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Three of the four major classes of biomolecules are defined 
on the basis of similarities in their structures: ~ ro te ins  con- 
sist of amino acids; carbohydrates are polyhydr~x~alde- 
hydes or ketones; and nucleic acids are polynucleotides. Lip- 
ids are defined on the basis of similarities in their physical 
properties, they are the class of biomolecules that are soluble 
in nonpolar solvents such as benzene, chloroform, or ether. 
Lipids therefore exhibit a wide variety of structures charac- 
terized by the presence of hydrophobic groups. 

Lipids are often divided into two classes. Complex lipids 
such as "fats" and "oils" contain fatty acids; simple lipids 
such as vitamin A or cholesterol do not. 

Fatty Acids 
Fatty acids are long-rhnin rarboxylic acids such as stearic 

arid. CH,~(.~H~I~,;C'O.H, that contain n nunpolar, hydropho- 
h c  hsdrurarbun tail and a polar, hydrophilic cnrbox\,lic arid 

~ - 

head. Fatty acids in terristial organisms usually have an 
even number of carbon atoms, with chains of 16 to 18 being 
most common, although milk and butter fat have unusually 
high amounts of fatty acids with chainlengths between 4 and 
12. Marine organisms have a greater abundance of fatty 
acids with an odd number of carbon atoms. 

Fatty acids are divided into two classes, saturated fatty 
acids such as 

lauric acid CHdCHd1oC02H 
myristic acid C H S ( C H ~ ) , ~ C O ~ H  
palmitic acid CH3(CH2)14C02H 
stearic acid CHS(CHZ)I~COZH 

and unsaturated fatty acids such as 

palmitoleic acid CH3(CH2)5CH=CH(CH2)7C02H 
oleic acid CH3(CH2)7CH=CH(CH2)7C02H 
linoleic acid CHa(CHACH=CHCHGH= 

CH(CH&CO~H 
linolenic acid CHnCH=CHCH?CH= 

in which the C=C double bonds are usually present in a cis 
orientation. The presence of a double bond between C9 and 
Clo or C12 and C13 in these unsaturated fatty acids is indicat- 
ed with the symbols A9 and A12. 

Neutral Fats, Triglycerldes, or Trlacylglycerols 
The concentration of free fatty acids in a cell is negligible, 

almost all of the fatty acids are bound to glycerol by ester 
linkages. The most abundant lipids are the triesters of glyc- 
erol with fatty acids that are typically divided into "fats" 
and "oi1s"on the basis of whether they are solids or liquids a t  
room temperature. 

These compounds were once called neutral fats, they are 
now called triglycerides, or more accurately, triacylglycerols. 
Their primary function is the long-term storage of biological 
energy. 

Saponlflcation 
One of the characteristic reactions of triacylglycerols is the 

alkaline hydrolysis of the ester linkage to give glycerol and 
sodium or potassium salts of the corresponding carboxylate 
ions. 

I 
CHOH + 3 [Nat][CH:,(CHz),COz-] 
I 

CH?OH 

This reaction is called saponification (from the Latin sa- 
ponis, soap, and facere, to make) because it has been used 
for more than 2,000 years to make soap. 

The first step in the catabolism of triacylglycerols involves 
an enzyme-catalyzed hydrolysis of the triester to glycerol 
and three fatty acids. The glycerol produced in this reaction 
is phosphorylated by glycerol kinase, oxidized to dihydroxy- 
acetone phosphate by glycerol phosphate dehydrogenase, 
isomerized to glyceraldehyde 3-phosphate by triose phos- 
phate isomerase, and finally injected into the glycolytic 
pathway. 

I 
C=O 

1 

I 
- HC-OH 

I 
CH20P032- CH20POa2- 

Careful consideration of the reactions involved in glycolysis, 
the TCA cycle, electron transport, and oxidative pbosphory- 
lation suggests that a total of 22 ATP can be synthesized 
from the total oxidation of glycerol to Con and H20. 

Actlvatlon and Transporl 
Fats and oils are broken down to fatty acids and glycerol in 

the soluble portion of the cytoplasm. Oxidation of the fatty 
acids to COz and H20, however, is catalyzed by enzymes 
found on the inner walls of the mitochondria. Before fatty 
acids can be metabolized, they must first be activated and 
then transported across a membrane into the mitochondria. 
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Fatty acids are activated by forming a thioester to coen- 
zyme A. 

CH,(CH,),CO,H + HS-CoA - CH,(CH,).CO-S-CoA 

Because thioesters are themselves high-energy compounds, 
hydrolysis of ATP to ADP and the phosphate ion cannot 
provide quite enough energy to drive this reaction to com- 
pletion. The energy released when ATP is hydrolyzed to 
AMP and the pyrophosphate (P20T4-) ion is used to form a 
mixed anhydride between the fatty acid and AMP. 

The energy released when the pyrophosphate ion is hydro- 
lyzed to a pair of phosphate ions then drives the transfer of 
the fatty acyl group to form a thioester. 

0 
I 

cH,(cH,),d-0-Arm + Hs-coA - cH,(cH,),co-s-COA + AMP 

P,O.,- + H20 - 2 HPO2- 

The fatty acyl CoA formed in this activitation step cannot 
he transported across the mitochondria1 memhrane because 
the coenzyme A fragment carries a significant net ionic 
charge due to the presence of phosphate linkages. The fatty 
acyl group is therefore transferred to the -OH group of a 
molecule of carnitine by an acyltransferase enzyme to form a 
zwitterion that carries no net electrical charge, and can 
therefore cross this membrane. 

o cH2c02- 
II I 

CHa(CH2),C-S-CoA + HO-CH - 
I 

CHzN(CH&+ 

0 CH2C02- 
I/ I 

CH3(CH2).C-0-YH + HS-CoA 

Once the fatty acyl carnitine ester has been transported 
across the memhrane, a second acyltransferase enzyme 
transfers the fatty acyl group hack to coenzyme A in a regen- 
eration step. 

The 8-Oxldatlon Spiral 
Once inside the mitochondrion, the fatty acyl coenzyme A 

thioester enters the p-oxidation spiral shown in the figure, 
which degrades the fatty acid, two carbon atoms at  a time. 

Step 1: Oxldatlon 
The first enzyme in this spiral is an acyl CoA dehydrogen- 

ase that uses a tightly hound FAD coenzyme to oxidize the 
fatty acyl thioester to form a trans C=C double hond. This 
reaction produces a conjugated, trans enoyl intermediate 
which is very different from the naturally occurring unsatu- 
rated fatty acids that contain cis C=C double bonds that are 
well insulated from the carhoxylate group. 

Step 2: Hydration 
An enoyl CoA hydratase enzyme catalyzes the stereospe- 

cific addition of water across the C=C double bond to form a 
3- or 0-hydroxyacyl CoA derivative in the L configuration. 

Step 3: Oxldatlon of the Alcohol 
A 3-hydroxyacyl CoA dehydrogenase enzyme then uses an 

NAD+ coenzyme to oxidize this alcohol to the corresponding 
ketone. 

Step 4: Thlolysls 
The 8-ketothioester now reacts with coenzyme A to form 

acetyl CoA and a new fatty acyl thioester from which two 
carbon atoms have been cleaved. The &oxidation spiral then 
begins again and continues until the last pass through the 
spiral converts a four-carbon fatty acyl group to two mole- 
cules of acetyl CoA. 

The fourth step in the p-oxidation spiral is called thiolysis 
because the net effect is the addition of a thiol (HS-CoA) 
across a C-C single hond. This reaction can he understood 
by noting that P-diketones can be prepared by a Claisen 
condensation, 

and carhonyl addition reactions such as Claisen condensa- 

RCH, CH,C-S-COA 

S t e p  1: 

S t e p  2: 

OH 0 
I1 

R ~ H  CH C-S-COA 

S t e p  4:  

0 

The 8-oxidation spiral. 
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tions are reversible. Thiolysis of the 0-ketothioester can be 
thought of as a retrograde Claisen condensation. 

Fatty Acld Degradation a s  a Source of Blochemlcal Energy 
Eight turns around the 0-oxidation spiral are necessary to 

oxidize stearic acid to acetvl CoA. In the course of this 
lirqurnre of reactionli, eight FAl) coenzymes arc reduced to 
FADH?, eight NAI)- coenzymes are rrdured to YADH, and 
nine molecules of acetyl CiA are produced. 

I1 
CHdCHdd-S-COA + 8 HS-CoA + 8 FAD + 8 NADt + 

0 
II 

8 Hz0 - 9 CH$-S-CoA + 8 FADH, + 8 NADH + 8 Ht 

The FADH? and NADH coenzymes are regenerated by elec- 
tron transport coupled with oxidative phosphorylation. Two 
ATP are formed for each FADHz coenzyme recycled, and 
three ATP are produced each time an NADH coenzyme is 
oxidized. The acetyl CoA produced in this sequence of reac- 
tions is oxidized to COz and Hz0 in the TCA cycle, with the 
net effect of generating 12 ATP per acetyl CoA consumed. 

The degradation of stearic acid therefore yields a total of 
148ATP. 

8 (FADH, -FAD) 8 X  2ATP= IGATP 
8 (NADH - NADt) 8 X  3ATP = 24ATP 
9 (acetyl CoA - CO, + HZO) 9 x 12 ATP = 108 ATP - 

total = 148 ATP 

However, one ATP was consumed in the activation of stearic 
acid, and a second ATP is consumed converting the AMP 
produced in the activation reaction to ADP, which can he 
cycled hack through oxidative phosphorylation. Thus, a net 
total of 146 ATP are produced for each molecule of stearic 
acid consumed. 

I'nder standard state conditions, 1% ATP corresponds to 
the (.al>ture oi  sliehtlv more than 40'; of the enerw eiven off - .  
during the combustion of stearic acid. The &oxid%n spiral 
is thereforeno more or less efficient a t  ca~ tur ine  enerev than 
glycolysis or the TCA cycle. The oxidatibn of stearicacid to 
COz and HzO, however, gives off almost four times as much 
energy per mole, or almost 2% times as much energy per 
gram, as the complete oxidation of glucose, and complex 
lipids are an excellent medium for the long-term storage of 
food energy. 

Degradation of Unsaturated Fatty Acids and Fatty Aclds 
wlth an Odd Number of Carbon Atoms 

The poxidation spiral cleaves two carhon atoms a t  a time 
from the carhoxylic acid end of the fatty acid. Thus, when 
unsaturated fatty acids are cataholized, the third pass 
through the spiral leaves a cis a3 instead of a trans a2 
intermediate. Metabolism of unsaturated fatty acids there- 
fore requires an enoyl CoA isomerase enzyme, which not 
only shifts the position of the C=C double bond but also 
converts the naturally occurring cis isomer into the trans 
intermediate recognized by the enoyl hydratase enzyme. 

0 

H H /I 
' / o  

H /C-S-CoA - \ 
/C=C\ s ,C=C 

R 
\ 

CHZC-S-CoA RCH2 H 

cis A3 trans A2 

Polyunsaturated fatty acids present another prohlem. Af- 
ter the isomerase enzyme operates on the first C=C double 
hond, two more passes around the spiral leaves a cis ~2 
intermediate. The double hond is in the right position (AZ), 
and the enol hydratase enzyme adds water across this hond. 
But because the enzyme operates on a cis instead of a trans 
C=C bond, the D instead of L stereoisomer of 3-hvdroxvacvl . " 
('oA is formed. An epimerase enzyme then inverts the con- 
figuration of the hsdroxvl rrour, at C .. so that the ~roducr  of 
this reaction can be recognized by the 3-hydrox&cyl dehy- 
drogenase enzyme which catalyzes step 3. 

Fatty acids with an odd number of carhon atoms present 
yet another prohlem. Carbon atoms are cleaved from these 
fatty acids, two a t  a time, until the spiral leaves a three- 
carhon proprionyl CoA thioester. A carhoxylase enzyme 
then catalyzes the addition of C02  a t  the expense of ATP to 
form methylmalonyl CoA, which is then isomerized by a 
mutase enzyme to form succinyl CoA which can enter the 
TCA cycle. 

Ketone Bodies 

When the degradation of carhohvdrates and fattv acids is 
in halanre, the acetyl CoA from fat;). acids enters t i e  tricar- 
boxyl~c acid cvcle where it is oxidiped to C0, and H,O. I.ow 
carbohydratebiets, or metabolic disorders s;ch as diabetes, 
can lead to conditions where the amount of acetyl CoA pro- 
duced from the degradation of fatty acids exceeds the ability 
of the TCA cycle to oxidize it. 

When this happens, the last step in the @-oxidation spiral 
is reversed, and two molecules of acetyl CoA condense to 
form acetoacetyl CoA. 

Acetoaretyl CoA then picks up a third acetyl CoA to form a 
3-h\~dn1xv-:i-niethslelutilrvl CoA intermediate which de- 
co&posei to the acetoacetate ion and acetyl CoA. The net 
effect of these reactions is the hydrolysis of acetoacetyl CoA 
to acetoacetate and coenzyme A. 

Acetoacetate can then undergo either decarhoxylation to 
give acetone, 
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or reduction to give the 3-hydroxyhutyrate ion. 

Acetoacetate. acetone. and 3-hvdroxvbutvrate are often 
referred to as the ketone bodies. lnanim&, they are primar- 
ilv eenerated within the mitochondria of liver cells. Acetyl 
(;)i cannot cross the mitochondrial membmne. I~ut  these 
water.soluble keton~. hodies easilvdiffuse through the mem- 
brane to enter the hlood stream. They can then be transport- 
ed to peripheral tissues such as the skeletal muscles where 
they can be activated to form acetoacetate CoA, cleaved to 
acetyl CoA, and then used as an alternative to glucose as a 
source of energy. The ketone bodies are important sources of 
energy even when carbohydrate and fatty acid metabolism 
are in balance. Under certain conditions, however, such as 

low carbohydrate diets or diabetes, they can become the 
principal source of biological energy. 

Diabetes is the result of impaired transport of hlood glu- 
cose across cell membranes into the skeletal muscles. Be- 
cause glucose cannot he used as a fuel, the body turns to 
burning fat  for energy. The acetyl CoA produced by the 
oxidation of fats cannot enter the TCA cycle because the 
level of oxaloacetate is depleted as the body tries to make 
more glucose to overcome the problem with the transport of 
hlood glucose. The excess acetyl CoA is therefore converted 
to ketone bodies which amear  in the blood stream and urine . . 
of diabetics. 

Diabetes is treated with insulin. which increases the rate 
a t  which hlood glucose is transpbrted into the peripheral 
tissues, increases the concentrations of enzvmes such as alu- 
cokinase, phosphofrucrokinase. and pyruvate kinase, which 
are in\~,lvcd in glycol\~sis, and inhibits the oxidation of intty .. . 
acids. 

In recent years, low carhohydrate diets have become pop- 
ular as a means of burning excess fat. Some have even gone 
so far as to recommend restricting carhohydrates in the diet 
until the urine tests ~osi t ive  for ketone bodies. in other 
words until the body &oduces the symptoms of ketosis that 
mimic diabetes. Althoueh sienificant weieht loss can occur. 
the long-term effects of artifkally inducing a state of ketosii 
are unknown. 
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