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Advances in the Biosynthesis of Human Milk Fat Substitutes: From

Enzymatic Catalysis to Microbial Cell Factories
LIU Ruicun, CHEN Xiaoyan, ZHAO Jian, CAI Peiyan, WU Ruonan, MAO Yuejian, YIN Shengming
(Global R&D Innovation Center, Inner Mongolia Mengniu Dairy (Group) Co. Ltd., Hohhot 011500, Inner Mongolia, China)

Abstract: Human milk fat (HMF) serves as a primary energy source and a vital nutritional component for infant
development. Its physiological functions are determined not only by its diverse fatty acid composition but, more
critically, by the stercospecific positional distribution patterns of these fatty acids on the glycerol backbone.
Specifically, fatty acid profiles with sn-2 preference are a key feature of triacylglycerols (TAG). In particular, the
predominance of palmitic acid at the sn-2 position is a hallmark of HMF, facilitating optimal calcium absorption and

intestinal health in neonates. Therefore, the precise reconstruction of these stercospecific structures represents a
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fundamental scientific prerequisite for achieving functional mimicry of human milk in infant formulas. Historically,
enzymatic catalysis, leveraging the excellent positional selectivity of lipases, was the pioneering technology for
synthesizing human milk fat substitutes (HMFS). It remains the current mainstream approach; however, it still faces
challenges in structural precision, feedstock dependence, and scaling costs. The emergence of synthetic biology offers a
transformative paradigm shift for the de novo synthesis of HMFS. By constructing efficient microbial cell factories,
researchers can achieve programmable synthesis of structured lipids from inexpensive carbon sources, such as glucose
or lignocellulosic biomass. This review systematically compares the advantages and limitations of different technical
routes regarding structural fidelity, engineering complexity, and industrial potential. Within the framework, we
highlight systematic engineering strategies for microbial lipid synthesis, ranging from the selection and adaptation of
optimal chassis cells to the elucidation of endogenous metabolic pathways and the rational redesign of key enzymes, to
achieve desired outcomes. We also explore the potential applications of emerging tools, such as artificial intelligence,
and provide an outlook on the future development of HMFS biomanufacturing. By leveraging synthetic biology and Al-
assisted design to construct efficient cell factories, it is expected that HMFS production will enter a new era of precise,

efficient, and sustainable biomanufacturing, offering improved nutritional solutions for infant health.
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Fig. 1 Molecular structures of triacylglycerol, OPO and OPL.

(a) Molecular structure of triacylglycerol (TAG). R1, R2 and R3 denote the fatty acyl chains esterified at the sn-1, sn-2 and sn-3 positions,

respectively. (b) Molecular structure of 1,3-dioleoyl-2-palmitoylglycerol (OPO). (c) Molecular structure of 1-oleoyl-2-palmitoyl-3-linoleoylglycerol

(OPL).
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Table 1 Comparison of different technological routes for the production of human milk fat substitutes.
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Fig. 2 Enzymatic synthesis of sn-2 palmitic acid-enriched structured lipids

Three representative reaction pathways catalyzed by sn-1,3-regioselective lipase. (a) Acidolysis: direct acyl exchange between triacylglycerol (TAG)

and free fatty acids. (b) Interesterification: redistribution of fatty acids between two different TAG molecules. (¢) Two-step alcoholysis-esterification:

TAG is first converted to 2-monoacylglycerol via alcoholysis, followed by esterification with target fatty acids. R1, R2, R3 and R4 represent different

fatty acyl chains.
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FAS MR HAG BT 5 B g, 7E I BF b T SRR B
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TR ) TE S AR B K (0 g I -ACP B A5 — e s S ko
T T A 1) L T 5 1) N S T I R R 4 O
KR, SRR R R = . B, B
C12 TR RHE I 45 A T A7 55 0] LUK FL IR 40 I 4 4 J2
FCl4, HTREED CL4RIRRI S EM10% 2
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LB ZE K i, 32 20 A0 T B BE 22 AN T R g
iR . 2Tl TR R JE, X FAD & ELO KE AL
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ARG B KM, AL L H X C16: 0-CoA SR A
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Hih-3-B % (G3P)
13- B Rk AL S W (GPAT) sn- 14 A4,
4 101 18% 5 2 (LPA)
Pk 5L 4l A A
Acyl-CoA
756 L% MG AR S 4 FS Al (LPAAT) sn-2 {3 WAk
= BN e I i

Phospholipids

1% /I PR % MR (PAP)

LMt

AR C

Hal A& (DAG)

Fy

W H SRR R (DGAT)
BEfIE: — 8k H nh BESE ¥ M5 (PDAT)

sn-347 W4k

Y

il =88 (TAG)
I

MMk MEW. JRNG/BERE-CoA Rl

B3 Hul =R A et
HAZAEW M =AM G g B RGO THh-3-BER Bt N (GPAT) . W& MBEIRIR A A2 M (LPAT) . BEIRAR BEIR
Be (PAP). “BEHMBtERFRE (DGAT) KBElG: —BEH MBtE &R (PDAT).,
Fig. 3 Biosynthetic pathway of triacylglycerol

SRR WARE RS A . ABERR. At

Schematic diagram of the triacylglycerol biosynthesis pathway in eukaryotes. Key enzymes involved include: glycerol-3-phosphate acyltransferase
(GPAT), lysophosphatidic acid acyltransferase (LPAT), phosphatidic acid phosphatase (PAP), diacylglycerol acyltransferase (DGAT), and

phospholipid: diacylglycerol acyltransferase (PDAT).
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[, AR I 2% 4 JR) i 42 ST 1) 2 A 4 B A QU
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eSS
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TR AEH B 22 sn-2 17 & SERRARER . 7Esn-1,3 11
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PERVRNIZ IR 5 ThRe b . SR LR, K
A (Chlamydomonas reinhardtii) H I -3- 1 I
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e ERWF RIS T, HMFS fRZE Y& ot
FH BT 2R, TR SRR . AR AR
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OPL (13.9%) KT AMrmm e, H bR i R 7E sn-2
BLI) 7 LG IE 64.7-74.5%, WG UESE T 1% B bk 4135
R € 450 TAG HIfig 1 2. BEJR, WF7t A AEE—25
W EIa L, R 2 PR o E R, B
2 HTE IS D7 2 2H B RN TAG 4548 5 b [\ BE REFL
e AR AL B B AR R B (LA OPL. OPO il LPL N
FO, Horbosn-2 A7 K% AE IR R AL B ] =k 43% -
49% ", Han %5 N RGVEAL T A RIGRIE G K, 1L
26 A8 45 1ol A X ANV 0 R T - A A e - AS T R A
i (UPU) HIEE R IR A A e E BUR B f IR Ak
DMEVEM AR E P& T E & a- KR 250 5
UPU 25 Bk 45.40% . BRI, 1% SEUS AT A7 7 1
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Mk E BB EES: DABEBEANREKR. 5RWIK
FERL SRS AN A, ISk G OB SR DA A0 L H v
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wAE, SEHLHMREMIEN E E S, B« LOpE ]
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A LT sn-2 A AR R T Ak 28 T 60% (1) TAG B
Zhang %5 \ i@ it R SR E A R B T AR ek TR
FG B SE R A, EBRVE B SCEL T OPO 5
OPL I Mk A pk ™o W FE W 4 Fros, &t 7ok
UG FRE R 4y O = R — 2 IR 7 R A 4t R
i, @idRE O AR (ACCD Dl
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PR T Q282F ARk, i TAG FL REHETF 1.85 %,
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SR O AT B = R v I R O 7 Yk i Ok A6 )
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TR A, R R A A A AR ) R A DR AR & AR 1
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TG A% O R = A . ARG T HMFS &
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A= %, O DL RS R R K AN
TR AL BB, SR e MR nE
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TE AR G 5 77 b 7 M 22 1) 57 A Rt s

Bk S, HEOMIE PRI = A2 -
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e, 5Tk A= TR MAERRERERE,
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W B P ik i 1 EOCIE R 7 40 4 i e R ) AR
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)R A R B T2, X AE 45 TR ¥ 0 S 4l Ak ik
ARAE BT R I R, BN RE T 2& 5
PR ORE R, ZREMEM, HaraskiaHE N
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FIPEAN bRt . 9008 T4 505 B & 45 1)
HE B VA 48 B8 J0 5 78 5508 L 20 R BB AR, 1
U0 TR A R B T E B0 M R A F bR S R R
RIS R A AR TR A . RIEE A
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1. JT I PR i A G R R

FA precursor supply Module

SIANREER: PO-PTARR WA mEA S+ A MIMELVOLG
»  AcetylCoA C16:0  — 015

xPK-PTARTE. xPKPTARTE »

apns 1 jﬂﬂ&i&l’g()[.lﬁl
ARSI > R AHATA BN EoLEL

Malonyl-CoA St & A YIEFAD2
HEBPOX1 C16:1 C18:1 — g
% = Wﬁ'llfﬁ'lb‘iﬁéﬂ‘lﬁ—iﬂtj \_ J

3. BEFLAS RGO BR-TAGH1 %S 55 Ak BB

Structured HMF synthesis - TAG Assembly and Optimization Module

ot LIKAIMGUTL Sl e IRATST Sl A IKCHPAATI
T B il -3-E A e—— L5 P 1% I
dbEsCT W FEALELAILOAT

PR TGL3. TGL4 Bl 41k B IEDGAL (L275V) B Ak W IRPATIL

el 07 4 il € Wl
5E [ 4k, Directed evolution i1 45 %% Push-Pull strategy
N J

OPO (C18:1-C16:0-c18:1) OPL(C18:1-C16:0-c18:2)

B4 R A LA B OPO T OPL AR HE 17 B 55 s

DA PN RY, B RN T & B R FL 45 # il OPO A OPL (¥ R G b AN U TRE S, EBEFE = RMH: 1) e R 1l 1A (1t 07 484 9
2) MeiER& RS EWRTE; 3) TAGAE 58 Rk, Hd, PO-PTA: WEARREILEE-TBERR S 2. Wl %1%, xfsPK-PTA: Fi-6-BEm ik
T W L - PR 7 IR 1%, xPK-PTA: W IR M BE G- IR % LIBEBRI& 1%, YHACCI: fRHARHE ICEERER IR ) £ BR4HEG A P AL B, POXI1: HE
Wil 4B A S ALEE, MmELVOL6: /N ERCRIR B BE G i FR 211 B 6, PgOLEL: RARS B KIR 1 A9 LM FEE, YIFAD2: fi#HRER [QHEE)
KR A2 LM AIEE, GUTL: H ks, ATS1: #UsIF kBN 3-BE R H i BE L % 8B, SCT1: 3-BEm H i BE (M,
CrIPAATL: SR A AC MR IR 10 V5 MW AR IR R SL 54 R0 B, ALEL: WS IBERR IR IR R B BF (WD, LOAL: FILBE MR Bt R E (WD,
PAH1: BEfRMRHERRNE, DGAl: BEH MBS EREH, TGL3: Hh =FEeiEWiEE3, TGL4: H i =FRiNifE4.

Fig. 4 Metabolic engineering strategy for de novo production of OPO and OPL in Saccharomyces cerevisiae.

A systematic metabolic engineering strategy for producing human milk fat analogs OPO and OPL from glucose using a yeast cell factory. The
strategy comprises three modules: 1) enhancement of fatty acid precursor supply; 2) regulation of fatty acid synthesis and modification; and 3) TAG
assembly and regiospecific optimization. PO-PTA, pyruvate oxidase-phosphotransacetylase pathway; xfsPK-PTA, fructose-6-phosphate
phosphoketolase-phosphotransacetylase pathway; xPK-PTA, phosphoketolase-phosphotransacetylase pathway; YIIACCI, acetyl-CoA carboxylase
from Yarrowia lipolytica; POX1, fatty acyl-CoA oxidase; MmELVOLG, very long-chain fatty acid elongase 6 from Mus musculus; PgOLEL, A9
desaturase from Puccinia graminis; YIIFAD2, Al12 desaturase from Yarrowia lipolytica; GUTIL, glycerol kinase; ATSI1, glycerol-3-phosphate
acyltransferase from Arabidopsis thaliana; SCT1, endogenous glycerol-3-phosphate acyltransferase; CrIPAAT 1, lysophosphatidic acid acyltransferase
from Chlamydomonas reinhardtii; ALEl, endogenous lysophosphatidic acid acyltransferase; LOAI, endogenous lysophosphatidic acid
acyltransferase; PAH1, phosphatidic acid phosphatase; DGA1, diacylglycerol acyltransferase; TGL3, triacylglycerol lipase 3; TGLA4, triacylglycerol
lipase 4.
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P “ Bt -Md-iik-2 2 7 EIREAR, BUE ATBERUTRON BR GE 0 IR SO BT R B R AR R
HAG 98 e PE A s A RO R R B o Y R IE DT BR AT MR 45 . TAG 2% R BN 1%
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