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Green biomanufacturing of ceramide sphingolipids
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Abstract: Ceramide, a fundamental bioactive molecule found ubiquitously in eukaryotic organisms, exerts profound
regulatory effect on cellular physiology, encompassing critical roles in signaling cascades, cellular proliferation,
differentiation, and apoptosis, as well as immunomodulation. In dermatology, ceramides play an indispensable role as

constituents of the stratum corneum, the outermost layer of the skin, where they are crucial for maintaining the integrity
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of the epidermal barrier, regulating moisture retention, combating oxidative stress linked to aging, and exhibiting
notable antimicrobial and anti-inflammatory properties. The multifaceted biological functions of ceramides underscore
their extensive applications in various industries, including cosmetics, biomedicine, functional food, and animal
nutrition, highlighting their significant market potential and therapeutic value. The chemical synthesis of ceramides
poses substantial challenges due to the intricate stereochemistry involved, necessitating precise control over synthetic
pathways. As a result, current commercial sources predominantly rely on semi-synthetic methods that integrate
traditional natural extraction techniques with biochemical transformations of sphingolipid precursors to achieve
targeted ceramide structures. Recent advancements in synthetic biology have explored microbial systems for the
production of sphingolipids, including ceramides, offering promising avenues for scalable and sustainable synthesis.
However, optimizing de novo synthesis pathways and their efficiency in microbial cell factories remains a primary
research focus. Strategies aimed at enhancing ceramide yield and purity through metabolic engineering and pathway
optimization are pivotal for advancing industrial applications. This paper provides a systematic review of the
physiological effectiveness and function of ceramides, encompassing their physiological roles and various applications.
It begins with an overview of ceramide extraction methods, including both natural extraction techniques and chemical
synthesis approaches for ceramides and their precursor compounds. Subsequently, the review addresses the
sphingolipid synthesis pathways and their associated key enzymes, detailing strategies for pathway regulation and
optimization, as well as the aspects of product transport, storage, and secretion. Additionally, it explores the
identification and expression of key enzymes. The paper concludes by examining future directions in the field, such as
addressing aggregation toxicity in ceramide synthesis, enhancing transport and secretion mechanisms, advancing digital

modifications of catalytic elements, and expanding gene regulatory target exploration. By synthesizing current
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knowledge and highlighting avenues for innovation, this review aims to catalyze further research effort toward

achieving efficient ceramide production. Ultimately, optimizing ceramide synthesis has the potential to unlock its full

potential in various sectors, contributing to its advancement in skincare, therapeutics, and functional materials. The

integration of microbial systems is particularly promising for expanding production capabilities while addressing

sustainability concerns in ceramide manufacturing. Continued advancements in synthetic biology and biotechnology

are expected to revolutionize the landscape of ceramide applications, paving the way for enhanced therapeutic

interventions and novel industrial applications in the future.

Keywords: ceramide; microbial cell factories; biosynthesis; sphingolipids; sphingosine alkali
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Table 2 Biosynthesis of ceramides and their precursor derivatives
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ser]—3-WETR L. B IR B IL HE R MG SE R ser2— WL T ith R 2 A28 1) WE IR 22 B IR IR B A T 25 IR 5 ser3—3- IR T 30l R S I8 s R ik A
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1sc10—3-MiJE- —EIHENE S BRI IE R s des]—HH)IE A4-ZMOAEGIR DL s Icbd, Ieb5— PRI WABIRISEE ;  dpll— TR I IR 2L ik 1y
Gt IE s sur2—C4 FRAEEMIGEER; lagl, lacl, lipl—AEBIEA RERRISEER; aurl— P BRI VIEE 5 FEBE I T 3L (K s csgl s
csg2, cshil, surl—H G 0EIENIEBERR D L BE e & BEHE M ADIE N ipt] —NIUEEBERR 6 R BE ML 3L [N iscl— B 44 M 15 Sk 3L /K Mt B g R 32 145
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Fig.3 Metabolic pathway of sphingolipid in yeast

(Green represents the coding gene, red represents the enzyme. 5,10-THF—S5,10-dimethyltetrahydrofolate; 3-KDS—3-keto-dihydrosphingosine; DHS
—dihydrosphingosine; PHS—phytosphingosine; S—S phingosine; 1-P-DHS—dihydrosphingosine-1-phosphate; 1-P-PHS—phytosphingosine-1-
phosphate; P-Etn—phosphoryl ethanolamine; Pi—phosphate group; IPC—inositol phosphorylceramide; GDP-Man—GDP mannose; MIPC—
mannosyl-inositol phosphorylceramide; M(IP)2C—mannosyl-diinositol phosphorylceramide; GlcCer—glucosylceramide; SM—sphingomyelin; C1P
——ceramide-1phosphate; ser/—3-phosphoserine aminotransferase encoding gene; ser2—phosphoserine phosphatase in the phosphoglycerate
pathway encoding gene; ser3—3-phosphoglycerate dehydrogenase encoding gene; shml, shm2—L-serine hydroxymethyltransferase encoding gene;
chal—L-serine deaminase encoding gene; lcbl, Ich2, tsc3—serine palmitoyltransferase encoding gene; tsc/0—3-keto-dihydrosphingosine reductase
encoding gene; des/—sphingolipid A4-desaturase encoding gene; lch4, lcb5—sphingosine kinase encoding gene; dp/l—sphingobase-1-phosphate
lyase encoding gene; sur2—C4 hydroxylase encoding gene; lagl, lacl, lip]—ceramide synthase encoding gene; aur/—ceramide phosphoinositide
transferase encoding gene; csgl, ¢sg2, cshl, surl—mannosylinositol phosphorylceramide synthase encoding gene; ipt/—inositol phosphotransferase
encoding gene; isc/—complex sphingolipid headgroup hydrolase encoding gene; ypcl, ydcI—alkaline ceramidase encoding gene; ORM1, ORM2—
mediate sphingolipid homeostasis protein; SPT—serine palmitoyl transferase; KDSR—3-ketodihydrosphingosine reductase; CerS—ceramide
synthase; CERT—ceramide transfer protein; SMS—sphingomyelin synthase; SMase—sphingomyelinase; CK—ceramide kinase; ER—endoplasmic

reticulum)
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Fig. 4 Schematic diagram for the catalytic synthesis of 3-KDS by serine palmitoyl transferase

(SPT—serine palmitoyl transferase; ORM—mediate sphingolipid homeostasis protein ;3-KDS—3-keto-dihydrosphingosine;

TM—Transmembrane; LCB1, LCB2, TSC3—subunits of serine palmitoyltransferase; ER—endoplasmic reticulum)
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Fig.5 Schematic diagram for the catalytic synthesis of DHS by 3-ketodihydrosphingosine reductase

(3-KDS—3-keto-dihydrosphingosine; KDSR—3-keto-dihydrosphingosine reductase; TSC10—3-keto-dihydrosphingosine reductase;

DHS—dihydrosphingosine; ER—endoplasmic reticulum)



434 BRENE H6B

4, NADPHE AL JE A4 4L T Frfs Ea )i +. Bl
JG, 3-KDSTENJKYE KDSR 454, & T B-JiK
MEEY. EXANEEYT, 3-KDS 13-l JE 552
K I NADPH &5 1, Ol RO FEEE, AT 58 hE
T M 3-KDS F| DHS [ #546 . iX—id f /& — A~ g A
HI A AL IR 5 s b, F o NADPH # & {6 4 NADP',
M 3-KDS #i4 J5 “), KDSR I JE M RE 57 A0 %o 5
B, X ERE AT DAL BEAS TR RE ) 3- B R
BERAL B, B tn, fE M &8 B (Aspergillus
fumigatus) ", Cy C, FC, ALY #L 0T DA
KDSR 4 ¥, REEMNMK, CRKEH) MK,
(P ZEHD TR A ARG . X PR R 5
PEIY 55 B2 8143 KDSR REW 7E A A (1 AE W& g 45
RIGH R IEER « X KDSR AL HLEE iR N FL A,
AMA B T4 7 B AR A i R i 4, 3B N S R
KW AR T ER SRR .

LB Al (CerS) £ BLAE N M it fk
Y S RS0 I 2 A AR A R T
o 28 T Ji G RS G B ) L TR B R R B, O R T D Al
BiE A 220 Tk e S L 75 2 R A AN [ 1)
L LAGT FTLACT 7%, AN 46 37 35 48w LA b
B WO (0 N-TE Ak, lacl RN lag 1 3 IR 9 A5 75
ANFENREE B, P FREE N 72%, & th AR
25 W&l e & i i & s (BLe) ™, Iy
WL LIP1 540 WAL A BAE A, 4EHF 1 Btk
shamiE R e, WMAEBEN AR E REE,
W AL Al LA 6 B 5 lagl A1 lacl [RJ5 ) CerS [A]
T. B (CerS1~CerS6), ‘B A1) &M AE N M,

LCB FA
OH

A P
DN oy /%
OH NH, ’
o
| 1CerS!
vL—4
Cer
OH
N N"“oH
bl
A%

H & Bl B K B R -CoA IR, BLA A
A B K ) AL B . oA CerS1 5 i U 5 i fig
TR A B A ME N RY), EEE A C ,MAEB%, M
CerS2 i 7= 4= C,,~C,Cer, CerS5 #l CerS6 il
FEHECCer "o FEBRIERERER, CerS & & 44 i 4F
i Ci-CoA 1E NI MK Az i C- — S 48 W Jie 51
C, -V AT . AT CerS #IL = — /N R 5F
ff) Tram-Lag-CLN8 (TLC) &5 #4 38, FL & & %}
CerS G MEE R E B LAGL F 5 Y, EERE CerS
SE (LACI-LIPD [t 8, 8 54w
Je A — AN BE G T T 2L -CoA Al — AN R B R -
Lacl W7 &0 5 — /N5 7K e B Al — /S i 7K Gl
2K S A7 B 45 A CoA 4%, 1T R 7K G A U 45
A C, B EE . LIPL A 5 LACT fIAHEAEH ,
Y i ok L B 45 A T T8 B Y . TE SR KRN
W, mERTHHZR (His) FRAER (Asp)
RIETTRES Sk, H o RARRR AT REE N
— MR T B S R (Y 2 K, A T CL-CoA [ 3k
Bem AT SRR By, T Y RS fi B I AR i 2
i . MEAGSERE , A I A 22 I M Ja ok i 7K
TR HE AN, T %7 1 CoA-SH IR il 21 4 A
foiqj [101]o

Xf CerS [ 25 ¥4 F1 1y R B i1l 9 LAk Bk = 58 3%
YT AR, RR A LACT A1 LIP3 3 f 4] iy ) 4R
T Bt e & BOd 2. shah, CerS M3 14
FIMLE], LA KA ] 5 e A 22 I i 0 Ry S A
B, T e AT, R A OR B R R M R
T Jie 4] S B o

Bl6 et i A B AL & B 22 L i 1T 12
(LCB—KHEM ZRE; FA—HENTIR; CerS—HIAMtIEZ G ME; Cor—HhZMtN%; LAGL, LACI, LIPI—fhEMia Millk; ER—MN B
Fig. 6 Schematic diagram for the catalytic synthesis of ceramide by ceramide synthase

(LCB—1long chain sphingosine bases; FA—fatty acid; CerS—ceramide synthase; Cer—ceramide;
LAGI, LACI1, LIP1—subunits of ceramide synthase; ER—endoplasmic reticulum)
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Fig.7 Strategy for the modification of the ceramide biosynthetic pathway
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