amount of the fatty acid that was elongated 

by FASII prior to incorporation was analyzed by verifying the composition of each peak by 

fragmentation. The 31:1 peak contained 15:0 and 16:1, and the 34:2 peak consisted of 16:1 

and 18:1 (Fig. 5B, inset). The two peaks containing intact 14:1 (29:1 and 30:1) were minor 

elements in the spectrum (Fig. 5B, inset). This analysis was performed on each PE 

molecular species in the spectrum. In this example, 70% of the PE species were derived 

from exogenous 14:1, and >99% of the 14:1 was elongated to 16:1 or 18:1 prior to 

incorporation into both positions of PE. This analysis was repeated in triplicate for each fatty 

acid labeling experiment to map the utilization of extracellular medium- and long-chain fatty 

acids by A. finegoldii for PE and SL synthesis.

The fatty acids had distinctly different fates depending on their chain length. Long-chain 

fatty acids (16:0, 16:1, 18:0, 18:1, 18:2 & 18:3) were incorporated into PE without 

elongation (Fig. 5C). Only minor amounts of 18 carbon fatty acid are produced by the de 
novo FASII pathway (Fig. 2D, inset), therefore the inability of the cells to elongate these 

fatty acids reflects the substrate selectivity of the FabF elongation condensing enzyme of 

FASII. Palmitic acid (16:0) was incorporated into both PE and SL, and 16:0 predominately 

entered these lipids without first being elongated by FASII (Fig. 5C and 5D). Long-chain 

unsaturated fatty acids were not incorporated into SL, suggesting that the substrate 

selectivities of both enzymes that introduce fatty acids into SL were not capable of utilizing 

these substrates (Fig. 5D). Acyl chains of 12:0, 14:0 and 14:1 were incorporated into both 

PE and SL, and in each case entered FASII and were elongated prior to their incorporation 

into a membrane lipid (Fig. 5E & 5F). Because acyl-ACP are the substrates for FASII 

elongation, these data provide clear evidence that these shorter-chain fatty acids were being 

ligated to ACP. Palmitoleic acid (16:1) was elongated to 18:1 as well as directly incorporated 

into PE, but neither 16:1 nor 18:1 were incorporated into SL (Fig. 5D & 5F) reflecting the 
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substrate specificities of SL biosynthetic enzymes. These data reveal that A. finegoldii 
channels shorter-chain fatty acids (<16:0) into FASII, and the elongation products were used 

for both PE and SL synthesis depending on the substrate preferences of the biosynthetic 

enzymes.

There are two fatty acids used in SL synthesis, and mass fragmentation experiments of the 

heavy-labeled SL were used to determine if the exogenous fatty acids were incorporated into 

both R1 and R2 positions of SL, or only into one of them (Fig. 6). SL incorporated [d3]14:0 

after elongation (Fig. 5F) and [d4]16:0 without elongation (Fig. 5D). Growth with [d3]14:0 

resulted in both (+3)32:0-SL and (+6)32:0-SL molecular species showing that [d3]14:0 was 

incorporated into both SL positions (Fig. 6A). Fragmentation of the (+3)32:0-SL peak (m/z 
= 605) confirmed that [d3]14:0 was incorporated into both the R1 and R2 positions (Fig. 6B, 

inset). The direct incorporation of [d3]14:0 into SL was too low to be analyzed meaning that 

the elongation of [d3]14:0 to [d3]16:0 was required prior to its incorporation into SL. The SL 

mass spectrum of cells labeled with [d4]16:0 showed a prominent molecular species (m/z = 

592.7) containing one heavy fatty acid (+4)31:0-SL, but there were no (+8)31:0-SL species 

detected (Fig. 6C). This result was expected because this SL molecular species is 

constructed from a 16:0 and a 15:0 fatty acid. The 32:0-SL species arises from two 16:0 

fatty acids, and both (+4)32:0-SL and (+8)32:0-SL species were detected (Fig. 6C), meaning 

that 16:0 could be incorporated into both the R1 and R2 positions. Fragmentation of the 

(+4)32:0-SL peak (m/z = 606) containing a single [d4]16:0 verified that the [d4]16:0 was 

incorporated into both the R1 and R2 positions of SL (Fig. 6D). The diagnostic peak pairs at 

m/z = 347 and 351, and m/z = 364 and 368 show that R1 was a mixture of light and heavy 

16:0 (Fig. 6D, inset). The R2 fatty acid was also a mixture based on the less abundant m/z = 

237 and 241 pair of peaks derived from a cleavage event that released R2 (not highlighted in 

the spectrum).

Characterization of AfPlsC

The mass spectrum of PE from oleate-labeled cells showed that 18:1 was always paired with 

a saturated fatty acid (Fig. 2A). This pattern of incorporation would be explained if 

exogenous oleate was predominately incorporated into one position of the glycerol backbone 

in the pathway leading to PE (Fig. 7A). Therefore, we isolated [14C]PE from A. finegoldii 
labeled with either [14C]acetate or [14C]oleate, and digested the lipid with phospholipase A2 

to determine the positional distribution of the label (Fig. 7B). There was an equal 

distribution of label between the 1- and 2-positions when the PE was labeled with 

[14C]acetate, reflecting the incorporation of acyl-ACP from FASII into both positions. 

However, in the cells labeled with [14C]oleate, the radioactivity was found primarily in the 

2-position (88%) (Fig. 7B). This result was consistent with the fragmentation of the 33:1 and 

34:1 PE molecular species (Fig. 7C, insets). In this experiment, the intensity of the 18:1 was 

>2.2 times higher than that of the paired 15:0 or 16:0 signals, and is consistent with the 

conclusion that 18:1 occupies the 2-position in these PE molecular species (Han and Gross, 

1995; Hsu and Turk, 2001; Mazzella et al., 2004). The [14C]18:1 incorporated into the 1-

position was due to its utilization by PlsX/PlsY. This data showed that exogenous oleate was 

channeled predominately into the 2-position, and explains the pattern of PE molecular 

species produced from growth with exogenous oleate (Fig. 2A & 7C).
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PlsC is responsible for acylation of the 2-position (Fig. 7A). EcPlsC utilizes both acyl-CoA 

and acyl-ACP acyl donors (Parsons et al., 2013; Yao and Rock, 2013), whereas SaPlsC uses 

only acyl-ACP (Lu et al., 2006). The AfPlsC gene (Alfi_2876) was identified based on its 

32% identify with E. coli plsC, and we examined the properties of AfPlsC by expressing the 

protein in E. coli strain SM2-1 (plsC(Ts)). The expression of AfPlsC complemented the 

growth of strain SM2-1 at 42°C demonstrating that it possessed acyl-ACP-dependent PlsC 

activity (not shown). EcPlsC prefers to place 16:1 into the 2-position, and the 

complementation of strain SM2-1 (plsC(Ts)) with a plasmid expressing EcPlsC (pEcPlsC) 

led to the predominant synthesis of the 32:1 PE molecular species consisting of 16:0 and 

16:1 (Fig. 8A). Fragmentation of this peak identified 16:1 and 16:0 fatty acids with an 

intensity ratio consistent with 16:1 occupying the 2-position (Han and Gross, 1995; Hsu and 

Turk, 2001; Mazzella et al., 2004) as expected (Yao and Rock, 2013) (Fig. 8A, inset). Two 

minor PE molecular species were 30:0 and 34:1. The former arises from incorporation of 

14:0-ACP into the 2-position, and the 34:1 species corresponds to the incorporation of 18:1-

ACP. The 14:0-ACP would be available from FASII as an intermediate in the formation of 

16:0-ACP, but E. coli does not significantly elongate 16:1-ACP to 18:1-ACP at 42°C 

(Garwin et al., 1980a; Garwin et al., 1980b), accounting for the low abundance of the 34:1 

PE molecular species. Strain SM2-1 complemented with AfPlsC also produced the 32:1 PE 

molecular species, but the 30:0 PE molecular species was substantially higher than in the 

EcPlsC complemented strain (Fig. 8B). Fragmentation of the 32:1 peak showed that 16:1 

also occupied the 2-position in this case (Fig. 8B, inset). The 14:0 acyl chains were located 

in the 2-position based on the fragmentation pattern of the 30:0 PE molecular species (not 

shown). These data indicate that AfPlsC utilized both unsaturated 16:1-ACP and the shorter-

chain 14:0-ACP as substrates.

Exogenous fatty acids are activated by acyl-CoA synthetase in E. coli and utilized by EcPlsC 

(Parsons and Rock, 2013; Yao and Rock, 2013). Therefore, when strain SM2–1 (plsC(Ts))/

pEcPlsC was grown in the presence of an exogenous 18:1 supplement, there was a 

significant increase in the abundance of the 34:1 (16:0/18:1) PE molecular species (Fig. 8C). 

Fragmentation of the new 34:1 peak showed that 18:1 occupied the 2-position (Fig. 8C, 

inset). Growth of strain SM2-1/pAfPlsC in the presence of exogenous 18:1 also led to the 

appearance of 34:1 PE (Fig. 8D). The fragmentation pattern of the 34:1 PE molecular 

species indicated that 16:0 and 18:1 were equally distributed between the 1- and 2-positions 

(Fig. 8D, inset). Also, the appearance of a 36:2 molecular species showed that AfPlsC can 

use acyl-CoA. This is anticipated because acyl-CoAs are used as substrates analogs to assay 

acyl-ACP-dependent enzymes. However, the lower incorporation of 18:1 and higher levels 

of 30:0 PE molecular species in AfPlsC-complemented cells compared to EcPlsC suggests 

that 14:0-ACP is the preferred substrate for AfPlsC in E. coli.

Synthetases of A. finegoldii

Acyl-CoA and acyl-ACP synthetases are two enzymes that have been described in Gram-

negative bacteria for the activation of exogenous fatty acids (Black et al., 1992; Yao and 

Rock, 2015; Jiang et al., 2006; Yao et al., 2015b; Yao et al., 2016). A bioinformatic search of 

the A. finegoldii genome using either E. coil acyl-CoA synthetase (EcFadD) or Neisseria 
acyl-ACP synthetase (NgAas) identified three candidate genes that possessed the acyl-
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adenylate (AMP) binding sequence motif (Jackowski et al., 1994; Black and DiRusso, 2003; 

Black et al., 1997). The three genes (locus tags: Alfi_2635, Alfi_0371 and Alfi_3181) were 

equally related to both EcFadD and NgAas, consistent with the difficulty in determining 

either the acyl carrier or the acyl chain specificity from a bioinformatic analysis. Therefore, 

we cloned the three genes into E. coli expression vectors and introduced them into E. coli 
strain LCH30 (aas fadD), which is incapable of activating exogenous fatty acids for 

incorporation into phospholipid (Hsu et al., 1991). Strain LCH30 was transformed with each 

of the putative A. finegoldii synthetases, along with NgAas, EcFadD and empty vector 

controls. The expressed proteins were 6x-His-tagged and were visualized by 

immunoblotting of the soluble cell extracts with an anti-His-tag antibody to illustrate that 

they were all expressed at similar levels (Fig. 9A). The strains were next labeled with either 

[14C]laurate or [14C]oleate to determine which of the genes supported medium- and long-

chain fatty acid activation. The vector control did not incorporate either labeled fatty acid 

and the NgAas and EcFadD controls exhibited robust laurate and oleate activation and 

incorporation (Fig. 9B). The expression of either Alfi_2635 (AfAas1) or Alfi_0371 

(AfAas2) supported the incorporation of laurate into phospholipid. AfAas2 supported oleate 

incorporation, but AfAas1 expression did not. Alfi_3181 did not support the activation of 

either fatty acid (Fig. 9B). These data indicated that AfAas1 and AfAas2 were either acyl-

CoA or acyl-ACP synthetases.

The acyl-CoA synthetases were distinguished from the acyl-ACP synthetases by labeling 

with exogenous [d3]12:0. Acyl-CoA cannot be elongated by E. coli, and only [d3]12:0 was 

incorporated into PE in cells expressing EcFadD (Fig. 9C). The (+3)28:0 PE species (16:0/

[d3]12:0) becomes a prominent feature of the spectrum, and there are no (+3)PE molecular 

species that contain a fatty acid longer than [d3]12:0. The fragmentation of the (+3)30:1 

molecular species showed that it contained [d3]12:0 and 18:1 (Fig. 9C, inset). In strain 

LCH30 complemented with either NgAas, AfAas1 or AfAas2, the majority of the [d3]12:0 

was elongated prior to incorporation into phospholipid. An example spectrum from cells 

expressing AfAas1 illustrates the incorporation pattern that was similar for all three acyl-

ACP synthetases (Fig. 9D). The fragmentation pattern of the (+6)30:0 PE molecular species 

showed the presence of [d3]16:0 and [d3]14:0 (Fig. 9D, inset), confirming the elongation of 

[d3]12:0. Also, the (+6)32:0 peak composed of two 16:0 fatty acids can only arise from the 

elongation of [d3]12:0. These data established the existence of two acyl-ACP synthetases in 

A. finegoldii.

The identity of these enzymes as acyl-ACP synthetases was verified by biochemical analysis 

of the purified proteins (Fig. 10). The amino-terminal His-tagged versions of AfAas1 and 

AfAas2 were cloned into the pET expression vector, expressed in E. coli and purified by 

Ni2+ affinity chromatography. The purified proteins were soluble, homogeneous protein 

preparations (Fig. 10A). They were both tested for activity using either CoA or E. coli ACP 

as acyl acceptors, and either [14C]12:0 or [14C]18:1 as acyl donors. AfAas1 selectively 

activated 12:0 and did not activate 18:1 (Fig. 10B). AfAas2 was most active with 18:1, but 

also activated 12:0 at approximately one third the rate of 18:1 (Fig. 10C). These data 

confirm the substrate specificities of the two synthetases deduced from the expression 

experiments.
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Discussion

A. finegoldii uses a unique combination of acyl-ACP synthetases to activate a spectrum of 

exogenous fatty acids for membrane lipid synthesis (Fig. 11). AfAas1 prefers medium-chain 

fatty acid substrates and has little to no activity with chain-lengths ≥16 carbons. Thus, the 

substrate binding site of AfAas1 excludes long-chain fatty acids. AfAas1 substrate 

selectivity is most closely related to the acyl-ACP synthetases from Vibrio harveyi (Byers 

and Holmes, 1990; Jiang et al., 2006; Jiang et al., 2010) and Chlamydia trachomatis (Yao et 

al., 2015b). These synthetases prefer saturated fatty acids, and function best with acyl chains 

≤16 carbons. Acyl-ACP arising from AfAas1 action are too short to be the best substrates 

for the enzymes of either PE or SL synthesis, and are elongated by FASII prior to their 

incorporation. This utilization pathway also results in the elongated medium-chain fatty 

acids being found in both positions of the PE and SL backbones. AfAas2 prefers long-chain 

saturated and unsaturated fatty acids, although its larger substrate pocket cannot exclude 

medium-chain fatty acids (Fig. 11). AfAas2 is most similar in its substrate selectivity to 

NgAas that can activate long-chain saturated and unsaturated fatty acids. Acyl-ACP chain 

lengths >16 carbons are not elongated by the FabF condensing enzyme of FASII, and are 

also excluded from incorporation into the 1-position of PE. This indicates that the A. 
finegoldii PlsX/PlsY system discriminates against these chain lengths, leading to their 

incorporation only into the 2-position of PE by PlsC. The only long-chain fatty acid used 

directly for SL was 16:0, and this fatty acid is incorporated into both positions of SL without 

elongation. Unsaturated, long-chain acyl-ACP produced by AfAas2 are not used to 

synthesize SL. The exclusion of these acyl chains from the SL pathway is attributed to the 

substrate selectivity of the enzymes in the SL biosynthetic pathway that exclude the long, 

kinked acyl chains of 18-carbon unsaturated fatty acids.

The utilization of acyl-ACP synthetases for the activation of fatty acids is consistent with the 

overall lipid metabolic program in A. finegoldii. Gram-negative bacteria like E. coli employ 

the PlsB/C pathway to phosphatidic acid and utilize acyl-CoA synthetase to activate 

exogenous fatty acids (Yao and Rock, 2015). The acyltransferases of these bacteria use 

either acyl-CoA or acyl-ACP substrates (Yao and Rock, 2013), and many possess a suite of 

fatty acid β-oxidation genes and acyl-CoAs derived from exogenous fatty acid that are also 

used as a carbon source (Iram and Cronan, 2006). This metabolism is characteristic of the 

Gammaproteobacteria, but A. finegoldii is like many other Gram-negative bacteria in that 

they use the more widely-distributed PlsX/Y/C pathway for phosphatidic acid synthesis (Yao 

and Rock, 2013). Gram-positive bacteria also use the PlsX/Y/C pathway and activate 

exogenous fatty acids using a fatty acid kinase system (Parsons et al., 2014a; Parsons et al., 

2014c). Fatty acid kinase is not found in A. finegoldii or other Gram-negative bacteria. We 

did not detect an acyl-CoA synthetase, although the complementation experiments indicate 

that AfPlsC can utilize acyl-CoA substrates to some extent. Acyl-ACP synthetases are the 

most flexible activation systems for Gram-negative PlsX/Y/C bacteria because the acyl-ACP 

can be converted to the preferred chain lengths by FASII, or if suitable, be directly utilized 

by PlsX/Y/C for membrane glycerolipid synthesis. SL are an unusual and abundant 

membrane lipid in A. finegoldii that contain two fatty acids derived from FASII. Our data 

are consistent with acyl-ACP as the acyl donors for these important lipids. The acyl-ACP 
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synthetases direct environmental medium-chain fatty acids to the SL pathway. The acyl-ACP 

that enters FASII is also used to form the 3-hydroxy- and trans-2-fatty acids in the 

flavocristamide version of SL (Walker et al., 2017) and the 3-hydroxy-fatty acids of LPS 

(d’Hennezel et al., 2017).

A. finegoldii provides a blueprint for understanding fatty acid acquisition by anaerobic 

Bacteroidetes, a major contributor to the commensal gut microbiome. The gut environment 

is a rich source of fatty acids arising from food digestion. Long-chain saturated and 

unsaturated fatty acids are derived from animal and plant glycerolipids and triglycerides, and 

medium-chain saturated fatty acids are found in dairy products, and coconut and palm kernel 

oils (Marten et al., 2006). These medium-chain fatty acids are not used for lipid synthesis by 

mammals, but rather are excellent substrates for energy and ketone production via 

mammalian β-oxidation (Schonfeld and Wojtczak, 2016). AfAas1 provides A. finegoldii a 

mechanism to utilize medium-chain fatty acids in the gut as building blocks for the energy 

efficient construction of its membrane lipids. AfAas2 prefers the saturated and unsaturated 

long-chain fatty acids that are the digestion products of common glycerolipids. Phylogenetic 

analysis of the 16S rRNA sequence of the Bacteroidetes phylum shows that the human/

mammal-associated commensal taxa share a recent common ancestor that branches from the 

environmental taxa (Johnson et al., 2017). The gene encoding AfAas1 is only found in the 

commensal Bacteroidetes where medium-chain fatty acids would be a potential source of 

acyl chains. All members of the Bacteroidetes phylum express AfAas2, an acyl-ACP 

synthetase with a substrate preference for the most common acyl chains in the environment.

Experimental Procedures

Materials

Sources of supplies were: trypticase peptone, tryptone, peptone, glucose, yeast extract, and 

beef extract, BD Medical Technologies (Franklin Lakes, NJ); haemin, arginine, cysteine, 

DMSO, CoA and Tween 80, Naja mossambica mossambica snake venom phospholipase A2, 

monoclonal anti-polyhistidine-alkaline phosphatase antibody, Sigma-Aldrich (St. Louis, 

MO); vitamin K1 and media salts, Fisher Scientific (Hampton, NH); Brij-58, G Biosciences 

(St. Louis, MO); antibiotics, GoldBio (St. Louis, MO); [1-14C]acetic acid (50.5 mCi/mmol, 

1 mCi/ml) and [1-14C]oleic acid (59 mCi/mmol, 0.1 mCi/ml), PerkinElmer (Waltham, MA); 

[1-14C]lauric acid (59 mCi/mmol, 0.1 mCi/ml), American Radiolabeled Chemicals, Inc (St. 

Louis, MO); (methyl-d3)12:0, (methyl-d3)14:0, (7,7,8,8-d4)16:0, and (methyl-d3)18:0, 

Cambridge Isotope Laboratories, Inc (Tewksbury, MA); and methyl ester standards, 

14:1(Δ9), 16:1(Δ9), 18:1(Δ9), 18:2(Δ9,12), 18:3(Δ9,12,15), 20:4(Δ5,8,11,14), Matreya, LLC 

(State College, PA). All solvents were chromatography grade. E. coli ACP was prepared as 

described (Yao et al., 2013).

Bacteriology

Bacterial strains and plasmids used in this study are listed in Table 2. A. finegoldii were 

grown anaerobically as 5 ml cultures in 16 × 100 mm borosilicate glass tubes at 37°C in a 

Whitley M45 HEPA Variable Atmosphere Workstation (10% CO2 and 5% H2; 70% 

humidity). A. finegoldii cells were cultured in three broths: DSM Medium 104 (with vitamin 
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solution) (Leibniz-Institut DSMZ, Germany), DSM Medium 104 excluding Tween-80, and 

Wilkins-Chalgren anaerobe broth (WCAB) (Leibniz-Institut DSMZ, Germany) with vitamin 

K used instead of menadione (a vitamin K analog), and the sodium pyruvate was also 

omitted because it is not required for A. finegoldii to grow. Growth rate experiments were 

performed by 1:100 back-dilution of a stationary phase culture grown in the medium of 

investigation. The A600 in the 16×100 mm borosilicate glass tubes were measured using a 

Biochrom WPA CO8000 cell density meter.

The minimum inhibitory concentration for cerulenin with or without exogenous fatty acid 

supplementation against A. finegoldii was determined using a modified broth microdilution 

method (Parsons et al., 2011). Fatty acids and cerulenin were added in DMSO to a final 

concentration of 1%, and the control media also had 1% DMSO. A stock culture of A. 
finegoldii grown in DSM Medium 104 excluding Tween 80 was diluted 1:100 in the same 

medium with no fatty acid, 50 μM 15:0, or 50 μM 18:1. Briefly, 100 μl of diluted cells was 

added to each well of a U-bottom 96-well plate except the first column of wells. A 200 μl 

aliquot of diluted cells mixed with 400 μM cerulenin was added to the first column of wells, 

and 100 μl was serially diluted through the plate excluding the last column of wells leaving 

100 μl of cells in each well with the appropriate concentration of cerulenin. The plate was 

incubated at 37°C as described above for 48 hours and the A600 determined using a 

SPECTRAmax 340PC Microplate Reader. Cells grown with 0 μM cerulenin were used as a 

reference (i.e., 100% growth).

Molecular Biology

DNA sequences encoding Alfi_2876 (AfPlsC), Alfi_2635 (AfAas1), Alfi_0371 (AfAas2), 

and Alfi_3181 were codon optimized and purchased as GeneArt DNA sequences from 

ThermoFisher Scientific (Waltham, MA). The DNA sequences were designed with 5′-NdeI 

and 3′-EcoRI restriction sites for cloning into the pPJ131 vector (Lu et al., 2006). The 

pPJ131 vector contains an amino-terminal His6-tag that was cloned in frame with each gene 

using the NdeI restriction site. The pEcPlsC vector (Robertson et al., 2017), pEcFadD vector 

(Yao et al., 2016), and pNgAas vector (Yao et al., 2016) were described previously. AfAas1 

and AfAas2 were cloned into the pET28b vector (Novagen) using the 5′-NdeI and 3′-EcoRI 

restriction sites to introduce an amino-terminal His6-tag.

Bioinformatics analysis

Homologs to known lipid synthesis genes were searched against the A. finegoldii DSM 

17242 genome using tBLASTn with FabK, Streptococcus pneumoniae; PssA, Bacillus 
subtilis; Staphylococcus aureus; PlsX and PlsY; Streptomyces autolyticus, Psd; Neisseria 
gonorrhoeae, FabI and Aas; Homo sapiens, sulfonoliid condensing enzymes; and E. coli for 

all other genes. Hits with an Expect value < e−30 were searched back against the query 

genome to ensure the hit is not more homologous against another protein in the query 

genome. Interesting gene features were searched against environmental associated 

Bacteroidetes group (Johnson et al., 2017), human associated Bacteroidetes group (Johnson 

et al., 2017), Ignavibacteriaceae family, and Chlorobiaceae family to understand the 

distribution of the features.
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Analysis of AfPlsC

The E. coli PlsC amino acid sequence (Uniprot Accession: P26647) were used as a query 

sequence in a tBLASTn search against the A. finegoldii DSM 17242 genome 

(taxid:679935). The search returned the gene predicted to encode AfPlsC, Alfi_2876, with 

an Expect value of 4e−11. The function of the predicted A. finegoldii PlsC was confirmed by 

complementation of E. coli strain SM2-1 (plsC(Ts)) (Yao et al., 2015a). Strain SM2-1 is not 

viable at 42°C unless complemented with a functional PlsC. Plasmids expressing E. coli 
PlsC (pEcPlsC) or A. finegoldii PlsC (pAfPlsC) were transformed into strain SM2-1 

(plsC(Ts)) and recovered on Luria plates containing 100 μg/ml carbenicillin at 30°C. 

Individual transformants were then tested for growth on Luria broth plates at 30°C and 

42°C. Overnight cultures of strain SM2-1 (plsC(Ts)) harboring the PlsC expression plasmids 

were grown at 30°C, subcultured into Luria broth with and without exogenous 18:1(Δ9), and 

grown at 42°C to A600=0.8. Lipids were extracted via the Bligh and Dyer method (Bligh and 

Dyer, 1959) from each experiment, and PE molecular species composition was determined 

(Robertson et al., 2017).

Metabolic labeling

Cultures of A. finegoldii (5 ml) were grown for two days in the medium of interest. Fatty 

acids (20 μM) used in the metabolic labeling experiments were; (methyl-d3)12:0, (methyl-
d3)14:0, (7,7,8,8-d4)16:0, (methyl-d3)18:0, 14:1(Δ9), 16:1(Δ9), 18:1(Δ9), 18:2(Δ9,12), 

18:3(Δ9,12,15), 20:4(Δ5,8,11,14), 1 μCi/ml [14C]acetate, or 0.1 μCi/ml [14C]18:1Δ9 added 

to the medium prior to cell growth, and Brij-58 added to a final concentration of 0.1% v/v. 

Cells were harvested by centrifugation and washed twice in 1 ml of 10 mg/ml fatty acid free 

bovine serum albumin in phosphate-buffered saline. The cell pellet was resuspended in 1 ml 

water and 2.4 ml of 2% acetic acid in methanol. Chloroform (1 ml) was added and the 

suspension incubated at room temperature for 30 min. An additional 1.5 ml chloroform and 

1.2 ml water were added and the suspension was centrifugalized at 30 x g for 10 min to 

separate the organic and aqueous phases. The organic phase was collected and dried under 

nitrogen for storage at −20°C.

Lipidomics

Fatty acid methyl esters were prepared by suspending the dry extract in 2 ml MeOH 

containing 4 drops of acetyl chloride and incubating overnight at room temperature. The 

reaction was dried under nitrogen, resuspended in 1 ml hexane, and extracted with 2 ml 

water. The organic phase was collected, dried, and stored under nitrogen at −20°C. Methyl 

esters were quantified using a Hewlett-Packard model 5809A gas chromatograph equipped 

with a flame ionization detector. Separations were achieved using a 30 m x 0.53 mm x 0.50 

μm Agilent J&W DB-225 GC Column as described (Parsons et al., 2014b). The retention 

times of methyl ester standards (Sigma-Aldrich) were used to identify the methyl esters.

Polar lipids were analyzed on Silica Gel H plates (Analtech, Inc.) developed with 

chloroform:methanol:acetic acid:water (80/25/10/2, v/v) or diisobutylketone/acetic acid/

water (80/55/15, v/v). 2-Dimensional thin layer chromatography used Silica Gel H plates 

(Analtech, Inc.) developed in the first dimension with chloroform:methanol:acetic acid:water 
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(80/25/10/2, v/v), and in the second dimension with diisobutylketone/acetic acid/water 

(80/55/15, v/v).

The distribution of fatty acids between the 1- and 2-positions of A. finegoldii PE was 

determined by radiolabeling cultures with [14C]acetate or [14C]oleate, and purifying labeled 

PE from the lipid extracts by thin-layer chromatography on Silica Gel H plates. Silica-bound 

[14C]PE was digested with Naja mossambica mossambica snake venom phospholipase A2 to 

deacylate the 2-position fatty acid as described (Robertson et al., 2017). After 3 h at room 

temperature, lipids were extracted via the Bligh and Dyer method (Bligh and Dyer, 1959) 

and separated on a Silica Gel H plate (Analtech, Inc.) developed with 

chloroform:methanol:ammonium hydroxide (80/25/4, v/v), and the distribution of 

radioactivity on the plate was determined using a Bioscan Imaging detector.

The dried lipid extracts were resuspended in chloroform:methanol (1:1). PE and SL were 

analyzed using a Shimadzu Prominence UFLC attached to a QTrap 4500 equipped with a 

Turbo V ion source (Sciex). Samples were injected onto an Acquity UPLC BEH HILIC, 1.7 

μM, 2.1 x 150 mm column (Waters) at 45°C a flow rate of 0.2 ml/min. Solvent A was 

acetonitrile, and solvent B is 15 mM ammonium formate, pH 3. The HPLC program was the 

following: starting solvent mixture of 96% A / 4% B, 0 to 2 min isocratic with 4% B; 2 to 20 

min linear gradient to 80% B; 20 to 23 min isocratic with 80% B; 23 to 25 min linear 

gradient to 4% B; 25 to 30 min isocratic with 4% B. The system was controlled by the 

Analyst® software (Sciex).

The QTrap 4500 was operated in the Q1 negative mode or Precursor negative mode to 

analyze SL. The ion source parameters for Q1 were: ion spray voltage, −4500 V; curtain gas, 

25 psi; temperature, 350°C; ion source gas 1, 40 psi; ion source gas 2, 60 psi; and 

declustering potential, −40 V. In precursor mode, the ion source parameters were the same as 

above along with collision energy, −60 V; collision gas, medium; and the precursor ion was 

79.8 Da. The QTrap 4500 was operated in the Q1 positive mode or neutral loss (NL) positive 

mode to analyze PE. For Q1, the ion source parameters were: ion spray voltage, 5500 V; 

curtain gas, 25 psi; temperature, 350 °C; ion source gas 1, 40 psi; ion source gas 2, 60 psi; 

and declustering potential, 40 V. The ion source parameters for neutral loss were the same as 

above along with collision energy, 30 V; collision gas, medium, and neutral loss ion was 

141.0 Da.

Product Ion scans of PE and SL were obtained following separation using a Discovery DSC-

NH2 solid-phase extraction column (Supelco, Bellefonte, PA) (Alvarez and Touchstone, 

1992). The column was conditioned with 8 ml of hexane, and lipid extract was added. Non-

polar lipids were eluted with 6 ml of 2:1 (v/v) choloform:isopropanol; fatty acids were 

eluted with 6 ml of ether + 2% acetic acid; PE was eluted with 6 ml of methanol; and SL 

was eluted with 6 ml of choloform:methanol:0.8 M sodium acetate 60:30:4.5 (v/v). The ion 

source parameters for product scan in the negative mode were: ion spray voltage, −4500 V; 

curtain gas, 15 psi; collision gas, medium; temperature, 270°C; ion source gas 1, 15 psi; ion 

source gas 2, 20 psi; and declustering potential, −40 V. For PE species, the collision energy 

ranged from −30 V to −38 V. For SL species the collision energy ranged from −75 V to −88 

V. The sample was introduced to the QTrap 4500 by direct injection.
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Characterization of the synthetases

The Neisseria gonorrhoeae acyl-ACP synthetase amino acid sequence (Uniprot Accession: 

Q5F969) and the E. coli acyl-CoA synthetase amino acid sequence (Uniprot Accession: 

P69451) were used for query sequences in a tBLASTn search against the Alistipes finegoldii 
DSM 17242 genome (taxid:679935). Both searches independently found Alfi_2635 

(AfAas1), Alfi_0371 (AfAas2), and Alfi_3181 with the highest E values of 1e−34 to 2e−41. 

All three genes contain an AMP-binding sequence (Jackowski et al., 1994; Black and 

DiRusso, 2003) and a fatty acyl-CoA synthetase signature motif (Black and DiRusso, 2003; 

Black et al., 1997) characteristic of a synthetase. Both searches found a pseudogene with an 

E value of 2e−26 to 5e−42. This gene is annotated as a pseudogene (Liu et al., 2004) due to a 

premature stop codon located between the predicted AMP-binding sequence and acyl-CoA 

synthetase signature motif.

The function of the predicted A. finegoldii synthetases was confirmed by complementation 

of E. coli strain LCH30 (aas fadD) (Hsu et al., 1991). Strain LCH30 is not capable of 

utilizing exogenous fatty acids unless complemented with a functional synthetase. Plasmids 

expressing nothing (pPJ131), E. coli FadD (pEcFadD), N. gonorrhoeae Aas (pNgAas), A. 
finegoldii Aas1 (pAfAas1), A. finegoldii Aas2 (pAfAas2), or A. finegoldii Alfi_3181 

(pAf3181) were transformed into strain LCH30 and recovered on Luria plates containing 

100 μg/ml carbenicillin. Individual transformants were then tested for [14C]oleate or 

[14C]laurate incorporation into phospholipids. Overnight cultures of strain LCH30 harboring 

the synthetase expression plasmids were back diluted into Luria broth containing 1% v/v 

DMSO and 0.1 μCi/ml [14C]laurate or [14C]oleate, and labeled at 37°C for one hour after 

reaching mid-log phase. Lipids were extracted via the Bligh and Dyer method (Bligh and 

Dyer, 1959) from each experiment and the total radioactive incorporation was measured via 

liquid scintillation counting. Synthetase expression was visualized by immunoblot analysis 

of each lysate supernatant using a monoclonal anti-polyhistidine-alkaline phosphatase 

antibody (Sigma-Aldrich), and the ECF substrate (GE Healthcare) on a Typhoon FLA 9500 

imager.

The pET-AfAas1 and pET-AfAas2 expression vectors were transformed into competent cells 

of E. coli strain BL21(DE3) (Thermo Scientific). Expression of the amino-terminal His6-

tagged synthetases was induced with 1 mM IPTG overnight at 16°C, and cells were 

harvested by centrifugation at 6,000 x g for 20 min. Cell pellets were resuspended in binding 

buffer (10 mM imidazole, 20 mM Tris-HCl, pH 7.5, 500 mM NaCl), and lysed using a 

microfluidizer. Cell debris were removed by centrifugation at 40,000 × g for 20 min, and the 

supernatant was loaded onto a Ni2+-NTA column equilibrated in binding buffer. The column 

was washed with 5 column volumes each of binding buffer containing increasing 

concentrations of imidazole (20 mM, 40 mM), and then eluted with 250 mM imidazole, 20 

mM Tris-HCl pH 7.5, 500 mM NaCl. The proteins were further purified by size exclusion 

on a Superdex 200 16/600 column (GE Healthcare) using 20 mM Tris-HCl, pH 7.5, 200 mM 

NaCl as the running buffer.

The acyl carrier and chain length selectivity for each synthetase was determined by 

incubating 0, 100, 250, 500, 1000, and 5000 μM AfAas1 or 0, 100, 250, 500, 1000, 1250 μM 

AfAas2 for 30 minutes at 37°C with E. coli ACP (50 μM) or CoA (50 μM); 100 mM Tris-
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HCl, pH 7.5; 10 mM MgCl2; 1% Triton X-100; 10 μM DTT; 25 μM EDTA; 5 mM ATP; and 

80 μM [1-14C]lauric acid (59 mCi/mmol, 0.1 mCi/ml) or [1-14C]oleic acid (59 mCi/mmol, 

0.1 mCi/ml) in a 40 μl reaction. After incubation, the 40 μl were spotted on a Whatman 

3MM paper disc and dried to stop the reaction. The discs were washed twice in 

chloroform:methanol:acetic acid (3:6:1 v/v) and measured in a scintillation counter.
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Figure 1. Polar lipids of A. finegoldii.
PE, phosphatidylethanolamine; SL, sulfonolipid; U1 and U2 were not identified; NL, neutral 

lipids. PE and SL were identified by mass spectrometry analysis as shown in subsequent 

figures.

A. A. finegoldii was labeled with [14C]acetate and the lipid extract was separated by two-

dimensional chromatography on Silica Gel H thin layers using chloroform:methanol:acetic 

acid:water (80/25/10/2, v/v) in the first dimension followed by diisobutylketone:acetic 
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acid:water (80/55/15, v/v) in the second dimension. The labeled lipids were visualized with 

a PhosphorImager system.

B. Lipid extracts from cells labeled with either [14C]acetate (A) or [14C]oleate (O) were 

separated using the first-dimension solvent system.

C. Separation of [14C]acetate (A) or [14C]oleate (O) labeled lipids using the second-

dimension solvent system.
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Figure 2. A. finegoldii PE and fatty acid composition.
A. finegoldii was grown in three different media, the lipids extracted and the PE molecular 

species profiled by mass spectrometry. PE molecular species containing an unsaturated fatty 

acid are indicated in red.

A. A representative mass spectrum of PE molecular species from A. finegoldii grown in 

DSM Medium 104.

B. A representative mass spectrum of PE molecular species from A. finegoldii grown in 

DSM Medium 104 without Tween 80.
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C. A representative mass spectrum of PE molecular species from A. finegoldii grown in a 

defined minimal medium (Wilkins-Chalgren Anaerobe Broth, WCAB).

D. Fatty acid composition of A. finegoldii grown in WCAB medium. Methyl esters were 

prepared from lipid extracts and a representative gas chromatogram is shown. Inset, average 

fatty acid composition from three biological replicates. Only fatty acids >1% of the total 

were quantified. Mean ± S.E.M. i, iso; a, anteiso.
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Figure 3. A. finegoldii growth and FASII essentiality.
A. The growth of A. finegoldii was monitored in either DSM Medium 104 (104, red), DSM 

Medium 104 excluding Tween 80 (104-T, blue), or lipid-free WCAB defined medium 

(WCAB, black). Growth was monitored over three days, and data is presented as the mean 

A600 ± S.E.M. of three independent cultures.

B. Concentration-dependent growth inhibition of A. finegoldii by the FASII inhibitor 

cerulenin in 104-T medium (blue), in 104-T medium supplemented with 50 μM anteiso-15:0 

(green), or 104-T medium supplemented with 50 μM 18:1Δ9 (purple). A. finegoldii was 
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back-diluted 1:100 from a stationary phase stock culture grown in 104-T medium into 104-T 

medium containing 1% v/v DMSO, and the indicated concentrations of cerulenin and the 

A600 of the cultures was measured at 48 hours. Growth data is the mean A600 ± S.E.M. of 

three biological replicates.
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Figure 4. Molecular species of A. finegoldii SL.
The total apparent number of carbons in the SL that are derived from fatty acids are 

indicated.

A. A representative mass spectrum of the SL fraction of A. finegoldii grown in DSM 

Medium 104.

B. A representative mass spectrum of SL from A. finegoldii grown in WCAB minimal 

medium.

C. A representative MS/MS spectrum of the 30:0 SL molecular species. Inset, the structure 

of the single 30:0 SL species present that was derived from two 15:0 fatty acids (sulfobacin 
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B). The diagnostic peak is indicated along with the fragmentation pattern. R1 of SL is the 

fatty acid condensed with cysteic acid, and R2 is the fatty acid attached to the amine.

D. A representative MS/MS spectrum of the 33:0 SL molecular species. Inset, a 

representative MS/MS spectrum showing the structures of the two SL molecules that 

comprise the 33:0 SL molecular species. The minor species is SL derived from 16:0 and 

17:0 fatty acids. The major species is derived from a trans-2–15:0 and a 3-hydroxy-17:0 

fatty acids (flavocristamide A). The 32:0 SL molecular species is also a mixture of two SL 

species (not shown).
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Figure 5. Metabolism of exogenous fatty acids by A. finegoldii.
A, A. finegoldii was grown in the presence of a series of heavy-labeled saturated or 

unsaturated fatty acids. The incorporation of each of these fatty acids into PE and SL was 

determined by mass spectrometry. There are two possible fates for the fatty acids after their 

entry into the cell. The exogenous fatty acid may be directly incorporated into PE or SL, or 

it may enter the FASII elongation cycle and its elongation product is incorporated into PE or 

SL.
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B. An example of how the proportion of an exogenous fatty acid directly incorporated into 

PE or elongated by FASII prior to incorporation was determined by mass spectrometry. A. 
finegoldii was grown in the presence of 14:1 and the PE mass spectrum was obtained. Peaks 

with an unsaturated fatty acid were fragmented to determine their fatty acid composition. 

Insets, the 30:1 peak contained 16:1/14:0 and 16:0/14:1, the 31:1 peak was composed of 

16:1/15:0, and the 34:1 peak was composed of 18:1/16:0. The percent contribution of each 

molecular species to the total was determined by integrating the ion current in each peak.

C. The percent of molecular species formed from the direct incorporation of fatty acids into 

PE without elongation.

D. The percent of molecular species with fatty acids that were directly incorporated into SL 

without elongation.

E. The percent of molecular species that contained a fatty acid that was elongated prior to 

incorporation into PE.

F. The percent of molecular species containing a fatty acid that was elongated prior to 

incorporation into SL. There were three biological replicates and the mean ± S.E.M. is 

plotted.
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Figure 6. Incorporation of extracellular myristate and palmitate into SL.
A. finegoldii was labeled with either [d3]14:0 or [d4]16:0, and the lipids were extracted as 

described under “Experimental Procedures.” Mass spectra of the SL were obtained in both 

cases and fragmented to determine the positional distribution of the incorporated fatty acids 

into the SL molecule. R1 of SL is the fatty acid condensed with cysteic acid, and R2 is the 

fatty acid attached to the amine.

A. SL from cells labeled with [d3]14:0.

B. Fragmentation of the (+3)32:0-SL molecular species. Inset, ● and ■ indicate the two 

diagnostic fragments arising from (+3)32:0-SL as shown in the structure diagram.

C. SL molecular species from cells labeled with [d4]16:0.

D. Fragmentation of the (+4)32:0-SL molecular species. Inset, ● and ■ indicate the two 

diagnostic fragments arising from (+4)32:0-SL as shown in the structure diagram. SL 
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molecular species (A, C) or fragments (B, D) containing a deuterium label are indicated in 

red.
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Figure 7. Exogenous oleate incorporation by A. finegoldii.
A. Pathway for the synthesis of PE in A. finegoldii. Acyl-ACP is formed from fatty acid 

synthesis (FASII) or by the activation of an exogenous fatty acid (FA). The acyl-ACP is 

converted to acyl-PO4 by PlsX, and the 1-position of glycerol-phosphate (G3P) is acylated 

by PlsY to form 1-acyl-sn-glycero-3-phosphate (LPA). PlsC acylates the 2-position with an 

acyl-ACP to form phosphatidic acid (PA) that is converted to CDP-dacylglycerol (CDP-

DAG) by CdsA. PssA converts PA to phosphatidylserine (PS), which is then decarboxylated 

by Psd to form PE.

B. A. finegoldii was metabolically labeled with either [14C]acetate or [14C]oleate and the 

[14C]PE was isolated by thin-layer chromatography, then digested with phospholipase A2 to 

liberate the fatty acid at the 2-position. The products, fatty acid (FA) and 1-acyl-

glycerophosphoethanolamine (LPE), were separated by thin-layer chromatography and the 

radioactive products were localized and quantified using a Bioscan Counter. Gray trace, 

[14C]PE starting material; blue trace, digestion of [14C]PE from [14C]acetate-labeled cells; 

red trace, digestion of [14C]PE derived from [14C]oleate-labeled cells (18:1). 88% of the 

[14C]oleate label was incorporated in the 2-position, demonstrating the preference for this 

position.

C. Representative mass spectrum of PE molecular species in cells grown with 20 μM 18:1. 

Insets, the fatty acids present in the 33:1 and 34:1 molecular species was determined by 

MS/MS. The 36:2 molecular species was 5% of the total ion current.
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Figure 8. Acyl carrier and chain length selectivity of AfPlsC.
E. coli strain SM2–1 (plsC(Ts)) was complemented with plasmids expressing either EcPlsC 

or AfPlsC and grown at the non-permissive temperature (42°C). The PE molecular species 

were determined to assess AfPlsC acyl carrier and acyl chain selectivity. The insets show the 

fragmentation of a relevant peak in the spectrum to confirm the identity and positional 

distribution of the fatty acids. The spectra shown are representative of three independent 

experiments.

A. PE molecular species profile of E. coli strain SM2-1 complemented with EcPlsC.

B. PE molecular species profile of E. coli strain SM2-1 complemented with AfPlsC.
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C. PE molecular species profile of E. coli strain SM2-1 complemented with EcPlsC grown 

in the presence of exogenous oleate.

D. PE molecular species profile of E. coli strain SM2-1 complemented with AfPlsC grown 

in the presence of exogenous oleate.

Radka et al. Page 34

Mol Microbiol. Author manuscript; available in PMC 2021 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 9. Analysis of the acyl-ACP synthetases of A. finegoldii.
E. coli strain LCH30 (aas fadD) was transformed with a series of expression vectors 

directing the synthesis of 6xHis-tagged versions of the three Alistipes genes encoding 

putative synthetases, along with two controls expressing Neisseria acyl-ACP synthetase 

(NgAas) or E. coli acyl-CoA synthetase (EcFadD). Cells were grown to mid-log phase and 

either metabolically labeled or extracted to biochemically characterize the expressed 

enzymes.

A. Western blot of the expressed proteins using anti-His-tag antibody for detection to 

validate expression of the synthetases.

B. Metabolic labeling of the strain set with either [14C]12:0 or [14C]18:1 fatty acids. Lipids 

were extracted, and the amount of radioactivity incorporated into phospholipids determined 

by scintillation counting.

C. Mass spectrum of PE synthesized by strain LCH30 complemented with EcFadD and 

labeled with [d3]12:0. Inset, fragmentation of the (+3)30:1 molecular species showing 

[d3]12:0 was not elongated.

D. Mass spectrum of strain LCH30 complemented with AfAas1 and labeled with [d3]12:0. 

Inset, fragmentation of the (+6)30:0 PE molecular species showing the presence of [d3]14:0 

and [d3]16:0, demonstrating [d3]12:0 was elongated. This spectrum is representative of those 
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obtained from cells complemented with either NgAas or AfAas2 and labeled with [d3]12:0. 

PE molecular species (C, D) containing a deuterium label are indicated in red.
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Figure 10. Biochemical analysis of purified AfAas1 and AfAas2.
A. A Coomassie-stained SDS gel electrophoresis illustrating the purity of AfAas1 and 

AfAas2 used in the biochemical assays to determine the acyl acceptor (ACP or CoA) and 

acyl donor (12:0 or 18:1) specificities of the two enzymes.

B. Biochemical activity of AfAas1. AfAas1 activity using [14C]12:0 as substrate was linear 

with protein and had a specific activity of 0.38 ± 0.002 pmol/min/μg protein (Inset).
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C. Biochemical activity of AfAas2. AfAas2 activity using [14C]18:1 as substrate was linear 

with protein and had a specific activity of 1.59 ± 0.02 pmol/min/μg protein (Inset). AfAas2 

activity using [14C]12:0 as substrate was 0.57 ± 0.03 pmol/min/μg protein.
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Figure 11. The different metabolic fates for medium- and long-chain fatty acids in A. finegoldii.
A. finegoldii uses two acyl-ACP synthetases with different substrate specificities to activate 

a spectrum of exogenous fatty acid chain lengths found in the gut environment. R1 and R2 

refer to the 1- and 2-positions of PE, respectively. R1 of SL is the fatty acid condensed with 

cysteic acid, and R2 is the fatty acid attached to the amine (see Fig. 4C for structure). 

Medium-chain fatty acids <16 carbons are ligated to ACP by AfAas1. These medium-chain 

acyl-ACPs are elongated by FASII prior to the incorporation of the elongated acyl-ACP into 

both the R1 and R2 positions of both PE and SL. Long-chain fatty acids ≥16 carbons are 

activated by AfAas2. Acyl-ACP 16 carbons or longer cannot enter FASII and are funneled 

into the R2 position of PE at the PlsC step. AfAas2 can also use medium-chain fatty acids as 

substrates, and these acyl-ACP are handled in the same manner as medium-chain acyl-ACP 
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derived from AfAas1. The only long-chain acyl-ACP used for SL synthesis is 16:0-ACP, and 

it is incorporated into both the R1 and R2 positions of SL.
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Table 1
Predicted lipid metabolism genes in A. finegoldii

Gene identifications were made using tBLASTn to query Uniprot sequences against A. finegoldii DSM 17242 

taxid: 679935.

FASII ALFI_RS ID Alfi ID E value Query (Uniprot)

FabD ALFI_RS12490 Alfi_2558 1.00E-53 P0AAI9

FabH ALFI_RS02965 Alfi_0603 2.00E-69 P0A6R0

FabF ALFI_RS01295 Alfi_0254 1.00E-104 P0AAI5

FabG ALFI_RS14995 Alfi_3068 5.00E-63 P0AEK2

FabZ ALFI_RS00450 Alfi_0083 2.00E-32 P0A6Q6

FabI ALFI_RS10055 Alfi_2059 8.00E-27 A0A1D3INF0

FabK ALFI_RS01405 Alfi_0277 1.00E-51 Q9FBC5

Phospholipid synthesis

PlsX ALFI_RS02970 Alfi_0604 2.00E-53 P65739

PlsY ALFI_RS12850 Alfi_2636 7.00E-27 P67164

PlsC ALFI_RS14035 Alfi_2876 4.00E-11 P26647

CdsA ALFI_RS12060 Alfi_2470 1.00E-28 P0ABG1

PssA ALFI_RS11535 Alfi_2358 3.00E-16 P39823

Psd ALFI_RS12065 Alfi_2471 1.00E-22 A0A1P8Y2N7

Sulfonolipid synthesis

Condensing enzyme ALFI_RS07180 Alfi_1465 2.00E-59 P22557

Condensing enzyme ALFI_RS05985 Alfi_1224 4.00E-37 P22557

O-Acyltransferase ALFI_RS07510 Alfi_1534 3.00E-06 P26647

Synthetases

Aas1 ALFI_RS12845 Alfi_2635 1.00E-39 P69451

Aas2 ALFI_RS01860 Alfi_0371 2.00E-41 Q5F969

Alfi_3181 ALFI_RS15545 Alfi_3181 1.00E-34 P69451

Mol Microbiol. Author manuscript; available in PMC 2021 April 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Radka et al. Page 42

Table 2

Bacterial strains and plasmids

Strain Relevant Genotype Source

A. finegoldii Strain DSM 17242 (DSMZ Collection) (Rautio et al., 2003)

E. coli SM2-1 plsC101(Ts) metCl6S::Tn10 (Coleman, 1990)

E. coli LCH30 aas-1 fadD88 metB1 relA1 spoT1 (Hsu et al., 1991)

Plasmid Description Source

pPJ131 E. coli expression vector (Lu et al., 2006)

pEcPlsC E. coli plsC in pPJ131 (Robertson et al., 2017)

pCtPlsC Chlamydia trachomatis plsC in pPJ131 (Robertson et al., 2017)

pAfPlsC A. finegoldii plsC (Alfi_2876) in pPJ131 This study

pEcFadD E. coli fadD in pPJ131 (Yao et al., 2016)

pNgAas Neisseria gonorrhoeae aas in pPJ131 (Yao et al., 2016)

pAfAas1 A. finegoldii aas1 (Alfi_2635) in pPJ131 This study

pAf3181 A. finegoldii Alfi_3181 in pPJ131 This study

pAfAas2 A. finegoldii aas2 (Alfi_0371) in pPJ131 This study

pET_AfAas1 A. finegoldii aas1 (Alfi_2635) in pET This study

pET_AfAas2 A. finegoldii aas2 (Alfi_0371) in pET This study
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