Lipid Metabolism, part 2

Summary of fatty
acid synthesis

8 acetyl CoA + 14 NADPH + 14 H+ + 7 ATP

palmitic acid (16:0) + 8 CoA + 14 NADP* +
7 ADP +7 Pi +7 H20

I. The major suppliers of NADPH for fatty acid
synthesis are:

a) the hexose monophosphate shunt

b) cytoplasmic malate dehydrogenase
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Summary of fatty acid synthesis
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pyruvate, which is the primary a (OAA) is produced by the first
source of the mitochondrial i
acetyl CoA to be used for

step in the gluconeogenic

Acetyl CoA is produced
in the mitochondria and
condenses w ©
form citrate, the first step

fatty acid synthesis. It also
produces cytosolic reducing
equivalents of NADH. Pyruvate
enters the mitochondria.
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Citrate leaves the mitochondria
and is cleaved in the cytosol to
produce cytosolic acetyl CoA.

Cytosolic reducing equivalents (NADH)
produced during glycolysi: L
the reduction of NADP* to NADPH
needed for palmitoyl CoA synthesis.

used o synthesize palmitate, with
NADPH as the source of reducing
equivalents for the pathway.

] I The carbons of cytosolic acetyl Co are
o
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I. Additional two-carbon units can be added to
palmitate by separate enzyme systems contained in
the ER and mitochondria.

2. Certain cell types in the brain can add up to a total
of 24 carbon units to an acyl chain

3. Enzymes present in the ER (mixed-function
oxidases) are responsible for desaturating fatty
acids using NADPH as a cofactor

I. Humans do not have the enzymes
required to introduce double bonds
past the number 9 carbon of fatty
acids.

2. Therefore, linoleic and linolenic acids,
both important precursor molecules,
are considered essential fatty acids

Synthesized fatty acids can be S

stored as TAG’s i‘

I. The fatty acid chains must be activated by fatty acyl CoA Horiéfrof‘g;a
synthetases. s

a) This enzyme is located on the outer mitochondrial o $:t
membrane. 2

b) It utilizes ATP to form an acyl adenylate intermediate. S
Cleavage of the resulting pyrophosphate makes the T e
reaction irreversible i’:’:’"“

2. Glycolytic intermediates must be tapped to produce ) g,orgj:wg-n-

glycerol phosphate (the liver (only) can also do this via ol

glycerol kinase. 2 \i\

3. Acyltransferases can build TAG’s from activated fatty
acids and glycerol phosphate.
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Lipogenetic and glycolytic enzyme activities in carcinoma and nonmalignant
diseases of the human breast.

Szutowicz A, Kwiatkowski J, Angielski S.

Activities of some enzymes associated with carbohydrate and lipid metabolism were determined in 48
human breast carcinomas and compared with those found in 35 nonmalignant breast tumours and
also in 13 normal breast tissues. In fibrocystic disease only the activity of citrate lyase was markedly
higher (14-fold) than in normal tissue. The activities of the remaining enzymes did not differ
significantly from those in normal tissue. Enzyme activities in breast carcinoma were 4--160 x those
determined in normal tissue according to the following sequence : phosphofructokinase less than
malatc NADP dehydrogenase less than hexokinase less than lactate dehydrogenase less than
isocitrate NADP dehydrogenase less than ATP citrate lyase. Activity of citrate lyase, very low in
normal breast (0.0017 mumol/min/g of tissue) rose gradually to 0.039,0.072 and 0.258 mumol/min/g
of tissue in localized fibrocystic disease, fibroadenomas and carcinomas respectively. These data
support the idea that citrate lyase may play an important role in lipogenesis in hyperplastic human
breast tissues.

Proc. Natl. Acad. Sci. USA
Vcl 91, gg“ 79-6383, July 1994
nces

Fatty acid synthesis: A potential selective target for
antineoplastic therapy

FrANCIs P. KUHAIDA®, KRris JENNERT, FAWN D. Woop, RANDOLPH A. HENNIGAR?, LisA B. Jacoss,
JaMES D. Dick, AND GARY R. PASTERNACK

Department of Pathology, The Johns Hopkins Medical Institutioas, 600 North Wolfe Street, Baltimore, MD 21205

Commaunicated by Victor A. McKusick, March 22, 1994

ABSTRACT OA-SIQHIMMMII:
tumor cells from breast cancer with markedly wors-
ened prognosis. We purified OA-519 from human breast
carcinoma cells, obtained its peptide sequence, and unambig-
uously identified it as fatty acid synthase sequence
hﬂmnﬁm 'Nnu'buy.ddly-hthln
=270-kDa d immuno-
mﬂ(dmh‘mwlﬂﬂu-ﬂ’m
Tumor fatty acid synthase oxidized NADPH in a malonyl-CoA-

fashion and fatty acids of
80% palmitate, 10% myristate, and 10% stearate from acetyl-
CoA, malonyl-CoA, and NADPH with a specific activity of 624
nmol of NADPH oxidized per min per mg. Tumor cell lines with
elevated

markedly elevated FAS activity in aggressive tumors may
provide a highly selective basis for anticancer therapy.

METHODS
Purification of 0A-519. A lysate of ZR-75-1 cells prepcted by
Dounce hor at 1.5 x 10 cells per ml in lysis

omogenization at
buﬂet(MmMTnsHCl pH7Sl1"C/lmMElYl‘A/01mM

nylﬂuonde)wucentnﬁlndulsmongorwmul'(?
After passing through a 0.45-, pMﬂlter.l.helymewu:pplnd
to a Sephacryl $-200 (P h (2.5cm
X 90 cm) equilibrated in lysis bun‘:r at pH 8.0 at 4°C
supphmemed with mo mM KCI md 1 2-4 mcruptnelh-

polycloml anti-OA-519 pepnde um“body as judged by West-
e blot analysis of a 4% SDS/polyacrylamide gel were
pooled, diluted with an equal volume of lysis buffer without
KCl nndlmdedonwaMomQPﬂlS/Smmexchw

was due to fatty acid synthase inhibition.

The column was washed for 15 min at
1 ml/mm and bound material was eluted with a linear 60-ml
gradient over 60 min to 1 M KCl. Fractions containing the
immunoreactive =270-kDa protein as shown by Western blot
were pooled. This procedure results in substantially pure
preparations (>9S%) of FAS (OA-519) as judged by
Coomassie-stained gels.

Fatty acid synthase and the lipogenic phenotype in cancer

pathogenesis

Javier A. Menendez2 (#21) & Ruth Lupuﬂm- About the authors
(/nre/journal/vz/nio/authors/nre2222 html

top (#top)

There is a renewed interest in the ultimate role of fatty acid synthase
(FASN) — a key lipogenic enzyme catalysing the terminal steps in the de
novo biogenesis of fatty acids — in cancer pathogenesis. Tumour-
associated FASN, by conferring growth and survival advantages rather
than functioning as an anabolic energy-storage pathway, appears to
necessarily accompany the natural history of most human cancers. A
recent identification of cross-talk between FASN and well-established

ic nature of

cancer-controlling networks begins to deli the

FASN-driven lipogenesis. FASN, a nearly-universal druggable target in
many human carcinomas and their precursor lesions, offers new
therapeutic opportunities for metabolically treating and preventing

cancer.



B-Oxidation of Fatty Acids

Triacylglycerols are hydrolyzed by cyclic
AMP-regulated lipases

7™
receptor Hormone Adenylate
cyclase
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Fatty acids must be esterified to
Coenzyme A before they can:

1. undergo oxidative degradation,

2. be utilized for synthesis of complex
lipids (e.g., triacylglycerols or
membrane lipids),

3. or be attached to proteins as lipid
anchors.
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Acyl-CoA-Synthase Catalyzes the
Activation of Fatty Acids

ATP  AMP + PP;

i U i
)\' + HS—CoA = )k CoA
0 R s

Unnumbered figure pg 622b
Biochemistry, Sixth Edition
©2007 W.H. Freeman and Company

R

Acyl-CoA-Synthase Catalyzes the
Activation of Fatty Acids

. Acyl CoA synthetase catalyzes the
activation of a fatty acid at two active
sites:

a) It catalyzes the reaction of the fatty
acid with ATP to form an acyl
adenylate.

b) Subsequently, it catalyzes the attack by
CoA on the acyl adenylate to form
acyl-CoA and AMP.

2. Acyl CoA synthetase resides primarily

along the outer mitochondrial : )
membrane Qv
0 o}
Lo + ATP — )L + PP; (1
R o) R AMP
Fatty acid Acyl adenylate
(0] (o]
)]\ + HS—CoA — )k /CoA + AMP (2)
R AMP R S
Acyl CoA

13

14

15



fatty acid ,
"

acyl adenylate

Mo
b 0
» ]
omtmt
o + o b PPi
N
H
o on
| 1
o=t—on , o=t—on
i i
° o
N
o /
QA £
-~ 7
o

W/ Oy
coenzyme A N\)Qj\w

. N
AN
- 0
fatty acyl CoA
AMP y acy O~
C-terminal C-terminal
Domain Domain

Domain
Alternation

N-termi
Domain

Adenylation

Thioester-forming
Conformation

Conformation
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Acyl-CoA-synthase is required for re-synthesis
of triacylglycerides and cholesteryl esters

INTESTINAL MUCOSAL CELL Amino acids —» —> —> Apolipoprotein B-48 Phospholipids

Fat-soluble vitamins

Acyl CoAmonoacylglycerol  Acyl CoAdiacyiglycerol
acyranst

2-Monoacylglycerol “ﬁ% ransiogase Triacylglycerol

CoA CoA
2 Fatty acyl-CoA synetase 2
RC-0" T RC-CoA
Long-chain fatty acids CoA ATP AMP +PP; Fatty acyl-CoA
CoA

Choll

TO LYMPHATIC SYSTEM
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| Fatty acids are activated by fatty acyl CoA synthetase
[requires ATP].

2. Triacylglycerol synthase re-joins 2-monoacylglycerol with
two fatty acyl CoA

3. Cholesterol is re-esterified with fatty acyl CoA by Acyl CoA
cholesterol acyltransferase
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B-oxidation of fatty acids occurs within
mitochondria

Net effect: Long-chain fatty acyl CoA is transported from the outside to the inside of mitochondria

o
RC-CoA >= RC-CoA

‘7::>F.ﬁyncyl CoA Carnitine { Transiocase _ Carniti

MITOCHONDRIAL
TRIX
9
. CoA RC —/ RC CoA
acyl-
Copyright CZ A |ts Kluwer Health | Lippincott ¥illiams & Wilkins

Synthase

misleading arrow: acyl CoA is not directly
shared between the cytoplasm and matrix
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The carnitine shuttle
brings activated fatty acids into
the matrix

|. carnitine acyl transferase | replaces
the CoA with carnitine

(a) Note that the cytoplasmic and matrix
pools of CoA do not directly mix.

2. translocases transfer acyl carnitine into
the matrix

3. carnitine acyl transferase Il swaps
the carnitine for CoA on the fatty acid

4. carnitine is transferred back to cytoplasm

23

carnitine
acyltransferase |

|. associated with outer
mitochondrial membrane

2. transfers acyl chain from CoA
to carnitine

3. releases CoA and acyl
carnitine

4. bears a tunnel that sequesters
the acyl chain during catalysis
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Acyl CoA CoA

Carnitine LA Acyl carnitine

Carnitine
acyltransferase |
Cytoplasmic
side

Translocase ' ! ‘ !

Matrix

» side
Carnitine

acyltransferase

Carnitine (7T Acyl carnitine

Acyl CoA CoA
Figure 22-8

Biochemistry, Sixth Edition
©2007 W. H. Freeman and Company

Fatty acids are oxidized two carbon
units at a time.

O
:

In 1904, Franz Knoop fed his dog
either even or odd-numbered fatty
acids labeled with w-phenyl groups.

=

Odd-numbered chains always yielded
Benzoate in the dog’s urine, while even-

25

numbered chains always yielded
phenylacetate.

D=

Benzoate

This landmark work was the
first to use a synthetic label in
an experiment.
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What about odd chain-length fatty acids?

(0]
H5C )I\ CoA
\C S/
H;

Propionyl CoA

What about odd chain-length fatty acids?
HCO;™ P;
+ +
(IT ATP ADP <:1|' ﬁ ('T o|
Hzc\c/c\s/co“ E f & ,_/,»c\c o _-CoA y /,-'c\c O __CoA
Ha (Biotin) wd M gl ¥
Propionyl CoA p-Methylmalonyl CoA 1-Methylmalonyl CoA
(]
o & ﬂ CoA
0.
methylmalonyl CoA mutase —_— \c/ NN
(cobalamin) ® (l H.
Succinyl CoA
Figure 22-12
Biochemistry, Sixth Edition
© 2007 W.H.Freeman and Company

What about odd chain-length fatty acids?
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What about odd chain-length fatty acids?

Coenzyme B,
(5'-Deoxyadenosylcobalamin)
OH o,

N o = =
WH Ho. Benzimidazole ‘ ‘ ‘
0 Cyanocobalamin Methylcobalamin
o__ Pa /

§.0 CH,0H
Figure 22-13
Biochemistry, Sixth Edition
©2007 W.H_Freeman and Company

What about odd chain-length fatty acids?

5’-Deoxyadenosyl
R

\CH radical
2

~Y \—
s
N——
Cobalamin
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Homolytic
bond cleavage

Figure 22-15
Biochemistry, Sixth Edition
©2007 W. H. Freeman and Company

What about odd chain-length fatty acids?

1-Methylmalonyl CoA Succinyl CoA
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Figure 22-16
Biochemistry, Sixth Edition
©2007 W.H.Freeman and Company
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Cobalamin

Hatom Displaced

°

& Meth)({zlnk'«:lonyl
b A
< Cleavage of bond to

.?;, cobalt creates a radical
that abstracts the Hatom
Figure 22-17

Biochemistry, Sixth Edition
©2007 W. H. Freeman and Company

What about very long fatty acids?

I.  Fatty acids that have 20 or more carbon units get chopped into
smaller pieces, no smaller than 8 units long, within Peroxisomes.

2. The smaller chains are delivered to the mitochondria where they
undergo B-oxidation.

H
H e ))C=CIH\(cH )J\s/c o
And What abOUt (CIS) Palmitoleoyl CoA
unsaturated fatty acids? “ l
o n 9
Two additional enzymes are utilized: Hsc\(cH )/c=c\c )I\s _ oA
2ls H2
|. isomerase (example at right) 4 3 2 1
“moves” dbl bond to dis-A™-Enoyl Coh
appropriate position. 1 cis-A>-Enoyl CoA
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2. reductase deals with adjacent P i )ok con
double-bonds. Hic” “\ﬁ/ \$ e
> W

4 3 2 1
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O [ - :Q'
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Biochemistry, Sixth Edition
©2007 W, H.Freeman and Company

5.4 3 2 1
2,4-Dienoyl CoA

7 FADH, each of which | 7 NADH, each of which Each acetyl CoA
Number of carbons provides 2 ATP when provides 3 ATP when provides 12 ATP
contained in the oxidized by CoQof the | oxidized by Complex 1of | | when converted to
";‘e""elg"’l‘” electron transport chain: | the electron transport €O, and H,0 by the
of j-oxidation Yield = 14 ATP chain: TCA cycle:
Yield = 21 ATP Yield = 96 ATP
s ccccccccceccccceccce E
> FAD 12 ATP
He o] ﬂ
Cue ceccccccccc'c/r + cC
L FADI 12 ATP
. o on ﬁ
Crz ccccczccecgcc +cc
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o o -»
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e Em—C
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- FADI 12 ATP
: =l Lol (97
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@ 3_.'::“,,, L - ‘ 12 ATP
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2 14 ATP 21 ATP ATP
R-G-S-CoA+ cn,-g-s-om\ P SEATE 72
Acetyl CoA 131 ATP - 2 ATP* = 129 ATP
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FATTY ACID DEGRADATION

FATTY ACID SYNTHESIS
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Figure 22-2
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Synthesis of ketone bodies by the liver

PERIPHERAL TISSUES
BLOOD (for example, MUSCLE)
2 Acetyl CoA
AmMNO ACID DTV AC
LIVER CATABOLISM GLYCOLYSIS
M W \/( Acetoacetyl
A Succinate: CoA
CoA  Acetyl CoA t‘ CoA
o TCACYCLE |&1)
Hydroxy. CoA
}) Acetyl CoA 'Succinyl CoA
Acetoacetate > Acetoacetate _ Acetoacetate
NADH + H* t) coa\\ MhAaLL
NAD* _ Acetone . NAD*
3-Hydroxybutyrate > \ > /
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|. During fasting, oxaloacetate is diverted to gluconeogenesis
and hence is unavailable to the TCA cycle.

2. Acetyl-CoA is then diverted from the TCA cycle and
condensed into acetoacetyl CoA and, finally, acetoacetate

3. Acetoacetate can be transported to peripheral tissues and
converted to two acetyl-CoA

Ketone bodies are formed from acetyl-CoA when fat
breakdown predominates

CoA 7/ CoA
5/ & M0 /(oA 5< / \H
=0
\C=o /CoA / s\ =0
C{ SO s vl f=o Sy \c
: /c:o \ / S e / / p-3-| I| d
\_.-CH3 ydroxy-
CoA OIS ® o ® . uiyrale
/e \ ™ /‘
s c=0 HyC
N 74 i o
=0 HyC /gﬁo c_o
iy o
Acetoacetyl CoA 3-Hydroxy-3-methyl- Acetoacetate A(otono
glutaryl CoA
Figure 22-20
Biochemistry, Sixth Edition
© 2007 W.H.Freeman and Company
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Figure 2223
Biochemistry, Sixth Edition
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3.Free fatty acids are I l

released.

ADIPOSE TISSUE

4.Ketone bodies form.

l

5.Blood pH drops.

l

6.Coma and death result.
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