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Relationship between Fatty Acids,
Macrolides and Polyketides

LIPIDS

Complete reduction = Saturated FAs
Partial reduction = Unsaturated FAs (Z-cis)
Triglycerides (Fats vs. Qils)
Phospholipids

=1 Oleic -> linoleic -> a-linoleic -> y-linoleic

/ Omega 3 FAs
CLAISEN REACTION aracador?lc acid, leukotrienes, prostaglandins
5 “Poly-B-keto-ester” acetylenic FAs, branched FAs
Biodiesel...
N MACROLIDES

Varying amounts of reduction/dehydration
Examples = Erythromycin (azithromycin)
“Statins”, “Avermectins”, polyene antifungals,
immunosuppressants

POLYKETIDES
No reduction of keto-groups
Sets chain length for chemical elaboration
Can be aromatized (e.g. tetracyclines)



Fatty Acid Synthase (FAS) Enzymes

* Animals = (Type |) Multifunctional enzyme with
seven discrete, functional domains providing all
catalytic activity. All domains are on a single
polypeptide, encoded by a single gene. The
enzyme is a homo-dimer and both units are
required for activity.

* Fungi = (Type |I) Multifunctional enzyme, seven
domains are distributed over two non-identical
polypeptides (o and [3). Enzyme is a dodecamer

(0tgBe)-



FAS Enzymes Contd.

* Bacteria and Plants
— Type Il FAS Enzymes
— An assembly of separable enzymes
— Encoded by seven different genes

Both Type | and Il FAS enzymes employ
same mechanism to grow the FA chain



The Claisen Condensation

Claisen reaction: acetvi-CoA

acetyl-CoA aJ:cL‘v'] CoA
|_, O O O
/ll\ )\/I\ - W
SCoA Claisen Hy SCoA Claisen CHs n SCoA
acetyl-CoA reaction acetoacetyl-CoA reaction poly-B-keto ester
Claisen reaction: maloavi-CoA
<
oY Claisen 0 malonyl-CoA €O, 0o o0 o
ML o N Scoa )l\/lL ., x
CH{ ~SCoA  — : % —= cH, * SCoA = cHyY Y FT*scoa
0 * 0 repeat of n
reaction

\ % ¥ "SCoA CO, SCoA
] 1\_{] malonyl-CoA

[ O

H )l\
nucleophilic attack alternatively, enzyme ¢ SCoA CH SCoA
on carboayl with generates transient
simultaneous loss of CO; enolate anion o% 1o

1
H* ™ :B—Enz

Mechanistic Evidence:

It is known that the condensation occurs between malonyl co-A and acetyl co-A
« 13/14C evidence shows that no CO, from malonyl co-A goes to 3-keto product




B Oxidation: a Reverse Claisen reaction

dehydrogenation; stereospecific dehvdrogenation;
hydrogen atoms hyvdration of hydrogen atoms
passed to FAD double bond passed to NAD*
0 FAD FADH; 0 H,O 0 NAD* NADH 0 o
HO H
U S Ve & WE - O
R SCoA E1 R SCoA R2 R™ S SCoA E3 R SCoA
fatty acyl-CoA oxidation oxidation oxidation
(chain length Czy) reverse Claisen HSCoA
reaction E4
O 0O
El: acyl-CoA dehydrogenase
E2: enoyl-CoA hydratase )L )‘l\
E3: B-hydroxyacyl-CoA dehydrogenase R SCoA  CHs SCoA
E4: thiolase fatty acyl-CoA acetyl-CoA

(chain length Cs, »)

HOMEWORK: Draw a reasonable mechanism for the

Reverse Claisen reaction
TCA cycle



Fatty Acid 0 load extender unit O Alway S
Molecular/Atomic SCoA ACP-SH H\S ACP Load Starter on Enz-Cys (SEnz)
Level COH El COH load starter unit
malonyl-CoA malonyl-ACP 0 0
Enz—SH
Enzyme-Bound Thioesters Claisen RCHQJ\ SEnz —~——— CHg)l\ SCoA
= i i Reaction
ACP = Acyl Carrier PrOt,em acyl-enzyme thioester acetyl-CoA
SEnz = Enzyme-Cys residue | stereo- and Regio-specific |
H‘ OH O R(;f;l ,:F[:;[;‘-?Ig j\j\ T transfer acyl group
|
RCH;" R SACP 3 RCH; SACP Enz—SH : each turn of the cyvcle extends
- ) . _ketoacyl-ACP I the chain length of the acyl
B-hydroxyacyl-ACP stereospecific B Y | group by two carbons
N reduction of carbonyl I
E2 elimination E4 | —H,0 |
of H,O 2 :
Elimination ) e  Starter unit extended
0 Reduction (0]
/\E)I\ NADPH /\)k by 2 carbon atoms
RCH,” SACP = RCH, sacp’ Can feedback
ES into system as ‘load
ot p-unsaturated acyl-ACP reduction of fatty acyl-ACP starter unit’ reacting
double bond again with malonyl ACP
Enzyme activities of mammalian fatty acid synthase HSCoA / EA H,O
El: malonyl/acetyl transferase
(MAT:; malonyl-CoA/acetyl-CoA-ACP-transacylase) O O
E2: ketosynthase (KS; B-ketoacyl synthase) /\)k /\)]\
E3: ketoreductase (KR; B-ketoacyl reductase) RCH- SCoA RCH; OH
E4: dehydratase (DH) .
E5: enoyl reductase (ER: B-enoyl reductase) fatty acyl-CoA fatty acid
E6: thioesterase (TE) Fungi Mammals



Fatty Acid Domain 1 Domain 2 Example Domains: |
Biosynthesis: Domain 1 = Ketosynthase (KS) Domain

Protein/Domain @ Domain 3 Domain 2 =|ACP B|nd|ng Site

Level Domain 2 = Ketoreductase (KR) Domain
Load Extender Unit on ,
ACP (typically Mal CoA) loading

SH acetyl-CoA malonyl-CoA

SH
Load Starter Unit on 'x “_g
Enz-Cys (Growing FA) %

malonyl/acetyl transferase (MAT)

Claisen reaction
ketosynthase (KS)

fatty acid synthase
D L

O O

_.--‘"’ .
reduction
\ dehydration SH )l\/ll\

S)l\/\
SH transfer reduction S
S .
ketoreductase (KR)

Form malonyl ACP - dehydratase (DH)
and continue extension by 2C unit... enoyl reductase (ER)

v bonding through R S ACP
phosphopantetheine

0 0 0 %‘

EFD}‘W;!IS‘IHH}' T N N 0™ | "O—CHj—Ser—ACP

acyl chain | | | |

- OH
0 : , | DH | : pantetheine bound to serine group
| cysteamine | pantothenic acid | ! of ACP through phosphate

phosphopantetheine




Some Common Fatty Acids

Palmitic Acid:
Principal component of Palm Qil

)\ SCoA Hl\ SCoA

acetyl-CoA CO-H
1 malonyl-CoA
ﬂ 7%
_.J‘}'\_
Ay ff N\
CO,H
starter extender units palmitic acid

it

(16:0)

Stearic Acid:
Principal component of Tallow

)\scm — Hl‘scm

acetyl-CoA CO,H
1 malonyl-CoA
ﬂ B
U I,/ \
: CO-H
. stearic acid
starter extender units (18:0)

it

* 2C Acetate units derived from acetyl coA (starter unit) and malonyl CoA - CO, (extender units)
* Most natural FAs are C,,-C,;but can be C,-C;,
* Rare examples of odd-numbered FAs (e.g. propionic acid C; starter unit)



Saturated Fatty Acids (aka fats) and FA Nomenclature

Abbreviations:
butyric 4:0 - C0:2H

caproic * 6:0 AN C0H
Position of double bonds
i ] NWCGZH { ;

caprylic 8:0 18:2 (9¢,12¢)

; ) PV aP ooy t i i
capric * 10:0 2 Stereochemistry of double bonds
lauric 12:0 WCDZH (c = cis/Z; t = trans/E)

. Number of double bonds

myristic 14:0 2NN NN TN Co.H
palmitic 16:0 P e e P a e Pra e
stearic 18:0 MWW/CDZH
arachidic 200 NSNS ST TSNS COH
behenic 22:0 AN NN NN NN NN NSNS CORH
lignoceric  24:0 N N N N TN N TN TN TN TN TN CO,H
cerotic 260 NN NSNS NSNS NSNS SN GO
montanic 28:0 NWWWCDEH
melissic 30:0 //\MWW\WW\/\M/CDZH

Number of carbon atoms

* To avoid confusion, systematic nomenclature (hexanoic, octanoic, decanoic) is recommended



Unsaturated and Polyunsaturated Fatty Acids (aka oils) — can you spot the ®m-3s?

palmitoleic

VWMCDEH

oleic WCD;H

CIs-vaccenic

linoleic PV e S Ve e e L
a-linolenic \WCD;H
"_f—lim:rlanic MWWCDEH
gadoleic R N e N e e CO,H
gondoic e N e N N N e N e R & 1 |
arachidonic P N e N N e A N CO,H
eicosapentagnoic — — = — CO;H
(EPA)
cetoleic I A g U N N CO.H
erucic R N N e N N N N e N CO;H
docosapentaenoic —_— —_— — CO,H
(DPA)
docosahexaenoic WMMCDEH
(DHA)

Nervonic

16:1 (9¢)

18:1 (9¢)

18:1 (11c)

18:2 (9¢,12c)

18:3 (9¢,12¢.15¢)

18:3 (6¢,9¢c,12¢c)

20:1 (9c)

20:1 (11c)

20:4 (5¢.8c,11c.14c)

20:5 (5¢,8c.11c.14c.17c)

22:1 (11c)

22:1 (13c)

22:5 (7¢,10¢,13¢,16¢,19¢)

22:6 (4¢,7¢,10¢,13¢,16¢,19¢)

24:1 (15¢c)



El:
E2:
E3:

. diacylglycerol acyltransferase (DGAT) OCOR!
RECDD{

OCOR?

Triglyceride Biosynthesis

SCDA

OH E OCOR!
OP k1

glycerol 3-P ﬁii’}:;i?m” 1-acylglycerol 3-P

fatty acyl-CoA (lysophosphatidic acid)

glycerol 3-phosphate acyltransferase (GPAT)
lysophosphatidic acid acyltransferase (LPAT)
phosphatidic acid phosphatase (PAP)

triacylglycerol
(triglyceride)

X

RZ"™ TSCoA
E OCOR!
R2COO »C
E2
esterification .
with gf;mm 1 J,Z-;lilzfcgifl]gllﬁgernli S-P
fatty acyl-CoA (phosphatidic acid)
H,O
E3
hvdrolysis
j\ of phosphate
R3 SCoA OCOR!
4—4 R2CO0 —C
esterification 1,2-diacylglycerol
with third

fatty acyl-CoA

Most FAs are bound as glycerol triesters (triglycerides) and can be common or mixed FAs

In nature most triglycerides are mixed and therefore isomers can form (central atom is chiral)
If the phosphate remains intact, phospholipids results

Phospholipids are important components of cell membranes

e.g. Platelet activating factor (in mammals) nM potency for e.g. blood clotting (Ginkgolides =

selective antagonist)



Fuel Properties of Fats/OQils:
Think Biodiesel!

FFA e T g o el e ey e
C8:0 16.7 239.7 0.910
C10:0 31.6 269.0 0.893
C12:0 432 298.9 2.43 67 >40 0.880
C14:0 54.4 250.5 3.30 66 >40 0.862
C15:0 51:53 257.0 0.842
C16:0 62.9 351.0 4.38 86 >4() 0.853
C16:1 -0.1 3.67 51 2.1 0.894
steric C18:0 69.6 383.0 5.85 101 >40 0.847
oleic C18:1 13:14 360.0 4.51 59 2.5 0.895
linoleic C18:2 -5:-12 230.0 3.65 38 1.0 0.900
a-linoleic| (53 3.14 23 0.2
C20:0 75.5 328.0 0.824
C22:1 33.8 381.5 74 0.860
C22:6 —44.0 446.7 0.943

Fakhry, et al. J. Water Resource Protection 5, 9, 2013



Prostaglandins

8 8 5 8 5
— — — CO-H — — CO;H
ml{ m m\
11 14 11 14 11 14 17
dihomo-y-linolenic {ﬂs-] L14 arachidonic (.ﬁj-E" L4 eicosapentaenoic {ﬁi&' 1,14,17y

o

. o
. M CD:H - W - w
= CO,H CO.H
i ;’ I J" 1
HO OH HO OH

HO OH

PGE, PGE, PGE;

Prostaglandins responsible for diverse physiological functions including smooth muscles contraction/relaxation,
(uterus, cardiovascular, intestinal, bronchial), inhibit gastric acid secretion, control blood pressure, suppress platelet
aggregation, mediators of inflammatory response,

fever and allergy.

y-linolenic acid, aracadonic acid and omega 3 FAs are precursor to prostaglandin E biosynthesis

Secondary messenger compounds -> modulating transmission of hormone stimulation and metabolic response.
Have been “holy grail” of drug targets for years, but chances of unwanted side effects are very high

since they have so many interrelated functions.

NSAIDS inhibit early steps in prostaglandin biosynthesis ->transformation of unsaturated FAs into cyclic peroxidases

(free radical mechanism involving COX enzymes) Entire biosynthetic mechanism -> page 60



Interesting Fatty Acids from Echinacea

|
|
<]
I
=
=
= |~
a
i?

. O
Z
——— _— N/\(
H
R =H or Me
0

diene-divne alkamides

* Commonly used for immunostimulatory effects (vs. the common cold)

* The bio-activity has been linked to combinations of the above FAs (synergism)

* Immunostimulatory, anti-inflammatory, anti-bacterial, anti-viral

» Alkylamides derived from valine and isoleucine (comprise ~ 0.6% w/w of plant roots)
* Diene-diynes degrade significantly during drying and prolonged storage

» Caffeic acid is from shikimic acid pathway (mixed biosynthesis) and a lignin precursor



Poison lvy/Oak

3 x malonyl-CoA reduction
MI SCoA
E—
palmitoleoyl-CoA 0
- C0; i aldol
hyvdroxylation
HO
22:1 w’-urushiol OH 22:1 ®'-anacardic acid OH

Mechanism of action: Oxidized to quinone and attacked by nucleophilic groups of protein



Polyketide Synthases (PKS) allow for Differentiation
between Aromatics, Macrolides and FAs

Load Extender Unit
G .
\)\ ACP: acyl carrier protein KR: ketoreductase (typically Mal CoA)
HO,C SCoA SC A AT: acetyl transferase KS: ketosynthase
0 DH: dehydratase MAT: malonylfacetyl transferase Growina Chain on
malonyl-CoA acet}rl -CoA ER: enoyl reductase g
load load S-Enz (via ACP)
extender unit | MAT starter unit

0 transfer acyl group; repeat cycle

o, Ay !
! SACP RCHZJI\SEM - ‘

Claisen @ :__________________' !
reaction I i
o 0 @ H OH O 0
RCHY SACP RCH- SACP RCH2 SACP RCH- SACP

B-ketoester reduction hydroxyester cnnjugated ester [oduction reduced ester
) |

Enz—SH

l no reduction varying amounts of all keto groups
of keto groups reduction/dehydration reduced
O O O 8] O O

)I\./“\./“\./u\/u\ o9 ¢ /\/\/\/\)I\
RCH, SACP /I\)I\/\/\/l\ RCH; SACP
l RCH, = SACP l

aromatics l fatty acids
macrolides

Type Il PKS (bacteria only)  Type | PKS (bacteria, fungi)



Erythromycin Retro-biosynthesis

starter unit extender units
CO,H
ﬂ/ SCoA 4 gx )W/ SCoA
0] 0

. /

1: identify starter and extender units !

from hypothetical poly-f-keto chain .

that retains all carbonyls; start by |

breaking lactone function and using + T
O

any oxveen functions as a guide
y oxygen fi 8 not reduced
0 f

6-deoxyerythronolide B

2: deduce fate

oearbonsls reduced o e
reduced
00 reduced
— — %1
SEnz 0 OH
reduced
U‘ 0 )

erythronolide A Y reduced

starter unit enzyme-bound polyketide

oxygens in bold are part hypothetical poly-B-ketoester

of poly-B-keto chain

@ hydroxyls are not part of
the poly-B-keto chain;

A they are introduced later



PKS Enzymes

- Modular
- Genes encode

proteins, encode

modules

- ACP long

swinging arm

- Stereospecific
- Engineer-able!
e.g. Z-Pack
(azithromycin)

azithromycin

D-desosamine

NMea

OMe

L-cladinose

ervA-1

ervA-IT

eryA-II1

T

DEBS 1

Module 1

0
CO,H SCoA

0
CO,H SCoA
o=§;

ACP: acyl carrier protein
AT: acyltransferase

DH: dehydratase

ER: enoyl reductase
KR: B-ketoacyl reductase
KS: B-ketoacyl synthase
TE: thioesterase

mcﬁ wwv  bonding through

phosphopantetheine

DEBS 2

Module 3 Module 5

Module 2 ——— Module 4  r———mmmw Module 6

CO,H SCoA

0
COH SCoA
0]

CO.H

0

SCoA

CO,H

6-deoxyerythronolide B

release
[ ]

genes

proteins

modiles

enzyme
activities



Tetracycline Part 1

reduction of 9-ketone

Gln, ATP l El 0. 9 SEnz
8 x malonyl-CoA

CoAS NH, -
r T E2-5

0 (0]
malonamyl-CoA

malonyl-CoA

OH OH OH O 0

l E9 C-methylation hvdroxylation at activated
para to phenol centre para to phenol OH
OH
H E10 NHy gy NH,
OH OH OH OH O OH OH OH OH O OH OH OH OH O
pretetramide 6-methylpretetramide 4-hydroxy-6-MPT
El: OxyD {amidotransferase) E7: OxyK (aromatase)
E2: OxyA (ketosynthase) E8: OxyN (cyclase)
E3: OxyB (chain length factor) EY9: Oxyl (cyclase)
E4: OxyC (ACP) E10: OxyF (methyltransferase)
E5: OxyP (acyltransferase) Ell: OxyL (oxygenase)

E6: Oxyl (9-ketoreductase) E12: OxyG (oxygenase)



Tetra

cycline Part 2

NMEE NHE . . 0
H 1 1 transamination
OH  sam PLP OH
- -
H OH —
OH OH O 0 0 OH OH O 0 0 OH OH O 0 O
anhydrotetracycline 4-keto-6-MPT
0, K15 6-hydroxylation; ) reduction of double bond of o, p-
NADPH = consider the tautomeric unsaturated ketone; enol form is
CH-CH=CH-C=0 form then favoured due to conjugation
HO - I:IMEZ 5-hydroxylation
OH
e
NH2 16

H
(]

OH O o 0O

Ja,l la-dehydrotetracycline

NADFH l

H OH
OH O 0] O 8] OH O OH

3a,lla-dehydro-oxytetracycline oxytetracycline

Jurther modifications as in
tetracycline pathway

chiorination at activated
site para to phenol

I:‘[MEE Cl

OH OH _ |
NHE e — NHE
OH OH H
OH O OH O O OH O OH O O OH OH O O O
tetracycline chlortetracycline 7-chloro-4-keto-6-MPT
E13: Oxy(Q), OxyR (aminotransferase)
El4: OxyT (N-methyltransferase)
El15: OxyS {(oxygenase)
El6: OxyE (oxygenase)
E17: TchA (reductase)



CHO

Linear Polyketides

CHO

- Formed by “cascade” reactions

- e.g. cyclic polyether toxins formed
from long chain polyepoxides Senuence, St : cHo

- Dinoflagellate “red tides”

CHO

ciguatoxin



