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ABSTRACT

Carnitine acetyltransferase (CAT) catalyzes the reversible transfer of 

short chain (less th an  six carbons in length) acyl groups between carnitine 

and coenzyme A (CoA). This reaction likely modulates the reserves of free 

CoA and acetyl-CoA in  each organelle and membrane in  ways specific to the 

local demands. To probe the structures of the molecular interactions between 

carnitine and the active site in CAT, we have designed and synthesized 

conformationally constrained reaction-interm ediate analogues, which not 

only inhibit enzymatic activity, bu t also help reveal the topography of the 

active site.

The syntheses of (2R,6R )-, (2S,6S )-, (2R,6S)-, and (2S,6R)-6 - 

carboxylatomethyl-2-hydroxymethyl-2,4,4-trimethylmorpholinium are

described. The single-crystal X-ray structures of these compounds are 

presented. These four stereoisomers are tested as specific inhibitors of CAT. 

The results confirm the hypothesis th a t there is two-point recognition by CAT 

for carnitine and acetyl-CoA is the th ird  locus for chiral recognition. The 

results also strongly support the proposed mechanism for acetyl transfer 

between carnitine and CoA.

The syntheses of methyl (2S,6S;2R,6R)- and (2S,6R;2R,6S)-2-[6-(2- 

cyanoethyl)-4,6-dimethylmorpholinyl]acetate and the resolution of 5-(N,N- 

dimethylamino)-4-hydroxy-4-methylpentanenitrile are also described.

x



C h a p t e r  I

INTRODUCTION

1.1. G E N E R A L

C arnitine (3-hydroxy-4-trimethylammoniobutanoate, see below), a 

n a tu ra l constituent of higher organisms, is absolutely necessary for efficient

CU  p u

(CHl)3K  2- C O -  R = H; carnitine.

RO H R = acyl; acylcarnitine.

metabolism of long-chain fatty  acids . 1 " 5  F atty  acids are activated by forming 

acyl-coenzyme A (acyl-CoA) on the outer mitochondrial m em brane, whereas 

they are oxidized in  the mitochondrial m atrix. Long-chain acyl-CoA 

molecules cannot penetrate the inner mitochondrial m em brane leading into 

the m atrix. Acyl groups m ust be transferred  to carnitine to form 

acylcarnitine, which can penetrate the membrane. Once inside the matrix, 

the acyl groups are transferred  back to coenzyme A (CoA) and oxidation can 

then  occur. The oxidation of fatty  acids occurs also in peroxisomes . 3 >4 >6 >7  The 

oxidation in peroxisomes is not complete, bu t term inates a t acyl-CoA residues



of short- and medium-chain length . 3  These chain-shortened acyl-CoA 

residues are then  esterified to carnitine and the resulting acylcarnitines are 

transported out of peroxisomes for further metabolism. A recent study 8  

suggests th a t carnitine is involved in  the metabolism of both short- and long- 

chain acyl-CoAs w ithin lymphocytes and phagocytes. Carnitine may play a 

significant role in  the metabolism of medium-chain fatty  acids as well . 9  In 

addition, carnitine can buffer the acylation state of the CoA pool in  ways 

specific to the local metabolic dem ands . 1 9

C arnitine is essential for good health. Tissues with inadequate 

concentrations of carnitine exhibit severely im paired cellular energy 

m etabolism . 1  A diverse collection of diseases are related to carn itine . 1 -5  

Since the discovery of the first case of hum an carnitine deficiency , 1 1  carnitine 

has been used for therapy . 1 2  Alzheimer's disease is the most common cause 

of dem entia in  developed countries and affects about 3-4 million 

Am ericans . 1 3  The progression of Alzheimer's disease can be significantly 

reduced by adm inistration of acetylcarnitine . 1 3  Carnitine also plays an 

essential role in  hum an nu trition . 5 - 1 4  Requirem ent for carnitine is increased 

by rapid growth (infancy, or the repletion of protein-calorie undernutrition), 

pregnancy, lactation, metabolic acidosis, certain drugs excreted in  acidic 

form, renal dialysis and renal tubu lar disorders . 1 4

Carnitine functions as an acyl carrier in  fatty  acid metabolism and 

acts as a buffer for the acyl-CoA/CoA ratio. The reversible acyl transfer 

between carnitine and CoA is catalyzed by carnitine acyltransferases
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(Scheme 1.1 ) . 2 "4 ’ 1 5  Therefore, both carnitine and  carnitine acyltransferases 

play vital roles in  fatty  acid metabolism and are essential for good health. 

Carnitine acetyltransferase (CAT), carnitine octanoyltransferase (COT), and 

carnitine palm itoyltransferase (CPT) have been identified. They are 

classified on the basis of their subcellular localization and substrate 

specificity . 2  CAT, which is selective for short-chain acyl groups, is found in 

mitochondria, peroxisomes, and microsomes . 1 6  COT w ith specificity for 

medium-chain/long-chain acyl groups is found in  peroxisomes and 

microsomes . 1 ^ ' 2 1  CPT, selective for long-chain acyl groups, is found on the 

mitochondrial outer m em brane (CPT-I) and in  the mitochondrial m atrix 

(CPT-II).17>18>22-27 CPT is also found in  microsomes , 2 8  peroxisomes , 2 9 ’3 0  

erythrocyte plasm a m em brane , 3 1  and sarcoplasmic reticulum . 3 2  

Considerable overlap of acyl chain length selectivity occurs for COT and CPT. 

Our long-range goal is to elucidate the structures of the molecular 

interactions between carnitine and the active sites on these enzymes. 

Identifying these molecular interactions will lead to a better understanding 

of the physiological chem istry and, more specifically, of the regulation of the 

enzymes. This project will focus on CAT.



1.2. CARNITINE ACETYLTRANSFERASE

CAT is widely distributed in  nature, occurring in different organisms 

from yeast to m am m als . 2  Very high CAT activities are observed in  ra t  heart, 

testis, and brown adipose tissue . 3 3  CAT is also uniformly distributed in the 

nervous system . 3 4 -3 5

CAT has been purified from different tissues and organelles, including 

pigeon breast muscle hom ogenate , 3 6 ' 3 0  pig h ea rt , 4 0  mouse liver 

peroxisomes , 2 0  yeast peroxisomes , 4 1  yeast m itochondria , 4 1  yeast cell-free 

extract , 4 2 -4 3  r a t  liver m itochondria , 4 4 -4 5  r a t  liver peroxisomes , 4 6  r a t  liver 

microsomes , 4 6  ra t  liver homogenate , 4 5  bovine h ea rt,31,41 bovine 

sperm atozoa , 4 7  chick embryo liver , 3 0  and hum an liver . 4 8  In  general, CATs 

from different sources have sim ilar properties w ith molecular weight ranging 

from 51,000 to 75,000 and pH optimum between 7.2 and 8.0 . 1 6  Most of the 

CATs show the highest activities w ith C3  or C4  acyl groups . 1 6

The wide distribution of CAT indicates its im portant physiological 

functions. The role of CAT in  buffering acetyl-CoA/CoA ratio in the 

m itochondrial m atrix  has been established . 1 0  In  the mitochondrial m atrix, 

free CoA is required for the function of the citric acid cycle, for p-oXidation, 

for the detoxification of organic acids, for the oxidative degradation of amino 

acids, and as a substrate  for pyruvate dehydrogenase and a-ketoglutarate 

dehydrogenase. Therefore, lack of free CoA can lim it the mitochondrial 

capacity for energy production. CAT can m odulate the acyl-CoA pools and 

facilitate formation of free CoA under conditions of accum ulating acyl-CoA.



In hum an muscle tissue, an  increase in  acetylcarnitine occurs during 

endurance exercise , 4 9 *5 0  indicating th a t, under the regulation of CAT, 

carnitine functions as an  acceptor for an  acetyl group to buffer excess acetyl- 

CoA formed from pyruvate decarboxylation and P-oxidation and release CoA 

for energy production. The modulation of the acyl-CoA pools may also be 

im portant in  metabolic regulation in  normal tissue , 2  protecting the tissue 

from build-up of toxic acyl-CoA5 1 - 5 3  and providing a pathw ay for storing or 

excreting the acyl moieties if  th e ir  norm al m etabolism  is im p aired . 2 -5 3 -5 4  

Acetylcarnitine can serve as a reservoir of activated acetyl units and provide 

an  im m ediate source of energy . 2 - 1 0  CAT found in  endoplasmic reticulum  and 

in  peroxisomes can convert cytosolic acetylcarnitine into acetyl-CoA, which 

could be used for the synthesis of malonyl-CoA in  the heart. Accumulation of 

acetyl-CoA in  the cytoplasm would also serve to decrease the free CoA 

available for fatty  acid activation . 5 5  CAT in  each organelle or m em brane can 

m odulate the reserves of free CoA and acetyl-CoA in  ways specific to the local 

dem ands . 1 0  The buffer role of CAT in  general fits in  well w ith the tissue 

distribution of the enzyme, which correlates w ith high metabolic activity . 5 6 -5 7  

Another im portant role for CAT is th a t i t  may shuttle short-chain 

acylcarnitines out of peroxisomes for tissues th a t chain-shorten long-chain 

fatty  acids via peroxisomal P-oxidation . 2 - 1 0

The functions of CAT indicate its im portant roles in  hum an health. 

The significance of CAT in  hum an health  was dem onstrated by the 

discoveries th a t deficiency in  CAT activity was present in  the brain  and other



tissues of a patien t suffering from fatal ataxic encephalopathy 5 8  and in  the 

brain, heart, and kidney of a  baby w ith poor respiration, failure to thrive and 

low levels of esterified carnitine in  u rin e . 5 9  CAT activity is decreased in  the 

brains and microvessels of patien ts w ith Alzheimer's disease . 6 0

A large litera tu re  exists about CAT. The advances in  the area of CAT 

up to 1987, including physical properties, kinetics, and inhibition of CAT, 

have been reviewed by Colucci and G andour . 1 6  Several generalizations have 

been m ade about the CAT-catalyzed acetyl transfer reaction between 

carnitine and CoA. The binding of carnitine and acetylcarnitine probably 

requires recognition of both carboxylate and quaternary  ammonium portions 

of the molecule and m ay involve recognition of charge. Binding of carnitine 

occurs by an  induced-fit m echanism  and binding of CoA, or acetyl-CoA, 

occurs in  a lock-and-key fashion. The kinetic m echanism fits a random -order 

equilibrium  model. The molecular m echanism  of acetyl transfer is probably 

addition-elim ination w ith general base catalysis of hydroxy attack on a 

thioester in  the forward reaction and general acid catalysis of oxygen 

expulsion in  the reverse.

This section will sum m arize recent progress in  the area of CAT 

enzymology.

1.2.1. CATs from different species

Table 1.1 lists three CATs purified from different species in  recent 

years. The molecular weights of these enzymes are sim ilar to other CATs . 1 6



The results of the study of Bloisi et al4 8  indicate th a t hum an liver CAT is a 

monomer, sim ilar to mouse liver CAT . 2 0  The pH optimum for activty of CATs 

from chick embryo liver and yeast S. cerevisiae are sim ilar to most of the 

others, while the pH optimum for activity of CAT from hum an liver is higher 

th an  others . 1 6  U nder pH 6.0, the enzyme from S. cerevisiae undergoes an 

irreversible inactivation. The substrate specificity of the enzyme from chick 

embryo liver is sim ilar to th a t  of CAT in  pigeon breast muscle w ith maximum 

activity w ith acetyl group, bu t different from most of the others th a t utilize 

C3  or C4  acyl group as the optimal substra te . 1 6  The CAT from hum an liver 

has the highest activities w ith C3  acyl groups, which is sim ilar to most of the 

other CATs . 1 6

Table 1.1. CATs purified  from different species

Enzyme
source

M olecular
w eight

pH
optim um

Isoelectric
point

Ref.

H um an liver 60,500 8.7 6.3 48

Chick embryo liver 64,000 8 . 0 30

Y east S. cerevisiae 65,000 7.5-8.0 43

Table 1.2 lists the apparen t K m values of CATs for different chain- 

lengths of substrates in  the forward and reverse reactions. The K m values 

indicate th a t these enzymes bind CoA (or acetyl-CoA) more tightly th an  they 

bind carnitine (or acetylcarnitine). For the CATs from chick embryo liver 

and hum an liver, the K m values for carnitine also indicate th a t short-chain



acyl-CoAs are preferential substrates when the concentration of carnitine is 

low.

Table 1.2. V alues of K m of CATs for different substra tes

Enzyme
source

S ubstra te
K m (|iM)

Ref
acyl-CoA carn itine CoA acylcarnitine

H um an c 2 21.3 97 420 48
liver c 3 28.0 86 650

c 4 53.5 152
C6 54.9 120
C8 50.3 148 1390
Cio 64.0 580

Chick c 2 52 160 86 800 30
embryo C4 130 250 53 890
liver C6 66 1100 78 900

C8 94 2000 66 670

S. cerevisiae C2 17.7 170 43

1.2.2. Amino acid sequences of CATs

A cDNA encoding for inner mitochondrial CAT of yeast S. cerevisiae 

was isolated by screening a yeast cDNA X gtll library  w ith antibody . 6 1  The 

whole coding sequence, which consists of 670 amino acid residues w ith a 

molecular weight of 77.3 kDa, was obtained from the cDNA and from a YEP 

13 DNA clone identified using the cDNA as probe. The identity  of this 

isolated cDNA was confirmed by using it  to d isrupt the yeast chromosomal 

CAT gene. The elim ination of CAT activity from the mitochondria of the



transform ed cells was shown by m easuring CAT activity and by immunoblot. 

The acetylcarnitine content of these cells decreased significantly, indicating 

th a t no other major CAT activity rem ained in  the cells. The residual low 

CAT activity in  the cytosol of m u tan t cells did not change, suggesting th a t 

this cDNA codes for the m itochondrial isoenzyme of CAT.

The gene YAT13 2  from S. cerevisiae encodes a protein of 6 8 8  amino 

acids with a calculated molecular m ass of 77.9 kDa, which displays 

significant sequence sim ilarity to vertebrate carnitine acyltransferases and 

yeast inner mitochondrial CAT. The researchers of th is  study failed to prove, 

by m utan t phenotype analysis, the exact substrate  specificity of the encoded 

enzyme. Based on other evidences and  data, they suggest th a t th is novel 

gene is likely to code for a m inor mitochondrial outer CAT.

1.2.3. Inhibition of CATs

For a detailed review of inhibition of CAT up to 1987, see ref. 16.

I.2.3.I. CoA analogues

Table 1.3 lists three CoA analogues th a t inhib it CATs from different 

sources.

Vessey et al6 3  have studied the effect of carboxylic acid xenobiotics and 

their m etabolites on the activity of carnitine acyltransferases and found th a t  

benzoyl-CoA and salicylyl-CoA are potent inhibitors of CAT. For the forward 

reaction, both benzoyl-CoA and salicylyl-CoA are competitive inhibitors
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Table 1.3. CoA analogues

Name Structure Enzym e source Ref.

O
benzoy 1-CoA ^ C o A  Sigma, St. Louis, M O , USA 63

salicy ly 1-Co A CoA Sigina, St. Louis, M O , USA 63

etomoxiryl-CoA

O
CoA  

(CH2)— O Cl

purified rat liver peroxisomes 64
purified nit heart mitochondria 64
partially purified rat liver mitochondria 64 
pigeon breast muscle (commercial) 64

versus acetyl-CoA with K\ values of 2 2  and  7.5 gM respectively. For the 

reverse reaction, both are competitive inhibitors versus CoA with K\ values of 

17 and 9.5 |_iM respectively. For comparison, they determ ined the K\ for end- 

product inhibition by CoA and obtained the value of 22 |iM. Benzoyl-CoA has 

about the same K\ as CoA. Salicylyl-CoA has a lower K\ for the enzyme than  

CoA or benzoyl-CoA. The results indicate th a t benzoate group has little 

effect on binding. It is not clear why the addition of a hydroxy group should 

improve the interaction w ith the enzyme.

Etomoxiryl-CoA is another CoA analogue inhibitor th a t was tested 

w ith CATs from different sources . 6 4  The da ta  are sum m arized in  Table 1.4. 

The concentrations of etomoxiryl-CoA required for 50% inhibition of the 

different CATs are in  the low micromolar range.
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Table 1.4. Inhibition of CATs by etomoxiryl-CoA

Enzyme source Kj (pM) Comment

Purified from rat liver peroxisomes 2 Mixed-type inhibition with acetyl-CoA

Purified from rat heart mitochondria 9 Mixed-type inhibition with acetyl-CoA

Partially purified from rat liver mitochondria 2 Mixed-type inhibition with acetyl-CoA

pigeon breast muscle (commercial) 3 Uncompetitive inhibition with acetyl-CoA

I.2.3.2. Carnitine analogues

Studies of carnitine analogues w ith CAT have detailed the criteria for 

molecular recognition a t its active site . 1 6  Table 1.5 lists several carnitine 

analogues th a t have been synthesized and assayed recently . 6 5 -6 6  HDH, Ac- 

HDH, (f?!S)-3-amino-5,5-dimethylhexanoic acid, and (i?S)-A^-acetyl-3-amino- 

5,5-dimethylhexanoic acid are competitive inhibitors of pigeon breast CAT. 

(f?)-(+)-HDH, (<S)-(-)-HDH, CR)-3-amino-5,5-dimethylhexanoic acid, and (S)-3- 

amino-5,5-dimethylhexanoic acid are stereoselective competitive inhibitors of 

CAT. None of them  is a substrate for CAT. These results indicate th a t the 

positive quaternary  ammonium charge on carnitine is essential for CAT 

catalysis.

In  order to determ ine the active conformation about C2-C3 of 

carnitine, Brouillette et al6 7  designed cyclic carnitine analogues which 

contain defined spatial relationships between the quaternary  ammonium, 

hydroxy, and carboxylate moieties (table 1.6). None of them  is a  substrate
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T ab le  1.5. Inhibition of CAT by carnitine analogues

Name Structure Value ((J.M) Enzym e source Ref.

(±  )-3-Hydroxy-5,5-dim ethyl- 
hexanoic acid (HDH)

C H 3 OH
8,300 Pigeon breast 65

(±}-3-A cetoxy-5,5-dim ethyl- 
hexanoic acid (Ac-HDH)

C H 3 G A c

C O ,
4,100  Pigeon breast 65

(/?)-(+)-3-Hydroxy-5,5-dimethyl- 
hexanoic acid (HDH)

C H 3 OH

C O ,
20,300 Pigeon breast 65

(,S')-(-)-3-Hydroxy-5,5-dimethyl- 
hexanoic acid (HDH)

C H , OH
7,500  Pigeon breast 65

(/6S')-3-Amino-5,5-dimethyI 
hexanoic acid

C H 3 NH

2,600 Pigeon breast

(/6S’)-N-Aeetyl-3-am ino-5,5- 
dim ethylhexanoic acid

C H 3 N H A c

C O , 24,800 Pigeon breast 66

(,S')-3-Amino-5,5-dimethyl 
hexanoic acid

C H , NH

1,900 Pigeon breast 66

(ft)-3-Aminc>-5,5-dimethyl 
hexanoic acid

C H 3 N H 2

,C O , 9,200 Pigeon breast 66
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for pigeon breast CAT a t concentrations up to 10 mM. They are weak 

competitive inhibitors of CAT. The K\ values are much larger th an  the K m 

for CR)-carnitine (300 pM) or (R)-acetylcarnitine (300 pM). The results reveal 

th a t these analogues bind much less tightly than  carnitine or acetylcarnitine 

to CAT. The possible reasons 6 7  for the results are th a t (1) none of the 

conformations of the analogues represents the bound conformation for 

carnitine or acetylcarnitine, or (2 ) the extra steric bulk provided by the 

cyclohexyl ring residues interferes w ith binding.

Table 1.6. Inhibition of CAT by rigid carnitine analogues 

C om pound (racemate) R (p M )

H 4 ,100

A c 3 ,700

H 2 ,900

A c 10,700

H 15,900

A c 23 ,000

NMe.

OR

NMe-

OR

H

NMe.

OR
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I.2.3.3. B ile acids

Bile acids have different inhibitory effects on CAT (Table I.7 ) . 6 8 -6 9  

While determ ining the concentration of carnitine in  ra t  bile, Sekas and 

P au l 6 8  have observed th a t the concentration increased progressively as the 

bile was diluted, which prompted them  to study inhibition of bile acids on

Table 1.7. Bile acids as inh ib ito rs of CAT

Nam e Struct ure E nzym e source Ref.

cholic acid

HO

C O O H

OH

purified pigeon breast m uscle 68

deoxycholic acid

HO

C O O H

purified pigeon breast m uscle 68

lithocholic acid

C O O H

H O ....

purified pigeon breast m uscle 68

chenodeoxy cholic 
acid

C O O H

HO'"" OH

purified pigeon breast m uscle 68

rat liver peroxosom es (in vitro) 69
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CAT. They have examined inhibitory effects of major bile acids found in  bile. 

All bile acids tested (Table 1.7) inhibit CAT to varying degrees. At 

physiological concentrations, the degree of inhibition is chenodeoxycholic > 

cholic > deoxycholic > lithocholic acid. For the forward reaction, K j value for 

chenodeoxycholic acid is 520 pM. The inhibition is competitive with 

carnitine. The reverse reaction is inhibited by 25, 30, 63, and 89% in the 

presence of 0.23, 0.45, 0.90, and 1.6 mM chenodeoxycholic acid, respectively. 

They have also studied inhibition of CAT by bile acids in  ra t  liver 

peroxisomes . 6 9  The apparent K\ value is 890 pM. Inhibition is observed both 

in  vitro and ex vivo.

I.2.3.4. Conform ationally constrained reaction-interm ediate  
analogues

This type of inhibitors is the most powerful tool in  probing the 

structure of enzyme binding sites while they are in  the conformations 

adopted for catalysis. Several of this type of inhibitors have been synthesized 

and tested . 1 6  Table 1.8 lists three analogues th a t have been tested 

recently . 7 0  Table 1.9 lists their inhibition constants with various CATs. All 

these hem iacylcarnitinium s are competitive inhibitors. HAC binds better 

than  CR)-carnitine, (R)-acetylcarnitine, or CoA to CAT. HBC weakly inhibits 

CATs. It binds to CATs less tightly than  do the substrates. The degree of 

inhibition is HAC > HPrC > HBC due to the different substitution groups on 

C2 (methyl, ethyl, and phenyl group). Nonracemic HAC inhibits CAT more
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strongly th an  racemic HAC , ? 1  indicating the im portance of configurations of 

C2  and C6  in enzyme recognition.

Table 1.8. Conformationally constrained reaction-interm ediate analogues

Name Structure

(2S,<5ft)-6-(Carboxylatomethyl)-
2-hydroxy-2,4,4-trimethyl-
morpholinium
(hemiacetylcarnitinium, HAC)

H OH
CH

-O

Me Me

(2S,6/?)-6-(Carboxylatomethyl)- 
2-ethyl-2-hydroxy-4,4- 
dimethylmorpholinium 
(hemipropanoylcarnitinium, HPrC)

H OH

N
Me' Me

(2S,h/?)-6-(Carboxylatomethyl)- 
2-hydroxy-4,4-dimethyl-2- 
phenylmorpholinium 
(hemibenzoylcarnitinium, HBC)

H OH
Ph

M e Me

The inhibitory activity of HAC is explained by its structural sim ilarity 

to the tetrahedral-in term ediate proposed in  the acetyl transfer between CoA 

and acetylcarnitine (Figure I . l ) . 7 1 >7 2
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Table 1.9. Inhibition constants of hem iacylcarnitinium s w ith CAT

Enzyme source Substrate Am(pM) Inhibitor Ai(|xM)

Rat liver peroxisomes (R )-Acetylcarnitine 290 + 20 HAC 69 ± 5
(-R)-Carnitine 143

Rat heart mitochondria CoA 130 ±20 92 ± 14

Pigeon breast (R)-Carnitine 1 2 0 HPrC 200 ±30
(i?)-Acetylcarnitine 350

Pigeon breast (-R)-Carnitine 1 2 0 HBC 3500 ± 500
Rat heart mitochondria CoA 1 2 0  ± 1 0 2400 ± 70
Rat liver peroxisomes (Rl-Acetylcarnitine 280 ± 10 1670 ± 70
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F igu re 1.1. S tru c tu ra l re la tionsh ip  betw een th e  
proposed te trah ed ra l-in te rm ed ia te  in  the  acetyl 

tra n sfe r reaction and  the  s tru c tu re  of HAC

I.2.3.5. Other inhibitors

Methylglyoxal bis(guanylhydrazone) (MGBG) inhibits purified pigeon 

b reast CAT w ith K\ value of 1.6 mM . 7 3  I t is competitive w ith CR)-carnitine. 

The competitive inhibition of MGBG w ith  carn itine  is probably due to the 

s tru c tu ra l s im ilarity  betw een MGBG and  carn itine  or acetylcarnitine as 

proposed by Brady et a l . 7 3  The guanidium  group occupies the quaternary



ammonium site and the chain extends in  a sim ilar fashion to carnitine with 

an imine group occupying a  position sim ilar to the acyl carbonyl. In this 

location, MGBG can form a thioam inal with either CoA or cysteine present in 

the active site.

1.2.4. Summary

Some ideas are fu rther confirmed. CAT enzymatic catalysis requires a 

positive quaternary  ammonium charge on carnitine. The chiralities of 

(acetyl)carnitine and the proposed tetrahedral-interm ediate are im portant 

for CAT catalysis.
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H um an liver CAT4® and chick embryo liver CAT®  ̂ are inhibited by 

Ca2+ which doesn't inhibit other avian and m am m alian CATs. 1 6

Mouse liver CAT is inhibited by alachlor, a herbicide . 7 4
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1.3. DESIGN OF INHIBITORS OF CARNITINE 
ACYLTRANSFERASE

The carn itine acy ltransferases are  a fam ily of enzym es th a t  differ 

w ith respect to subcellu lar location, su b stra te  specificity, and  sensitiv ity  

to in h ib ito rs . 2  They catalyze acyl tra n sfe r  betw een carn itine  and  CoA 

(Scheme 1.2). The th ree-d im ensional s tru c tu res  of these  pro te ins are 

unknow n.
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Schem e 1.2

In  order to probe the  s tru c tu res  of the  m olecular in teractions 

betw een carn itine  and  the active sites in  these enzymes, we have designed 

conform ationally constrained  analogues to mimic the  proposed reaction- 

in term ed iate  for acyl tra n sfe r  betw een carn itine  and  CoA. By com paring 

inhib ition  constants (ATj's) of a series of conform ationally constrained 

analogues, we can identify  the  topographical a rran g em en t of the key 

recognition sites on these  enzymes.

1.3.1. C onsiderations in  the enzym e in h ib itor  d esign

Several considerations m ust be m ade w hen designing 

conform ationally constrained  reaction-in term ediate  analogue inhibitors.
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F irs t, we m ust consider the possible enzyme recognition sites in  the 

substra tes. The enzym es, especially CAT , 7 5  recognize trim ethyl- 

am m onium , carboxylate, and  acyl group on acylcarnitine. Recent 

stud ies 6 5 - 6 6  suggest th a t  the  positive q u a te rn ary  am m onium  charge on 

carn itine is essen tia l for CAT catalysis. The enzymes also recognize CoA.

Second, the  conform ations of the substra te s  m ust be considered. 

There are  n ine possible conform ations for carn itine . To design a 

conform ationally constrained  analogue, we need to know which of the 

nine conform ations of carn itine  is bound to the enzyme. The 

conform ational analyses of carn itine and  acety lcarn itine have been 

perform ed by using  single crystal X-ray diffraction , 7 2  NMR, and 

m olecular m echanics (MM2 ) . 7 6  Those s tru c tu ra l s tud ies 7 2 - 7 6  show th a t 

carn itine  and  acety lcarn itine strongly prefer gauche (-) conform ation 

about N-C4-C3-0 torsion angle.

Based on these  conform ational analyses of carn itine  and 

acety lcarn itine, we can lock the  N-C4-C3-0 torsion angle in  the  gauche (-) 

conform ation by form ation of a ring  and  probably no t lose m uch in  

binding to th e  enzyme. These analogues m ust have groups necessary  for 

enzyme recognition anchored to the  conform ationally constrained 

m olecular fram ew ork in  a  w ell-defined stereochem istry.

Third, the  enzyme inh ib ito rs should mimic the  s tru c tu re  of a 

reaction-in term ediate  or a tran sitio n  s ta te  of the  m echanism . 

W olfenden 7 7  has pioneered the  developm ent of tran sitio n -s ta te  analogue


