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To further understand the process of fatty acid metabolism, the enzymes of the 

carnitine acyltransferase family were studied. These enzymes play essential roles in fatty 

acid metabolism by facilitating the transfer of activated fatty acids across intracellular 

membranes. To understand the mechanism of these enzymes, the structure of human 

peroxisomal L-carnitine acetyltransferase (CAT) in complex with its substrate, 

L-carnitine, was determined. The structure revealed several residues involved in substrate 

binding that were further investigated by an enzymatic and biological assay. 

The structure of CAT with L-carnitine is very similar to the structure of the free 

enzyme. Both are monomeric proteins with two equally sized domains that form a central 

active site tunnel. The most significant difference between these two structures is with 

residue Ser433. The chi angle of this amino acid changes from 58 to –31º to position the 

hydroxyl group of the residue closer to the carboxylate group of L-carnitine, possibly to 

help in stabilization during the transition state.  
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The structure also reveals several residues (His322, Tyr431, Thr444, Arg497, Phe545, 

and Val548) and two water molecules (W621 and W679) involved with binding L-carnitine. 

Four of these residues (Tyr431, Thr444, Arg497 and Phe545) were further investigated. These 

studies showed that Tyr431 and Thr444 interact with the carboxylate group of L-carnitine 

through hydrogen bonds, that Arg497 interacts with the carboxylate group through 

electrostatic interactions, and that Phe545 interacts with the quaternary amine group 

through pi-cation interactions. 

Another member of the L-carnitine/choline acyltransferase family, choline 

acetyltransferase (ChAT), was investigated. This enzyme catalyzes the synthesis of 

acetycholine (a neurotransmitter that functions in memory, learning and muscle 

contraction). The structure of rat ChAT (rChAT) was determined, and the substrates were 

modeled into the active site. The structure of rChAT shares several structural features 

with CAT. The rChAT is also a monomeric protein, and consists of two domains that 

form a central active site tunnel. Besides identifying several active site residues, the 

structure also provides a molecular basis for the disease, congenital myasthenic 

syndrome. 
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CHAPTER 1 
LITERATURE REVIEW 

Obesity is a serious health concern in the United States and in other developed 

countries. Obesity is defined by the body mass index, which is a measure of weight in 

relation to height. A person with a body mass index greater than 30 is clinically defined 

as obese, while a person with a body mass greater than 25 is defined as overweight. 

According to the NIH, based on the US Census Bureau Census 2000, nearly two thirds of 

United States adults are overweight, including one third that are obese [1]. Surprisingly 

less than half of United States adults maintain a healthy weight. The prevalence of 

overweight and obesity in adults has steadily increased over the past 20 years among both 

genders, all ages, all racial and ethnic groups, and all educational levels [1]. According to 

the CDC, in 2002 every state reported an obesity prevalence of at least 15-19%, while 29 

states reported a prevalence of 20-24%, and 3 states reported an obesity prevalence over 

25%. 

The obesity prevalence has huge implications for public health and society. Several 

diseases are associated with overweight and obesity. Specifically, overweight and obesity 

are risk factors for diabetes, heart disease, stroke, hypertension, gallbladder disease, 

osteoarthritis, sleep apnea and other breathing problems, and some forms of cancer [1]. 

Obesity is also associated with high blood cholesterol, complications with pregnancy, 

menstrual irregularities, hirsutism, stress incontinence, psychological disorders and an 

increased risk of complications during surgery [1]. In addition, due to the rise in excess 

weight and obesity, health care costs have increased dramatically. The annual medical 
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spending due to excess weight and obesity is approximately 93 billion or 9% of health 

care expenditures, which can be broken down into costs associated with heart disease, 

type 2 diabetes, osteoarthritis, hypertension, gallbladder disease, cancer, and lost 

productivity at work [1]. In addition to these health care costs, Americans spend $33 

billion dollars per year on weight-loss products and services. 

Many people blame obesity on a sedentary lifestyle or poor food choices (such as 

over-eating, too many carbohydrates, too much saturated fat). However, research has 

shown that there may be a genetic influence on weight disorders [2]. One of the National 

Health Objectives is to reduce the prevalence of obesity among adults to less than 15%. 

Perhaps the most effective way to combat the problem is through further understanding 

of the mechanism of fatty acid metabolism [1].  

Fatty Acid Metabolism 

Fatty acids are involved in several cellular processes. They regulate transcription 

[3, 4], serve as building blocks for components of cell membranes [3], serve as precursors 

to cell-signaling molecules [5-7], and provide a significant source of energy for heart and 

skeletal muscle [8, 9]. The primary sources of fatty acids for energy production are diet, 

synthesis, and release from cellular stores.  

Dietary fatty acids account for at least 30% of caloric intake of humans in 

industrialized countries [1]. Before these fatty acids can be oxidized for energy, they 

must be absorbed, transported to the appropriate organ, taken up into the cell, and then 

transferred to the mitochondria, where oxidation occurs. First, fatty acids from dietary 

sources are digested by emulsification. In this process, large aggregates of insoluble fat 

particles are broken down physically (by bile salts from the gall bladder), and are held in 

suspension. The fat particles are then hydrolyzed to monoglycerides and free fatty acids 

 



3 

by pancreatic lipases. These lipids are absorbed from the gut by diffusing into the 

epithelial cells lining the intestinal surface. There they are transported to the endoplasmic 

reticulum, to be reconverted to triglycerides. The newly formed triglycerides are 

packaged with cholesterol, lipoproteins, and other lipids to form chylomicrons. 

Chylomicrons move through the lymphatic system to the bloodstream. Lipoprotein lipase 

disassembles the chylomicron, and releases the fatty acid for uptake into cells. In muscle 

cells, the fatty acid will be oxidized for energy; but in adipose tissue, the fatty acid will 

be re-esterified for storage as triglycerides (Figure 1-1). 

H2C O

O

CH3

HC O

O

CH3

H2C O

O

CH3

Triglyceride
 

 
Figure 1-1. Chemical structure of a triglyceride 

Stored triglycerides (Figure 1-1) are released in response to energy demands [10, 

11]. As shown in Figure 1-2, the hormone adrenalin is secreted in response to low blood 

glucose levels and binds to the β-adrenergic receptor (a G-protein coupled cell-surface 

receptor of adipocytes), which activates adenylate cyclase [10]. The resulting increase in 

cyclic AMP levels stimulates cyclic AMP-dependent protein kinase to phosphorylate and 

activate hormone-sensitive lipase. This enzyme sequentially hydrolyzes ester linkages of 

triglycerides to diglyceride and monoglyceride, resulting in the release of three moles of 
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fatty acid and one mole of glycerol [10]. The free fatty acid is released from the 

adipocyte into the blood, where it will bind to serum albumin and travel to tissues to 

serve as fuel.      

PKA 

Hormone sensitive 
lipase 

TAG DAGMAG glycerol 

MAG lipase 

Adrenalin 

β-adrenergic 
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G-protein Adenylate cyclase

 

+

ATP 

cAMP 

+ 
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ADP

P

fatty acidfatty acidfatty acid 
 

Figure 1-2. Representation of the release of stored fatty acids. PKA, protein kinase; TAG, 
triacylglycerol; DAG, diacylglycerol; MAG, monoacylglycerol. 

 The process of fatty acid uptake into cells is quite controversial, with 

experimental evidence pointing to both rapid diffusion and a protein-mediated process 

[12]. Several investigators have shown that fatty acids traverse cell membranes very 

quickly suggesting that a protein is not necessary for uptake. These studies show that the 

molecule uses a flip-flop mechanism to diffuse across the membrane [13, 14]. However, 
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at least three different membrane associated proteins have been identified as putatively 

involved in trafficking fatty acids across cell membranes: the plasma membrane fatty acid 

binding protein (FATPPM); the fatty acid transporter protein (FATP); and the fatty acid 

translocase, which is homologous to the human leukocyte differentiation antigen CD36, 

(FAT/CD36) [12, 15]. It appears that fatty acid uptake increases with expression and over 

expression of these proteins [12]. Some researchers still contest that the presence of a 

protein mechanism does not negate the fact that a proportion of fatty acids also diffuse 

across the membrane [16]. Conversely it is thought that these proteins could function as 

fatty acid acceptors, while the actual movement of fatty acids through the membrane 

occurs by diffusion. Nonetheless, it is also possible that these two mechanisms co-exist as 

separate routes, and each contributes to the overall rate of fatty acid uptake [14]. 

Once fatty acids are inside the cell, they must first be activated via ligation with 

coenzyme A (CoA), forming a fatty acyl-CoA ester, before they are oxidized for energy 

production [17]. Several fatty acyl-CoA synthetases that catalyze this ATP-dependent 

process have been identified, and are grouped by their chain length specificity. 

Short-chain acyl-CoA synthetases prefer fatty acids with 2 and 3 carbon atoms as a 

substrate; while medium-chain acyl-CoA synthetases act on fatty acids with 4 to 12 

carbon atoms; and long-chain acyl-CoA synthetases catalyze the reaction with fatty acids 

with 10 to 20 carbon atoms [17]. The activity of these enzymes has been observed in the 

mitochondrial matrix (short and medium chain) and the outer mitochondrial membrane 

(long chain) [17].  

Long-, medium- and short-chain acyl-CoAs are oxidized in the mitochondrial 

matrix. Since acyl-CoAs are impermeable to membranes, they are transported into the 
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matrix by an enzyme system consisting of carnitine palmitoyltransferase (CPT) I and II 

and an L-carnitine/acyl-L-carnitine transporter [8, 18-20]. The CPT I and II are members 

of the L-carnitine/choline acyltransferase enzyme family. These enzymes catalyze the 

reversible transfer of acyl groups between L-carnitine/choline and CoA to facilitate the 

transfer of fatty acids across intracellular membranes (Figure 1-3) [18].  

+ CoA S

O

R + CoA SH

O

N
+

OH

CH3

CH3
CH3

O

O

N
+

O

CH3

CH3
CH3

O

R

O

L-Carnitine Acyl-CoA

Acyl-L-Carnitine CoA

- -

 
 
Figure 1-3. General scheme of the L-carnitine acyltransferase reaction. R represents the 

carbon chain that consists of 1-21 carbon atoms. 

This reaction commits the activated fatty acid to oxidation in the mitochondrial 

matrix (Figure 1-4) [8]. The CPT I is an integral membrane protein with two 

transmembrane domains in the outer mitochondrial membrane, and its catalytic domain 

facing the cytosol [18]. The formed acyl-L-carnitine is then transported across the 

mitochondrial membrane by the L-carnitine/acyl-L-carnitine transporter. The transporter 

is an integral membrane protein that uses a ping-pong mechanism to exchange 

L-carnitine for acyl-L-carnitine [8]. Once inside the mitochondrial matrix, CPT II 

catalyzes the transfer of the acyl group from acyl-L-carnitine to CoA to form acyl-CoA, 

which can then enter the β-oxidation spiral (Figure 1-4). The CPT II is anchored to the 

inner membrane as a peripheral membrane protein.  

The β-oxidation occurs through the sequential removal of 2 carbon units at the 

β-carbon position of the fatty acyl-CoA molecule. With each round of oxidation, 1 mole 
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Outer 
Membrane
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Acyl CoA 

CPT I

Acyl L-Carnitine 

Acyl L-Carnitine 

CPT II

Acyl CoA 

CACT

β-oxidation The Citric Acid Cycle
 

 
Figure 1-4. Long-chain fatty acid transport across the mitochondrial membrane. CoA, 

coenzyme A; CPT I, L-carnitine palmitoyltransferase I; CACT, L-
carnitine/acyl-L-carnitine transporter; CPT II, L-carnitine palmitoyltransferase 
II. 

of NADH, 1 mole of FADH2, and 1 mole of acetyl-CoA are produced. The acetyl-CoA 

then enters the citric acid cycle, where it is further oxidized to CO2; and 3 moles of 

NADH, 1 mole of FADH2, and 1 mole of ATP are generated. The NADH and FADH2 

formed from β-oxidation and the citric acid cycle can proceed to the respiratory pathway 

for the production of ATP. 

In contrast, very long-chain acyl-CoAs (with 24 or more carbon atoms) and 

branched fatty acyl-CoAs (such as pristanic acid) are poor substrates for the 

mitochondrial system, and are therefore oxidized in peroxisomes (Figure 1-5) [21, 22]. 

Transport of these fatty acids across the peroxisomal membrane appears to differ from 

transport of acyl-CoAs across the mitochondrial membrane in that the carnitine system is 
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not necessary [21]. It is suspected that a transporter protein is involved; however the 

mechanism of this arrangement is unknown. 

Once inside the peroxisome, the very long-chain and branched acyl-CoAs are 

β−oxidized using the same mechanism that occurs in the mitochondria: dehydrogenation, 

hydration, dehydrogenation again, and thiolytic cleavage [21, 23]. However, there are 

differences between the two systems. The acetyl-CoA that is produced from β-oxidation 

in the peroxisomes cannot be degraded into CO2 and water, because there is no functional 

Krebs cycle in the peroxisome. In addition fatty acids are not fully oxidized to 

acetyl-CoA units in the peroxisome: they are only chain-shortened [23]. For complete 

oxidation, the chain-shortened acyl-CoAs are transferred to the mitochondria.  

Peroxisome 

Very Long-Chain Fatty Acids 
Branched Fatty Acids 

Fatty Acid 
β-oxidation

Acetyl-CoA  +    Fatty Acid 

CAT 

Acetyl-L-
Carnitine 

COT 

Acyl-L-
Carnitine 

 
Figure 1-5. Long-chain and branched fatty acid metabolism in the peroxisome. CAT, L-

carnitine acetyltransferase; COT, L-carnitine octanoyltransferase. 

However, these molecules cannot freely diffuse out of the peroxisome or into the 

mitochondria: they must use the carnitine system. A peroxisomal carnitine 

octanoyltransferase (COT) (another member of the L-carnitine/choline acyltransferase 
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family) transfers medium-chain acyl groups (with 6 to 22 carbon atoms) from acyl-CoA 

to L-carnitine to form acyl-L-carnitine. Another member of the L-carnitine/choline 

acyltransferase family, carnitine acetyltransferase (CAT), catalyzes the same reaction 

with short-acyl groups (2 to 6 carbon atoms) [18, 22]. The acyl-L-carnitine can then 

diffuse across the peroxisomal and mitochondrial membranes. After the acyl-L-carnitine 

is in the mitochondrial matrix, CPT II transfers medium-chain acyl groups from L-

carnitine back to CoA to form acyl-CoA; while a mitochondrial form of CAT catalyzes 

the reverse reaction, and transfers short-acyl groups from L-carnitine back to CoA to 

form acyl-CoA. Acyl-CoAs with 2 carbon atoms will enter the citric acid cycle directly 

while longer acyl-CoAs will be further β-oxidized before they enter the citric acid cycle. 

The Carnitine/Choline Acyltransferase Family 

As discussed, the enzymes of the carnitine acyltransferase family play vital roles in 

fatty acid oxidation by facilitating in the transfer of acyl groups across intracellular 

membranes. The molecular genetics of these enzymes is known and is presented here.  

Carnitine Palmitoyltransferase 

As previously discussed, activated long-chain fatty acids are transported across the 

mitochondrial membrane by an enzyme system consisting of CPT I, CPT II, and an 

L-carnitine/acyl-L-carnitine translocase. This enzymatic arrangement was first 

conceptualized in the 1960s by Fritz and Yue [24] and Bremer [25]. Since then, the 

general concept of the system has undergone several refinements.  

In 1955, it was shown that L-carnitine is an active component of muscle extracts, 

and that it stimulates long-chain fatty acid oxidation in liver perfusions and skeletal and 

heart muscle fractions. Then it was shown that, in the presence of L-carnitine, CoA also 

stimulates fatty acid oxidation [26]. Further studies showed that L-carnitine was 
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acetylated, and fatty acid esters of L-carnitine were isolated. It was thought that 

L-carnitine might react with long-chain fatty acids to form acyl-L-carnitine derivatives, 

which could then be converted to the corresponding acyl-CoA compounds [24]. 

Experimental evidence demonstrated that a transferase in heart muscle catalzyed the 

transfer of palmitoyl from palmitoyl-L-carnitine to CoA, to form palmitoyl-CoA [24]. It 

was then thought that L-carnitine may enhance fatty acid oxidation via acyl-L-carnitine 

formation, and that palmitoyl-L-carnitine may function as a carrier through membranes 

[24]. The presence of CPT on both sides of the membrane was essential to this 

hypothesis. Experimental data confirmed this hypothesis, establishing that formation of 

palmitoyl-L-carnitine and de-acetylation of palmitoyl-L-carnitine could occur on either 

side of the mitochondria [25]. Further functional studies with isolated mitochondria 

demonstrated that the membrane contains two pools of CPT: an external (overt) (CPT I) 

and an internal (latent) (CPT II) [26].  

After the identification of CPT, several experiments were performed to characterize 

the system. Inhibition studies with the enzyme determined that CPT I is inhibited by 

malonyl-CoA (reversibly), tetradecylglycidyl-CoA and etomoxir-CoA (irreverisbly), and 

2-bromopalmitoyl-CoA (essentially irreversibly) [27]. Interestingly, it was found that 

detergent-solubilized CPT is insensitive to all inhibitors, while it is still enzymatically 

active. This form of CPT is also stable, and migrates on sodium dodecylsulphate (SDS) 

gels as a single protein with a molecular weight of 68-70 kDa [27]. Based on these 

findings, a model of the CPT system was developed. In this model, CPT I and II are the 

same protein. The CPT I is located in the outer membrane, and is associated with a 

regulatory protein to which the inhibitors bind and cause allosteric inactivation of the 
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enzyme. Detergents can then disrupt the interaction between the catalytic and regulatory 

components of CPT I, which allows the co-purification of CPT I and II as single entities 

[27].  

Several experiments provided additional support for this model. In particular, 

Bergstrom and Reitz [28] found that when extracted from the mitochondrial membrane, 

CPT I and II had very similar properties (such as the Km value toward acyl-CoA, L-

carnitine, acyl-L-carnitine, and CoASH; and the ratio of Vforward/Vreverse). Additionally, 

antibodies raised against CPT I inhibited CPT II and vice versa, suggesting 

immunoidentity of the two enzymes [28]. However, several experiments also raised 

questions about the validity of the model. 

The existence of a regulatory component came into question. Previous studies had 

shown that 2-bromopalmitoyl-CoA inhibited CPT I, and formed a ternary complex at the 

active site of the enzyme. Thereafter it was demonstrated that all of the inhibitors of CPT 

I (malonyl-CoA, tetradecylglycidyl-CoA, etomoxir-CoA, and 2-bromopalmitoyl-CoA) 

interacted at a common locus, suggesting that the other inhibitors must also act at the 

active site and not at a regulatory component [27]. The theory that CPT I and II are the 

same protein was also in question. Radioactive tetradecylglycidyl-CoA was found to 

label a single protein in rat liver mitochondria with a molecular weight of 90-94 kDa, 

while the labeled protein in rat skeletal muscle was only 86 kDa. Interestingly, CPT from 

both tissues migrated to the same position on SDS gels (70 kDa), and reacted equally 

well with an antibody raised against the liver form of the enzyme [27]. 

An alternative model to explain these observations was proposed. In this model 

CPT I and II are different proteins. Inhibitors bind to the catalytic center of CPT I, and do 
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not affect the activity of CPT II due to the lack of necessary binding sites [27, 29]. In 

support of this model, irradiation and inactivation experiments concluded there were two 

catalytic entities of different sizes: 83 and 70 kDa [27]. Furthermore, a Western Blot from 

the mitochondrial membrane (containing CPT I and II) and a mild detergent (Tween-20) 

extracted membrane (rich in CPT I, devoid of CPT II) demonstrated a strong signal (with 

an antibody raised toward CPT II) in the normal membrane, and a lack of signal in the 

detergent extracted membrane [27]. 

Another facet of the model is that CPT I is detergent labile, while CPT II is not [27, 

29]. A mild detergent (such as Tween 20) separated the mitochondrial membrane extract 

into pellet and supernatant fractions; both express CPT activity. The pellet fraction was 

inhibited by etomoxir-CoA, while the supernatant was insensitive to the inhibitor. Upon 

further treatments with stronger detergents (such as octylglucoside and Triton X-100) 

enzyme activity decreased. This indicates that CPT II was released from the membrane 

with mild detergent, while CPT I was more firmly anchored in its membrane 

environment. However, CPT I lost its catalytic activity upon membrane disruption, 

suggesting that CPT I requires a critical membrane component [27, 29].  

It can now be concluded that CPT I and II are different proteins that act in concert 

with an L-carnitine/acyl-L-carnitine translocase to transport long-chain fatty acids across 

the mitochondrial membrane. Of the two enzymes, CPT I is larger and detergent labile. 

However, many factors of the model are still unresolved. 

Carnitine Palmitoyltransferase I 

Three forms of CPT I have been identified: a muscle (M-CPT I), a liver (L-CPT I), 

and a putative brain (CPT I-C) isoform. The gene encoding the muscle form of CPT I has 

been mapped to chromosome 22, position 22q13.31-q13.32, and encodes a protein that 
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consists of 772 amino acids [30]. This isoform is the primary form in skeletal muscle, 

heart, adipose tissue, and testis [31, 32]. The liver form of CPT I is the predominant 

isoform in the liver, kidney, lung, spleen, intestine, pancreas, ovary, and brain [31, 32]. 

The gene encoding L-CPT I has been mapped to chromosome 11, position 11q13.1-

q13.5, and encodes a protein that consists of 773 amino acids [30]. The muscle and liver 

isoforms are very similar: in fact, they have a 63% amino acid sequence identity [33].  

The brain form of CPT I was only recently identified [34]. The gene that encodes 

CPT I-C has been mapped to chromosome 19, position 19q13.33, and encodes a protein 

that is similar to M-CPT I and L-CPT I, with an amino acid sequence identity of 53 and 

55%, respectively [34]. This isoform is expressed at high levels in the brain, particularly 

in regions that have been shown to be involved with feeding behavior and appetite 

control (such as the hippocampus, paraventricular arcuate, and the superchiasmatic 

nuclei) [34]. However, no catalytic activity was observed with acyl-CoA esters that are 

substrates for the muscle and liver isoforms. This suggests that CPT I-C may participate 

in highly specialized lipid metabolism of the brain, and explains why the brain may 

require the expression of an additional member of the CPT I family [34].    

The structural features of the three forms of CPT I are similar. As previously discussed, 

CPT I is an integral membrane protein localized to the outer membrane of the 

mitochondria. Topographical studies have shown that CPT I contains two transmembrane 

domains (amino acid residues 46-76 and 104-126), with both N- and C-terminals (amino 

acid residues 1-128 and 128-772/773, respectively) facing the cytosol and the linker 

region between the two domains (amino acid residues 77-103) jutting into the 

intermembrane space (Figure 1-6) [35]. The N-terminal of CPT I contains a 
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mitochondrial targeting signal peptide (amino acid residues 123-147) for import into the 

mitochondria. CPT I is the first committed step to oxidation in the mitochondria, and 

therefore is a highly regulated process, which will be discussed later in this chapter. 

N C

PM

L - carnitine  
transporter 

MOM

N
C 

C N

L-carnitine 
palmitoyltransferase

L - carnitine/acyl-L-
carnitine translocase MIM

 
 
Figure 1-6. Topographical representation of the plasmalemmal L-carnitine transporter, L-

carnitine palmitoyltransferase I, and L-carnitine/acyl-L-carnitine translocase. 
Membranes are shown in blue, pm, plasma membrane; mom, mitochondrial 
outer membrane; mim, mitochondrial inner membrane. Regions spanning the 
membrane are shown by purple barrels. The amino-terminus (N) and carboxy-
terminus (C) of each protein are shown. Adapted from information reviewed 
in [18]. 

Carnitine Palmitoyltransferase II 

The genes that encode the human and rat form of CPT II have been identified and 

mapped to chromosome 1, position 1p32, and translate to a 658 amino acid protein [36, 

37]. CPT II is a mitochondrial matrix protein, and is associated with the inner 

mitochondrial membrane. The first 25 amino acid residues are part of a mitochondrial 
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targeting signal, and are removed during import into the mitochondria [18]. In contrast to 

CPT I, only one form of CPT II has been identified, and it shares 50% amino acid 

sequence homology with L-CPT I in the major portion of the sequences, except the N-

terminus [32]. 

It appears that CPT II is regulated by the homeostasis of the cell. In conditions of 

starvation and diabetes, when CPT II activity is critical for generating fuel sources, the 

mRNA levels (and consequently the activity of CPT II) appear to increase [18]. The CPT 

II gene promoter does not contain a fat activated response element, but it does respond to 

specific fibrate induction through peroxisome proliferator activated receptor α [18].  

Carnitine Octanoyltransferase 

Evidence for the existence of a third carnitine acyltransferase that prefers acyl 

groups composed of 6-22 carbon atoms emerged in 1971. This suggestion was based on 

studies that examined the substrate specificity profiles of muscle mitochondria of pigeon 

breast; and mitochondria of liver, heart, and testis of rat [38, 39]. Subsequent substrate 

profiles of mitochondria from beef heart showed that the enzyme preferred 

octanoyl-carnitine [40]. Obviously this was surprising, since the previously identified 

carnitine acyltransferases prefer substrates with acyl groups of 2-6 (CAT) and 8-18 (CPT) 

carbon atoms.  

The gene that encodes COT has been mapped to chromosome 7, position 7q21.1, 

and encodes a protein composed of 612 amino acids [18, 30]. Significant COT activity 

has been observed in the peroxisomes of the liver, intestine, and ovary [41]. The enzyme 

contains a peroxisomal targeting signal at the C-terminus; however, the signal differs in  

the human (Thr-His-Leu), rat (Ala-His-Leu), and bovine (Pro-His-Leu) forms [18].  
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Interestingly, like CPT II, COT levels increase after induction by peroxisomal 

proliferators. This suggests a parallel mechanism between the two enzymes [18]. It was 

also found that diets heavy in fish oils induce COT expression in rats [18]. Since fish oils 

are composed of very long-chain acyl groups, these fatty acids must be shortened through 

β-oxidation in the peroxisome before they can be transferred to the mitochondria for 

energy production, therefore demonstrating a need for COT activity.  

Carnitine Acetyltransferase 

The gene that encodes CAT has been mapped to chromosome 9, position 9q34.1, 

and displays an alternative splicing pattern that results in a mitochondrial and 

peroxisomal form of the enzyme [42, 43]. The mitochondrial form of CAT is composed 

of 626 amino acid residues, with a mitochondrial targeting signal at the N-terminus 

(residues 1-28) [18]. The peroxisomal form of CAT starts at the second codon, which is 

downstream from the first mitochondrial start codon, and is composed of 605 amino acid 

residues with a peroxisomal targeting signal at the C-terminus [18]. CAT activity has also 

been observed in the endoplasmic reticulum [18]. It is not known if this form of the 

enzyme is analogous to the mitochondrial or peroxisomal form, or if it is a separate 

entity. 

Early acyl group specificity studies with CAT isolated from pigeon breast muscle 

showed that the enzyme prefers substrates with 2-4 carbon atoms [44]. Further studies 

showed that acyl groups with 12 or more carbon atoms inhibit the enzyme by competing 

with acetyl-CoA [44]. However, an endogenous inhibitor of CAT activity has not been 

identified. 
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Choline Acetyltransferase 

Choline Acetyltransferase (ChAT) is the fourth member of the L-carnitine/choline 

acyltransferase enzyme family. This enzyme catalyzes a similar reaction to that of CAT, 

except it transfers an acetyl group from CoA to choline to form the neurotransmitter 

acetylcholine (ACh). ACh is implicated in both the central and peripheral nervous 

systems. In the central nervous system, ACh is associated with sleep, memory, and 

learning. In fact, ACh appears to be the primary neurotransmitter involved with memory 

and learning. In the peripheral nervous system, ACh is involved in smooth muscle 

contraction, and helps to regulate heart rate. 

The gene that encodes ChAT has been mapped to position 10q11.2 [45, 46]. 

Human ChAT cDNA was cloned, and appears to encode two forms of the enzyme of 

differing lengths, with 748 and 630 amino acids. The form with 748 amino acids contains 

a N-terminal extension of 118 amino acids compared to the other form. It is not clear if 

this form is actually synthesized in vivo [47].  

The enzyme ChAT is located in the nerve terminals of cholinergic nerves in the 

central and peripheral nervous systems. In the central nervous system, 

ChAT-immunoreactive neurones are detected in the medial septal nucleus; the nucleus of 

the diagonal band of Broca; the basal nucleus of Meynert; the caudate nucleus; the 

putamen; the nucleus accumbens; the pedunculopontine tegmental nucleus; the 

laterodorsal tegmental nucleus; the medial habenular nucleus; the parabigeminal nucleus; 

some cranial nerve nuclei (including oculomotor, trochlear, trigeminal, abducent, facial, 

prepositus, vagus, accessory, and hypoglossal); and the anterior horn of the spinal cord 

[47].  
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The rate-limiting step of ACh synthesis is the uptake of choline into the cholinergic 

neuron. However, ChAT is also regulated by several factors and chemicals (such as 

cholinergic differentiating factor/leukemia inhibitory factor, ciliary neurotrophic factor, 

camp, and retinoids) [47]. 

Regulation of L-Carnitine Acyltransferases 

As previously described, CPT I is regulated by the reversible inhibitor, malonyl-

CoA (Figure 1-7). Malonyl-CoA is an intermediate in fatty acid synthesis, produced 

during the first step in a reaction catalyzed by acetyl-CoA carboxylase (ACC). This is the 

rate-limiting step in fatty acid synthesis, and is regulated by adenosine monophosphate 

(AMP) activated protein kinase (AMPK) [48]. AMPK functions as a fuel sensor to 

monitor the status of the cell. Once activated, AMPK inactivates ACC by 

phosphorylation, resulting in decreased levels of malonyl-CoA and increased CPT I 

activity [48]. Interestingly, AMPK activity increases after exercise to promote fatty acid 

oxidation in muscle cells, to generate ATP and glucose uptake to replenish glycogen 

stores [48]. A decrease in AMPK activity has been observed in the hypothalmus of rats as 

a result of refeeding after a fast, glucose and insulin administration, or the injection of 

leptin [49]. Thus it appears that CPT I activity depends on the metabolic state of the 

organism. 
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Figure 1-7. Structure of malonyl-CoA, an inhibitor of L-carnitine palmitoyltransferase I 

Recently, it was shown [50] that the hormone leptin modulates fatty acid 

metabolism through AMPK. The 16 kDa hormone is synthesized by white adipocyte 
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tissue in proportion to adipose cell size and number, and in response to stimuli [51]. 

Leptin plays a central role in regulating food intake, energy expenditure, and 

neuroendocrine function. Leptin crosses the blood-brain barrier to reach its receptors 

(cytokine type 1), which signal through the janus kinase signal transducer and activator of 

transcription (JAK-STAT) pathway [51]. The activation of these receptors leads to the 

decrease of food intake, which is mediated by several downstream mechanisms. 

Recently, it was shown that leptin activates AMPK by phosphorylation of the alpha 2 

catalytic subunit of AMPK, and therefore stimulates fatty acid oxidation and glucose 

uptake [50]. In addition, leptin also suppresses the activity of ACC to further promote 

fatty acid oxidation [50]. However, fasting and sympathetic activity have been shown to 

modulate leptin expression and serum leptin [52].  

In particular, suppression of fatty acid oxidation in vivo or in isolated adipocytes 

increases leptin expression, indicating that metabolites of fatty acid oxidation may 

regulate leptin expression [52]. The activity of CPT I could affect leptin expression. A 

recent experiment showed that inhibition of fatty acid oxidation via inhibition of CPT I 

increased leptin expression in fasting rats [52]. The mechanism of the increased 

expression is unclear, and needs further work to sort out. However, it is thought that 

CPT I is a key modulator of leptin expression in fasting rats, perhaps through a complex 

feedback mechanism in which suppression of fatty acid synthesis (due to inhibition of 

fatty acid oxidation and increase in adipocyte content) causes a decrease in related 

metabolites (such as malonyl-CoA) that may suppress leptin expression [52]. 

L-Carnitine/Choline Acyltransferase Disorders 

The enzymes of the L-carnitine/choline acyltransferase family play vital roles in 

fatty acid oxidation. These metabolic roles are so important, that a deficiency in CPT 
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and/or CAT can cause serious health conditions. In fact, CPT deficiencies are among the 

most common causes of inherited fatty acid oxidation disorders. Interestingly, increases 

in CAT activity have been shown to have beneficial effects and prevent age-related 

neurodegeneration.  

L-Carnitine/Choline Acyltransferase Deficiencies 

The first case of CPT I deficiency was described in 1981, with a patient who 

presented fasting induced non-ketotic hypoglycemia and displayed an absence of fatty 

acid metabolites in the blood and urine [53]. Since then, approximately 30 patients have 

been reported worldwide. Typically the symptoms, hypoketotic hypoglycemia (usually 

associated with fasting or a viral illness), and hepatomegaly (with or without acute liver 

failure), with subsequent hypoglycemic attacks, begin from birth to 18 months of age 

[32]. The outcome of the disease is variable. A persistent neurological deficit is common, 

but not constant. Recurrent episodes are frequent up to five years of age, but are 

successfully treated with symptomatic therapy [32]. 

CPT II deficiency is more common than CPT I deficiency and can be classified 

according to age of onset, with adult, infant and neonatal forms. The adult form was first 

described in 1973, and now more than 150 patients have been reported [32]. The 

symptoms begin between 6 and 20 years of age, but the age of onset can also be over 50 

years or as early as 4 years [32]. This disease is characterized by muscle pain and 

stiffness, which can be complicated by acute renal failure (as a result of myoglobinuria) 

and respiratory insufficiency (secondary to respiratory muscle involvement) [32, 54]. 

These symptoms are triggered by exercise, fasting, high-fat intake, exposure to cold, mild 

infection, fever, and/or emotional stress and can be treated by restriction of long-chain fat 
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intake along with medium-chain triglyceride supplementation, and frequent meals with 

extra carbohydrate intake before and during exercise [32, 54].  

The infantile form of CPT II deficiency has been reported in 10 patients and is 

characterized by recurrent attacks of acute liver failure with hypoketotic hypoglycemia, 

that can result in coma and seizures, and transient hepatomegaly [32]. In approximately 

half of these cases the heart muscle was also symptomatic and displayed dilated and 

hypertrophic cardiomyopathy or arrythmias and conduction disorders [32]. Fasting or 

illness also triggers these attacks. The treatment is the same as with the adult form of the 

disorder, but the prognosis is not as good. Of the 10 reported patients, 6 died within the 

first year of life due to heart beat disorders, while the other 4 patients died from Reye 

syndrome [32].  

 The neonatal form of CPT II appears to be even more severe than the infant form. 

To date, 13 patients have been reported and all died shortly after birth, except for one 

patient who recovered after resuscitation [32]. These patients had dramatic malformations 

including dysmorphic features, cystic renal dysplasia, and neuronal migration defects in 

addition to hypoketotic hypoglycemia and cardiomyopathy [32, 54].  

Over 25 mutations have been identified in the gene encoding CPT II in the adult, 

infantile, and neonatal forms of CPT II deficiency [32]. Two of these mutations, 

Ser113Leu (allele frequency of 60% in European patients) and Pro50His (allele frequency 

6.5%), are common in the adult form of the disease [32]. Most of the mutations occur in 

amino acid sequences that are highly conserved among the carnitine acyltransferase 

enzyme family. However, it is difficult to understand the enzymatic role of these residues 

and thus the molecular basis of the disease without a three-dimensional structure. 
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As previously discussed, CAT deficiencies also have serious medical 

consequences. A decrease in CAT activity has been observed and presents clinical 

symptoms of progressive ataxic encephalopathy [55]. This disease is characterized by 

psychomotor and growth retardation and is associated with weakness, ataxia, 

ophthalmoplegia, and increased blood pyruvate levels [55]. In the affected patient the 

COT activity was slightly decreased in the brain (approximately 60%), CPT activity was 

slightly increased in the liver and kidney, and CAT activity was significantly decreased in 

all tissues examined [55]. It was suggested that the CAT defect was coupled to a 

deficiency in acetyl-CoA metabolism in the mitochondria of the brain and that the CAT 

defect affected oxidation [55]. 

Deficiencies in ChAT have also been observed. Mutations in the gene encoding 

ChAT have been shown to cause congenital myasthenic syndrome (CMS) [56]. CMS is a 

genetic disorder that presents in infancy or childhood and is characterized by generalized 

weakness and fatigability of voluntary muscles including those controlling movement, 

eye movement, swallowing, and breathing. These symptoms are a result of disorders at 

the neuromuscular junction, including defects in the synthesis and release of ACh, in the 

gene encoding acetylcholinesterase, and the ACh receptor. 

Recently ChAT has also been implicated with CMS. Sequencing of the gene 

encoding ChAT in 5 patients with CMS revealed 10 recessive mutations [56]. Three of 

these mutations resulted in reduced expression of the enzyme while kinetic studies with 

mutant forms of the enzyme showed decreased catalytic activities with eight mutations, 

and a complete loss of catalytic activity with one of the mutations [56]. The molecular 

basis for these mutations is unclear. 
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L-Carnitine Acetyltransferase Increases 

Increases in CAT activity have also been observed and appear to protect against 

age-associated neurodegeneration. A hallmark of aging is mitochondrial decay which is 

characterized by high generation of oxidants, a decline in the activity of electron transport 

complexes, and a decrease in the fatty acid composition of cardiolipin (an essential 

phospholipid for normal function of the mitochondria) [57]. Recently, it was shown that 

acetyl-L-carnitine reverses age-associated mitochondrial decay in rats. Specifically, 

feeding rats acetyl-L-carnitine decreased mortality, improved nerve regeneration, 

protected neurons from the toxicity of mitochondrial uncouplers or inhibitors, increased 

cardiolipin contents, and increased the activity of cytochrome c oxidase [57]. Feeding rats 

a combination of acetyl-L-carnitine and lipoic acid had an even more beneficial effect. 

This treatment reversed age-related mitochondria decline, improved hepatocellular 

ascorbate levels, increased metabolism, and decreased the oxidative stress [58]. In 

addition, feeding rats acetyl-L-carnitine and lipoic acid also affected cognitive function. 

These rats showed an improved performance on memory function tasks, a decrease in 

brain mitochondrial structural decay, and a decrease in oxidative damage in the brain 

[59]. Further studies showed that acetyl-L-carnitine may protect CAT from interacting 

with aldehydes from lipid peroxidation while lipoic acid may prevent proteosomes from 

oxidative modification and play a role in reactivating CAT by increasing its substrate 

binding affinity [60]. However, the molecular basis of acetyl-L-carnitine and lipoic acid 

treatment is unclear. 

To further understand the (a) mechanism of fatty acid oxidation and how it is 

regulated (b) carnitine/choline acyltransferase disorders and (c) the benefits of acetyl-L-

carnitine and lipoic acid it is of the utmost importance to study this enzyme family. 
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Structure-Function Studies 

Enzymatic studies of the carnitine acyltransferase family began in the late 1960s 

with CAT. Understanding of this enzyme family has significantly increased with the 

advent of biological tools such as sequencing, site-directed mutagenesis, and 

crystallography. These studies have helped to elucidate the catalytic activity of these 

enzymes and to identify specific residues involved in the mechanism of catalysis, with 

the ultimate goal of understanding endogenous regulation and developing exogenous 

regulators.  

Early kinetic studies with CAT (isolated from pigeon breast muscle) determined 

that the enzyme follows a random ordered, rapid equilibrium mechanism that involves 

the formation of an intermediate [61]. Further studies with CAT and bromoacetyl-L-

carnitine showed that there are two steps to the reaction, reversible binding and 

irreversible alkylation [62].  

A combination of electrophoretic studies, chemical modification, and substrate 

analogues implicated histidine as the active site residue that is alkylated during catalysis 

[62]. Further inactivation studies confirmed that a histidine residue is crucial to activity 

and that it serves as a general acid/base catalyst [63]. In this role, the histidine residue 

removes a proton from L-carnitine or CoA (depending on the direction of the reaction) to 

promote the formation of an intermediate [18].  

Recently, the x-ray crystal structures of human peroxisomal CAT as well as the 

free and substrate bound forms of mouse CAT have been determined [64, 65]. The 

overall structure reveals that CAT is a monomeric protein consisting of 17 helices and 14 

strands that form two equally sized domains [64, 65]. The two domains are tightly 

associated with each other and form a central, active site tunnel. The active site histidine, 
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His322, is located in the middle of the active site tunnel, suggesting that L-carnitine and 

acetyl-CoA bind to opposite sides of the tunnel [64].  

 Several structure function experiments have also been aimed at determining the 

structural basis of malonyl-CoA sensitivity of CPT I. Since this regulation affects fat 

metabolism, it is conceptualized as a potential drug target for type II diabetes. 

Interestingly, the muscle and liver isoforms of CPT I have different malonyl-CoA 

sensitivities, an IC50 of 0.03 µM and 3 µM, respectively [66]. Therefore, the primary 

question is what is the structural basis of the malonyl-CoA sensitivity difference between 

these two isoforms.  

In 1997, Zhu et al., developed a high level expression system for CPT I in the 

yeast, Pichia pastoris [67, 68]. This organism is devoid of endogenous CPT activity and 

therefore, is an excellent expression system. From this system, several structure function 

studies, including deletion mutations, site-directed mutagenesis, and chimeric protein 

studies, have been carried out to characterize malonyl-CoA binding. 

The deletion mutation studies were designed to characterize the N-terminal of CPT 

I. The first 124 amino acid residues are conserved in M-CPT I and L-CPT I, but not in 

CPT II (which is not responsive to malonyl-CoA). Therefore, it was predicted that this 

region is the malonyl-CoA sensitive site. Several deletions of this area were constructed 

to elucidate the amino acid residues involved in malonyl-CoA sensitivity. In a particular 

study the residues 1-18, 1-35, 1-52, 1-73, 1-83 and 1-129 in L-CPT I were deleted and the 

mutant forms of the enzyme were expressed, purified, and the kinetic parameters were 

determined and compared to the wild type form of L-CPT I [33]. Deleting the first 

eighteen residues of L-CPT I completely abolished malonyl-CoA inhibition and high 
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affinity malonyl-CoA binding [33]. However, to achieve insensitivity to malonyl-CoA 

and loss of high affinity malonyl-CoA binding in M-CPT I, the residues 1-28 and 1-39 

must be deleted [69]. This suggests that the first 18 amino acid residues play a different 

role in the muscle and liver forms of CPT I.  

Another interesting deletion mutation study demonstrated that, the removal of 

amino acid residues 3-18 and 1-80 of M-CPT I decreases malonyl-CoA sensitivity and 

that the deletion of residues 19-30 increases malonyl-CoA sensitivity [70]. This was the 

first demonstration of positive and negative determinants of malonyl-CoA sensitivity. 

To evaluate specific residues within this region site-directed mutagenesis studies 

were performed. Substitution of glutamate at position 3 by alanine or glutamine results in 

a complete loss of malonyl-CoA sensitivitiy and high and low affinity binding while 

other kinetic parameters remain intact [71, 72]. Furthermore, an aspartate at position 3 

can only partially substitute for the glutamate. This suggests that a negative charge at that 

position is essential and that the longer side chain of glutamate is essential for optimal 

malonyl-CoA sensitivity [72]. In addition, substitution of serine at position 24 or 

glutamine at position 30 by alanine resulted in a 10-20 fold decrease in IC50 and Ki values 

for malonyl-CoA [72]. These two residues may affect malonyl-CoA sensitivity through 

interactions with glutamate 3 [72]. 

The involvement of the N-terminus in malonyl-CoA sensitivity was further 

evaluated through the use of chimeric proteins from combinations of L-CPT I and M-

CPT I. These chimeric proteins were constructed from 3 segments of CPT I; (a) the 

cytosolic N-terminus and transmembrane domain one, (b) the amino acid residues that 

link the transmembrane domains together and (c) transmembrane domain two and the 
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cytosolic C-terminus [73]. The mutant forms of the enzyme were expressed and purified 

and the kinetic parameters were determined. Replacing the first segment and the first and 

second segments of L-CPT I with M-CPT I altered the Km values for both substrates, L-

carnitine and palmitoyl-CoA, and increased the malonyl-CoA sensitivity. However, M-

CPT I was much less susceptible to influence by the alternate segments [73]. This 

suggests that transmembrane domains interact with each other and these interactions are 

important for determining the kinetic parameters for the catalytic domain of L-CPT I 

[73].  

Despite the high sequence identity between the first two segments there is an 

interesting amino acid difference in transmembrane domain one that might account for 

the difference in malonyl-CoA sensitivity. An arginine residue is located at position fifty 

two in M-CPT I whereas in L-CPT I this is a threonine residue. The arginine residue 

might make the transmembrane domain shorter in M-CPT I than in L-CPT I and thus 

extend the N-terminal domain to confer a different malonyl-CoA sensitivity [73]. The 

charged residue may also restrict the mobility of the transmembrane helix and result in a 

more rigid structure of M-CPT I that would also influence malonyl-CoA sensitivity [73].    

An interesting observation with the pig form of L-CPT I helped to further the 

chimera studies. This form of L-CPT I consists of 772 amino acids and shares an 86% 

amino acid sequence identity with the rat form of L-CPT I and a 62% sequence identity 

with the rat form of M-CPT I. Interestingly, the pig, human, and rat form of L-CPT I 

have similar kinetic properties with respect to Km values for L-carnitine and acyl-CoA, 

but the pig form of L-CPT I demonstrates a higher sensitivity to malonyl-CoA, more like 

the human and rat forms of M-CPT I [74]. These characteristics demonstrate that the pig 
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form of L-CPT I behaves like a natural chimera between the L-CPT I and M-CPT I 

isoforms. 

To further understand the difference in malonyl-CoA sensitivity between M-CPT I 

and L-CPT I, chimeras between the pig and rat forms of L-CPT I were constructed. These 

studies demonstrated that the Km value for the substrates and the malonyl-CoA sensitivity 

depends on the C-terminal domain [75]. In addition, replacing different regions of the C-

terminus of rat L-CPT I, 128-220, 220-590 or 590-772, with pig L-CPT I showed that the 

C-terminus behaves as a single unit and the degree of sensitivity is determined by the 

structure of this domain [75]. Additional deletion studies showed that the first 18 residues 

determine the malonyl-CoA sensitivity; this is most likely due to interactions with the C-

terminal [75]. It was then concluded that the difference in malonyl-CoA sensitivity 

between pig and rat L-CPT I is due to the difference in the interaction of the first 18 

residues with the C-terminal of these forms [75].  

This was the first study that described how interactions between the N- and C-

terminals could affect malonyl-CoA sensitivity in pig and rat L-CPT I. There are several 

unresolved issues with the CPT I system. These studies demonstrate the need for a three 

dimensional structure to resolve these issues.  

Specific Aims 

The specific aims of this project are to further understand this enzyme family at the 

protein level. The first specific aim is to identify and characterize amino acid residues 

that are involved with substrate recognition and binding. Determining the structure of 

CAT binding to the substrate L-carnitine will identify specific substrate binding residues . 

These residues will then be functionally and biologically characterized by an enzymatic 

assay and a novel genetic assay.  
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Determining the structure of ChAT will also identify specific residues involved in 

catalysis and substrate recognition and binding. These two enzymes will most likely 

share several structural features. However, there are differences in L-carnitine and 

choline that may be reflected in the enzyme structures. In addition, the information 

gleaned from these structure studies can be used to determine the molecular basis of 

congenital myasthenic syndrome (CMS).  

 



 

CHAPTER 2 
MATERIALS AND METHODS 

This chapter describes the general methods used to express, purify, crystallize and 

determine the structure of ChAT and CAT in complex with L-carnitine, and to 

characterize essential enzymatic amino acid residues of CAT. The results of these studies 

are discussed in the following chapters.  

The first goal of this project was to identify residues of CAT that interact with the 

substrate, L-carnitine, and then characterize these residues through an enzymatic and 

biological assay. The identification and characterization of these residues will provide 

further insight into the reaction mechanism of CAT and will help to advance 

understanding of other members of the L-carnitine/choline acyltransferase family. The 

general experimental design to accomplish these goals was as follows.  

• Determine the structure of CAT with the substrate L-carnitine  
• Mutate specific residues of CAT using site-directed mutagenesis  
• Express and purify the mutant forms of CAT  
• Determine kinetic parameters of the mutant forms  
• Evaluate biological activity of mutant forms using a genetic selection system 
 

The second specific aim of this project was to determine the structure of ChAT. 

The structure of ChAT can not only be used to gain further structural and mechanistic 

understating of the L-carnitine/choline family, but also to understand the molecular basis 

of the disease, congenital myasthenic syndrome (CMS).  

30 
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Determine Structure of Carnitine Acetyltransferase with L-Carnitine  

To determine the x-ray crystal structure of CAT with the substrate L-carnitine, the 

enzyme was expressed, purified, and co-crystallized with L-carnitine. The crystals were 

then x-rayed and the structure was determined from the diffraction data. 

Expression 

Recombinant human peroxisomal CAT was expressed in Eschericia coli B834 

cells. The coding region of CAT was amplified by polymerase chain reaction (PCR) and 

cloned into the pQE-9 (Qiagen) expression vector (Figure 2-1). This expression vector 

allows for high-level expression of proteins with a six-histidine tag on the N-terminus. 

Interestingly, the histidine tag does not affect enzyme activity and actually improves 

expression levels. The vector also contains an ampicillin selection marker and the T5  

 
 

Figure 2-1. Diagram of the pQE-9 expression vector. PT5: T5 promoter, lacO: lac 
operon, RBS: ribosome-binding site, ATG: start codon, 6xHis: 6xHis tag 
sequence, MCS: multiple cloning site with restriction sites (BamH, SalI, PstI, 
HindII), Stop codons: stop codons in all three reading frames, Col E1: Col E1 
origin of replication, Ampicillin: ampicillin resistance gene. Source: Qiagen. 
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promoter, which is tightly regulated by the lac operon. The vector containing the CAT 

coding region was then transformed into E. coli cells. These cells were grown at 30°C to 

an optical density of 0.5-0.7 at 600 nm. Expression was induced by adding isopropyl-b-

D-thiogalacto-pyranoside (IPTG) to a final concentration of 1 mM. Cells were then 

grown for an additional 2 hours. The bacteria was harvested by centrifugation and stored 

at –80°C until further use. 

Extraction 

Recombinant CAT is soluble and was extracted by cell lysis using the French 

Press. To purify the protein, the E. coli extract, prepared in 20 mM sodium phosphate 

buffer pH 7.6, was added to Ni-nitriloacetate-agarose (Ni-NTA) (Qiagen), which was 

equilibrated with the extraction buffer. After a 1 hour incubation the mixture was 

transferred to a column and the buffer was allowed to flow through, then collected. The 

imidazole ring of the histidine residues of the histidine tag binds to the nickel ions 

immobilized by the NTA groups of the matrix (Figure 2-2). Thus the enzyme is retained 

on the column. The column was then washed batch wise with buffer containing 

increasing concentrations of NaCl from 0 to 2 M. Free imidazole can also bind to the 

nickel ions and disrupt the binding of the histidine residues. This mechanism was 

employed to elute the enzyme, using an imidazole gradient from 5 to 150 mM, was 

employed to elute the enzyme. Next, the enzyme was applied onto a MonoQ column 

(Pharmacia) that was equilibrated with 20 mM sodium phosphate buffer pH 7.6. The 

enzyme was eluted with a linear salt gradient from 0 to 1 M and then 

concentrated/dialyzed using Ultra-free Tangential membranes (Millipore). The purified 
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enzyme was either used immediately or stored at –80° C in 20 mM sodium phosphate 

buffer pH 7.6 containing 40% glycerol. 

 
 
Figure 2-2. Interaction of histidine residues of 6xHis tag and the Ni-NTA agarose. 

Source: Qiagen 

Purification 

Purity of the purified enzyme was analyzed by SDS-polyacrylamide gel 

electrophoresis while the concentration of the enzyme was determined by the BIO-RAD 

Bradford Protein Assay with bovine albumin as the standard. Protein expression was 

further characterized by Western Blot. In this procedure, the enzyme was 

electrophoretically transferred to an Immobilon-P nylon membrane and incubated for 

1 hour in blocking buffer consisting of 10 mM Tris-HCl buffer pH 7.4, 150 mM sodium 

chloride, 5% nonfat dry milk, and 0.2% Nonidet P-40. After this incubation the 

membrane was incubated overnight with an affinity purified anti-CAT antibody diluted in 

fresh blocking buffer. The next day the membrane was washed three times with a 

solution containing 10 mM Tris-HCl buffer pH 7.4, 150 mM sodium chloride, 0.25% 

sodium-7-deoxycholate and 0.1% SDS and then washed three more times with a solution 
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containing 10 mM Tris-HCl buffer pH 7.4, and 150 mM sodium chloride. The enzyme 

was visualized after incubation with a goat anti-rabbit antiserum coupled to alkaline 

phosphatase and 5-bromo-4-chloro-3-indolyl phosphatase linked with p-nitroblue 

tetrazolium chloride as the color reagent. 

Crystallization 

Initial crystallization experiments were carried out using the hanging-drop 

vapor-diffusion method in a 24-well tissue culture Linbro plate (MP Biomedicals Inc.) at 

three different temperatures, 4, 16, and 22°C. A sparse-matrix crystallization screen 

based on the original report by Jancarik & Kim (1991) [76] was used and promising 

conditions were further optimized with respect to pH and precipitants. Each drop of 

CAT-L-carnitine was formed by mixing 3 uL of 20 mg/mL CAT, 3 uL of 

1 mM L-carnitine, and 6 uL of reservoir solution that was 50 mM Bis-Tris buffer pH 6.2, 

100 mM sodium chloride, and 12-15% PEG 8000. 

Mutate Specific Residues of CAT 

Specific residues of CAT thought to be involved in substrate binding were 

investigated using the QuickChange (Stratagene) site-directed mutagenesis procedure. 

This method (Figure 2-3) has proven to be very effective, with an efficiency of 

80%. First, oligonucleotide primers containing the desired mutation are incubated with a 

double-stranded DNA vector including the gene that encodes CAT and PfuTurbo DNA 

polymerase. During temperature cycling, the polymerase extends the primers generating a 

mutated plasmid containing staggered nicks. After temperature cycling, the plasmid is 

treated with Dpn I endonuclease. This endonuclease is specific for methylated and 

hemimethylated DNA and will digest the parental DNA template since DNA isolated 
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from almost all E. coli strands is dam methylated and thus subject to Dpn I digestion. 

Conversely, newly synthesized DNA will not have been methylated and is therefore not  

 

 
 

Figure 2-3. Overview of the QuickChange site-directed mutagenesis method. Step 1, gene 
in plasmid with target site for mutation. Step 2, denature the plasmid and 
anneal the oligonucleotide primers containing the desired mutation. Use 
PfuTurbo DNA polymerase to extend and incorporate the mutagenic primers 
resulting in nicked circular strands. Step 3, Digest the methylated, non-
mutated parental DNA template with Dpn I. Step 4, transform the circular, 
nicked dsDNA into XL-1 blue supercompetent cells. After transformation, the 
XL-1 blue supercompetent cells repair the nicks in the mutated plasmid. 
Source: Stratagene. 
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susceptible. The nicked vector DNA containing the mutation is then transformed into 

XL1-Blue supercompetent cells, which will repair the nicks in the vector. The colonies  

are plated and grown on LB media. Individual colonies are screened to ensure correct 

insertion of the mutation by checking for a restriction site that has been introduced by the 

primers. The high fidelity of PfuTurbo DNA polymerase and the low number of thermo 

cycles contribute to the high mutation efficiency and low potential for random mutations. 

However, to ensure that random mutations have not been introduced, the correct 

sequence was verified by DNA sequencing (UF DNA Sequencing Core) before further 

experiments are completed. 

The mutant forms of the enzyme were expressed and purified as previously 

described. In addition, expression levels of the mutant forms of the enzyme were 

compared to the wild type form by SDS-PAGE and Western Blot, as previously 

described. 

Evaluate Enzymatic Activity 

The kinetic parameters were then determined using a continuous, 

spectrophotometric assay. This is an indirect measure of the forward direction of the 

reaction. In the forward direction the substrates, acetyl-CoA and L-carnitine, yield the 

products acetyl-L-carnitine and CoASH. The release of CoASH is monitored 

spectrophotometrically with the reagent 5,5’-dithiobis-2-nitrobenzoic acid (DTNB). 

DTNB reacts with the free sulfhydryl group of CoASH to form the yellow colored 5’-

thio-2-nitrobenzoate (NTB), which absorbs strongly at 412 nm (Figure 2-4). Activity was 

measured as an increase in absorbance at 412 nm over time. 

Kinetic values were used to interpret the data from the mutant and wild type forms 

of the enzyme. The initial velocity of the enzymes with different concentrations of 
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substrates (L-carnitine and acetyl-CoA) was determined. This data was fitted to the 

Michaelis-Menton equation using nonlinear regression with the program Prism 

(Graphpad). The values of Vmax, Km, kcat and kcat/Km were calculated to determine how the 
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Figure 2-4. Schematic representation of the CAT assay. In this reaction DTNB reacts 
with the free sulfhydryl group of CoA-SH to form the chromogenic NTB. 

amino acid mutations effect the enzyme. The Vmax is the theoretical maximum velocity of 

the enzyme reaction expressed as the product formed per unit of time. Km is the 

concentration of the substrate at half the maximum velocity and is expressed as a 

concentration. The turnover number, or the kcat value, is the maximum velocity (Vmax) 

divided by the concentration of the enzyme and gives information about the efficiency of 

the enzyme. The kcat/Km is a measure of the catalytic efficiency. By comparing these 

values for the mutant and wild type forms of the enzyme we will be able to understand 

how these residues interact with the substrates and determine their role in catalytic 

function.  
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Evaluate Biological Activity 

The yeast strain used in this study is derived from the strain FY23. In this strain, 

the CIT2 and CAT2 gene were deleted [77]. Yeast were either grown on YPD media, 

containing 1% (w/v) yeast extract, 2% (w/v) peptone, and 2% (w/v) glucose, or YND 

media, containing 0.67% (w/v) yeast nitrogen base without amino acids and 2% (w/v) 

glucose. Media containing ethanol (YNEC) as the carbon source was made with 0.67% 

(w/v) yeast nitrogen base without amino acids and 3% (v/v) ethanol. This media was also 

supplemented with L-carnitine at a concentration of 10 mg/L (YNEC).  

Plasmid containing wild type and mutated CAT was introduced into the mutant 

yeast strain by the lithium acetate method. Briefly, yeast cells from an overnight culture 

of yeast, grown in YPD media, were harvested and washed in buffer containing 10 mM 

Tris, 0.1 mM lithium acetate, and 1 mM EDTA. Next, 50% PEG 4000, 1 M lithium 

acetate, water, and plasmid DNA were added to the cells, in the described order, and the 

mixture was vortexed. After a 25-minute incubation in a 42°C water bath, the cells were 

centrifuged and the supernatant was removed. The remaining cells were resuspended in 

water, plated onto YND agar plates and grown in a 30°C incubator. The yeast cells that 

were plated onto YND agar plates were allowed to grow for 2-3 days before being replica 

plated onto YNEC and YND agar plates. Growth on YNEC and YND plates was 

monitored for several days. 

Structural Determination of Choline Acetyltransferase 

To determine the structure of ChAT, the enzyme was expressed, purified, and 

crystallized following the same general procedure as described previously with CAT and 

L-carnitine. Briefly, recombinant rat ChAT was expressed in E. coli B834 cells and 
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extracted by cell lysis with the French Press. The extracted enzyme was applied to a 

column containing Ni-NTA agarose (Qiagen) and washed batch wise with buffer 

containing increasing concentrations of NaCl from 0 to 2 M and eluted by an imidazole 

gradient from 5 to 150 mM. The enzyme was then applied to a MonoQ column 

(Pharmacia) and eluted with a NaCl gradient from 0 to 1 M and then 

concentrated/dialyzed using Ultra-free Tangential membranes (Millipore). The purified 

enzyme was either used immediately or stored at -80°C in 20 mM sodium phosphate 

buffer pH 7.6 containing 40% glycerol. 

The purity of the enzyme was evaluated by SDS-polyacrylamide gel 

electrophoresis and Western Blot while the concentration of the enzyme was determined 

by the BIO-RAD Bradford Protein Assay with bovine albumin as the standard. Purified 

ChAT was crystallized using the hanging-drop vapor-diffusion method in a 24-well tissue 

culture Linbro plate (MP Biomedicals, Inc.) by mixing 3 uL of 10 mg/mL ChAT with 

3 uL of the reservoir solution, containing 50 mM MES buffer pH 6.0, 100 mM sodium 

chloride, and 8-10% PEG 8000 at 4°C. 

 

 

 



 

CHAPTER 3 
STRUCTURE DETERMINATION OF CARNITINE ACETYLTRANSFERASE WITH 

L-CARNITINE 

The goal of the first specific aim was to identify and characterize essential amino 

acid residues of human CAT. These objectives were met by determining the structure of 

CAT with its substrate L-carnitine, using an enzymatic assay to evaluate the catalytic role 

of specific residues, and by developing a genetic selection system to evaluate the 

biological role of these residues. This chapter discusses structure determination of the 

enzyme complex and residues involved in catalysis. 

Introduction 

L-carnitine is a highly polar zwitterionic quaternary amine carboxylic acid present 

in some prokaryotes and all eukaryotes. In prokaryotic cells L-carnitine serves either as a 

nutrient (such as a carbon and nitrogen source) or as an osmolyte. However, in eukaryotic 

cells, L-carnitine serves exclusively as a carrier of acyl moieties through various 

subcellular compartments [22]. L-carnitine helps to remove toxic accumulations of 

poorly metabolized fatty acids in the mitochondria but, more significantly, the carnitine 

system plays an essential physiological role in fatty acid β-oxidation and in the 

maintenance of acyl-CoA pools [78, 79]. L-carnitine and its esters are transported across 

the inner mitochondrial membrane to facilitate the entrance of long chain fatty acids into 

the mitochondria for β-oxidation [19, 78]. 

The physiological actions of L-carnitine are mediated via a sodium dependent high 

affinity carnitine/acylcarnitine plasma membrane transporter, a carnitine/acylcarnitine 
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translocase located on the inner mitochondrial membrane, as well as a group of 

L-carnitine utilizing enzymes, the carnitine acyltransferases [18, 22, 78]. As previously 

discussed, carnitine acyltransferases (CAT, COT and CPTs) facilitate the reversible 

transfer of acyl groups between CoA and L-carnitine, and fall into three main classes 

which differ in their acyl-chain length selectivity, sub-cellular compartmentalization and 

physiological function [19, 37, 42]. CAT has a substrate preference for short-chain 

acyl-CoAs and is found in the mitochondrial matrix, peroxisome and the endoplasmic 

reticulum. COT is predominantly localized in peroxisomes and has a substrate preference 

for medium length acyl-CoAs. CPTs are found both in the outer mitochondrial membrane 

(CPT I) and the mitochondrial matrix (CPT II) with a substrate preference for long-chain 

acyl-CoAs. 

Decreases in CAT activity (particularly in the brain) have been described and 

present clinical symptoms of progressive ataxic encephalopathy. These symptoms are 

most likely due to a decrease in acetyl-CoA available for the citric acid cycle in the 

mitochondria [55]. In addition, recent experiments have suggested that CAT also plays a 

role in age-associated neurodegeneration. It was found that feeding rats acetyl-L-carnitine 

and lipoic acid increases CAT activity, improves performance on memory function tasks, 

reduces brain mitochondrial structural decay, and reduces oxidative damage in the brain 

[58-60]. One explanation is that over time CAT becomes inactivated by aldehydes 

formed by lipid peroxidation and that acetyl-L-carnitine has a protective effect while 

lipoic acid reduces lipid peroxidation and reactivates CAT [60]. 

In spite of its importance, fundamental questions remain about the structure and 

function of the carnitine acyltransferases. To further understand the molecular basis of 
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the benefits of acetyl-L-carnitine and lipoic acid on CAT, carnitine acetyltransferase 

disorders and amino acid residues involved in catalysis, it is important to know the 

structure and mechanism of action of this enzyme. Previous chemical modification, 

inactivation, site-directed mutagenesis, and three-dimensional structure studies have 

helped to identify residues of CAT that interact with the substrates (L-carnitine and CoA) 

and explain the mechanism of this enzyme.  

As previously discussed, early studies with CAT isolated from pigeon breast 

muscle demonstrated that the enzyme follows a random-order equilibrium reaction 

mechanism that includes the formation of an intermediate ternary complex [61]. Further 

studies revealed that the reaction product of CAT and radiolabeled 

bromoacetyl-L-carnitine is the alkylation of a histidine residue. The alkylation 

specifically occurs at the N-3 position and suggests that the active site of CAT contains a 

histidine residue that is directly involved in catalysis [62]. The histidine residue is 

believed to act as a general base, removing a proton from L-carnitine or CoA (depending 

on the direction of transfer) to promote the formation of a tetrahedral intermediate [18]. 

The crystal structure of human peroxisomal and mouse CAT have shown that the 

enzyme is composed of 17 helices and 14 strands, that form two equal sized domains [64, 

65]. These two domains (Figure 3-1) are tightly associated with each other and form a 

central active site tunnel with His322 located in the middle of the tunnel, suggesting that 

L-carnitine and acetyl-CoA bind to opposite sides of the tunnel [64]. Several amino acid 

residues have been implicated in the active site and putative binding residues of 

L-carnitine and CoA (L-carnitine: His322, Glu326, Tyr431, Arg443, Ser531, Thr532; CoA:  
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Ser533, Leu142, Lys398, Ser407 and Asp487) [64, 65]. To verify that these residues do indeed 

interact with L-carnitine and to identify additional L-carnitine binding residues, the 

structure of CAT with its substrate, L-carnitine, was determined.  

 

 

Figure 3-1. Overall structure of human peroxisomal carnitine acetyltransferase [64]. 
Ribbon diagram representation depicts domains I (blue) and II (orange). The 
N and C termini are indicated. 

Materials and Methods 

The experimental procedures involved in this project were described in Chapter 2. 

Briefly, recombinant human peroxisomal CAT was expressed in bacterial cells with a 

histidine tag and then purified using a column containing Ni-NTA agarose. The purified 

enzyme was then co-crystallized with its substrate (L-carnitine) and the 

three-dimensional structure was determined.  
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Results and Discussion 

Structure Determination and Overall Structure of the Enzyme Complex 

 X-ray data of the CAT-L-carnitine crystal were collected at the Cornell High 

Energy Synchrotron Source (CHESS). Data was collected using a crystal-to-detector 

distance of 100 mm and a 1° oscillation angle per image. A total of 110 images were 

collected from a single crystal at 100 K. Before flash freezing, the crystal was 

cryo-protected in the crystallization reservoir solution using 15% PEG 8000 and 40% 

glycerol. Data were indexed, integrated and scaled using the HKL2000 suite programs 

DENZO and SCALEPACK [80]. Data were then phased using CNS program version 1.1 

[81]. The structure was further refined using standard protocols within SHELXL97 [82] 

with additional interactive modeling using the program O [83]. 

The crystal of the CAT-L-carnitine complex was isomorphous with the free CAT  

crystals and belonged to the space group P212121 with unit cell dimensions of a = 137.6, 

b = 84.7, c = 57.3 Ǻ. The structure was refined to a 1.8 Ǻ resolution. The final model of 

the complex structure consisted of 590 amino acid residues (9-599), 465 water molecules 

and the substrate L-carnitine.  

Comparison of CAT-L-Carnitine with Free CAT 

The crystal structure of the complex is almost identical to that of the free form of 

CAT with a backbone root-mean-square deviation of 0.41 Ǻ (Figure 3-2) [64]. The 

overall structure of the free form of CAT reveals that the enzyme is a monomeric protein 

composed of two equally sized domains that are tightly associated with one another to 

form a central solvent accessible tunnel, which constitutes the active site of the enzyme. 

Examination of the complex structure shows that there are subtle changes in electron 
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density for the side chains of some active site residues in the L-carnitine binding site, but 

no major structural changes occur on substrate binding.  

 

 

Figure 3-2. Structural similarity and superimposition of CAT and CAT-L-carnitine. Coil 
diagram shows the superimposition of the overall structure of CAT (gray) and 
CAT-L-carnitine (green), the active site residues, His322, Tyr431, Thr444, 
Arg497, Phe545, Val548, and the water molecules, W621 and W679, with L-
carnitine in the active site. Domain I and II and the N- and C-termini are 
indicated. 

Comparisons of the structures of the CAT-L-carnitine complex and free CAT 

crystal structures show that there are slight changes in the conformation of different 

surface regions and small displacement of active site residues. However, the only  

significant conformational change occurs with Ser433. Upon L-carnitine binding the chi 

angles of Ser433 change from 58 to –31°, positioning the hydroxyl group 3.03 Ǻ from one 

of the carboxylic oxygen atoms of L-carnitine (Figure 3-3). The orientation of Ser433 and 

L-carnitine in CAT suggests that this residue may also contribute to transition state 

stabilization.  
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Figure 3-3. Representation of Ser433 positional change in free and L-carnitine bound form 
of CAT. The chi angle of Ser433 rotates from 58 to -31° upon substrate binding 
to interact with the carboxylic oxygen of L-carnitine and/or contribute to 
transition state stabilization. 

L-Carnitine Binding Site 

The binding site for L-carnitine in CAT is located at one entrance of the active site 

tunnel, as was predicted by the previous structure of the free enzyme [64]. The binding 

surface of L-carnitine is formed by helix 4, strand 1, strand 7, and strand 8 from domain I  

and strand 9 to 10, helix 13 to 14, and strand 11 to 14 from domain II. Six residues, 

His322, Tyr431, Thr444, Arg497, Phe545, Val548, and two tightly associated water molecules 

(H2O621 and H20679), in particular, constitute a distinct pocket to specifically recognize 

and interact with L-carnitine (Figure 3-4).  

 Among these active site residues, His322 is completely conserved in all 

L-carnitine/choline acyltransferases and is believed to be the catalytic residue that serves 

as a general base to catalyze fatty acyl transfer [18, 64, 65]. L-carnitine binds to CAT 

with its β-hydroxyl moiety aligned directly with His322 to form a hydrogen bond with the 

N-3 atom of the imidazole ring (2.76 Ǻ) (Figure 3-5). This interaction supports the 

catalytic role of His322, which has been proposed to deprotonate the β-hydroxyl group of 

L-carnitine or the thiol group of CoA to facilitate nucleophilic attack on the ester linkage  
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Figure 3-4. Electron density map of the carnitine binding site of L-carnitine 
acetyltransferase. Residues His322, Tyr431, Thr444, Arg497, Phe545, and Val548 
and water molecules W621 and W679 are shown with L-carnitine. 

of the acyl group [18, 64, 65]. Additionally, the alignment of L-carnitine and His322 is 

stereospecific and explains why D-carnitine is the inactive enantiomer, since the 

β-hydroxyl of D-carnitine would point in the opposite direction of His322 and would not 

be accessible for acyl group transfer. 

Besides His322 a water molecule (H2O679) is within hydrogen bonding distance with 

the β-hydroxyl moiety of L-carnitine. This water also interacts with the side chain 

hydroxyl group of Ser533, which is the last residue in a Ser-Thr-Ser motif that is 

conserved among all carnitine/choline acyltransferases. Ser533 is believed to play an 

essential role in transition state stabilization during catalysis and may also be involved in 

L-carnitine binding through its interaction with H2O679 [64, 84, 85].  
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Figure 3-5. Close up figure of the active site of L-carnitine acetyltransferase-L-Carnitine. 
This three-dimensional representation depicts the interaction between His322 
and L-carnitine. 

Hydrogen bond interactions seem to be the primary force for the recognition of 

L-carnitine since a hydrogen bond network is formed between the carboxylate oxygens 

(O1 and O2) of L-carnitine and a number of active site residues (Figure 3-6) [65, 85]. 

Specifically, Thr444 and an ordered active site water molecule, H2O621, interact with one 

oxygen (O2) of the carboxylate group. The water molecule is further coordinated by three 

residues in the active site, Trp81, Tyr86, and Glu326. The other carboxylic oxygen appears 

to primarily interact with Tyr431 through a strong hydrogen bond (2.53 Ǻ). In addition to 

the numerous hydrogen bond interactions with L-carnitine there is also an electrostatic 

interaction between the negatively charged carboxylate group and the positively charged 

guanidinium group of Arg497. Furthermore, the side chain NH of Arg497 forms hydrogen 
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bonds with the hydroxyl groups of Tyr431 and Thr444, which may further influence L-

carnitine binding. 

 

 
 
Figure 3-6. Two-dimensional representation of the interactions observed between L-

carnitine and L-carnitine acetyltransferase. Dashed lines denote hydrogen 
bonds and distances in Ǻ. Hydrophobic interactions are shown as arcs and 
radial spokes. 

In contrast to the negatively charged carboxylate group of L-carnitine, the 

positively charged quaternary nitrogen does not appear to have electrostatic interactions 

with negatively charged residues in the active site. However, the aromatic side chain of 

Phe545 is close to the methyl carbon of the quaternary amine head group of L-carnitine 
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(3.6 Ǻ). Thus, Phe545 appears to be the primary residue responsible for interacting with 

the quaternary nitrogen of L-carnitine through pi-cation interactions (Figure 3-4 and 3-6) 

[86, 87]. The de-localized electron clouds on the side chain benzene ring can interact with 

and stabilize the positively charged quaternary amine head group of L-carnitine. Val548 

may also contribute to the binding of the trimethyl amino head group of L-carnitine 

through van der Waals interactions. 

Comparison of CAT-L-Carnitine with Mouse CAT 

Recently the crystal structure of mouse CAT in complex with L-carnitine was 

determined to 1.9 Ǻ [65]. Based on sequence homology, human CAT and mouse CAT 

share 90% identity at the amino acid level. Interestingly, the two proteins crystallize in 

different space groups, human CAT-L-carnitine crystallized in the orthorhombic space 

group P212121 with one monomer in the asymmetric unit whereas mouse 

CAT-L-carnitine crystallized in the monoclinic space group C2 which contains two 

molecules in the crystallographic asymmetric unit [65, 85]. This may reflect a difference 

in the unit cell packing arrangement of the proteins themselves, the different 

crystallization conditions [65, 88] or both. Despite this difference, the structures are very 

similar with a root-mean-square deviation of 0.6 Ǻ over 581 Cα atoms. Furthermore, 

there is a slight variation in atomic distances between L-carnitine and the active site 

residues in human and mouse CAT. This difference is within experimental error but may 

be attributable to subtle structural differences between the two proteins. Overall, the 

conformation of L-carnitine and the amino acid residues that form its binding site are 

almost identical between these two enzymes. 
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Conclusions 

The structure of the complex of CAT and L-carnitine has been determined and 

reveals several key residues that recognize and interact with the substrate L-carnitine. 

This structure also supports the proposed mechanism that His322 plays an essential role in 

catalysis by abstracting the proton from the β-hydroxyl of L-carnitine or the thiol of CoA 

depending on the direction of the reaction [64, 65]. Additionally, active site residues 

involved in binding L-carnitine and catalysis were identified. Specifically, Tyr431, Thr444, 

and Arg497 form a binding pocket for the carboxylate group while Phe545 and Val548 

interact with the quaternary amine head group of L-carnitine. This study also provides 

important information about L-carnitine binding and the catalytic mechanism of other 

carnitine acyltransferases since His322, Tyr431, Thr444, and Phe545 are highly conserved 

among the carnitine acyltransferase family. 

 

 



 

CHAPTER 4 
FUNCTIONAL AND BIOLOGICAL CHARACTERIZATION OF ESSENTIAL 

RESIDUES OF CARNITINE ACETYLTRANSFERASE 

Introduction 

The structure of CAT in complex with L-carnitine indicated several residues 

involved in catalysis, His322, Tyr431, Thr444, Arg497, Phe545, and Val548. To confirm these 

residues are essential enzymatic residues and determine their role in catalysis, they were 

functionally and biologically characterized. To functionally characterize these residues, 

they were replaced with amino acid residues of varying charge, side-chain length, 

aromaticity and polarity. The kinetic properties of the mutant forms of the enzymes were 

determined by an enzymatic assay, as described in Chapter 2. To biologically 

characterize active site residues a novel genetic system was developed in the yeast, 

Saccharomyces cerevisiae. In this system an endogenous CAT is disrupted rendering the 

cells unable to grow on media with short-chain carbon groups, such as ethanol, as the 

sole energy source. However, human CAT complements these mutant cells and enables 

the cells to grow on ethanol media by providing a pathway for short-chain carbon groups 

to enter the mitochondria for oxidation. 

Degradation of fatty acids in yeast differs from mammals. In yeast, long-chain fatty 

acid oxidation occurs exclusively in the peroxisomes, where they are oxidized to 

acetyl-CoA [89, 90]. For further metabolism the acetyl-CoA must be transported from the 

peroxisome to the mitochondria either by the peroxisomal glyoxylate cycle or the 

carnitine shuttle (Figure 4-1) [91]. In the five steps of the glyoxylate cycle, acetyl-CoA 
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forms succinate which is then transferred to the mitochondria where it enters the citric 

acid cycle [91]. In the first step of the glyoxylate cycle, acetyl-CoA is combined with 

oxaloacetate to form citrate by the action of the enzyme peroxisomal citrate synthase. The 

enzyme aconitrase catalyzes the conversion of citrate to isocitrate, which is then 

hydrolyzed by isocitrate lysase 1 to glyoxylate, which in turn forms malate by the 

enzyme malate synthase, and succinate, which is transported to the mitochondria. Once in 

the mitochondria the succinate will enter the citric acid cycle and release malate, which 

will start the process of gluconeogenesis.  
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Figure 4-1. Schematic representation of the two pathways for the metabolism of fatty 

acids. Long-chain fatty acids are oxidized in the peroxisome by β-oxidation to 
acetyl-CoA. The acetyl-CoA can use either the carnitine shuttle or glyoxylate 
cycle for further metabolism, as described in the text. CAT, carnitine 
acetyltransferase; CIT2, peroxisomal citrate synthetase, ACO, aconitase, ICL, 
isocitrate lysase; MLS, malate synthase. 
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With the carnitine shuttle, the acetyl group of acetyl-CoA is transferred to 

L-carnitine and the resulting acetyl-L-carnitine is transferred across intracellular 

membranes to the mitochondria. Once in the mitochondria the acetyl group is transferred 

from L-carnitine to a free CoA where it can then enter the citric acid cycle [91]. CAT 

catalyzes the reversible transfer of L-carnitine to acetyl-CoA since yeast does not contain 

endogenous COT or CPT activity. 

Three genes encoding CAT in S. cerevisiae have been identified, CAT2, YAT1 and 

YAT2. The first identified CAT gene, CAT2, is translated to CAT, which is localized to 

the peroxisomes and inner mitochondrial membrane and is responsible for more than 

99% of total CAT activity in galactose grown cells [92]. The second gene, YAT1, codes 

for a CAT located in the outer surface of the mitochondria that contributes to 5% of the 

total CAT activity in acetate and ethanol grown cells [93]. The most recently identified 

gene, YAT2, codes for a cytosolic CAT that is responsible for 50% of total CAT activity 

in ethanol grown cells [77].  

Disruption of any one of the three genes that code for CAT (CAT2, YAT1 and 

YAT2) allows for growth similar to wild type cells on all carbon sources [77]. However, 

in yeast cells devoid of the glyoxylate cycle (by disruption of the CIT2 gene and 

disruption of any one of the genes encoding CAT) the cells cannot grow on media with 

fatty acids, such as oleic acid, or non-fermentable carbon sources, such as ethanol or 

acetate, as the sole carbon source. However, these cells grow as normal with glucose as 

the carbon source [77]. This indicates that in the absence of the glyoxylate cycle, all three 

CATs are essential for growth. We hypothesized that human CAT would complement the 
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mutant yeast strain and allow growth on media containing ethanol as the sole carbon 

source. 

To develop the genetic system, we obtained a strain of S. cerevisiae in which 

CIT2, the gene that encodes the first enzyme of the glyoxylate cycle, and one of the CAT 

genes, CAT2, was disrupted, thus blocking both the glyoxylate cycle and the carnitine 

shuttle. These cells could not grow on media with ethanol as the sole carbon source since 

they were not capable of utilizing ethanol as an energy source. We hypothesized that 

human CAT would complement the mutant yeast strain and that we could use this strain 

to evaluate the biological function of CAT and confirm the role of amino acid residues 

thought to be involved in substrate recognition/binding and catalysis. 

Materials and Methods 

 The general procedures used in these experiments were described in Chapter 2. 

Briefly, recombinant wild type and mutant human peroxisomal CAT was expressed in E. 

coli B834 cells with a histidine tag and then purified using a column containing Ni-NTA-

agarose. The kinetic parameters of the purified enzyme were determined using a 

spectrophotometric assay that measures the forward direction of the reaction.  

The biological activity of the wild type and mutant forms of the enzyme were 

determined using an assay in the yeast. Plasmids containing wild type and mutant forms 

of CAT were introduced to a mutant strain of yeast. These yeast cells were able to grow 

with media containing glucose as the carbon source, but were unable to grow with non-

fermentable carbon sources, such as ethanol. Yeast cells expressing wild type and mutant 

forms of CAT were screened for growth on media containing ethanol or glucose as the 

sole carbon source.  
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 Results and Discussion 

Functional Characterization of L-Carnitine Binding Residues 

The structure of the binary complex of CAT and L-carnitine reveals several 

important residues responsible for the recognition and/or binding of L-carnitine. These 

residues are conserved among all carnitine acyltransferases with the exception of Phe545 

and Val548 that become valine and methionine respectively in carnitine 

octanoyltransferases (Figure 4-2). In order to determine their contribution to L-carnitine 

binding, four residues, Tyr431, Thr444, Arg497, and Phe545, have been investigated using 

site-directed mutagenesis. 

 
 
Figure 4-2. Sequence alignment of carnitine and choline acyltransferases. The amino acid 

sequences of human and mouse hpCAT, human and rat carnitine 
octanoyltransferase, human and rat carnitine palmitoyltransferase 1 liver 
isoform, human and rat carnitine palmitoyltransferase 1 muscle isoform and 
human and rat choline acetyltransferase were aligned using ClustalW [94]. 
The residue numbers bordering each segment are indicated. The residues in 
bold typeface, Tyr431, Thr444, Arg497 and Phe545, were mutated in this study 
using site directed mutagenesis. 

Substitution at these positions creates mutant forms of CAT with altered steady-

state kinetic constants. Generally, there is a large increase in Km values for L-carnitine, 

with minor changes in Km values for acetyl-CoA compared to L-carnitine (Table 4-1). In 

almost all cases the catalytic efficiency of L-carnitine with the mutant forms compared to 

 



57 

the wild type enzyme was decreased. A decrease in turnover rates was also observed, 

although in two cases, Tyr431Ala and Arg497Gln, the kcat value increased (Table 4-1). 

 Replacement of Tyr431 with phenylalanine produced the most defective mutant 

enzyme, which increased the L-carnitine Km value by 326 fold and decreased the kcat 

value by 49 fold compared to wild type CAT (Table 4-1). This mutation also results in 

the most dramatic decrease in catalytic efficiency, 2.2 x 101 compared to 3.5 x 105 for 

wild type (Table 4-1). The substitution of tyrosine with phenylalanine removes a phenolic 

hydroxyl group, which is involved in a strong hydrogen bond with one of the oxygen 

atoms of the carboxylic group of L-carnitine (2.53 Å). Replacing Tyr431 with alanine also 

increased the L-carnitine Km constant by 100 fold, but this increase was three fold lower 

than Tyr431Phe (Table 4-1). The decreased enzymatic activity and increased Km and 

lowered catalytic efficiency towards L-carnitine for both of the Tyr431 mutants 

demonstrates the importance of this residue and the requirement of a hydroxyl group for 

high affinity binding. 

Table 4-1. Kinetic parameters of recombinant wild type and mutant forms of carnitine 
acetyltransferase. 

Enzyme Vmax L-Carnitine 
(µmol/min*mg) 

Km L-Carnitine 
(mM) 

Km ACoA 
(µM) 

kcat 
(sec-1) 

kcat/Km 
(M-1sec-1) 

Wild-Type 33.1 ± 1.4 0.11 ± 0.02 42.3 ± 2.7 38.5 3.5 x 105 
Tyr431Ala 38.0 ± 3.2 11.1 ± 1.4 87.1 ± 1.6 44.2 4.0 x 103 
Tyr431Phe 0.67 ± 0.07 35.9 ± 6.4 497.9 ± 83.5 0.78 2.2 x 101 
Thr444Ala 5.0 ± 0.3 7.5 ± 0.9 188.3 ± 18.7 5.76 7.7 x 102 
Arg497Gln 81.5 ± 4.9 25.6 ± 3.0 120.2 ± 15.7 94.8 3.7 x 103 

Phe545Ala 2.9 ± 0.1 2.0 ± 0.2 177.9 ± 15.2 8.57 4.3 x 103 
Phe545Tyr 26.2 ± 0.8 0.15 ± 0.01 63.7 ± 6.1 30.5 2.0 x 105 
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It is interesting that substitution of Phe, rather than Ala, at this position produced a 

more defective mutant, since Phe is a more conservative mutation. This may be explained 

by a couple of factors. First, charge repulsion most likely occurs between the aromatic 

side chain and the negatively charged carboxylate group of L-carnitine, reducing 

substrate affinity. Furthermore, this substitution may produce unfavorable interactions 

between the Phe residue and adjacent amino acids, which could distort the geometry of 

the L-carnitine binding pocket. This may explain the high Km as well as extremely low 

specific activity of this mutant. Alternatively, the finding that insertion of Ala at this 

position yields a less drastic change in kinetic parameters can perhaps be explained by the 

fact that substitution of Tyr by a much smaller Ala residue may allow a water molecule to 

fit into the vacant space to form hydrogen bond interactions with L-carnitine (Figure 4-3). 

Tyr431 
L-Carnitine 

His322 

A
His322 

L-Carnitine 
Ala431 B

His322 

L-Carnitine 
Phe431 C

 
 
Figure 4-3. Three-dimensional representation of the active site with Tyr431. A, Wild type 

with His322, L-carnitine and Tyr431; B, Mutant form of the enzyme with His322, 
L-carnitine and Ala modeled into position 431; C, Mutant form of the enzyme 
with His322, L-carnitine and Phe modeled into position 431.   

Another residue that forms putative interactions with L-carnitine was also 

investigated. Thr444 is 2.82 Å from the other carboxylic oxygen of L-carnitine and can 

form a hydrogen bond with the side chain hydroxyl group. Substitution of Thr444 with an 
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alanine increases the L-carnitine Km value by 68 fold and decreases the kcat value by 

6 fold (Table 4-1). In addition, Ala444 CAT is not as effective as a catalyst compared to 

the wild type enzyme since the catalyst efficiency of Ala444 CAT is more than 450 fold 

less than wild type (Table 4-1). The substitution of threonine by alanine removes the side 

chain hydroxyl group and presumably the hydrogen bond between Thr444 and L-carnitine, 

resulting in a large increase in the L-carnitine Km value and a corresponding decrease in 

the catalytic efficiency utilizing L-carnitine (Table 4-1). The above mutations and kinetic 

results clearly establish the importance of hydrogen bonds among Tyr431, Thr444, and the 

carboxylic group of L-carnitine. 

Next the role of Arg497 was examined. This residue was proposed to influence 

L-carnitine binding through both electrostatic interactions and its participation in a 

hydrogen-bonding network with Tyr431 and Thr444. In addition, Arg497 is conserved 

among all carnitine acyltransferases [64], but the analogous position in all known choline 

acetyltransferases is an asparagine (Figure 4-2) [95]. Since choline does not have a 

carboxylate group as L-carnitine does, it was hypothesized that this arginine residue is 

partially responsible for the ability of carnitine acyltransferases to distinguish L-carnitine 

from choline [95]. In fact, substitution of this residue with an asparagine residue in the 

bovine form of COT increased the L-carnitine Km value ~1650 fold and enabled the 

mutant form of the enzyme to use choline as a substrate [95]. 

Substitution of Arg497 with glutamine in CAT increases the L-carnitine Km value by 

232 fold and the kcat value by 2.5 fold (Table 4-1). By replacing the positively charged 

Arg497 with an uncharged residue the binding pocket for the carboxylate group of 

L-carnitine is most likely disrupted, which may account for a decreased apparent affinity 
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towards L-carnitine and a decreased catalytic efficiency of 95 fold compared with the 

wild type CAT (Table 4-1). These results are consistent with the previous study 

conducted with bovine COT [95] and the structural analysis reported in this work 

suggesting a critical role for the electrostatic interactions in binding and recognition of 

L-carnitine. 

Finally, the interaction of the positively charged quaternary amine head group of 

L-carnitine in the active site of CAT was examined. Phe545 is hypothesized to be the 

residue primarily responsible for the binding of the quaternary amine of L-carnitine. The 

structure of the binary complex shows that the aromatic side chain of Phe545 is 3.6 Å from 

the methyl carbon of the quaternary nitrogen of L-carnitine. Substitution of Phe545 with 

alanine increased the L-carnitine Km value by ~18 fold and decreased the turnover rate by 

4.5 (Table 4-1). On the other hand, substitution with tyrosine caused only minor changes 

in the kinetic parameters compared to wild type. These results demonstrate the 

importance of an aromatic ring for L-carnitine interactions, since removal of it led to a 

more drastic change than replacement with a phenolic side chain. It is interesting to note 

that the phenylalanine at this position is conserved in all carnitine acyltransferases except 

for COT. Mutations may have occurred in COT to compensate for the loss of an aromatic 

group at this position. Furthermore, these results are consistent with the hypothesis that 

the pi-electrons of the aromatic group of Phe545 interact with the positively charged 

nitrogen of L-carnitine through pi-cation interactions. This type of interaction is also 

observed with acetylcholinesterase, an enzyme associated with the cholinergic nerve 

terminals that hydrolyzes acetylcholine to terminate neurotransmission. The crystal 

structure of acetylcholinesterase and photoaffinity labeling revealed that the aromatic ring 
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of Phe330 as well as Trp84 interacts with the quaternary amine group of acetylcholine in 

the active site [96]. 

Based on the crystal structure of CAT, the residues that were investigated using 

site-directed mutagenesis appear to be primarily involved in binding L-carnitine. The 

kinetic results from this study presented here further support this conclusion. For the most 

part, the substitutions at these positions produce only minor effects on the Km values for 

acetyl-CoA (1.5-11 fold) compared to the dramatic affects on L-carnitine (1.5-330 fold) 

(Table 4-1). The largest change in Km value for acetyl-CoA occurred with the Tyr431 Phe 

substitution, which also had the largest Km value for L-carnitine. This mutant also showed 

the lowest specific activity and turnover number compared to any other substitution. Thus 

it seems likely that this mutation causes a significant perturbation in the active site 

leading to decreased activity and ligand affinity. Overall, the substitutions at these 

positions in the active site of CAT reveal the key role these residues play in high affinity 

binding of L-carnitine and catalysis. 

Biological Characterization of L-Carnitine Binding Residues 

Functional characterization studies have confirmed four residues to be intimately 

involved in L-carnitine recognition and binding. Next, the biological importance of these 

residues was evaluated with a novel genetic selection system. 

The genetic system is based on the observation that there are only two pathways for 

peroxisomally produced acetyl-CoA to be further metabolized: the glyoxylate cycle and 

the carnitine shuttle. The first step of the glyoxylate cycle is the formation of citrate from 

acetyl-CoA and oxaloacetate, catalyzed by the enzyme CIT2 [91]. Disruption of the CIT2 

gene blocks the glyoxylate cycle and forces the cell to employ the carnitine shuttle for 

further metabolism of acetyl-CoA. The carnitine shuttle utilizes carnitine 
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acetyltransferase activity to transport acetyl-CoA formed in the peroxisome to the 

mitochondria where it can enter the citric acid cycle for energy production. CAT also 

facilitates in the transfer of cytosolic acetyl-CoA formed by the catablolism of ethanol 

and/or acetate to the mitochondria. As previously discussed, disruption of any one of the 

three genes that code for CAT blocks the carnitine shuttle [77]. Yeast cells devoid of the 

glyoxylate cycle (by disruption of the CIT2 gene) and the carnitine shuttle (by disruption 

of the CAT2 gene) cannot grow on media with fatty acids, such as oleic acid, or 

non-fermentable carbon sources, such as ethanol or acetate, as the sole carbon source. 

However, they grow as normal with glucose as the carbon source [77]. This indicates that 

in the absence of the glyoxylate cycle, all three CATs are essential for growth. Therefore, 

it was hypothesized that human CAT would complement the mutant yeast strain and 

allow growth on media containing ethanol as the sole carbon source. 

To test this hypothesis mutant yeast cells with the CIT2 and CAT2 genes disrupted 

were screened on ethanol plates to determine their viability. The mutant yeast cells grew 

on YND media, but when replica plated onto media with ethanol as the sole carbon 

source there were no viable cells, as expected. However, when human CAT was 

introduced into the cells the mutant yeast cells were able to grow on both YND and 

YNEC media (Figure 4-4). This indicates that human CAT was able to provide a 

mechanism for the transport of cytosolic acetyl-CoA to the mictochondria for energy 

production and therefore allow growth on non-fermentable carbon sources such as 

ethanol. This system suggests that the mutant yeast phenotype can function as a genetic 

screen for the verification of residues of CAT important for the biological function of the 

enzyme. 
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To test the feasibility of the genetic system and verify that human CAT does 

complement the mutant yeast strain, a mutant form of CAT was introduced to the cells. In 

this form of CAT the active site histidine, His322, was substituted with alanine, serine and 

glutamine, rendering the enzyme inactive. The resulting yeast cells were able to grow on 

YND media; however, no viable cells were observed on the ethanol media, as shown in 

Figure 4-5. Since the mutant forms of CAT were inactive, cytosolic acetyl-CoA was 

unable to cross the mitochondrial membrane and could not be used as an energy source. 

Since ethanol was the only carbon source available the mutant yeast cells could not 

survive without metabolizing it for energy. These results show that the mutant form of 

CAT could not complement the yeast strain. This provides further evidence that human 

CAT complements the mutant yeast strain and verifies that this genetic system can be 

used to evaluate the biological activity of essential enzymatic residues of human CAT. 

Next, the biological activity of the L-carnitine binding residues was evaluated. 

Changing these residues were all shown to decrease the enzyme’s effectiveness by 

displaying altered catalytic efficiencies. However the distorted kinetic values for each 

mutation were different. To further understand how these residues affect L-carnitine 

binding and to what degree, they were characterized biologically using the genetic system 

in the yeast. 

The mutant forms of the enzyme were sub-cloned into the mutant yeast strain and 

screened for growth on ethanol and glucose plates. All yeast cells grew on glucose plates 

indicating the cells were viable (Table 4-2). However, yeast cells with Thr444Ala, 

Phe545Ala or Phe545Tyr CAT grew on ethanol media while cells with the substitution of 
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Tyr431 by either alanine or phenylalanine did not grow with ethanol. Kinetic analysis of 

Tyr431 illustrates how essential hydrogen bonding is to L-carnitine binding by producing 

YNEC YND

Mutant 

hCAT

His322Ala

Mutant 

hCAT

hCAT 

hCAT

His322Ala 

 
 
Figure 4-5. Human carnitine acetyltransferase complements mutant S. cerevisiae. Shows 

a replica plate of yeast media with glucose as carbon source (YND) and yeast 
media with ethanol as carbon source (YNEC). Growth of the mutant yeast 
strain with endogenous CAT that has been disrupted is shown as the Mutant 
section of the YND and YNEC plates. The hCAT section of the YND and 
YNEC plates shows growth of the mutant yeast strain with human CAT 
introduced. The His322Ala section of the YND and YNEC plates shows 
growth of the mutant yeast strain with mutant human CAT, containing the 
substitution of the active site histidine with alanine, introduced. 

the most defective mutants (Table 4-1). The genetic screen furthers this point by showing 

that the enzyme is not active enough to provide a mechanism for the transport of 

acetyl-CoA to the mitochondria for energy production, thus inhibiting growth of the cells. 

Although Thr444 and Phe545 are also essential to L-carnitine binding, mutation at 

these positions resulted in less defective mutants (Table 4-1). The Km value towards 

L-carnitine for the Thr444Ala, Phe545Ala, and Phe545Tyr forms of CAT were increased 68, 

18, and 1.3-fold, respectively while the acetyl-CoA Km values for Thr444Ala, Phe545Ala, 

and Phe545Tyr CAT were closer to the wild type form, only increasing 4.4, 4.2, and 
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1.5-fold, respectively. However, despite these altered kinetic parameters the mutant forms 

of CAT were able to complement the mutant yeast and allow growth on ethanol media 

(Table 4-2).  

Table 4-2. Growth of mutant yeast cells with glucose and ethanol media. 
 

 Glucose Ethanol 
Tyr431Ala Yes No 
Tyr431Phe Yes No 
Thr444Ala Yes Yes 
Phe545Ala Yes Yes 
Phe545Tyr Yes Yes 

 
 
 
 
 
 
 
Characterization of Glu326: 

Glu326 is located in close proximity to the active site histidine and coordinates with 

a water molecule that is involved with binding the carboxylate group of L-carnitine 

(Figure 4-5). Due to its close proximity to His322, it is thought that this negatively charged 

residue helps to stabilize the protonated histidine during catalysis (Figure 4-6).  

 
 

Figure 4-5. Three-dimensional representation of the active site of CAT. Shows L-
carnitine, His322 and Glu326. Green and yellow dashes represent hydrogen 
bonding potential. 
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Figure 4-6. Schematic of the reaction mechanism of CAT. The nitrogen of His322 

deprotonates L-carnitine, which facilitates the nucleophilic attack on acyl-
CoA, forming a tetrahedral intermediate. The intermediate falls apart releasing 
coenzyme A and acyl-L-carnitine. It appears as though the carboxylate group 
of Glu326 stabilizes the quaternary nitrogen of histidine during the transition 
state. 

To evaluate this residue, Glu326 was replaced by amino acids that would alter the 

physical properties of this residue: specifically, serine, asparagine, histidine, lysine, 

glutamine, alanine, and aspartate. The mutant forms of the enzyme were functionally and 

biologically characterized using the enzymatic assay and genetic selection system. As 

shown in Table 4-3, the only mutant form of the enzyme enzymatically active was Asp326 

CAT. Replacement of glutamate by an aspartate retains the negative charge, but 

decreases the side chain length by one carbon atom. The other amino acid substitutions 

eliminated the negative charge. As theorized by the three-dimensional structure and 

reaction mechanism, these results provide additional support that the negative charge is 

necessary during the transition state for stabilizing the protonated histidine. 

To determine the biological role of this residue the mutant forms of the enzyme 

were introduced to the mutant yeast strain and screened for growth on ethanol and 

glucose media. Interestingly, the mutant yeast strain was able to grow with the Asp326 

form of CAT, but not with any of the other substitutions (Table 4-3). Apparently this 
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mutant form of CAT was the only form able to complement the mutant yeast strain. This 

means that the Glu326Asp CAT was active enough to provide energy to sustain growth 

while the other mutant forms of CAT were not. These results agree with the functional 

characterization studies and further support the role of this residue.  

Table 4-3. Enzymatic activity and growth with glucose and ethanol of Glu326 mutants.  
 Growth Activity 
 Glucose Ethanol  

Glu326Gln Yes No None 
Glu326Asp Yes Yes Yes 
Glu326Asn Yes No None 
Glu326His Yes No None 
Glu326Lys Yes No None 

 

Conclusions 

The structure of the complex of CAT and L-carnitine reveals several key residues 

of CAT that recognize and interact with the substrate L-carnitine. To further evaluate the 

role of these residues, they were functionally and biologically characterized. Substitution 

of four active site residues produced CAT mutants with altered kinetic properties that 

support their functional role in binding L-carnitine and catalysis. Specifically, Tyr431, 

Thr444, and Arg497 form a binding pocket for the carboxylate group while Phe545 interacts 

with the quaternary amine head group of L-carnitine. This study also provides important 

information about L-carnitine binding and the catalytic mechanism of other carnitine 

acyltransferases since His322, Tyr431, Thr444, Arg497, and Phe545 are highly conserved 

among the carnitine acyltransferase family.  

 



 

CHAPTER 5 
STRUCTURE OF CHOLINE ACETYLTRANSFERASE 

The goal of the second specific aim is to further understand the L-carnitine/choline 

acyltransferase family by solving the structure of ChAT. Given that ChAT and CAT have 

a high sequence homology (~ 40%) and the active site residues of CAT are shared with 

ChAT, it can be presumed that these two enzymes will share several structural features. 

The x-ray crystal structure of ChAT can confirm these estimations and can also be used 

to understand several disease causing mutations. 

Introduction 

As previously discussed, ChAT is the fourth member of the L-carnitine/choline 

acyltransferase family and catalyzes the synthesis of the neurotransmitter acetylcholine 

(ACh). ACh was the first neurotransmitter to be reported [97] and has since been shown 

to play a pivotal role in fundamental brain processes such as learning, memory, and sleep 

[98-100]. ACh functions in the cholinergic neurons of the peripheral and central nervous 

systems. In the peripheral nervous system ACh stimulates muscle contraction and in the 

central nervous system ACh facilitates learning and short-term memory formation.  

In 1943 ChAT was identified as the enzyme responsible for the synthesis of ACh 

[101]. Similar to other members of the L-carnitine/choline acyltransferase family, ChAT 

catalyzes the reversible transfer of an acetyl group from CoA to choline (Figure 5-1). 

Although ChAT has been known as the enzyme responsible for the synthesis of 

ACh for more than 60 years, its mechanism of action is still unclear [47]. Comparably to 

studies with CAT, several inactivation and modification studies of ChAT have suggested  

68 
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several histidine and arginine residues that are critical for the enzyme to function (Table 

5-1) [102-108]. 
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Figure 5-1. Schematic of ChAT reaction mechanism. 

Site-directed mutagenesis studies in Drosophila ChAT have lead to the proposal 

that a highly conserved histidine residue, histidine 426, (histidine 334 in the rat form of 

ChAT) is essential for activity and may serve as an acid/base catalyst [109]. Additional 

mutagenesis studies in rat ChAT have also suggested that another highly conserved 

residue, arginine 452, interacts with acetyl-CoA [63]. Interestingly, an equivalent 

mutation in human ChAT, arginine 560 to histidine, has also been shown to significantly 

reduce the affinity for both substrates, choline and acetyl-CoA [56]. 

The ChAT gene appears to have multiple splice variants that result in different 

mRNA species. Three non-coding exons, R, N and M, have been identified upstream of 

the coding exon 4 in rat, mouse and human. However, the difference between these 

species is that the human form of exon M contains a sequence that can be translated to 

amino acids [47]. At least seven, five and four different mRNA species have been 

isolated from the mouse, rat and human, respectively [47]. These mRNA species are 

formed from different combinations of the non-coding exons. Since the exons are non-

coding in the mouse and rat, a single form of ChAT protein is generated in these species. 

In contrast, the human M exon can be translated to amino acids and thus generates two 

forms of ChAT in humans, small and large. 
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Table 5-1. Reported mutations of choline acetytlransferase.* 
Animal species Mutation Corresponding 

residue in rChAT 
Effect 

Site-Directed 
Mutations 

   

Drosophila His393Leu His301 Inactive 
 His436Leu His334 Inactive 
 His426Gln His334 Inactive 

Rat Arg452Ala – Increase Km for CoA (12-fold) 
and ACh (8-fold) and increase 

kcat (7-fold) 
 Arg452Gln – Increase Km for CoA (12-fold) 

and ACh (8-fold) and increase 
kcat (7-fold) 

 Arg452Glu – Increase Km for CoA (54-fold) 
and ACh (60-fold) and 
increase kcat (15-fold) 

 Arg453Glu – Increase Km for CoA (7-fold) 
and ACh (12-fold) and 
increase kcat (5-fold) 

 Arg452Gln/ 
Arg453Glu 

– Increase Km for CoA (170-
fold) and ACh (70-fold) and 

increase kcat (17-fold) 
Disease Cauing 

Mutations 
   

Human Glu441Lys Glu331 Low exression, no catalytic 
activity 

 Arg560His Arg452 Increase in Km toward 
acetyl-CoA and choline 

Temperature 
Sensitive 
Mutations 

   

Drosophila Met403Lys Leu318 Decrease activity 
*Adapted from information reviewed in [56, 63, 109, 110]. 

 

The small form of ChAT in humans is the primary form observed and is composed 

of 630 amino acids with a molecular weight of 67 - 68 kDa. The observed molecular 

weight is less than the calculated molecular weight, most likely due to post-translational 

modification or proteolysis during enzyme purification [47]. The large form of ChAT is 
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composed of 748 amino acids and contains a 118 amino acid N-terminal extension. It is 

not clear whether this form is actually synthesized in vivo [47]. 

ChAT is localized in the cholinergic nerve terminals (Figure 1-6) in two forms, 

soluble (80-90% of total enzyme activity) and membrane bound forms (10-20%) [47, 

111]. The significance of the membrane association is unknown; however, 

phosphorylation appears to be required for membrane association [112]. ChAT is thought 

to exist as an extremely low abundance and monomeric globular protein in nature, with 

its mechanism of action still unknown. 

Decreases in ChAT activity are an indicator of cholinergic neuron damage and have 

been observed with patients who have neurodegenerative disorders, such as Alzheimer’s 

disease, Huntington’s disease and amyotrophic lateral sclerosis. Decreases in ChAT 

activity have also been correlated with schizophrenia, Rett syndrome and sudden infant 

death syndrome [47]. Recently, direct sequencing of the ChAT gene from five patients, 

exhibiting congenital myasthenic syndrome with episodic apnea (CMS-EA), revealed 

10 recessive mutations, which result in severe muscle weakness and respiratory 

insufficiency. Kinetic analysis of nine of these mutants (the tenth was a frameshift null 

mutation), demonstrated that one mutant (Glu441Lys; residue 332 in rChAT) lacked 

catalytic activity while the others (Leu210Pro, Pro211Ala, Ile305Thr, Arg420Cys, Arg482Gly, 

Ser498Leu, Val506Leu, and Arg560His; residues 101, 102, 196, 311, 373, 388, 397, and 452 

in rChAT, respectively) had significantly impaired catalytic efficiencies [56]. 

Understanding the basis of these mutations, however, has been hindered since no three 

dimensional structure was available.  
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Recently, the crystal structures of human and mouse carnitine acetyltransferase 

have been reported [64, 65]. These enzymes show significant amino acid sequence 

homology (~ 40% identity) with ChAT, and therefore can be used for the molecular 

replacement solution of the structure of the rat form of ChAT (rChAT). The structure, 

together with the modeled substrate (choline and acetyl-CoA) complexes has given 

rational to understanding the mechanisms of catalysis of the enzyme and understanding to 

disease causing mutations of ChAT. 

Materials and Methods 

The experimental procedures involved in this project were described in Chapter 2. 

Briefly, recombinant rat ChAT was expressed in bacterial cells with a histidine tag and 

then purified using a column with Ni-NTA-agarose. The purified enzyme was then 

crystallized and the three-dimensional structure was determined.  

Results and Discussion 

Structure Determination and Overall Structure of the Enzyme 

RChAT was over-expressed in Escherichia coli, purified by affinity 

chromatography and crystallized (Figure 5-2). A single crystal was cryoprotected by a 

60 second soak in a reservoir solution containing 15% PEG 8000 and 40% glycerol. The 

crystal was then mounted in a thin fiber nylon loop (Hampton Research) and flash frozen 

prior to data collection at 100 K. The diffraction data were collected at the Cornell High 

Energy Synchrotron Source (CHESS) using the ADSC Quantum 4 CCD detector system. 

Data were collected using a 0.2 mm collimator, detector-to-crystal distance of 150 mm, 

1° oscillation angle with an exposure time of 120 seconds for each image. Reflection 

intensities were indexed and evaluated with DENZO and scaled using SCALEPACK 

[80]. 
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Figure 5-2. Photograph of recombinant rat choline acetyltransferase crystals. 
Approximate dimensions are 0.4 x 0.2 x 0.2 mm. 

A total of 70o of data were collected (70 images) from a single crystal. Figure 5-3 

shows a typical 1.0° oscillation diffraction image. The rChAT crystal was shown to be 

orthorhombic P212121 with unit cell parameters a = 139.0, b = 77.7, c = 59.7 Å. The 

structure was refined to 1.55 Å resolution [113].  

The structure of ChAT was solved by molecular replacement procedures [114], 

with the coordinates of human peroxisomal CAT (with the side-chains of all non-glycine 

residues truncated to alanines) as a search model [64] using the CNS program package 

[81]. A sequence alignment between rChAT and CAT showed there was ~ 40% amino 

acid identity indicating the overall structural fold of the two enzymes would be similar.  

The structure consists of ~40 % helix (20 helices: H1-H20) and 15% strand 

(16 strands: S1-S16) arranged into two domains, I (residues 89-400) and II (residues 20-

88 and 401-616; Figure 4.4). These domains are interconnected and create a tunnel, 

approximately 16 Å in diameter that passes through the center of the enzyme, which 

forms the active site. 

Domain I is composed of a six-stranded mixed β-sheet (S1, S8, S7, S6, S4, and 

S5) that is interconnected on both flanks by eight α-helices (Figure 5-4). Domain II also 
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Figure 5-3. X-ray diffraction pattern of rat choline acetyltransferase crystal. Data were 
collected on the F1 beam line (λ = 0.9504 Å) with ADSC Quantum 4 CCD 
detector system at the Cornell High Energy Synchrotron Source. This data 
was collected with a crystal-to-detector distance of 150 mm with an exposure 
time of 120 seconds/image and an oscillation range of 1.0° at 100 K. The 
black concentric rings show the demarcation of the 5.0, 3.5, 2.0 Å resolution 
diffraction shells. The highest observed diffraction extended beyond 1.55 Å 
resolution. 

consists of six-mixed β-sheets (S10, S16, S15, S13, S11, and S12) that are connected 

with 11 α-helices (seven from the C-terminal and four from the N-terminal). Helices H1 

and H2 generate an anti-parallel bundle that elongates to an extended structure composed 

of helices H3 and H4, which crosses over to domain I to form the front entrance (choline) 

of the tunnel. In domain I residues 322-335 generate anti-parallel β-sheets (S7 and S8) 

with the catalytic His334 located at the end of strand S8 positioned at the center of the 

active site tunnel (Figure 5-4). This turn (residues 333-358) extends to form helix H12  
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Figure 5-4. Overall Structure of Rat Choline Acetyltransferase. Ribbon diagram 
representation depicting α-helices H1-H20 (red) and β-strands S1-S16 (blue). 
Also shown in ball and stick representation the active site His334 and docked 
substrates choline and coenzyme A. 

that lines one side of the active site tunnel. The long helix H13 is arranged in front of the 

β-sheet of domain I and connects to β-strand S10 that links domain I to domain II. Strand 

S10 leads into helix H14 that is parallel with the β-sheet of domain II. The β-sheet of 

domain II facilitates the flipping out of strand S14 (between S13 and S15), which forms 

an anti-parallel interaction with the strand S1 of domain I. Five helices, H15-H20, are 

between strands S11 and S16, generate a supporting scaffold that holds domain II β-sheet 

open face towards the active site of the enzyme. The β-strand S16 connects with the 
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C-terminal helix H20 via a loop that terminates domain II. The two domains of rChAT 

adopt a similar topology with each other in the absence of any recognizable amino acid 

sequence homology (~ 11% identity) between them. 

The overall surface area of the molecule is 25,000 Å2. Out of the 644 amino acids, 

89 (mostly hydrophobic residues) are buried at the interface between the two domains 

(~4000 Å2). In domain I residues Ala109, Ile111, and Glu347 have hydrogen bond 

interactions with domain II amino acids Thr555, Met556, Phe559, and Cys561. The carbonyl 

oxygens of Glu347 hydrogen bond with the side chain of Thr555 (3.1, 2.8 Å) and the 

main-chain nitrogen of Met556 (2.8 Å). Both residues, Ala109 and Ile111, have hydrogen 

bond interactions with Cys561 (3.0 Å) and Phe559 (2.8 Å) main chain atoms. These 

interactions are predominantly main-chain and therefore there is no evolutionary pressure 

to conserve them between species (Figure 5-5).  

Comparison of CAT-L-Carnitine with Free CAT 

The amino acid sequence of rChAT is highly homologous with ChATs from other 

species and has 95, 86, and 85% identity with mouse, human, and pig respectively. In 

addition, the amino acid sequence of rChAT has ~ 40% identity compared to human and 

mouse CAT [64, 65] and shares a common structure with a RMS deviation of 1.30 and 

1.25 Å, respectively, for approximately 570 Cα atoms. The rChAT structure has 2 

additional β-strands (S9 and S10) and an additional helix (H14) compared to the 

structures of human and mouse forms of CAT. Most of the main-chain structural 

variation (3.0 to 6.0 Å) occurs between residues 209-216 and 233-240 of rChAT 

compared to human and mouse CAT. 
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Figure 5-5. Sequence alignment of choline acetyltransferases. Shows the amino acid 
sequence alignment of rat, human, mouse, pig, D. melanogaster, and C. 
elegans ChAT. The amino acid numbering and secondary structural elements 
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are based on the structure of rat ChAT. Strands S1-S16 are represented by 
blue arrows while helices H1-H20 are depicted by red spirals. Identical and 
conserved residues are indicated by red and yellow blocks, respectively. 
Residues mutated using site-directed mutagenesis are indicated by purple 
triangles [63, 95, 109]. Residues mutated in patients with congenital 
myasthenic syndrome with episodic apnea (CMS) are shown by green 
triangles [56]. A blue star indicates the residue, Arg312, that was mutated by 
site-directed mutagenesis and shown to be mutated in patients with CMS. 

Interestingly, E2p, an enzyme that catalyzes a similar reaction to that of rChAT, 

in that it transfers an acetyl group from acetyl-CoA to an organic substrate, shares an 

8% sequence identity with rChAT. When E2p is structurally aligned with domain I of 

rChAT it has an RMS deviation of 1.87 Å for 117 Cα atoms [115]. 

Active Site 

The catalytic center of rChAT is a 16 Å long tunnel, formed between the interface 

of domains I and II. Chemical modification, inactivation, and mutagenesis studies have 

identified the catalytic histidine of rChAT as His334, which is located at the center of this 

tunnel between β-strand S8 and helix H8 in domain I (Figure 5-4) [18, 116]. This 

observation is consistent with sequence homology comparison with the known catalytic 

histidine residues of other acyl group transfer enzymes including His322 in human CAT 

[64], His343 in mouse CAT [65], His610 in E2p [115], and His195 in chloramphenicol 

transferase [117]. 

In rChAT, His334 assumes an unusual conformational arrangement (χ1 = -146°;  

χ2 = -49°) to form a hydrogen bond (3.0 Å) interaction between the imidazole nitrogen 

Nδ1 and its main chain carbonyl oxygen. In the crystal structure of human and mouse 

CAT, E2p, and chloramphenicol transferase, the catalytic histidine also shows a similar 

conformation [64, 65, 115, 117]. Interestingly, this conformation of His334 allows the N3 
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nitrogen to point towards the hydroxyl group of choline to extract a proton, as shown in 

Figure 5-6 with His322 of human CAT and L-carnitine. 
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within hydrogen bonding distance to the hydroxyl group of choline (2.0 Å). The 

quaternary amine head group of choline is positioned close to the side chain of Tyr562, 

separated by 4.6 Å, and has hydrophobic interactions with the side chain residues Ser548 

and Val565 (3.0 Å and 3.2 Å, respectively) (Figure 5-7, Table 5-2). Interestingly, in other 

highly conserved members of the L-carnitine/choline acyltransferase family, CAT, the 

quaternary amine of L-carnitine appears to be positioned close to a phenylalanine residue, 

Phe545 and Phe566 respectively. However, in the case of rChAT the quaternary amine of 

choline interacts with a tyrosine residue (Tyr562) [64, 65]. In CAT, the highly conserved 

residues within carnitine acyltransferases, Thr444 and Arg497 (Val459 and Asn514 in rChAT) 

play critical roles by interacting with the carboxylate group of L-carnitine [65, 85]. Since 

choline does not have a carboxylate group at this position, these residues are not 

conserved in rChAT. 

All members of the L-carnitine/choline acyltransferase family contain a conserved 

Ser-Thr-Ser (STS) motif near the carboxy terminal: Ser548, Thr549, and Ser550 in rChAT 

[84]. The first serine of this motif, Ser548, is positioned close to the quaternary amine 

group of choline and may play a critical role in transition state stabilization during 

catalysis.  

Coenzyme A Binding Site 

The CoA binding site was modeled on the opposite side of His334 from the choline 

binding site. The strands S11 and S12 of domain II are separated from each other and 

create a space that can accommodate the pantothenic arm of CoA, which extends towards 

the active site. Highly conserved residues in L-carnitine/choline acyltransferases surround 

the CoA binding site at the C-terminal end of the enzyme (Table 5-3).  
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Figure 5-7. Close up view of the modeled binding site of choline and CoA. The Cα trace 

of domain I (blue) and domain II (red). RChAT residues putatively involved 
in binding shown in ball and stick. Red dash lines indicate possible hydrogen 
bond interactions 

Residues Lys413 and Lys417 may interact with the 3’-phosphate group of CoA and a 

clustered group of residues (Asp424, Glu447, and Gln551) possibly interact with the 

pantothenic arm of CoA (Figure 5-7, Table 5-3). The carboxyl oxygens of Asp424 are 

hydrogen bonded with Gln551 (3.0 Å) and Glu447 (2.6 Å). This would imply at least some 

effect on the protonation state of at least one of the acidic residues in the active site. 
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Table 5-2. Choline substrate binding sites for rat choline acetyltransferase (rChAT), 
human peroxisomal L-carnitine acetyltransferase (hCAT), and mouse L-
carnitine acetyltransferase (mCAT). 

Atom rChAT hCAT** mCAT*** 
O3 His334 (3.02) His322 (2.76) His434 (2.68) 

N(CH3)3 Ser548 (3.04) Ser533 (3.61) Ser552 (3.62) 
 Tyr562 (4.6) Phe545 (3.6) Phe545 (3.96) 
 Val565 (3.16) Val548 (3.83) Val569 (3.86) 

O1 – Tyr431 (2.55) Tyr452 (2.59) 
O2 – Thr444 (2.82) Thr465 (2.63) 

*Residue (Distance (Å)) 
** Interactions taken from the crystal structure of hCAT, 
     PDB number, 1S5O [85]. 
***Interactions taken from the crystal structure of mCAT, 
       PDB number, 1NDF [65]. 
 
Table 5-3. Coenzyme A substrate binding sites for rat choline acetyltransferase (rChAT), 

human peroxisomal L-carnitine acetyltransferase (hCAT), and mouse L-
carnitine acetyltransferase (mCAT). 

Atom rChAT hCAT** mCAT*** 
P3(O9) Lys413 (3.23) Lys398 (3.27) Lys419 (3.64) 

 Lys417 (2.72) Lys402 (2.67) Lys423 (3.58) 
*Residue (Distance (Å)) 
** Interactions taken from the crystal structure of hCAT, 
PDB number, 1S5O [85]. 
***Interactions taken from the crystal structure of mCAT, 
PDB number, 1NDF [65]. 
 

Previous chemical modification, inactivation, and site-directed mutagenesis 

studies have suggested that Arg452 of rChAT interacts with the 3’-phosphate group of 

CoA to stabilize CoA binding [63, 105]. Although substitution of this residue by an 

alanine resulted in a 7-12 fold increase in Km for both CoA and acetyl-CoA as well as an 

increase in the kcat value [63], based on observations from the structure of rChAT it 

appears that this residue is too far from the 3’-phosphate group of CoA (~ 11 Å) to form 

an interaction. Perhaps the mutation of Arg452 with alanine disrupts the overall structure 

of the active site or the stability of the enzyme to cause such a decreased affinity towards 

the substrates. 
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Disease Associated Mutations 

Congenital myasthenic syndrome (CMS) is an inherited disease that affects the 

neuromuscular junction and causes muscle weakness from birth or early childhood. The 

neuromuscular junction is the junction between a terminal motor neuron and a muscle 

fiber. Nerve impulses travel down the motor neuron to cause the muscle fiber to contract. 

Once the action potential reaches the neuron terminal ACh, synthesized by ChAT and 

stored in synaptic vesicles, is released into the synaptic cleft where it binds to its 

receptors to elicit neurotransmission. The action of ACh is terminated by 

acetylcholinesterase, which is the target of several Alzheimer’s disease therapeutics and 

chemical warfare. 

CMS is classified into three categories based on the site of the mutation. Pre-

synaptic defects, which account for 8% of cases, are related to decreased production or 

release of ACh. Synaptic basal lamina associated defects are responsible for 16% of cases 

and are due to endplate acetylcholineterase deficiency that leads to excessive muscle 

stimulation and ultimately damages the muscle. The third category accounts for the 

largest proportion of cases and is a result of deficiency or mechanical changes of the ACh 

receptor. 

Interestingly, the cause of the defect determines the symptoms. With the pre-

synaptic form of the disorder patients experience dyspnea (shortness of breath) and 

bulbar (muscles of the face, jaw, pharynx, larynx and tongue) weakness. The 

distinguishing feature of this form of CMS is that the dyspnea and bulbar weakness is 

sudden and can lead to apnea or temporary cessation of breathing. This symptom is 

precipitated by infection, fever or excitement. The only treatment of this form of CMS is 
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acetylcholinesterase inhibitors. However, recent studies on the molecular basis of the 

disease have revealed mutations of the ChAT encoding gene. 

An analysis of the ChAT encoding gene from five patients with CMS-EA revealed 

recessive mutations, one (523insCC) null mutation, three mutations (Ile305Thr, Arg420Cys, 

and Glu441Lys) that reduce ChAT expression, one mutant (Glu441Lys) devoid of catalytic 

activity and eight mutants (Leu210Pro, Pro211Ala, Ile305Thr, Arg420Cys, Ser498Leu, 

Val506Leu, and Arg560His) that have decreased catalytic efficiencies towards CoA 

(Table 5-1, Figures 5-5 & 5-7) [56]. Further mutational analysis of the ChAT encoding 

gene from three patients with CMS-EA from two Turkish families shows an additional 

mutation (Ile336Thr) and studies from five patients from three independent families shows 

three further mutations (Val194Leu, Arg548Stop, and Ser694Cys) [118, 119]. Figure 5-8 

shows that most of these residues are located in the periphery of the structure, away from 

the active site tunnel and perhaps are important for stability or maintaining the 

conformation of the active site. 

The most severe mutation reported, Glu441Lys, drastically reduces ChAT 

expression in COS cells (29% compared to wild type) and the mutant form of the enzyme 

is devoid of catalytic activity [56]. This conserved residue corresponds to Glu333 in 

rChAT and is located in strand S8, adjacent to the catalytic histidine (Figure 5-5). 

Although this residue points in the opposite direction of the active site and appears to not 

be involved directly in the catalytic mechanism of the enzyme, mutation to a lysine could 

introduce interactions with a nearby arginine, Arg250, (4.0 Å). These interactions could 

disrupt the active site or the orientation of the active site histidine and thus eliminate 

catalytic activity. 
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Figure 5-8. Structural comparison of rat choline acetyltransferase (rChAT) and human 

peroxisomal carnitine acetyltransferase (hCAT) and mutations in human 
ChAT that cause myasthenic syndrome associated with episodic apnea (CMS-
EA). Coil diagram shows the superimposition of rChAT (red) onto hCAT 
(blue). Arrows show structural variation (Cα RMS deviation > 2.0 Å), residues 
209-216 and 233-241, between rChAT and hCAT. Shown in ball and stick 
His334, choline/L-carnitine, and coenzyme A. Residues mutated in patients 
with CMS-EA are shown by green spheres [56]. Residues mutated using site 
directed mutagenesis are indicated by purple spheres [63, 95, 109]. A blue 
sphere indicates the residue, Arg312, that was mutated by site directed 
mutagenesis and shown to be mutated in patients with CMS-EA. (Refer to 
text, Table 5-1, and Figure 5-5). 

Another interesting mutation is Arg560His. This mutation causes a decreased 

affinity towards both acetyl-CoA and choline [56]. Arg560 is absolutely conserved and 

corresponds to Arg452 in rChAT (Figure 5-5). As previously discussed, chemical 
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modification, inactivation and site-directed mutagenesis studies have shown that this 

residue interacts with the 3’-phosphate group of CoA [63, 105]. However, based on the 

structure, Arg452 does not interact with either substrate. Therefore, it is quite perplexing 

that a mutation of this residue can impair catalytic activity to such a degree that it causes 

a disease state. Based on the structure, it appears that a histidine located at position 452, 

could interact with Gln164 (~2.5 Å), which could disrupt the conformation of the active 

site histidine. A histidine residue at position 452 could also interact with Glu338 (~4.0 Å), 

which, as previously discussed, forms a hydrogen bond interaction with the active site 

histidine. 

The other mutations, Leu102Pro, Pro103Ala, Ile197Thr, Arg312Cys, Arg374Gly, 

Ser390Leu, and Val398Leu, have been shown to cause a decrease in the affinity for acetyl-

CoA and therefore decrease catalytic efficiency when compared to wild type [56]. 

Temperature Sensitive Mutations 

The structure of rChAT can also be used to understand the temperature sensitive 

mutations in Drosophila that were generated to determine the role of the neurotransmitter 

acetylcholine in development and mediating behavioral function in the brain [120]. These 

mutations (Chats1 and Chats2) show a conditional temperature sensitive phenotype in 

which at increased temperature, 30°C, ChAT activity decreases. Drosophila expressing 

either mutation become paralyzed and subsequently die when incubated at 30°C [120]. At 

the higher temperature it was shown that the mutant phenotype appears more rapidly with 

the Chats2 mutant, indicating that the Chats2 mutation is more severe than the Chats1 [120].  

Recently these mutations have been identified as Met403Lys for Chats1, which 

corresponds to Leu318 in rChAT, and Arg397His for Chats2, which corresponds to Arg312 in 

rChAT (Figure 5-5) [121]. Arg312 is absolutely conserved within all known ChATs while 
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Leu318 is not conserved. In fact, this residue is a leucine residue in rat, human, mouse and 

pig, an isoleucine in C. elegans, and a methionine in the Drosophila ChAT.  

Both of these residues are close to the active site histidine. The replacement of 

Leu318 by lysine appears to affect the overall stability of the enzyme since it appears that 

this mutation does not introduce deleterious interactions with surrounding residues. In 

contrast, substitution of Arg312 by histidine may change the choline binding site. It 

appears that a histidine residue located at position 312 may interact with Glu333, which is 

located adjacent to the active site histidine. As previously discussed, this residue faces the 

opposite direction of the active site. However, it may be critical in formation of the 

choline binding pocket, such that an unfavorable interaction will disrupt choline binding.  

Conclusion 

The structure of rChAT has been determined to a 1.55 Å resolution and exhibits 

conserved structural features found in human and mouse CAT [64, 65]. RChAT is a 

monomeric protein containing two domains that interconnect to form an active site 

tunnel. Within the active site the catalytic residue His334 is located at the center of the 

tunnel, suggesting a common catalytic mechanism for the entire L-carnitine/choline 

acyltransferase family. The substrates, choline and acetyl-CoA, have been modeled in the 

active site based on the structure of mouse CAT, and reveal several residues that may be 

involved in substrate recognition and ligand interactions and provide insight into the 

molecular basis of disease causing mutations. 

 



 

CHAPTER 6 
CONCLUSIONS 

The carnitine/choline acyltransferase family plays an important role in fat 

metabolism by facilitating the transfer of acyl groups across intracellular membranes. 

These enzymes catalyze the reversible transfer of acyl groups between CoA and 

L-carnitine. There are three known classes of carnitine acyltransferases that differ in their 

acyl group specificity, subcellular location, tissue distribution and physiological function. 

Of these carnitine acetyltransferase (CAT) is of particular interest. CAT has a substrate 

preference for short chain (2-6 carbon atoms) acyl groups and is found in the 

mitochondrial matrix, the endoplasmic reticulum and peroxisomes. Chemical 

modification and site-directed mutagenesis experiments have identified an active site 

histidine that acts as a general base to catalyze the reaction. However, in spite of its 

importance, fundamental questions remain about the structure of CAT. 

The structure of CAT with its substrate L-carnitine was determined and reveals 

several residues involved in catalysis. The structure supports the putative mechanism of 

the enzyme and identified the active site histidine as His322. His322 plays an essential role 

in catalysis by abstracting a proton from the β-hydroxyl group of L-carnitine or the thiol 

group of CoA depending on the direction of the reaction. 

In addition, specific L-carnitine binding residues were identified. It was shown that 

three residues, Tyr431, Thr444 and Arg497, interact with the carboxylate group of 

L-carnitine while two residues, Phe545 and Val548, interact with the quaternary amine 
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group. These residues are highly conserved within the carnitine/choline acyltransferase 

family. 

To confirm their role in catalysis these residues were functionally and biologically 

characterized. Functional characterization was carried out by a spectrophotometric 

enzymatic assay. A novel genetic assay with Saccharomyces cerevisiae as the model 

organism was developed to biologically characterize these residues. In this system an 

endogenous yeast CAT gene is disrupted rendering the cells incapable of using short 

chain carbon groups as an energy source and thus unable to grow on ethanol media. 

Human CAT complements the mutant yeast strain and allows growth on short chain 

carbon sources while an inactive form of CAT is unable to complement the yeast strain. 

Substitution of the four residues (Tyr431, Thr444, Arg497 and Phe545) produced mutant 

forms of the enzyme with altered kinetic parameters. The mutant forms of the enzyme 

were also unable to complement the mutant yeast strain. Taken together these studies 

support the role of these residues in binding L-carnitine and catalysis. 

In addition to these studies, the role of Glu326 was evaluated using the enzymatic 

and biological assays. This residue is located in close proximity to the active site histidine 

and is thought to stabilize the protonated histidine during catalysis. Replacement of 

Glu326 by other amino acids, except by aspartate, produced mutant forms of the enzyme 

that were catalytically and biologically inactive. This provides additional support that the 

negative charge is necessary during the transition state for stabilization. 

The structure of the fourth member of the carnitine/choline acyltransferase family, 

choline acetyltransferase (ChAT), was also determined. It was found that rat ChAT and 

human CAT share several structural features; both enzymes are composed of two 
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domains that form an active site tunnel. Similar to CAT, His334 is located in the center of 

the tunnel, suggesting a common mechanism for the entire carnitine/choline 

acyltransferase family. The substrates, choline and acetyl-CoA, were modeled in the 

active site and reveal several residues that may be involved in substrate recognition: 

Tyr95, Ser548, Tyr563, Val565 and Lys413, Lys417, Asp424, Glu447, Gln551.  

The structure of ChAT has also provided insight to the molecular basis of the 

disease congenital myasthenic syndrome (CMS). Previous studies have revealed that 

mutations, which reduce ChAT expression, eliminate catalytic activity and decrease 

catalytic efficiencies towards CoA from five patients with CMS. Based on the structure 

of rChAT, the position of these residues could be determined and the possible detrimental 

interactions by the mutations could be ascertained.  

In conclusion, these studies have helped to further understand this enzyme family. 

The information gleaned from structural studies of CAT and ChAT have identified 

several key residues which, could be carried over to other members of the enzyme family, 

COT or the CPTs. CPT I plays an essential role in fatty acid metabolism, but is also 

highly regulated by an endogenous substrate analogue. Understanding of the molecular 

basis of this relationship is key to developing an exogenous modulator of CPT I activity. 
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