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Abstract

Background Hydroxy fatty acids represent an emerging class of compounds with promising applications

in the chemical, medicinal and functional food sectors. The challenges associated with their chemical synthesis have
spurred exploration of biological synthesis as an alternative route, particularly through the use of fatty acid hydratases.
Fatty acid hydratases catalyse the regioselective addition of a hydrogen atom and a hydroxyl group from a water
molecule to the carbon-carbon cis-double bond of unsaturated fatty acids to form hydroxy fatty acids. Despite hav-
ing been discovered in the early 1960s, previous research has primarily focused on characterizing single fatty acid
hydratase variants with a limited range of substrates. Comprehensive studies that systematically examine and com-
pare the characteristics of multiple variants of fatty acid hydratases are still lacking.

Results In this study, we employed an integrated bioinformatics workflow to identify 23 fatty acid hydratases

and characterized their activities against nine unsaturated fatty acid substrates using whole-cell biotransformation
assays. Additionally, we tested a dual-protein system involving two fatty acid hydratases of distinct regioselectivity
and demonstrated its suitability in enhancing the biosynthesis of di-hydroxy fatty acids.

Conclusions Our study demonstrates that fatty acid hydratases can be classified into three subtypes based on their
regioselectivity and provides insights into their preferred substrate structures. These understandings pave ways

for the design of optimal fatty acid hydratase variants and bioprocesses for the cost-efficient biosynthesis of hydroxy
fatty acids.

Keywords Fatty acid hydratases, Hydroxy fatty acids, Unsaturated fatty acids, Regioselectivity, Substrate selectivity,
Dual-protein system

Introduction

Hydroxy fatty acids (HFAs) are saturated and unsaturated
fatty acids with one or more hydroxyl functional groups
attached to carbon atoms along the carbon chain. They
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are the higher regio- and stereoselectivity of the reaction.
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Among the different classes of fatty acid-hydroxylation
enzymes, fatty acid hydratases (FAHs; EC 4.2.1.53) have
drawn considerable attention due to their wide substrate
range as well as their widespread distribution in food-
safe-microorganisms such as lactobacilli. FAHs are fla-
vin adenine dinucleotide (FAD)-containing enzymes that
catalyse the regioselective addition of a hydrogen atom
and a hydroxyl group from a water molecule to the car-
bon-carbon cis-double bond of unsaturated fatty acids to
form HFAs. Those FAHs that hydroxylate the cis-9 dou-
ble bond of oleic acid to produce 10-hydroxystearic acid
(10-HSA) are traditionally known as oleate hydratases
and have been studied since the early 1960s [9, 10]. It
has since been demonstrated that a vast variety of FAHs
with different positional selectivity exist in nature. These
enzymes are spread across numerous bacterial phyla
and are classified into 11 homologous families (HFams)
based on protein sequence similarity [11]. FAHs within
the same HFam, however, may exhibit a completely dif-
ferent positional selectivity, and thus, substrate and
product scopes. For example, despite within-HFam
sequence identity of >62%, HFam 2 contains character-
ized FAHs that hydroxylate the cis-double bond/s of C14
to C22 unsaturated fatty acids at position 9, at position
12, or at both positions, to produce mono- or di-HFAs
(Table S1). Additionally, FA-HY1 from Lactobacillus
acidophilus, has also been shown to hydroxylate unsatu-
rated fatty acids with a double bond at cis-11, -13, or -14
positions [12]. Notably, the regioselectivity of FAHs can
be improved through protein engineering approaches, as
demonstrated by Zhang et al., who shifted the regioselec-
tivity of FA-HY1 towards the cis-14 position, generating a
single 15-HFA product from eicosapentaenoic acid [13].
Despite the numerous studies conducted on FAHs, most
have primarily focused on characterizing single variants
with a limited range of substrates. Comprehensives stud-
ies that examine and compare the characteristics of mul-
tiple FAHs are still lacking.

In this study, we employed an integrated bioinformat-
ics workflow and whole-cell biotransformation assays
to identify and characterize a collection of FAHs exhib-
iting the ability to hydroxylate a range of monounsatu-
rated (MUFA) and polyunsaturated fatty acid (PUFA)

(See figure on next page.)
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substrates to form specific HFAs. Furthermore, we pro-
posed a dual-protein system and demonstrated its suita-
bility in enhancing the synthesis of di-HFAs from PUFAs.
Our study demonstrates that FAHs can be classified into
three different subtypes based on regioselectivity and
HFA product scope. Our findings on the specific sub-
strate preferences and characteristics of different FAH
subtypes and protein variants contribute to deepening
the understanding of the sequence-structure—function
relationship within this enzyme class.

Results and discussion

FAH identification through in silico gene mining

and sequence similarity analysis

FAHs belong to a family of highly conserved pro-
teins known as myosin-cross-reactive antigen (MCRA;
PF06100). To identify FAH homologs, we conducted a
homology search using the consensus protein sequence
of the hidden Markov model (HMM) of the MCRA pro-
tein family as a query against a database of draft genomes
curated from 139 in-house bacterial strains [14-16].
This search yielded 108 putative FAHs, which were sub-
sequently reduced to 61 proteins after excluding those
that shared >83% sequence identity with 55 previously
described FAHs (Fig. 1a). We further refined the list to
42 proteins by retaining only a single entry from each
group of closely related putative FAHs that shared >97%
sequence identity to one another. From these, we
selected 21 putative FAHs for screening of fatty acid-
hydroxylation activity, alongside two putative FAHs that
shared >90% sequence identity to previously described
FAHSs (Tables 1 and S2).

Among the 23 selected putative FAHs, 17 were catego-
rised under HFam 2, and the remaining 6 under HFam
3. In the phylogenetic tree, putative FAHs belonging
to the same HFam generally aggregated into the same
clades, with proteins from related taxa clustering closer
to one another than to those from distantly related taxa
(Fig. 1b). The lengths of the 23 putative FAHs ranged
from 557 to 645 amino acids. They were identified in 22
distinct bacterial species, including an isolate of a novel
species designated as Limosilactobacillus sp. WILCCON
0055. Notably, two putative FAHs (WIL0055-HY35.1

Fig. 1 Inssilico gene mining and sequence similarity analysis. a Sequence similarity analysis compared 108 putative FAHs with 55 described FAHs
(and among themselves) to identify 42 proteins that shared < 83% sequence identity with the described FAHs and < 97% sequence identity to one
another. In total, 21 of these putative FAHs, alongside two putative FAHs that shared >90% sequence identity to the described FAHs, were selected
for the screening of fatty acid-hydroxylation activity. b Phylogenetic tree based on protein sequences showing the relationship between the 23
FAHs. The maximum-likelihood tree was inferred under the LG+ G4 protein substitution model (optimal log-likelihood of -11608.2102) using
IQ-TREE, rooted by midpoint-rooting, and visualized using iTOL. Ultrafast bootstrap values based on 1,000 replications are indicated at branch
points. The scale bar denotes 0.1 substitutions per amino acid position. SeqID, sequence identity
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Table 1 List of 23 FAHs identified and characterized in this study sorted according to the families of bacterial strains from which they

were derived

Phylum; class; order; family Strain FAH Subtype HFam Amino
acid
length

Actinomycetota; Actinobacteria; Bifidobacteriales;  Bifidobacterium apri DSM 100238 " DSM100238™-HY64.1  cis-A9 2 622

Bifidobacteriaceae Bifidobacterium thermophilum WILCCON 0093 WILO093-HY53.1 Cis-A9 2 642

Bacillota; Bacilli; Lactobacillales; Enterococcaceae  Enterococcus avium WILCCON 0019 WILO019-HY10.1 cis-N9/12 2 590

Enterococcus gallinarum WILCCON 0024 WIL0024-HY15.1 cis-A9/12 2 590
Enterococcus malodoratus WILCCON 0020 WIL0020-HY11.1 Cis-A\9/12 2 590
Enterococcus xiangfangensis WILCCON 0022 WIL0022-HY13.1 cis-A9/12 2 590
Bacillota; Bacilli; Lactobacillales; Lactobacillaceae  Furfurilactobacillus rossiae DSM 158147 DSM15814"-HY67.1 cis-A\9 3 559
Lacticaseibacillus saniviri WILCCON 0041 WIL0041-HY30.1 cis-A9 3 558
Lactiplantibacillus plantarum WILCCON 0012 WILO012-HY06.2 cis-N\9 3 564
Lactobacillus amylovorus WILCCON 0068 WILO068-HY41.1 cis-A12 2 590
Leuconostoc pseudomesenteroides WILCCON WILO006-HY03.1 cis-A9/12 2 590
0006
Leuconostoc suionicum WILCCON 0008 WILOO08-HY04.1 cis-A9/12 2 590
Ligilactobacillus ubinensis WILCCON 0076 WIL0076-HY48.1 cis-A12 2 589
Bacillota; Bacilli; Lactobacillales; Lactobacillaceae  Limosilactobacillus sp. WILCCON 0055 WIL0055-HY35.1 cis-A\12 2 591
WIL0055-HY36.4 cis-A9 2 605
Liquorilactobacillus nagelii WILCCON 0075 WIL0075-HY05.2 cis-A12 2 589
Pediococcus pentosaceus WILCCON 0037 WIL0037-HY26.1 cis-N\9 3 557
Pediococcus stilesii WILCCON 0039 WIL0039-HY28.1 cis-A9 3 571
Pediococcus acidilactici PA PA-HY29.2 cis-A\9 3 559
Bacillota; Bacilli; Lactobacillales; Streptococcaceae  Lactococcus lactis subsp. lactis WILCCON 0029 WIL0029-HY20.1 cis-A\12 2 589
Bacillota; Clostridia; Eubacteriales; Clostridiaceae  Clostridium neuense WILCCON 0114 WILO114-HY62.1 cis-A12 2 564
Candidatus Clostridium cibarium WILCCON WIL0042-HY33.1 cis-A12 2 564
0042
Bacillota; Erysipelotrichia; Erysipelotrichales; Sharpea azabuensis WILCCON 0057 WIL0057-HY37.1 cis-A\9 2 645

Coprobacillaceae

FAH subtype, HFam classification, and amino acid length are provided

and WIL0055-HY36.4) were found in this novel isolate.
Importantly, none of the putative FAHs from these bac-
terial strains have been previously identified, cloned, or
expressed in recombinant E. coli strains to test for their
fatty acid-hydroxylation potential.

Screening of FAHs for fatty acid-hydroxylation activity
Upon selection, the nucleotide sequences encoding the
23 putative FAHs were cloned into the pET-15b vec-
tor, under the regulation of the lac operon (Fig. S1). The
resulting expression plasmids were transformed into
E. coli strain Acella, generating recombinant strains
Acella/pET-15b-XXX (XXX refers to the abbreviation of
each FAH). Recombinant FAH expression was induced
by culturing the transformant strains in an autoinduc-
tion medium containing 1.5% (w/v) lactose and verified
through sodium dodecyl sulfate—polyacrylamide gel elec-
trophoresis (SDS-PAGE).

To screen for fatty acid-hydroxylation activity, a whole-
cell biotransformation assay was performed. The induced

recombinant E. coli strains were incubated with 100 g
L~! Wilfarin OA-7075, a mixture comprising 81.0% oleic
acid (OA; C18:1 A°?) and 10.1% linoleic acid (LA: C18:2
A*D122)) “at 40 °C for 48 h. The resulting reaction mix-
tures were analysed by liquid chromatography-tandem
mass spectrometry (LC-MS/MS) to determine their
fatty acid composition. Based on this screening assay,
a putative FAH was identified as active if it produced
HFA(s) from one or both the provided M/PUFA sub-
strates (Fig. 2a). Our results indicated that all 23 putative
FAHs produced HFA(s) under the tested expression and
screening conditions (Fig. 2b), thereby confirming their
activity as FAHs.

The identified FAHs could be broadly classified into
three different subtypes based on their regioselectivity
and HFA product scope. We designated FAHs that pro-
duced 10-hydroxystearic acid (10-HSA) from OA and
(122)-10-hydroxyoctadec-12-enoic acid (10-HOE) from
LA as the cis-A9 subtype, pertaining to hydroxylation of
the cis-9 double bond. Conversely, FAHs that produced
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Fig. 2 Screening of FAHs for fatty acid-hydroxylation activity. a The identified FAHs were classified into three different subtypes based on the profile
of HFA produced (regioselectivity) from OA and LA in Wilfarin OA-7075. b Total conversion from OA and LA by FAHs of different subtypes. The

graph shows the mean percentage conversion +standard deviations of two independent replicates after 48 h of incubation at 40 °C. ¢ Percentage
conversion of OA into 10-HSA, and LA into 10-HOE, 13-HOE and 10,13-dHSA by FAHs of different subtypes. Bars show the mean percentage
conversion + standard deviations of two independent replicates after 48 h of incubation at 40 °C. For fatty acid abbreviations, refer to Table 2

(92)-13-hydroxyoctadec-9-enoic acid (13-HOE) from
LA were categorised as the cis-A12 subtype, attributing
to hydroxylation of the cis-12 double bond. FAHs that
hydroxylated both the cis-9 and cis-12 double bonds,
producing 10-HSA from OA, and 10-HOE, 13-HOE and
10,13-dihydroxystearic acid (10,13-dHSA) from LA, were
classified as the cis-A9/12 subtype (Fig. 3c and f).

Among the 23 identified FAHs, ten belonged to the cis-
A9 subtype, seven to the cis-A12 subtype, and six to the
cis-A9/12 subtype (Fig. 2c). FAHs of the cis-A9 subtype
were found across HFam 2 and 3, while those of the cis-
A12 and cis-A9/12 subtypes were exclusive to HFam 2
(Fig. 1b). Notably, the two FAHs identified in the novel

Limosilactobacillus sp. WILCCON 0055 isolate varied
considerably in their activity and positional selectivity.
WIL0055-HY35.1 was selective to the cis-12 double bond
while WIL0055-HY36.4 was selective to the cis-9 double
bond. In general, we observed relatively higher levels of
production of 10-HSA and 10-HOE for FAHs of the cis-
A9/12 subtype than the cis-A9 subtype, whereas the level
of production of 13-HOE was higher for FAHs of the cis-
A12 subtype than the cis-A9/12 subtype (Fig. 2c).

Regioselectivity, substrate selectivity, and product scopes
FAHs have previously been reported to hydroxylate not
only the cis-9 and cis-12 double bonds of M/PUFAs with
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Fig. 3 Hydroxylation of unsaturated fatty acids by FAHs of different subtypes. a—e Hydroxylation of MUFAs, f-i hydroxylation of PUFAs. Cis-double
bonds targeted by FAHs of the cis-A9 subtype are indicated in blue, whereas cis-double bonds targeted by FAHs of the cis-A12 subtype are

indicated in red. FAHs of the cis-A9/12 subtype could hydroxylate all cis-double bonds targeted by the other two subtypes. For fatty acid

abbreviations, refer to Table 2
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hydrocarbon chains other than C18. To better under-
stand their regioselectivity, substrate selectivity, and
product scopes, we selected nineteen FAHs representing
the top performers of each subtype and subjected their
induced recombinant E. coli cells to another series of
whole-cell biotransformation reactions involving a panel
of nine M/PUFA substrates (30 mM final concentration).
In addition to OA and LA, we tested palmitoleic acid
(PA; C16:1 A°?), (8Z)-heptadec-8-enoic acid (HA; C17:1
A%, vaccenic acid (VA; C18:1 AM9), ricinoleic acid
(RA; C18:1 A9, 12-OH), a-linolenic acid (ALA; C18:3
AYOAD152)y y-linolenic acid (GLA; C18:3 AO@D)12(2)y
and arachidonic acid (ARA; C20:4 AS@8@11(2)142))
This expanded substrate panel allowed examination of
hydroxylation at eight different cis-double bond positions
in various even-chain (C16, C18, and C20) M/PUFAs, as
well as an odd-chain (C17) MUFA (Table 2 and Fig. 3).
The results revealed consistent profiles of HFAs pro-
duced from the nine different M/PUFA substrates across
FAHs within each subtype (Fig. 4). All six FAHs of the
cis-A9 subtype were regioselective towards the cis-9 dou-
ble bond, converting PA, OA, RA, LA, ALA, and GLA

Page 7 of 15

into the corresponding 10-HFA products. Although
there was slight variation in substrate selectivity between
FAHs, a general trend of higher conversion efficiency was
observed for OA (84.4-91.7%), followed by RA (35.0—
91.8%), PA (29.6-99.6%), GLA (9.8-55.0%), ALA (1.6—
46.7%) and LA (2.1-28.7%). This suggested a preference
of FAHs of the cis-A9 subtype for MUFAs over PUFAs,
and C18 over C16 hydrocarbon chain length. Addition-
ally, we observed the conversion of HA to 9-hydroxy-
heptadecanoic acid (9-HHA; 1.6-46.9%) and ARA to
(5Z,82,142)-12-hydroxyicosa-5,8,14-trienoic acid (12-
HITE; 0.1-0.9%), suggesting hydroxylation of the cis-8
and cis-11 double bond of a C17 MUFA and a C20 PUFA,
respectively.

Similarly, all seven FAHs of the cis-A12 subtype exhib-
ited regioselectivity towards the cis-12 double bond,
producing 13-HFA products from LA, ALA, and GLA.
Despite subtle variation between FAHs, a general trend
of higher conversion efficiency was noted in the order
of LA (62.4-71.5%), GLA (13.1-77.7%) and ALA (2.2—
35.0%). This indicated a preference of FAHs of the cis-
A12 subtype for PUFAs of the C18 hydrocarbon chain

Table 2 List of fatty acid abbreviations, their common and IUPAC names, and chemical formulas. NA, not available

Abbreviation Common name IUPAC name Chemical formula
PA Palmitoleic acid (92)-hexadec-9-enoic acid C16:1 A9
10-HPA 10-hydroxypalmitic acid 10-hydroxyhexadecanoic acid C16:0, 10-OH

HA NA (82)-heptadec-8-enoic acid C17:1 A8D

9-HHA NA 9-hydroxyheptadecanoic acid C17:.0,9-OH

OA Oleic acid 97)-octadec-9-enoic acid C18:1 A%9
10-HSA 10-hydroxystearic acid 0-hydroxyoctadecanoic acid C18:0,10-OH

VA Vaccenic acid 112)-octadec-11-enoic acid C18:1A"@
12-HSA 12-hydroxystearic acid 2-hydroxyoctadecanoic acid C18:0,12-OH

RA Ricinoleic acid 92)-12-hydroxyoctadec-9-enoic acid C18:1 A% 12-OH
10,12-dHSA 10,12-dihydroxystearic acid 0,12-dihydroxyoctadecanoic acid C18:0,10,12-OH
LA Linoleic acid 97,122)-octadeca-9,12-dienoic acid C182 A%9120

10-HOE NA
13-HOE NA
10,13-dHSA 10,13-dihydroxystearic acid

ALA a-linolenic acid

a-13-HODE NA
a-10,13-dHOE NA
GLA y-linolenic acid
y-10-HODE NA
y-13-HODE NA
y-10,13-dHOE NA

ARA Arachidonic acid
12-HITE NA
15-HITE NA
12,15-dHIDE NA

(

1

(

1

(

1

(

(122)-10-hydroxyoctadec-12-enoic acid

(92)-13-hydroxyoctadec-9-enoic acid

10,13-dihydroxyoctadecanoic acid

(92,122,152)-octadeca-9,12,15-trienoic acid
a-10-HODE NA (12Z,152)-10-hydroxyoctadeca-12,15-dienoic acid

(92,152)-13-hydroxyoctadeca-9,15-dienoic acid

(152)-10,13-dihydroxyoctadec-15-enoic acid

(67,97,127)-octadeca-6,9,12-trienoic acid

(62,122)-10-hydroxyoctadeca-6,12-dienoic acid

(62,92)-13-hydroxyoctadeca-6,9-dienoic acid

(62)-10,13-dihydroxyoctadec-6-enoic acid

(52,82,112,142)-icosa-5,8,11,14-tetraenoic acid

(52,82,142)-12-hydroxyicosa-5,8,14-trienoic acid

(52,82,112)-15-hydroxyicosa-5,8,11-trienoic acid

(52,82)-12,15-dihydroxyicosa-5,8-dienoic acid

C18:1 A 10-0OH
C18:1 A%, 13-OH
C18:0,10,13-OH

C183 AQ(Z),WZ(ZJ,WS(ZJ

C18:2 A1?D15@ 10-0H
C18:2 A%A15D 13.0H
C18:1 A'°?,10,13-OH
183 A6(2),9(ZJ,12(ZJ

C18:2 A%912D 10-OH
C18:2 A%999 13.0h
C18:1 A%9 10,13-OH
204 AS(Z},S(Z),W 12,142)
203 AS(Z),B(Z),M(ZJ’ 12-OH
203 AS(Z)B(Z),H(Z)’ 15-OH
C20:2 A°D89 12,15-0H
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Fig. 4 Characterization of regioselectivity, substrate selectivity, and product scopes. A total of 19 FAHs representing the top performers of each
subtype were selected for characterization with a panel of nine different M/PUFA substrates. The gradient from light to dark blue indicates
increasing fatty acid hydrocarbon chain length. The gradient from light green to dark green indicates different cis-double bond positions. The heat
map shows the mean percentage conversion + standard deviation of three independent replicates (yellow, no conversion; red, 100% conversion)

after 24 h of incubation at 40 °C. For fatty acid abbreviations, refer to Table 2

length with a lower degree of unsaturation. Additionally,
we noted conversion of VA to 12-hydroxystearic acid
(12-HSA; 0.7-75.3%) and ARA to (5Z,8Z,11Z)-15-hy-
droxyicosa-5,8,11-trienoic acid (15-HITE; 5.7-43.2%),
suggesting hydroxylation of the cis-11 and cis-14 double
bond of a C18 MUFA and a C20 PUFA, respectively.

All six FAHs of the cis-A9/12 subtype showed activity
towards the cis-9 and/or cis-12 double bonds, convert-
ing PA, OA, RA, LA, ALA, and GLA into the respective
10-, 13-HFA and/or 10,13-di-HFA products. A higher
regioselectivity for the cis-9 over the cis-12 double bond
was inferred, as evidenced by a higher ratio of 10-HFA
over 13-HFA intermediates in reactions involving PUFAs
containing both double bonds (LA, ALA, and GLA).

The accumulation of the 10-HFA intermediate resulted
from more efficient hydroxylation of the cis-9 double
bond of the PUFA substrates, coupled with less efficient
hydroxylation of the cis-12 double bond of the gener-
ated 10-HFA intermediate to form the final 10,13-di-HFA
product. Conversely, a lower level of 13-HFA intermedi-
ate corresponded to a less efficient hydroxylation of the
cis-12 double bond of the PUFA substrates and a higher
efficiency in hydroxylating the cis-9 double bond of the
13-HFA intermediate to form the final 10,13-di-HFA
product. Substrate selectivity was generally higher and
comparable for C16 and C18 MUFAs with a cis-9 dou-
ble bond: PA (>99.0%), OA (86.1-88.6%), and RA (96.5—
98.9%). For C18 PUFAs containing both the cis-9 and
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cis-12 double bonds, we observed a preference of FAHs
of the cis-A9/12 subtype for LA (88.2-99%) over ALA
(48.0-70.1%) and GLA (6.6—25.2%), based on an overall
higher conversion of the substrate into the mono-HFA
intermediates and the final 10,13-di-HFA product. Simi-
larly, FAHs of the cis-A9/12 subtype hydroxylated the
cis-8 double bond of HA (12.2-23.4%), the cis-11 double
bond of VA (9.7-41.0%), and the cis-11 and cis-14 double
bonds of ARA (1.1-5.4%), producing the corresponding
9-,12-, 15-HFA, and 12,15-di-HFA products.

There was a distinct lack of overlap in the regioselec-
tivity between FAHs of the cis-A9 and cis-A12 subtypes,
except for the cis-11 double bond. In this regard, the cis-
A9 subtype demonstrated hydroxylation of the cis-11
double bond of ARA but not VA, whereas the cis-A12
subtype exhibited the opposite behaviour. Apparently,
the location of the cis-11 double bond as counted from
the w-end of the hydrocarbon chain (w7 position for VA,
and w9 position for ARA) affected its hydroxylation by
the two different subtypes. A closer look at the hydrox-
ylation sites of the cis-A9 subtype revealed that the
targeted cis-8, cis-9, and cis-11 double bonds were con-
sistently located at the ©9 position of the hydrocarbon
chain, except for the cis-9 double bond of PA which was
at the »7 position. Conversely, the cis-12 and cis-14 dou-
ble bonds targeted by the cis-A12 subtype were located at
the w6 position, except for the cis-11 double bond of VA
which occupied the w7 position. This analysis suggested
that the regioselectivity of the analysed FAHs could be
determined by the location of the double bond from the
w-end, and proximity between the w6 and w7 double
bonds might explain the hydroxylation of VA by the cis-
A12 subtype. To avoid potential confusion with previous
studies, we continued to utilize the delta-nomenclature
system for describing the double bonds targeted by the
different subtypes. However, in the future, it should be
considered to describe regioselectivity of FAHs using the
omega-system, while noting exceptions for certain M/
PUFA substrates. If the omega-system is adopted, the
three different subtypes would be referred to as w9c (cis-
A9), wbc (cis-A12), and w6/9c¢ (cis-A9/12).

Nevertheless, a lack of activity on the @7 double bond
of PA by FAHs of the cis-A12 subtype indicated that the
structures of the hydrocarbon chains preceding and suc-
ceeding the targeted cis-double bond equally influenced
substrate compatibility. FAHs of the cis-A9 subtype
exhibited a preference for MUFAs with a straight and
saturated alkyl chain of eight carbon atoms (including
the carboxyl group) preceding the targeted cis-double
bond. Increased unsaturation or variations in the num-
ber of carbon atoms in the preceding chain significantly
impacted hydroxylation by the cis-A9 subtype, as evi-
denced by reduced conversion of HA, GLA and ARA.
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Notably, the cis-A9 subtype hydroxylated PA as efficiently
as OA, suggesting a preference for a straight alkyl chain
of 6-8 carbon atoms succeeding the targeted cis-double
bond. Increased unsaturation in the succeeding chain
adversely affected the hydroxylation efficiency of LA,
ALA, GLA, and ARA.

On the other hand, FAHs of the cis-A12 subtype pre-
ferred PUFAs with a preceding alkyl chain of eleven car-
bon atoms, with one conjugated cis-double bond ahead
of the targeted cis-double bond, and a succeeding alkyl
chain of five carbon atoms in straight and saturated con-
figuration. Deviations from these preferred substrate
structures led to decreased hydroxylation of VA, ALA,
GLA, and ARA by the cis-A12 subtype. Lastly, FAHs of
the cis-A9/12 subtype exhibited activities reminiscent of
a blend of the cis-A9 and cis-12 subtypes. This subtype
preferred MUFAs with straight alkyl chains of eight car-
bon atoms preceding and 6—8 carbon atoms succeeding
the targeted cis-double bond, and PUFAs with two tar-
geted cis-double bonds conjugated to one another, pre-
ceded by a straight alkyl chain of eight carbon atoms, and
succeeded by a straight alkyl chain of five carbon atoms.
The presence of additional cis-double bonds in the pre-
ceding or succeeding alkyl chain significantly decreased
the hydroxylation of ALA, GLA, and ARA by the cis-
A9/12 subtype. Considering that the presence of an addi-
tional cis-double bond introduces an extra bend or “kink”
in the hydrocarbon chain, it is hypothesised that the drop
in the hydroxylation of less preferred M/PUFA substrates
could be due to a suboptimal 3D structure that is less
compatible with the protein’s binding site.

Next, we compared the performance of FAHs between
and within the three different subtypes. In terms of
MUFA substrates, FAHs of the cis-A9/12 subtype per-
formed better than those of the cis-A9 subtype in the
conversion of PA (>99% versus 29.6-99.6%) and RA
(96.5-98.9% versus 35.0-91.8%), but slightly poorer
than those of the cis-A12 subtype in the conversion of
VA (9.7-41.0% versus 0.7-75.3%; Fig. 4). The cis-A12
subtype outperformed the cis-A9 subtype in the utili-
zation of most PUFAs, including LA (62.4-71.5% ver-
sus 2.1-28.7%), GLA (13.1-77.7% versus 9.8—55.0%)
and ARA (5.7-43.2% versus 0.1-0.9%). Conversely, the
cis-A9/12 subtype excelled over the cis-Al2 subtype
in the conversion of LA and ALA but was less favour-
able in the utilization of GLA and ARA. Within FAHs
of the cis-A9 subtype, PA-HY29.2 was the most ver-
satile, showing relatively higher conversions across all
eight utilizable M/PUFAs substrates. In contrast, among
FAHs of the cis-A12 subtype, WIL0055-HY35.1 was
relatively efficient in utilizing VA, LA, ALA, and GLA,
while also demonstrating exceptional conversion of ARA
to 15-HITE (43.2%). The isomers of 15-HITE, such as
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(82,117,13Z)-15-hydroxyicosa-8,11,15-trienoic acid, are
oxylipins with potential biological functions, including
anti-carcinogenic, anti-epidermal proliferation and plate-
let regulation [17-20]. Additionally, WIL0029-HY20.1
of the cis-A12 subtype exhibited unique promiscuity
towards the cis-9 double bond of PA (8.5% conversion).
Lastly, WIL0024-HY15.1 was the most efficient FAH of
the cis-9/12 subtype, showing highest conversions across
most M/PUFA substrates, including HA, VA, ALA, GLA,
and ARA.

The close clustering of these high-performing FAHs
in the phylogenetic tree (Fig. 1b) implied a correla-
tion between protein performance and their intrinsic
sequence information. This association was particularly
notable for the cis-A9 subtype, where FAHs of HFam 3
generally outperformed those of HFam 2 (no noticeable
difference in recombinant expression; Fig. S2). Further
investigations are warranted to elucidate the impact of
protein sequence on the resulting protein structure and
characteristics.

Dual-protein system for di-HFA biosynthesis

The synthesis of di-HFAs from PUFAs by the cis-A9/12
subtype was primarily hindered by a higher regioselectiv-
ity towards the cis-9 over the cis-12 double bond, as well
as towards the cis-14 over the cis-11 double bond. This
bias led to the accumulation of 10- or 15-HFA interme-
diates, which were less efficiently converted into the
desired di-HFA products. To address this challenge, we
proposed a dual-protein system involving a FAH of the
cis-A9 subtype and a FAH of the cis-A12 subtype, work-
ing sequentially to convert PUFAs into di-HFAs (Fig. 5a).
The rationale behind this strategy was to leverage the
optimal regioselectivity of each subtype for specific dou-
ble bond positions, thereby improving the overall con-
version of PUFA substrates into di-HFA products via
mono-HFA intermediates.

To test this hypothesis, we paired the top two per-
forming FAHs of the cis-A9 and cis-A12 subtypes and
co-incubated their respective induced recombinant E.
coli cells with 30 mM of LA, ALA, GLA, and ARA sub-
strates. The resulting fatty acid profiles were compared
with those generated by the top two performing FAHs of
the cis-A9/12 subtype (Fig. 5). Both cis-A9+ cis-A12 pairs
formed higher levels of di-HFAs from GLA (10.3-18.3%
versus 0.4—0.9%) and ARA (0.2-0.7% versus 0.1%) but
not LA (40.2-68.0% versus 68.9-85.0%) and ALA (1.0—
2.3% versus 8.3—-20.3%). The relative levels of mono-HFA
intermediates for each pair conformed with their indi-
vidual selectivity for the PUFAs and their efficiency in
generating the corresponding mono-HFAs. For instance,
the higher selectivity for LA and greater conversion to
13-HOE by WIL0075-HY05.2 compared to 10-HOE by
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WIL0039-HY28.1 aligned with the relatively higher pro-
portion of 13-HOE than 10-HOE intermediates in the
dual-protein systems. It was consistently observed that
FAHs of the cis-A9/12 subtype were better in the conver-
sion of LA and ALA, whereas FAHs of the cis-A12 sub-
type were more efficient in the utilization of GLA and
ARA.

The observed differences in the efficiency of synthesiz-
ing di-HFAs from the four PUFAs using the dual-protein
systems could be attributed to variations in the efficiency
of utilizing the PUFAs and their corresponding inter-
mediates as substrates. We propose that increased pro-
duction of 6(Z2)-10,13-dihydroxyoctadec-6-enoic acid
(y-10,13-dHOE) and 12,15-dHIDE stemmed from the
higher selectivity and activity of the cis-A9 + cis-A12 pair
in converting GLA and ARA into mono-HFA interme-
diates, and the cis-A9 subtype in converting the y-13-
HODE and 15-HITE intermediates produced by the
cis-A12 subtype into the corresponding di-HFA prod-
ucts. Both y-13-HODE and 15-HITE lacked a cis-double
bond succeeding the cis-double bond targeted by the
cis-A9 subtype. The straight and saturated configuration
of their succeeding alkyl chains was highly preferred by
the cis-A9 subtype, resulting in more efficient conversion
compared to GLA and ARA. In contrast, the y-10-HODE
and 12-HITE intermediates produced by the cis-A9 sub-
type were less compatible (than GLA and ARA) with
the cis-A12 subtype, due to the absence of a conju-
gated cis-double bond preceding the targeted cis-double
bonds. This differential selectivity was advantageous for
the dual-protein system, as it directed the reaction first
towards the cis-A12 subtype and then cis-A9 subtype,
minimizing substrate competition and thereby permit-
ting and improving the production of di-HFAs.

A similar scenario was initially theorized for the dual-
protein system involving LA. This was because, in com-
parison to LA, the 13-HOE intermediate displayed a
more favourable structure for the cis-A9 subtype, and
the 10-HOE intermediate was less preferred by the cis-
A12 subtype. However, this differential selectivity did not
result in a higher level of 10,13-dHSA than that observed
for the cis-A9/12 subtype, presumably due to a collec-
tively lower selectivity and efficiency of the cis-A9+ cis-
A12 pair than the cis-A9/12 subtype in converting LA
and the mono-HFA intermediates. Nonetheless, the
level of 10,13-dHSA was the highest among the di-HFAs
produced from the four PUFAs using the dual-protein
system. Lastly, the lower production of (152)-10,13-dihy-
droxyoctadec-15-enoic acid (a-10,13-dHOE) from ALA
could simply be attributed to the lower selectivity and
activity of the cis-A9+cis-Al12 pair in converting ALA
and its mono-HFA intermediates, the structures of which
were suboptimal.
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Label FAH Subtype
A WIL0039-HY28.1 cis-A9

B PA-HY29.2 cis-A9

C WILO075-HY05.2 cis-A12

D WIL0055-HY35.1 cis-A12

E WIL0020-HY11.1 cis-09/12
F WIL0024-HY15.1 cis-09/12

cis-A9 + cis-A12
cis-A9 + cis-A12

A+C  WIL0039-HY28.1 + WILO075-HY05.2
B+D  PA-HY29.2 + WIL0055-HY35.1

m12-HITE m@m15-HITE

@12,15-dHIDE

Conversion from ARA (%)

A B C D E F A+C B+D

30 @y-10-HODE my-13-HODE @y-10,13-dHOE

Conversion from GLA (%)

A B C D E F

A+C B+D

Fig. 5 Dual-protein system for di-HFA biosynthesis. a The dual-protein system was constructed by pairing a top-performing FAH of the cis-A9
subtype with a top-performing FAH of the cis-A12 subtype. The FAH pair worked sequentially to convert a PUFA into mono-HFA intermediates
and then into the di-HFA product. The efficiency of the dual-protein systems in generating di-HFAs from (b) LA, (c) ARA, (d) ALA, and (e) GLA
was compared against those produced by the top two performing FAHs of the cis-A9/12 subtype. The bar charts show the mean percentage
conversion + standard deviation of three independent replicates after 24 h of incubation at 40 °C. The numerical values above the bars indicate
the mean percentage conversion of di-HFAs. For fatty acid abbreviations, refer to Table 2

The dual-protein system demonstrated the feasibility of
producing di-HFAs, or even poly-HFAs, by using multi-
ple FAHs of different subtypes and regiospecificity. The
efficiency of this system hinged significantly on the com-
patibility and selectivity of the FAH pair with the PUFA
substrates and the HFA intermediates. Importantly, this
system could enhance the production of di- or poly-HFAs
from PUFA substrates less preferred by the cis-A9/12

subtype, as evidenced by the>twofold improvement
in the production of y-10,13-dHOE and 12,15-dHIDE.
Future experiments are warranted to explore differ-
ent FAH pairs or combinations to further enhance the
level and broaden the spectrum of bioproducible di- and
poly-HFAs. In this context, the cis-A12+ cis-A9/12 pair
appears to be a promising combination. However, it is
important to consider their potential competition for



Heng et al. Biotechnology for Biofuels and Bioproducts (2024) 17:131

substrates with cis-12 or cis-14 double bonds, which may
compromise reaction efficiency.

Conclusions

In this study, we identified 23 FAHs using an integrated
bioinformatics workflow and validated their fatty acid-
hydroxylation activities via a whole-cell biotransforma-
tion assay. Further selection of 19 top-performing FAHs
for characterization with nine different M/PUFA sub-
strates shed light into their regioselectivity, substrate
selectivity and product scopes. Our study proposed that
FAH proteins can be classified into three distinct sub-
types. The cis-A9 subtype was regioselective towards
the cis-8, cis-9, and cis-11 (w7 or ®9) double bonds of
C16-C20 M/PUFAs, producing 9-, 10- and 12-HFAs. In
contrast, the cis-A12 subtype demonstrated high regiose-
lectivity towards the cis-11, cis-12, and cis-14 (w6 or »7)
double bonds of C18 and C20 M/PUFAs, generating 12-,
13- and 15-HFAs. The cis-A9/12 subtype could hydroxy-
late all cis-double bond positions targeted by the other
two subtypes, ultimately yielding di-HFAs in addition to
the mono-HFA intermediates.

Our findings on the distinct requirements and pref-
erences for specific substrate structures among the
various FAH subtypes offer valuable insights for future
investigations into the sequence-structure—function rela-
tionship in this domain. Such understanding paves the
way for the design and optimization of FAH variants with
enhanced characteristics. Indeed, we demonstrated in
this study the applicability of this knowledge in design-
ing a dual-protein system to improve di-HFA (or possibly
poly-HFA) production. Specifically, through the coop-
erative interaction of two FAHs of the cis-A9 and cis-
A12 subtypes, we improved production of two di-HFAs
from PUFA substrates and mono-HFA intermediates that
were less compatible with FAHs of the cis-A9/12 subtype.
Importantly, one of these, 12,15-dHIDE, represented
a novel di-HFA with unknown functions. The explora-
tion of the functions of rare or novel di- and poly-HFAs
would be impossible without a suitable platform that
enables their feasible production. Thus, the dual-protein
system developed in this study is crucial, as it offers an
alternative approach for feasible production of di- and
poly-HFAs.

The discovery of 23 FAHs with characteristics dis-
tinct from previously described FAHs underscores the
significance of screening and characterizing unstud-
ied FAH homologs. Importantly, half of these FAHs
represent new members of the understudied cis-A12
(seven proteins) and cis-A9/12 (six proteins) subtypes.
In particular, WIL0055-HY35.1 and WIL0029-HY20.1
of the cis-A12 subtype were distinctive in that the for-
mer showed remarkable synthesis of 15-HITE while the
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latter showed promiscuity to the cis-9 double bond of
PA. Future study should focus on identifying the underly-
ing key amino acid motifs or residues in these FAHs that
contribute to their unique characteristics. Such insights
would aid future design and development of specific FAH
variants tailored towards certain applications. Finally, the
availability of a FAH protein library holds considerable
importance, as it enables the selection of optimal FAH
proteins or combinations to facilitate commercially via-
ble biosynthesis of HFAs.

Materials and methods

In silico gene mining and sequence similarity analysis
Homology search was performed using the tblastn pro-
gram of BLAST +software [21], on a curated database
made up of draft genomes of 139 in-house bacterial
strains [14—16]. Putative FAHs were identified by align-
ment with the consensus protein sequence of the HMM
of the MCRA protein family, using an e-value of less than
1073 as the threshold for filtering [22]. The raw HMM
of MCRA protein family was obtained from the Pfam
database (https://pfam.xfam.org/) [23]. An all-versus-all,
pairwise sequence comparison between the 108 putative
FAHs and 55 previously described FAHs (Table S1) was
performed using the online EFI-EST tool (https://efi.igb.
illinois.edu/efi-est/) [24]. The resulting sequence similar-
ity network was visualized and analysed using the organic
layout of Cytoscape software (version 3.8.0) [25]. Clas-
sification into HFams was based on the 62% sequence
identity threshold recommended by the Hydratase Engi-
neering Database (https://hyed.biocatnet.de/) [11]. To
infer phylogeny based on protein sequences, a multiple
sequence alignment was first generated using the online
MUSCLE tool [26] of EMBL-EBI (https://www.ebi.ac.uk/
Tools/msa/muscle/) [27] and trimmed to remove poorly
aligned or gapped positions using the “automatedl”
method of trimAl (version 1.3; https://vicfero.github.
io/trimal/) [28]. A maximum-likelihood tree was recon-
structed using IQ-TREE (version 1.6.12; http://www.
iqtree.org/) [29], based on the best protein substitution
model identified by the “ModelFinder” method [30] and
supported with 1,000 ultrafast bootstraps [31]. Interac-
tive Tree Of Life (version 6.8.1; https://itol.embl.de/) [32]
was used for graphical visualisation of the resulting tree.
The amino acid sequences of the FAHs identified and
characterized in this study are provided in Table S2.

Expression plasmid construction

Genomic DNA was extracted from pure bacterial cul-
tures using InstaGene Matrix (Bio-Rad) following the
manufacturer’s instructions. Specific primers were
synthesised by Integrated DNA Technologies to PCR-
amplify the underlying nucleotide sequences of the 23
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FAHs (without start codon) from the genomic DNA.
PCR reactions were conducted using Q5 High-Fidelity
DNA Polymerase (New England Biolabs) with the fol-
lowing settings: initial denaturation at 98 °C for 60 s, fol-
lowed by 35 cycles of annealing-extension at 98 °C for
10 s, 55 °C for 20 s and 72 °C for 60 s, and final exten-
sion at 72 °C for 120 s. The resulting PCR products were
purified using QIAquick PCR Purification Kit (Qiagen)
and cloned into the multiple cloning site of pET-15b vec-
tor (Novagen/Merck; Fig. Sla) through Gibson assembly
approach. Prior to the reaction, the pET-15b vector was
linearized by digestion with BamHI and Ndel restric-
tion enzymes and purified using QIAquick PCR Puri-
fication Kit (Qiagen). Gibson assembly was performed
using NEBuilder HiFi DNA Assembly Master Mix (New
England Biolabs), with a vector-to-insert ratio of 1-to-2
at 50 °C for 1 h. The ligation products were transformed
into the competent cells of E. coli strain 10-beta (New
England Biolabs) and selected on lysogeny broth (LB)
plates by resistance to 100 pg mL™! of ampicillin. Positive
transformants were confirmed by colony PCR using the
primer pair T7-Pro-F (5"AGAGGATCGAGATCTCGA
TCCCGCG3’) and T7-Ter-R (5" CCTCTTGCGGGATAT
CCGGATATAG3’). Expression plasmids, pET-15b-XXX
(XXX refers to the abbreviation of each FAH; Fig. S1b),
were subsequently extracted from the overnight cul-
tures of the positive transformants using QIAprep Spin
Miniprep Kit (Qiagen). Lastly, DNA sequencing (1st Base
Sequencing, Singapore) was conducted to validate the
nucleotide sequences inserted into the vector.

Recombinant protein expression in E. coli strains

Expression plasmids, pET-15b-XXX, were trans-
formed into the competent cells of E. coli strain Acella
(Edge Biosystems) and selected on LB plates contain-
ing 100 pg mL™! ampicillin to give recombinant strains
Acella/pET-15b-XXX. To induce recombinant protein
expression, seed cultures were first prepared by cul-
tivating single colonies of the E. coli strains in 5 mL of
SOC*MP medium [20 g L™! tryptone, 5 g L™! yeast extract,
0.5 g L™! sodium chloride, 2.5 mM potassium chloride,
20 mM magnesium chloride, 20 mM magnesium sul-
fate, 100 pug mL~" ampicillin, pH 7.0] supplemented with
20 mM glucose, at 37 °C, 220 rpm for 7 h. The obtained
seed cultures were diluted to ODyg, of 0.01 in 100 mL of
autoinduction medium in 500 mL Erlenmeyer flasks and
cultured aerobically with 160 rpm of agitation, first at
24 °C for 18 h and then at 14 °C for another 48 h. The
autoinduction medium was prepared by supplementing
the SOCAMP medium with autoinduction sugars consist-
ing of 1.5% (w/v) lactose, 0.5% (w/v) glycerol and 0.05%
(w/v) glucose. The induced recombinant E. coli cells were
harvested by centrifugation at 4000 Xg, 4 °C for 10 min.
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The collected cell pellets were washed, weighed, and
resuspended to a wet cell mass of 70-90 g L™ in 50 mM
citrate—phosphate buffer (59.9 mM citric acid, 50 mM
disodium phosphate, pH 6.0). For storage at — 80 °C, 20%
(v/v) glycerol was added to the cell suspension.

To evaluate recombinant protein expression and sol-
ubility in E. coli strains, SDS-PAGE was conducted.
Whole-cell protein extracts were prepared by lysing cells
harvested from 1 mL aliquot of the induced recombi-
nant E. coli cultures with 200 pL of BugBuster® Protein
Extraction Reagent (Merck Millipore) following manu-
facturer’s instructions. Soluble protein fractions were col-
lected as supernatants of the whole-cell protein extracts
after centrifugation at 21,000 Xg for 10 min. The remain-
ing cell pellets were further solubilized with 8 M urea for
1 h to give insoluble protein fractions. Both soluble and
insoluble protein fractions were mixed with one third
volume of 4x Laemmli Sample Buffer (Bio-Rad) spiked
with 1.42 M of 2-mercaptoethanol before denaturation
at 95 °C for 10 min. The denatured protein samples were
loaded on 4-20% Mini-PROTEAN TGX Precast Gels
along with Precision Plus Protein Dual Color Standards
(Bio-Rad). After electrophoresis at 120 V for 80 min with
TGX buffer (25 mM Tris, 192 mM glycine, 0.1% SDS,
pH 8.3), the gels were stained with InstantBlue Coomas-
sie Protein Stain (Abcam) for the visualization of protein
bands.

Recombinant E. coli whole-cell biotransformation assays

Induced recombinant E. coli cells were collected by thaw-
ing the frozen cell suspensions at room temperature
followed by centrifugation at 4000 Xg, 4 °C for 10 min
to remove supernatant. After washing with 50 mM cit-
rate—phosphate buffer (59.9 mM citric acid, 50 mM dis-
odium phosphate, pH 6.0), the cells were resuspended
in “anoxic” reaction medium, at a final wet cell mass of
35 g L1 “Anoxic” reaction medium was prepared by first
adding to 50 mM citrate—phosphate buffer an appropri-
ate amount of free fatty acid substrates and 0.25% (v/v)
Tween 40, before anoxic conditioning inside a Coy anoxic
chamber (atmosphere 4% hydrogen, 5% carbon dioxide
and 91% nitrogen; Coy Laboratory Products) for at least
48 h. For the screening of fatty acid-hydroxylation activ-
ity, the cells were resuspended in 10 mL of “anoxic” reac-
tion medium containing 100 g L™! Wilfarin OA-7075
(Natural Oleochemicals, Malaysia), in 15 mL conical
tubes. The substrate Wilfarin OA-7075 consisted of
81.0% oleic acid, 10.1% linoleic acid, 7.1% palmitic acid
(C16:0) and 1.8% stearic acid (C18:0). For the characteri-
zation of substrate selectivity and product scope, cells
were resuspended in 1 mL of “anoxic” reaction medium
supplemented with 30 mM M/PUFA substrates, in 2 mL
microcentrifuge tubes. Oleic acid (C18:1;>99% purity),
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linoleic acid (C18:2;>95% purity) and arachidonic
acid (C20:4;>95% purity) were purchased from Sigma-
Aldrich; vaccenic acid (C18:1;>99% purity), ricinoleic
acid (C18:1, 12-OH;>99% purity) and a-linolenic acid
(C18:3;>99% purity) were purchased from Larodan AB;
palmitoleic acid (C16:1; >98% purity) and y-linolenic acid
(C18:3;>98% purity) were purchased from Tokyo Chemi-
cal Industry. (82)-heptadec-8-enoic acid (C17:1) was syn-
thesized in-house using a chemo-enzymatic approach
[33, 34] and the purity was approximately 85%.

To minimize oxygen exposure, addition of cells to
the “anoxic” reaction medium was conducted inside
the anoxic chamber, and the tubes were sealed with
parafilm before removal from the anoxic chamber. The
obtained “anoxic” reaction mixtures were incubated
at 40 °C with 245 rpm of agitation for 24—48 h (outside
the anoxic chamber). After the reaction, samples were
diluted appropriately with acetonitrile/isopropanol mix-
ture (1-to-1 ratio) and centrifuged to settle cell debris
(21,000 xg for 10 min) when necessary, before LC-MS/
MS analysis.

Dual-protein system

Recombinant E. coli cells were similarly prepared as for
the whole-cell biotransformation assay. For reactions
involving the interaction of two proteins, recombinant
cells expressing each FAH were added to the “anoxic”
reaction medium at 17.5 g L™! to give a total wet cell
mass of 35 g L1,

Analytical methods

Fatty acid profiles were analysed with a Vanquish LC sys-
tem attached to a Q Exactive Plus Orbitrap Mass Spec-
trometer equipped with electrospray ionisation (Thermo
Scientific). For liquid chromatography, 0.2 pL of sam-
ples were injected onto a Poroshell 120 EC-C18 (2.7 pum,
3.0 mmx100 mm) threaded column (Agilent) at 35 °C,
with a flow rate of 0.4—0.5 mL min~'. Mobile phase A was
0.1% formic acid with 1 mM ammonium acetate in an ace-
tonitrile/water mixture at 6-to-4 ratio, while mobile phase
B was isopropanol. The running gradient was as follows:
starting solvent mixture of 25% B; 0—2.3 min linear gradient
to 50% B; 2.3—3.0 min linear gradient to 85% B; 3.0—3.5 min
linear gradient to 100% B; 3.5-6.0 min isocratic with 100%
B; 6.0-6.1 min linear gradient to 10% B; and 6.1-7.0 min
isocratic with 10% B. For tandem mass spectrometry, sam-
ples were run in negative full scan mode followed by paral-
lel reaction monitoring. A list of the retention times, exact
masses, mass-to-charge ratios (m/z) of the precursor ions
and qualifier fragment ions of M/PUFA substrates and
HFA products detected and quantified in this study are
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provided in Table S3. Representative LC-MS/MS chroma-
tograms and mass spectra are provided in Fig. S3-S7.
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