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Metabolism
of
Sphingolipids

Dr. Diala Abu-Hassan

Some relevant information mentioned at the end of the lecture:

Sphingolipids are so called because of their resemblance to Sphynx (Js sl) by 2 aspects:

1. Similar shape = long sphingosine backbone with a head group.

2. Muysterious function = research is currently investigating their effects in the pathogenesis
of HIV and other viral infections as well as in protein accumulations such as prions.




Recall Sphingolipids

* In comparison with glycerophospholipids, sphingolipids have:
* A sphingosine backbone (instead of glycerol)
« 2vacant slots for attachment (instead of 3)

» 1slot for a fatty acid (instead of 2 slots in glycerophospholipids)
* 1 for the head group [same as in glycerophospholipids see next slide for details]

* Sphingosine is a large backbone (compared with glycerol); it has:
* Hydrocarbon chain with a double bond (first tail)
« Amino group at C2 for fatty acid attachment (second tail)
* Alcohol group for the attachment of the head group
See image in the next slide

* Sphingolipids are less eminent in plasma membrane composition when compared
with glycerophospholipids, however they are known to exist in considerable
amounts in lipid rafts (recall cytology L1) alongside other structures such as
glycoproteins and lipids such as cholesterol.



Sphingosine
HO —*CH — CH==CH — (CH,);,—CH, Fatty acid

Sphingolipid 't

(general ’CH—T—C

structure) L NINIENT NSNS NN NN

'cu,—o@ - X = Head Group (source of variation)

If X=H, Itis ceramide (the father of sphingolipids)

Substituent (R) Sphingolipid
I H Ceramides
St ru Ctu re Of Phosphocholine Sphingomyelins

. . . Sugar (s) Glycosphingolipids

S h I n O ll I d S - Single sugar (glucose or galactose) - Cerebrosides

.. -  Lactose (disaccharide) - Lactosylceramides
G I yCO I | p | d S - Oligosaccharide -  Gangliosides
- Sugar + sulfate - Sulfatides

More details on them later in this lecture



Head group = phosphocholine

Synth eS|S Of Sph | ngO myell [l  Presentin myelin sheath

In the outer leaflet of the plasma membrane

Ceramide (fatty acyl + sphinganine)

Sphinganine 9 o AL I Acylation &
CHy(CHp)14~C-CoA + HgN-C-H Eile CH3(CHy)15CHy CH,-C—C-CH,0H desaturation
Palmitoyl CoA Serine Sphinganine FAD I
OH O (dihydrosphingosine) CH3(CH2)n -C-Coa
\J | | _ Fatty acyl CoA
CH,— (CH,);» —CH=CH—CH—CH—NH—C—R Condensation FADH, CoA
| Fatty acid PSTT T

- |
CH :
I |
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See detailed explanation of the
reaction in the next slide

@ Palmitoyl CoA condenses with serine producing sphinganine and
releasing CoA and CO..

@ The reaction requires pyridoxal phosphate and NADPH.
@ The needed energy comes from decarboxylation.

@ Sphinganineis (1) acylated at the amino group with a long-chain fatty
acid and then (2) desaturated to produce a ceramide.

@ Phosphorylcholine from phosphatidylcholine is transferred to the
ceramide, producing sphingomyelin and DAG.

(1): activated LCFA attacks the amino group forming an amide bond.
(2): palmitic acid is saturated; sphingosine is not; 2H* are removed (reducing FAD).

H H
H—CH=CH—C:)—¢—CH20H} Sphingosine
OH I}IH
¢=0
(CH)n
CHj,
Ceramide
Phosphatidylcholine

Diacylglycerol

H H 0
I I
R-CH=CH-G~C-CH,0-P-OCH,CH,N'(CHq)s
OHNH O .
©=0) Choline
I \ /
(?Hz)n

CH.. Phosphorylcholine

Sphingomyelin




Synthesis of sphingomyelin (2)

R

 The precursors of sphingosine are " S

. . . CH3(CH2)12-CH2-CH2_9_(I3_CHon
1. Palmitoyl-CoA (activated palmitate) OH H,
2. The amino acid serine Sphinganine

(dihydrosphingosine)

During the reaction of the 2 above:

* CoAis lost (the carbonyl group of palmitoyl-CoA is attached to the a-carbon of
serine; the carbonyl is further reduced to a secondary alcohol).

* The carboxyl group of the serineis lost.

* This is a reduction (biosynthetic) reaction, so NADPH is oxidized to NADP".

The product is called sphinganine, whose characteristics:

 Palmitic (16C) chain attached to decarboxylated serine (2C) - 18C molecule.

* On carbon 2, the normal amino group of serine is still there.

* Two OH groups (reduced palmitate carbonyl on C3, and the OH of serine on C1).
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Degradation of sphingomyelin and the
deficiency of sphingomyelinase

Sphingomyelin is degraded by sphingomyelinase, a
lysosomal enzyme and a type of phospholipase C.
The ceramide (leftover after cleavage) is cleaved by
ceramidase into sphingosine and a free fatty acid

The ceramide and sphingosine released

regulate signal transduction pathways by

influencing the activity of protein kinase C =~ _#% ~Foamy-appearing |
) - i?* cells containing
and they also promote apoptosis. % o sphingomyelin

Niemann-Pick disease (TypesAand B) is

. . ’;’" ' o"»’e @
an autosomal recessive disease . e -

i ' SO ke
(lysosomal storage disease) ‘;;s‘:f,&g -

Enlarger liver and spleen because of lipid = = "’x*-?"*.
deposits T Nl
Type Ais more severe than B
Niemann-Pick disease occurs in all ethnic
groups

Type Ais more frequent in the Ashkenazi
Jewish population

Figure 17.13

Accumulation of lipids in spleen
cells from a patient with Niemann-
Pick disease.

PHOSPHOLIPASE C

® Phospholipase C is found in liver
lysosomes and the o-toxin of
clostridia and other bacilli.

® Membrane-bound phospho-

lipase C is activated by the PIP,
system and, thus, plays a role in
producing second messengers.

[ NIEMANN-PICK DISEASE

® Sphingomyelinase deficiency

® Enlarged liver and
spleen filled with lipid

® Severe intellectual disability
and neurodegeneration (type A)

® Death in early childhood
(type A)

Sphingomyelinase
Ceramide
e S
HH
CH3(CH2)12'CH :CH _C|:_C|;_CH2_O ?‘OCHzCHz N(CH3)3
OH NH O

N

Ceramidase + Phosphoryicholine
CH;(CH,),-C

0

Fatty acid




Glycosphingolipids (glycolipids)

* They are made of ceramide (precursor).

* Asugar(s) is attached to ceramide by an
O-glycosidic bond.

* The number and type of carbohydrate
moieties determine the type of
glycosphingolipid.

* They are localized in the outer leaflet of
the plasma membrane and exposed
extracellularly (adhesion, recognition, and
signaling).

* Their hydrophobic ceramide tail inserts
into the outer phospholipid leaflet, while
the glycan headgroup extends outwardly.

Structure + Nomenclature

' A) Cerebroside [X=monosaccharide]

' B) Globoside
' C) Ganglioside
' D) Sulfatides

[X = di- or oligosaccharide] :
[X = oligosaccharide; with sialic acid]
[glycolipid + sulfate on the sugar] '

A & B are neutral, while C & D are acidic (-)

______________________________________________________

o/_H'TI h-l H

HO A, 0-CH,-C-C-C=C

OH H NHOH d
O-C

H OH

N N /

Galactose Ceramide
(polar head) (hydrophobic tail)




Types of glycolipids
Neutral glycosphingolipids Acidic glycosphingolipids ( )

are the simplest. * They are negatively charged at physiologic
pH due to attachment of N-acetylneuraminic

_ acid ([NANA] or sialic acid, in gangliosides or
ey adidumit || by sulfate groups in sulfatides.

/ ~ Sugar unit
N{-I H

HyC(H2C) 42 glucose
\/Y \Hﬁ \ o
| 2 alactose
HO H a
Cerebroside

* Gluco- or Galactocereobrosides

(a glycolipid)
Lactosylceramlde
CH,OH
O 0 6
CH20H { Sulfatide N-acetylneuraminic acid,
0

(ceramide + di or oligosaccharides)



Synthesis of Glycosphingolipids and Sulfatides

Ceramide
* Synthesis of glycosphingolipids occurs

primarily in the Golgi apparatus by sequential
addition of glycosyl monomers transferred

from UDP-sugars to the acceptor molecule by Galactosylceramide
glycosyltransferases.

Ceramide galactosyltransferase
(CGT)

Arylsulfatase A Cerebroside sulfotransferase
* A sulfate group from the sulfate carrier (ASA) ' | (CST)
(donor) 3’-phosphoadenosine-5’- FAES
phosphosulfate (PAPS), is added by a 3-O-Sulfogalactosylceramide
sulfotransferase to a galactose in a (Soﬂ|fat'de)

galactocerebroside, forming the sulfatide

galactocerebroside sulfate.

NH
N 2

0,80 5 / I\N
~Cer o o <N N)

The 2 steps of forming galactocerebroside sulfate form ceramide « JEe
"0-S-0-P-0-CH, O

Ceramide Glycosyl transferase UDP-galactose Galactocerebroside | pAPS O OH
“0-P=0
2 Galactocerebroside Sulfotransferase PAPS Galactocerebroside . o

sulfate



Synthesis of Glycosphingolipids and Sulfatides

Phosphatidylcholine

Ceramide

Sequential addition of monomers

Diacylglycerol

Sulfatide

. UDP-galactose UDP-qucose Two or more UDP-sugars
Globoside
CMP-NANA
Sphingomyelin Galactocerebroside /
(sphingophospholipid) l s Y\_) o

Glucocerebroside Ganglioside

Glycosphingolipids )

This figure summarizes the synthesis of glycolipids, so make sure you understand it very well.
Notes:

NANA = Sialic acid is the hallmark of gangliosides

Any sugar monomer must be carried by UDP
PAPS is the sulfate donor




Glycosphingolipid (GSL) degradation

* Glycosphingolipids are

. GSL - g 22
phagocytosed into the Plasma gy & ‘;, 12t
% Coated
endosomes that fuse Pt L
. “f;'.?"\“t. <o
with the lysosomes. o ¥
orting
* The lysosomal W) |
hydrolases remove the Early endosome g 3./ %y " =
sugars sequentially ‘W g E
starting with the Ias_t SGalactosidase  Late endosome . /
one added and ending = ;
with the first one ¥ 'WNm
added' j;\ Lysosome
* Defectin .the degradation of glycosp.hmgollpld, i gm—
glycosaminoglycans, and glycoproteins causes “lysosomal el z"&, SAP cp -
storage diseases”. « - ;
1 1 11 H . = rolysis
* Sialidase (neuroaminidase) is the glycosidase that removes Giycocalix s

sialic acid during ganglioside degradation



Degradation of Glycolipids

* They are part of the membrane, so they are internalized into early
endosomes that mature into late endosomes and then fuse with
lysosomes where the degradation takes place.

* The sugar part with be degraded by different enzymes depending
on the nature of the glycosidic bond, and the terminal residues are
cleaved first. The lipid part is then degraded as discussed here.

The coming slides illustrate different diseases related with
sphingolipids metabolism.

The information which the DR emphasized on (in slides 15-17) are

enclosed with dark red rectangles T,



Application: Sphingolipidoses (lysosomal disease)

» Sphingolipidoses: lysosomal diseases characterized by mutations in genes that
encode lysosomal hydrolases or activator proteins engaged in the intralysosomal
degradation of sphingolipids.
e Usually, only a single sphingolipid (the substrate for the deficient enzyme) accumulates
in the involved organs. the extent of the phenotype depends on the type and number of mutations.
* The disorders are progressive becoming more severe with aging and can be fatal.

* There is extensive phenotypic variability due to:
 Allele heterogeneity: different mutations within the same gene (different alleles)
* Locus heterogeneity: different genes are defective (locus = position, location).

* They are autosomal-recessive disorders, except for Fabry disease, which is X linked.

* The incidence of sphingolipidoses is low in most populations, except for Gaucher and
Tay-Sachs diseases, which, like Niemann-Pick disease, show a high frequency in the
Ashkenazi Jewish population.
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" — lysasomes

Healthy neuron

Neuwron affected by Tay-Sachs

Tay-Sachs disease

Accumulation of G,,, Gangliosides: §

G, naming of gangliosides: Gal-GalNac
Gy (5 - 1 = 4) non-NANA sugars B\ 8 B
Gz 2(5 -2 =3) non-NANA sugars Gal-Glc-Cer ) (Gyy)

Gus 2(5 - 3 =2) non-NANA sugars

TAY-SACHS DISEASE

® Accumulation of
gangliosides (Gy,)

® Rapid, progressive, and

fatal neurodegeneration

® Blindness, seizures

. Deﬂclency of activator
protein (G, activator)
in some cases

Hexosaminidase A deficienc p-Hexosaminidase A
Cleaves sugar amines / (o subunit)

GalNAc

Y
l NANA-Gal-Glc-Cer 1 (Gua)



—_—— 1 =
GAUCHER DISEASE p-Hexosaminidase A -
i i~ : (o subunit) A
i (Glu005||dase de?f[;rl]ency) e ° g::;%r:,ou;ia(:;n of gluco- GalNAc / GalNAc / =
nzyme replacemen era
y P Py ® Most common lysosomal Y Y
storage disease NANA-Gal-Glc-Cer ; (Gys) Gal-Gal-Gl¢
epatosplenomegaly : »
® Osteoporosis of long bones NANA G
® CNS involvement in rare
infantile and juvenile forms Neuraminidase Gal a-Galactosio
® ERT available

Gaucher

disease

Gal-Glc-Cer (Lactosylceramide

METACHROMATIC
LEUKODYSTROPHY

pB-Galactosidase

® Accumulation of sulfatides

® Cognitive deterioration

® Demyelination

® Progressive paralysis and
dementia in infantile form

® Nerves stain yellow-brown
with cresyl violet

® Deficiency of activator protein

(saposin B) in some cases

. GaI/

B-Glucosidase

B-Galactosidase o M (glucocerebrosidase)

(galactocerebro-
S0 2- sidase) Gal Phosphorylcholine

'Oas-O-Gal—Cer—l j > Gal-Cer —I j > Cera‘r(nlde < &

(Sulfatide) Arvisulfatase A | Sphinaomvelin:




Farber disease
(not Fabry; careful)

. Y L g
. > Ceramide Phosphorylcholine-Cer
(sphingomyelin)

Sphingomyelinase

FARBER DISEASE

Ceramidase -~ ® Accumulation of ceramide
[ "M, | ® Painful and progressive
cid | oint deformit
Y ® Subcutaneous nodules of
Sphingosine lipid-laden cells

® Hoarse cry
® Tissue granulomas

® Cherry-red macula




* Diagnosis:

Diagnosis and treatment

=» Biochemical approach
* Measure enzyme activity in cultured

fibroblasts or peripheral leukocytes
* Analyzing DNA = Molecular approach

* Treatment:
 Recombinant human enzyme replacement

therapy

* Gaucher disease and Fabry disease
(expensive) etk
* Bone marrow transplantation:
* Gaucher disease

e Substrate reduction therapy

e Gaucher disease: reducing the amount of
glucocerebroside produced in the body

pharmacologically Less accumulation due to
less substrate availability

B
Gal-GalNac

B\ﬁ

o

TAY-SACHS DISEASE NANA

® Accumulation of
gangliosides (Gy,)

® Rapid, progressive, and
fatal neurodegeneration

® Blindness, seizures Gal

® Excessive startle response

® Muscle weakness

B
Gal-GIc—Cer} (Gpy)

B-Galactosidase-1

Gy GANGLIOSIDOSIS

® Hepatosplenomegaly
© Skeletal deformities

® Neurologic deterioration

® Accumulation of gangliosides
(Gy1) and keratan sulfate

® Cherry-red macula in infantile form

® Cherry-red macula GalNAc
® Deficiency of activator

protein (G, activator)

in some cases Gal-Gle-Cer | (Gyp)

p o B B
NANA GalNAc-Gal-Gal-Glc-Cer (globoside)
GAUCHER DISEASE B-Hexosaminidase A B-Hexosaminidase
(o subunit) A (p subunit)

® Accumulation of gluco-
cerebrosides

® Most common lysosomal
storage disease

® Hepatosplenomegaly

® Osteoporosis of long bones

® CNS involvement in rare
infantile and juvenile forms

® ERT available

GalNAc

Galactosidase deficiency

'OSS-O-Gal-Cer

METACHROMATIC
LEUKODYSTROPHY

® Accumulation of sulfatides

® Cognitive deterioration

® Demyelination

® Progressive paralysis and
dementia in infantile form

® Nerves stain yellow-brown
with cresyl violet

® Deficiency of activator protein
(saposin B) in some cases

\§3 e

p-Galactosidase
(galactocerebro-
s:dase)

NANA-GaI-GIc-Cer} (Gna)

Neuraminidase

Gal

GalNAc and B

Gal-Gal-Glc-Cer

NANA
Gal a-Galactosidase

Gal-Glc-Cer (Lactosylceramide)

B-Galactosidase

B-Glucosidase
/ (glucocerebrosidase)
Gle

Phosphorylcholine

SANDHOFF DISEASE

® Accumulation of Gy,
and globosides

® Same neurologic symptoms
as Tay-Sachs (including
red macula) but visceral

involvement as well

FABRY DISEASE (X linked)

® Accumulation of globosides

® Red-purple skin rash

® Kidney and heart failure

® Burning pain in lower
extremities

® ERT available

NIEMANN-PICK DISEASE

(TYPES A and B)

® Accumulation of sphingo-
myelin

® Hepatosplenomegaly

® Neurodegenerative course
(A)

® Cherry-red macula (A)

Gal- Cer

(Sulfatide) Arylsulfatase A

KRABBE DISEASE (GLOBOID CELL
LEUKODYSTROPHY)

® Accumulation of galactocerebrosides |

® Mental and motor deterioration

® Blindness and deafness

© Near-total loss of myelin

® Globoid bodies (glycolipid-laden
macrophages) in white matter of brain

Ci
Fatty acid

> Ceramlde <

Sphingomyelinase

eramidase

Sphingosine

Phosphorylcholine-Cer
(sphingomyelin)

FARBER DISEASE

® Accumulation of ceramide

® Painful and progressive
joint deformity

® Subcutaneous nodules of
lipid-laden cells

® Hoarse cry

® Tissue granulomas

® Cherry-red macula




For any feedback, scan the code or click on it.

Corrections from previous versions:

Versions Slide # and Place of Error Before Correction After Correction
3 has have
6 palmityl-CoA palmitoyl-CoA
VO S V1 11 Text overlapping Overlap removed
14 phonotype phenotype

V1 ->V2
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