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derivative 8 with L-Selectride produced only the acetyl transferred condensation

product 9. A similar regioselectivity was observed with L-Selectride reduction of

other a.,j}-unsaturated compounds (e.g., the acetyl acryloyl derivative). Results

of isotopic-labelling experiments support an intramolecular acyl transfer

mechanism for these condensations. This system mimics some of the features

iii

ABSTRACT

Glycoluril 1 acts as a bifunctional template, allowing efficient and repetitive

Claisen-type condensations between attached acyl units. Thus acetoacetyl

derivative 3 was prepared from 1 via 2. After conversion to the erotonate

derivative 4 (2 steps, fH;arbonyl reduction and dehydration). a second cycle of

acylation and condensation gave crotonyl-transferred product5. Repetition of the

sequence gave the 8-carbon derivative 6. Reduction of 4 with L-Selectride

afforded the butyryl derivative 7. allowing further acetylation and condensation

reactions leading towards long fatty acid chains. The product ratio from

condensation of the acetyl butyryl derivative of 1 is 4:1 in favour of deprotonation

of the acetyl group and transfer of the butyryl group. Reaction of 7 with lithium

benzyloxide gave recovered 1 and benzyl butyrate. Treatment of crotonyl acetyl

1.R,=Rz=H
2. R, =Rz=Ae
3. R, =C~COCHzCO, Rz=H
4. R, =CHsCH=CHCO, Rz=H
5. R, =C~CtL-eHCOCHzCO, Rz=H
6. R, =CHs(CtL-eHhCOCHzCO, Rz=H
7. R, =CHs(CHz}zCO, Rz=H
8. R, =C~CH=CHCO, Rz=AI;

9. R, =C~CHz(AI;)CHCO, Rz=H
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CHAPTER 1.INTRODUCllON

1.1 Enzymes as catalysts1.2

Enzymes catalyze biochemical transformations to provide materials and

energy for living systems. Most enzymes are special proteins built from amino

acids through amide bond connections. A few RNAs have also been found to

have catalytic activities. The major features of enzym~talyzed reactions

indude a high degree of specificity as well as high efficiency; these attributes

have attracted the interest of organic chemists. Most er.zyme-catalyzed reactions

take place on a special area of the protein catalyst surface, which is referred to

as the active site. Chemical transformations carried out at the active site follow

the general principles of organic and physical chemistry. However, specific amino

acid side chains with a well defined geometrical alignment can provide multiple

catalytic functionalities which operate simultaneously. This simultaneous action

can provide a new and efficient reaction pathway in which the rate-determining

step has a lower free energy of activation than that of the uncatalyzed reaction.

Usually, all transition state anergies in an enzyme-catalyzed reaction are lower

than those of the corresponding uneatalyzed process; however, there are at least

two more transition states corresponding to the binding of substrates and release

of products in the catalytic reaction.



The initial binding step is one of the most important processes and the

large binding energy (aHbinding is large and negative) provides the first driving

force for enzyme catalysis. Enzyme-substrate complex formation in a binding

process involves a large loss of entropy (a~inding is also large and negative),

which can be offset by the binding energy according to the free energy equation:

aGbinding = aHbincfl1lQ - Ta~nding

The net value of the free energy change aGbinding must still be negative

to give efficient binding. This binding process leads all catalytic groups to act co­

operatively and substrates to be optimally oriented (spatially and stereo­

electronically) on the same molecule. Therefore the subsequent step of an

enzyme-catalyzed transformation actually proceeds in an "intramolecular" fashion

and the free energy of activation (6G+> is substantially lowered due to little further

loss of entropy in the transition state (as+ - 0).

Fag.l.1.1
Qualitative mustration ofEntbalpy Cbanges
inEmymatic Binding aud Cata1ys&.
E &for Enzyme; S forSuhslrate; bot. for Binding
Transition State; bog. for Binding Ground State.

2

configuration at some point in the reaction. Tight binding would therefore be

expected for analogues with sp2 hybridization at this position.4 In the second

experiment. triosephosphate isomerase was inhibited by a transition state analog

2-phosphoglycollate. as discussed by Wolfenden 5

The free energy of activation of an enzyme-catalyzed reaction is lowered

due to this discriminating binding as well as the entropy advantage and a large

rate acceleration is therefore observed.

1.2 Biosynthesis of Fatty Acids,,8.9,10.

Fatty acids are carboxylic acids which usually contain long linear

hydrocarbon chains. An even number of carbon atoms ranging from 2 (acetic

acid) to 20 (arachidic acid) is very common for fatty acids found in biological

systems. Short chain fatty acids (10 carbon atoms or fewer) are intermediates in

many pathways of metabolism and are found, for example, in milk. Longer fatty

acids with 12 to 18 carbon atoms exist predominantly as lipid and fat constituents

and can be easily obtained in large quantity from fat hydrolysis. Ara=hidic acid

(C2Q) is an intermediate during the biosynthesis of prostaglandins.

Phospholipids and glycolipids, which contain fatty acids as constituents,

4

Although the initial binding step of substrate to an enzyme is very efficient.

the enzyme has evolved to bind the transition state of the rate-limiting step in the

catalyzed reaction even more favourably than the ground state of the substrate.3

This can result ina~eat. <a~uneat. due to aHb.9. > aHb.t , as shown in Fig. 1.1.1

(aHb.g. is the enthalpy change of binding the ground state of the substrate to the

enzyme and aHb.t is that of binding the uncatalyzed transition state; S is

substrate).

The evidence to support the stronger binding between an enzyme and the

transition state comes from two early experiments.4,5 A stable compound that has

a structure similar to the transition state of an enzyme catalyzed reaction can be

a competitive inhibitor of that enzyme (Transition State Analog Inhibitor).6,7 For

example. proline racemase from Clostridium stickJandii can bind pyrrole-2­

carboxylic acid 16o-fold stronger than the substrate L-proJine as shown in Fig.

1.1.2. Pyrrole-2-ea.rboxylic acid can hence act as a competitive inhibitor of the

proline racemase. The a-earbon atom of the substrate assumes a near-planar

L-Prollne D-Proline PyrroIe-2-earboxylic acid

Fig.1.1.2 Proline Racemase Inhibited by PyrroJe-2-earboxyflC Acid.

3

are the important structural components of cell membranes. However, there is a

much larger quantity of the fatty acid, which functions as a reservoir of stored

energy in the form of triacylglycerols esters. The oxidation of hydrocarbon chains

of fatty acids to CO
2

and H20 provides one of the major pathways to supply

energy for biological activities.

Due to the importance of fatty acids for the survival and well-being of

organisms and their ubiquitous nature. they are classified as primary metabolites.

The biosynthesis of fatty acids has been widely studied for more than a half

century and the intricate biochemical mechanisms have been well understood.

Fatty acid biosynthesis occurs in the cytoplasm with an acetyl group from acetyl­

SCoA as a starter unit; malonyl-SCoA provides the subsequent building blocks.

Fatty acid synthase (FAS) contains seven enzymes of different functions

and an acyl carrier protein (ACPSH or HSACP). One of the enzymes is the 3­

ketoacyi-SACP synthase (referred to simply as condensing enzyme). FAS directs

the repeated Claisen-type condensations between acyl and malonyl groups and

uses 2 thiol groups as binding sites for each cycle of condensation. One of the

active site thiol groups is contributed from one of the ACPSHs and the other from

those of the condensing enzymes.

In all organisms, fatty acids are constructed by following an essentially

5



universal head-to-tail sequence (Scheme 1.2.1): the acetate unit at the methyl

terminal is the starter unit and subsequent ones are sequentially added to the

carbonyl terminal. However, two basic types of FAS with structural differences

have been identified. At one extreme, Type I FASs are single enzymes which

possess all the catalytic functions required to assemble the fatty acid. These

functions are present in several different domains of the multifunctional

proteins.11 Type I FAS is usually found in eUkaryotic organisms. At the other

extreme, FASs in prokaryotic micro organisms and plants are classified as the

Type II FASs, which consist of a group of seven dissociable enzymes and an

ACPSH, all of which can be isolated separately.12 In this case, each separate

enzyme is monofunctional and catalyses a single step such as condensation, J}­

keto reduction, dehydration or enoyl reduction, etc.

Until recenty, it was generally accepted that the Type II FASs contain two

dissociable condensing enzymes (I and II) which catalyze condensations between

a malonyl-SACP and an acyl thiol ester. Fatty acids with chain length less than

16 carbon atoms are assembled on condensing enzyme I, while condensing

enzyme II plays the role of lengthening the fatty acids from C16 to C18 and

beyond. However, a third condensing enzyme, condensing enzyme III has been

reported, first from spinach13 and then from E. coIi.14 The condensing enzyme

III is often found in higher plants and is probably general forType II FASs.15 The

function of condensing enzyme III is to mediate the first decarboxylative

6

condensation in fatty acid biosynthesis between malonyl-SACP and acetyl·SCoA

to generate acetoacetyl-SACP. In the first binding step, one acetyl group from

acetyl-SCoA was generally believed to be transferred to an ACPSH and then to

the active site thiol of a condensing enzyme.8.9 Recent studies, however, have

shown that condensing enzyme III has preference for directly binding acetyl­

SCoA; that is, acetyl-SCoA is a better substrate than acetyl-SACP and is directly

used by condensing enzyme 111 without transacylation on to an HSACP or another

thiol residue.13.14,15 The condensing enzyme III is sometimes called 'short chain

3-ketoacyl-SACP synthase' because when the condensing enzymes I and II are

selectively inhibited, the condensing enzyme III can generate C6-acyl-SACP

product.

In the next binding step, a malonyl group from malonyl-SCoA is transferred

to the ACP. The chain elongation is then initiated by enzymEH:atalyzed

decarboxylation of the malonyl unit to generate a transient enolate. The following

acetyl transfer takes place immediately from the active site thiol of the

condensing enzyme to the ACP-bound enolate via Claisen-type condensation.

This acetyl or acyl transfer is truely intramolecular for Type I FAS, as the FAS is

a single multifunctional protein including the segments of HSACP and condensing

enzyme. On Type II FAS, which is formed as a complex of individual enzymes,

the acyl transfer is also "intramolecular-like". It is proposed that the formation of

the new e-c bond between acetyl and malonyl groups could occur concertedly

8

~
NADPH /A
~~cH

Scheme 1.2.1. Steps in Fatty Acid Biosynthesis .
(SA=Thlol on ACPSH; Sc=Active Site Thiol on Condensmg Enzyme)

7

with loss of carbon dioxide in order to explain why malonyl-SCoA is the source

of the C2 units that are added to the starting acetyl unit. No experimental

evidence has been established to distinguish these two mechanisms (concerted

and transient enolate). However, mechanistic studies using deuterium-labelled

malonyl-SCoA demonstrated that the decarboxylative condensation in the fatty

acid biosynthesis proceeds with inversion of configuration at the methylene

position of the malonyl unit.16.17 It is evident that an important aspect of enzyme

catalysis involves orientation of acetyl (or acyl) and malonyl moieties on the

enzyme surface. This optimal orientation greatly contributes to the facilitated

formation of a ·unimolecular" transition state.

Acetoacetyl-SACP is then reduced stereospecifically in the presence of

NADPH to produce exclusively the enzyme-bound (3R)-hydroxy intermediate.

Next, dehydration produces a 2-(E)-enoyl-SACP species. A further reduction

mediated by NADPH produces a saturated acyI-SACP intermediate, completing

the first cycle of transformations. The second cycle starts with the transfer of the

butyryl group (as a new starting unit) from butyryl-SACP to the condensing

enzyme and addition of a malonyl group from malonyl-SCoA to the HSACP.

Further transformations involve repetition of the steps that occur when the acetyl

group is the starter unit, namely decarboxylative condensation, carbonyl

reduction, dehydration and olefinic reduction. The carbon chain is thus

lengthened by a two carbon unit every cycle.

9



The whole iterative process terminates when the hydrocarbon chain

reaches a length specified by a particular enzyme, usually C1S or C1a, yielding

palmitic or stearic acids or their thiol esters. It is believed that as the chain length

approaches C1s-C1a, the active site thiol of some condensing enzymes has a

greater affinity for an acetyl-SACP species. Access of acyl substrates bigger than

C1s-C1a to the active site may be hindered due to steric or electronic effects. A

recent study showed that some thiolases can control the chain extension by

cleaving the fatty acid of a specific carbon chain length from FAS.1a

aflatoxins are examples of polyketides. There are hundreds of other polyketides

with different structures. which can exhibit antibacterial, antifungal, antitumor or

antihelmintic properties.

_OH_"_IYi(YMe Me

Trr

~~~Et X OH- OH-

('''-- C~...-< + co,.. ... 0 0 ... 0
Dehydracetic acid

Some FASs can utilize a building unit other than acetate, e.g., propionate,

isobutyrate, etc., producing naturally occurring fatty acids which possess

branched alkyl groups or carbon chains with odd atoms. Methylation of a fatty

acid chain by S-adenosyl methionine provides an altemative pathway for

generation of methyl branch(es).a,9

1.3. Biosynthesis of Polyketidesa,9,10.19

Polyketides are secondary metabolites; that is, they are found in one or a

small number of closely related species. Despite the large structural diversity of

polyketides, they are derived from small carboxylate units with poly"~keto acyl

chains or their modified forms as intermediates. Plant flavonoids and fungal

10

Diacetyl acetone

Scheme 1.3.1
Early Experinents in
Polyketide Cyc\izations.

Naphthalene derivative

II

Lco,"~ Jvco,.
HO~ O~~

Orsellinic acid 0

11

Some polyketides produced by fungi and bacteria are associated with

sporulation or other developmental pathways. while many others have not been

found to have any biological activities. The polyketides may be aromatic

compounds, polyols, polyenes, polyethers, or macrolides. Some complex

polyketides contain structures derived from a mixture of these entities.

An early experiment involving the in vitro cyclization of polyketides was

reported by Collie in 1907.20 He proposed that a similar process may operate in

vivo. He treated diacetyl acetone with base, and obtained a naphthalene

derivative, while cyclization of dehydracetic acid yielded orsellinic acid (a natural

polyketide, Scheme 1.3.1 ). Collie's acetate hypothesis received little attention until

1953 when Birch21.22 established that a wide range of structural types were

derived biologically from repeating acetyl-units. He showed in his first example

that [1-'~]-acetate was incorporated into 6-methylsalicylic acid dUring its

Me

6::"
6-IIethylsallcylic actd

Scheme 1.3.2
Incorporation Pattern of [1_14(:] Acetate into ~thylsaDcylicAcId.
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biosynthesis in Penicillium griseofulvum organisms as shown in Scheme 1.3.2.

Birch also studied a more complicated metabolite, griseofulvin, an antifungal and

antibiotic substance isolated from Penicillium griseofulvum and obtained the

labelling pattem (Scheme 1.3.3). Birch's success in these studies initiated many

otherstudies on polyketide biosynthesis using acetate labelled with 14C, 1SC, 1aO

and 2H.

~
SCoA Me

Griseofulvin

7CH3COO"

Scheme 1.3.3 Incorporation Pattern of [1_14(:] Acetate into Griseofulvin.

Knowledge in the structure elucidation, biosynthesis and bioactivities of

polyketides has been growing rapidly forthe lastthree decades. Analogy between

FAS and polyketide synthase (PKS) has been well established. Both of FAS and

PKS contain ACPSHs and condensing enzymes and uses two distinct thiol

groups as active sites for each cycle of the carbon chain elongation. However,

the polyketide biosynthesis is still known in much less detail than fatty acid
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