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compounds, the common and defining feature of

which is their insolubility in water. The biological
functions of the lipids are as diverse as their chemistry.
Fats and oils are the principal stored forms of energy in
many organisms. Phospholipids and sterols are major
structural elements of biological membranes. Other lip-
ids, although present in relatively small quantities, play
crucial roles as enzyme cofactors, electron carriers,
light-absorbing pigments, hydrophobic anchors for pro-
teins, “chaperones” to help membrane proteins fold,
emulsifying agents in the digestive tract, hormones, and
intracellular messengers. This chapter introduces rep-
resentative lipids of each type, organized according to
their functional roles, with emphasis on their chemical
structure and physical properties. Although we follow a
functional organization for our discussion, the literally
thousands of different lipids can also be organized into
eight general categories of chemical structure (see
Table 10-3). We discuss the energy-yielding oxidation
of lipids in Chapter 17 and their synthesis in Chapter 21.

Biological lipids are a chemically diverse group of

10.1 Storage Lipids

The fats and oils used almost universally as stored forms
of energy in living organisms are derivatives of fatty
acids. The fatty acids are hydrocarbon derivatives, at
about the same low oxidation state (that is, as highly
reduced) as the hydrocarbons in fossil fuels. The cellu-
lar oxidation of fatty acids (to CO, and Hy0), like the
controlled, rapid burning of fossil fuels in internal com-
bustion engines, is highly exergonic.

We introduce here the structures and nomenclature
of the fatty acids most commonly found in living organ-
isms. Two types of fatty acid—containing compounds,

triacylglycerols and waxes, are described to illustrate
the diversity of structure and physical properties in this
family of compounds.

Fatty Acids Are Hydrocarbon Derivatives

Fatty acids are carboxylic acids with hydrocarbon
chains ranging from 4 to 36 carbons long (C, to Csg). In
some fatty acids, this chain is unbranched and fully
saturated (contains no double bonds); in others the
chain contains one or more double bonds (Table 10-1).
A few contain three-carbon rings, hydroxyl groups, or
methyl-group branches.

KEY CONVENTION: A simplified nomenclature for unbranched
fatty acids specifies the chain length and number of
double bonds, separated by a colon (Fig. 10-1a); for
example, the 16-carbon saturated palmitic acid is abbre-
viated 16:0, and the 18-carbon oleic acid, with one dou-
ble bond, is 18:1. The positions of any double bonds are

(a) 18:1(A%) cis-9-Octadecenoic acid

a

O\\ 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
/C — — — — —

7 6 5 4 3 2 1

-0 b

(b) 20:5(A>811417y Eicosapentaenoic acid (EPA),
an omega-3 fatty acid

FIGURE 10-1 Two conventions for naming fatty acids. (a) Standard
nomenclature assigns the number 1 to the carboxyl carbon (C-1), and «
to the carbon next to it. Each line segment of the zigzag represents a
single bond between adjacent carbons. The position of any double
bond(s) is indicated by A followed by a superscript number indicating
the lower-numbered carbon in the double bond. (b) For polyunsaturated
fatty acids (PUFAs), an alternative convention numbers the carbons in
the opposite direction, assigning the number 1 to the methyl carbon at
the other end of the chain; this carbon is also designated w (omega; the
last letter in the Greek alphabet). The positions of the double bonds are
indicated relative to the w carbon.
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[LCIARNIEN N Some Naturally Occurring Fatty Acids: Structure, Properties, and Nomenclature

Solubility at 30 °C

Carhon Common name Melting (mg/g solvent)
skeleton Structure* Systematic name! (derivation) point (°C)  Water  Benzene
12:0 CH3(CH5),COOH  m-Dodecanoic acid Lauric acid 44.2 0.063 2,600
(Latin laurus,
“laurel plant”)
14:0 CHs3(CH5),COOH  mn-Tetradecanoic acid  Myristic acid 53.9 0.024 874
(Latin Myristica,
nutmeg genus)
16:0 CH3(CH5)14,COOH  m-Hexadecanoic acid  Palmitic acid 63.1 0.0083 348
(Latin palma,
“palm tree”)
18:0 CH3(CH5)14COOH  n-Octadecanoic acid  Stearic acid 69.6 0.0034 124
(Greek stear,
“hard fat™)
20:0 CH;3(CH5)1sCOOH  m-Eicosanoic acid Arachidic acid 76.5
(Latin Arachis,
legume genus)
24:0 CHs3(CH5)9,COOH  n-Tetracosanoic acid  Lignoceric acid 86.0
(Latin lignum,
“wood” + cera,
“WaX”
16:1(A% CH;3(CH,)sCH= cis-9-Hexadecenoic Palmitoleic acid 1to-0.5
CH(CH,);COOH acid
18:1(A%) CHs(CHy),CH= c1s-9-Octadecenoic Oleic acid (Latin 134
CH(CH,);COOH acid oleum, “o0il”)
18:2(A%"%) CH;(CH,),CH= cis-,cis-9,12- Linoleic acid 1-5
CHCH,CH= Octadecadienoic (Greek linon,
CH(CH,);COOH acid “flax™)
18:3(A%%1%)  CH,CH,CH= cis-,cis-,cis-9,12,15-  a-Linolenic acid 11
CHCH,CH= Octadecatrienoic
CHCH,CH= acid
CH(CH,);COOH
20:4(A%31L1%)  CHy(CHy) ,CH= cis-,cis-,cis-, Arachidonic acid —49.5
CHCH,CH= cis-5,8,11,14-
CHCH,CH= Icosatetraenoic
CHCH,CH= acid
CH(CH;)sCOOH

*All acids are shown in their nonionized form. At pH 7, all free fatty acids have an ionized carboxylate. Note that numbering of carbon atoms begins at the carboxyl carbon.

tThe prefix n- indicates the “normal” unbranched structure. For instance, “dodecanoic” simply indicates 12 carbon atoms, which could be arranged in a variety of branched
forms; “n-dodecanoic” specifies the Tinear, unbranched form. For unsaturated fatty acids, the configuration of each double bond is indicated; in biological fatty acids the

configuration is almost always cis.

specified relative to the carboxyl carbon, numbered 1,
by superscript numbers following A (delta); a 20-carbon
fatty acid with one double bond between C-9 and C-10
(C-1 being the carboxyl carbon) and another between
C-12 and C-13 is designated 20:2(A%'?). m

The most commonly occurring fatty acids have even
numbers of carbon atoms in an unbranched chain of 12
to 24 carbons (Table 10-1). As we shall see in Chapter 21,
the even number of carbons results from the mode of

synthesis of these compounds, which involves succes-
sive condensations of two-carbon (acetate) units.
There is also a common pattern in the location of
double bonds; in most monounsaturated fatty acids
the double bond is between C-9 and C-10 (AY), and
the other double bonds of polyunsaturated fatty acids
are generally A2 and A'. (Arachidonic acid is an
exception to this generalization.) The double bonds of
polyunsaturated fatty acids are almost never conju-
gated (alternating single and double bonds, as in



—CH=CH—CH=CH—), but are separated by a meth-
ylene group: —CH=CH—CH,—CH=CH— (Fig. 10-1b).
In nearly all naturally occurring unsaturated fatty acids,
the double bonds are in the cis configuration. Trans
fatty acids are produced by fermentation in the rumen
of dairy animals and are obtained from dairy products
and meat.

KEY CONVENTION: The family of polyunsaturated fatty
acids (PUFAs) with a double bond between the third
and fourth carbon from the methyl end of the chain
are of special importance in human nutrition. Because
the physiological role of PUFAs is related more to the
position of the first double bond near the methyl end
of the chain than to the carboxyl end, an alternative
nomenclature is sometimes used for these fatty acids.
The carbon of the methyl group—that is, the carbon
most distant from the carboxyl group—is called the
w (omega) carbon and is given the number 1 (Fig. 10-1b).
In this convention, PUFAs with a double bond between
C-3 and C-4 are called omega-3 (w-3) fatty acids,
and those with a double bond between C-6 and C-7 are
omega-6 (w-6) fatty acids. ®

Humans require but do not have the enzymatic
capacity to synthesize the omega-3 PUFA
a-linolenic acid (ALA; 18:3(A%%1%), in the standard
convention), and must therefore obtain it in the diet.
From ALA, humans can synthesize two other omega-3
PUFAs important in cellular function: eicosapentaenoic
acid (EPA; 20:5(A>$1M 47 shown in Fig. 10-1b) and
docosahexaenoic acid (DHA; 22:6(A*%10131619y) = Ap
imbalance of omega-6 and omega-3 PUFAs in the diet is
associated with an increased risk of cardiovascular dis-
ease. The optimal dietary ratio of omega-6 to omega-3
PUFAs is between 1:1 and 4:1, but the ratio in the diets
of most North Americans is closer to 10:1 to 30:1. The
“Mediterranean diet,” which has been associated with
lowered cardiovascular risk, is richer in omega-3 PUFAs,
obtained in leafy vegetables (salads) and fish oils. The
latter oils are especially rich in EPA and DHA, and fish
oil supplements are often prescribed for individuals
with a history of cardiovascular disease. ®

The physical properties of the fatty acids, and of
compounds that contain them, are largely determined
by the length and degree of unsaturation of the hydro-
carbon chain. The nonpolar hydrocarbon chain accounts
for the poor solubility of fatty acids in water. Lauric acid
(12:0, M, 200), for example, has a solubility in water of
0.063 mg/g—much less than that of glucose (M, 180),
which is 1,100 mg/g. The longer the fatty acyl chain and
the fewer the double bonds, the lower is the solubility in
water. The carboxylic acid group is polar (and ionized at
neutral pH) and accounts for the slight solubility of
short-chain fatty acids in water.

Melting points are also strongly influenced by the
length and degree of unsaturation of the hydrocarbon
chain. At room temperature (25 °C), the saturated fatty
acids from 12:0 to 24:0 have a waxy consistency, whereas
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unsaturated fatty acids of these lengths are oily liquids.
This difference in melting points is due to different
degrees of packing of the fatty acid molecules (Fig.
10-2). In the fully saturated compounds, free rotation
around each carbon—carbon bond gives the hydrocarbon
chain great flexibility; the most stable conformation is the
fully extended form, in which the steric hindrance of
neighboring atoms is minimized. These molecules can
pack together tightly in nearly crystalline arrays, with
atoms all along their lengths in van der Waals contact
with the atoms of neighboring molecules. In unsaturated
fatty acids, a cis double bond forces a kink in the hydro-
carbon chain. Fatty acids with one or several such kinks
cannot pack together as tightly as fully saturated fatty
acids, and their interactions with each other are there-
fore weaker. Because less thermal energy is needed to
disorder these poorly ordered arrays of unsaturated fatty
acids, they have markedly lower melting points than sat-
urated fatty acids of the same chain length (Table 10-1).

In vertebrates, free fatty acids (unesterified fatty
acids, with a free carboxylate group) circulate in the
blood bound noncovalently to a protein carrier, serum
albumin. However, fatty acids are present in blood
plasma mostly as carboxylic acid derivatives such as

(a) Carboxyl ~O (6]
group \C//

Hydrocarbon
chain

(c) Saturated (d) Mixture of saturated and

fatty acids unsaturated fatty acids
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FIGURE 10-2 The packing of fatty acids into stable aggregates. The
extent of packing depends on the degree of saturation. (@) Two repre-
sentations of the fully saturated acid stearic acid, 18:0 (stearate at pH
7), in its usual extended conformation. (b) The cis double bond (red) in
oleic acid, 18:1(A%) (oleate), restricts rotation and introduces a rigid
bend in the hydrocarbon tail. All other bonds in the chain are free to
rotate. (¢) Fully saturated fatty acids in the extended form pack into
nearly crystalline arrays, stabilized by many hydrophobic interactions.
(d) The presence of one or more fatty acids with cis double bonds (red)
interferes with this tight packing and results in less stable aggregates.



360 Lipids

esters or amides. Lacking the charged carboxylate
group, these fatty acid derivatives are generally even
less soluble in water than are the free fatty acids.

Triacylglycerols Are Fatty Acid Esters of Glycerol

The simplest lipids constructed from fatty acids are the
triacylglycerols, also referred to as triglycerides, fats,
or neutral fats. Triacylglycerols are composed of three
fatty acids each in ester linkage with a single glycerol
(Fig. 10-3). Those containing the same kind of fatty
acid in all three positions are called simple triacylglycer-
ols and are named after the fatty acid they contain.
Simple triacylglycerols of 16:0, 18:0, and 18:1, for exam-
ple, are tripalmitin, tristearin, and triolein, respectively.
Most naturally occurring triacylglycerols are mixed;
they contain two or three different fatty acids. To name
these compounds unambiguously, the name and posi-
tion of each fatty acid must be specified.

Because the polar hydroxyls of glycerol and the
polar carboxylates of the fatty acids are bound in ester
linkages, triacylglycerols are nonpolar, hydrophobic
molecules, essentially insoluble in water. Lipids have

S ot
HO *cH oH
OH

Glycerol

1-Stearoyl, 2-linoleoyl, 3-palmitoyl glycerol,
a mixed triacylglycerol
FIGURE 10-3 Glycerol and a triacylglycerol. The mixed triacylglycerol
shown here has three different fatty acids attached to the glycerol back-
bone. When glycerol has different fatty acids at C-1 and C-3, C-2 is a
chiral center (p. 17).

lower specific gravities than water, which explains why
mixtures of oil and water (oil-and-vinegar salad dress-
ing, for example) have two phases: oil, with the lower
specific gravity, floats on the aqueous phase.

Triacylglycerols Provide Stored Energy and Insulation

In most eukaryotic cells, triacylglycerols form a separate
phase of microscopic, oily droplets in the aqueous cyto-
sol, serving as depots of metabolic fuel. In vertebrates,
specialized cells called adipocytes, or fat cells, store
large amounts of triacylglycerols as fat droplets that
nearly fill the cell (Fig. 10-4a). Triacylglycerols are also
stored as oils in the seeds of many types of plants,
providing energy and biosynthetic precursors during
seed germination (Fig. 10-4b). Adipocytes and germi-
nating seeds contain lipases, enzymes that catalyze the
hydrolysis of stored triacylglycerols, releasing fatty acids
for export to sites where they are required as fuel.
There are two significant advantages to using tri-
acylglycerols as stored fuels, rather than polysaccha-
rides such as glycogen and starch. First, the carbon
atoms of fatty acids are more reduced than those of

FIGURE 10-4 Fat stores in cells. (a) Cross section of human white adi-
pose tissue. Each cell contains a fat droplet (white) so large that it
squeezes the nucleus (stained red) against the plasma membrane. (b)
Cross section of a cotyledon cell from a seed of the plant Arabidopsis.
The large dark structures are protein bodies, which are surrounded by
stored oils in the light-colored oil bodies.



sugars, and oxidation of triacylglycerols yields more
than twice as much energy, gram for gram, as the oxida-
tion of carbohydrates. Second, because triacylglycerols
are hydrophobic and therefore unhydrated, the organ-
ism that carries fat as fuel does not have to carry the
extra weight of water of hydration that is associated
with stored polysaccharides (2 g per gram of polysac-
charide). Humans have fat tissue (composed primarily
of adipocytes) under the skin, in the abdominal cavity,
and in the mammary glands. Moderately obese people
with 15 to 20 kg of triacylglycerols deposited in their
adipocytes could meet their energy needs for months by
drawing on their fat stores. In contrast, the human body
can store less than a day’s energy supply in the form of
glycogen. Carbohydrates such as glucose do offer cer-
tain advantages as quick sources of metabolic energy,
one of which is their ready solubility in water.

In some animals, triacylglycerols stored under the
skin serve not only as energy stores but as insulation
against low temperatures. Seals, walruses, penguins,
and other warm-blooded polar animals are amply pad-
ded with triacylglycerols. In hibernating animals (bears,
for example), the huge fat reserves accumulated before
hibernation serve the dual purposes of insulation and
energy storage (see Box 17-1).

Partial Hydrogenation of Cooking Qils Produces
Trans Fatty Acids

Most natural fats, such as those in vegetable oils,

; dairy products, and animal fat, are complex mix-
tures of simple and mixed triacylglycerols. These con-
tain a variety of fatty acids differing in chain length and
degree of saturation (Fig. 10-5). Vegetable oils such as
corn (maize) and olive oil are composed largely of

Natural fats at 25 °C

Olive oil, Butter, Beef fat,
liquid soft solid hard solid
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FIGURE 10-5 Fatty acid composition of three food fats. Olive oil, butter,
and beef fat consist of mixtures of triacylglycerols, differing in their fatty
acid composition. The melting points of these fats—and hence their
physical state at room temperature (25 °C)—are a direct function of
their fatty acid composition. Olive oil has a high proportion of long-chain
(Cy and Cyg) unsaturated fatty acids, which accounts for its liquid state
at 25 °C. The higher proportion of long-chain (C,, and Cig) saturated
fatty acids in butter increases its melting point, so butter is a soft solid at
room temperature. Beef fat, with an even higher proportion of long-chain
saturated fatty acids, is a hard solid.
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triacylglycerols with unsaturated fatty acids and thus
are liquids at room temperature. Triacylglycerols con-
taining only saturated fatty acids, such as tristearin, the
major component of beef fat, are white, greasy solids at
room temperature.

When lipid-rich foods are exposed too long to the
oxygen in air, they may spoil and become rancid. The
unpleasant taste and smell associated with rancidity
result from the oxidative cleavage of double bonds in
unsaturated fatty acids, which produces aldehydes and
carboxylic acids of shorter chain length and therefore
higher volatility; these compounds pass readily through
the air to your nose. To improve the shelf life of vegeta-
ble oils used in cooking, and to increase their stability at
the high temperatures used in deep-frying, commercial
vegetable oils are prepared by partial hydrogenation.
This process converts many of the cis double bonds in
the fatty acids to single bonds and increases the melting
temperature of the oils so that they are more nearly
solid at room temperature (margarine is produced from
vegetable oil in this way). Partial hydrogenation has
another, undesirable, effect: some cis double bonds are
converted to trans double bonds. There is now strong
evidence that dietary intake of trans fatty acids (often
referred to simply as “trans fats”™) leads to a higher inci-
dence of cardiovascular disease, and that avoiding these
fats in the diet substantially reduces the risk of coronary
heart disease. Dietary trans fatty acids raise the level of
triacylglycerols and of LDL (“bad”) cholesterol in the
blood, and lower the level of HDL (“good”) cholesterol,
and these changes alone are enough to increase the risk
of coronary heart disease. But trans fatty acids may
have further adverse effects. They seem, for example,
to increase the body's inflammatory response, which is
another risk factor for heart disease. (See Chapter 21
for a description of LDL and HDL—Ilow-density and
high-density lipoprotein—cholesterol and their health
effects.)

Many fast foods are deep-fried in partially hydroge-
nated vegetable oils and therefore contain high levels of
trans fatty acids (Table 10-2). In view of the detrimental
effects of these fats, some countries (Denmark, for
example) and some cities (New York City and Philadel-
phia) severely restrict the use of partially hydrogenated
oils in restaurants. French fries prepared in a chain fast-
food restaurant in Denmark now contain almost no
detectable trans fatty acids, whereas the same product
prepared in the United States contains 5 to 10 g of trans
fatty acids per serving (Table 10-2). The deleterious
effects of trans fats occur at intakes of 2 to 7 g/day (20
to 60 kcal in a daily caloric intake of 2,000 kcal; note that
a nutritional Calorie is the equivalent of the kilocalorie
used by chemists and biochemists, so a 2,000 Calorie
diet is the equivalent of a 2,000 kcal diet). A single serv-
ing of french fries in a U.S. restaurant may contain this
amount of trans fatty acid! Many other prepared foods,
baked goods, and snacks on the shelves of supermarkets
have comparably high levels of trans fats. ®
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LI AR NIEYA Trans Fatty Acids in Some Typical Fast

Foods and Snacks
Trans fatty acid content
In a typical As % of
serving (g)  total fatty acids
French fries 4.7-6.1 28-36
Breaded fish burger 5.6 28
Breaded chicken
nuggets 5.0 25
Pizza 1.1 9
Corn tortilla chips 1.6 22
Doughnut 2.7 25
Muffin 0.7 14
Chocolate bar 0.2 2

Source: Adapted from Table 1 in Mozaffarian, D., Katan, M.B., Ascherio, P.H., Stampfer, M.J.,
& Willet, W.C. (2006). Trans fatty acids and cardiovascular disease. N. Engl. J. Med. 354,
1604-1605.

Note: All data for foods prepared with partially hydrogenated vegetable oil in the United
States in 2002.

Waxes Serve as Energy Stores and Water Repellents

Biological waxes are esters of long-chain (C4 to Csg)
saturated and unsaturated fatty acids with long-chain
(Cy6 to Cgp) alcohols (Fig. 10-6). Their melting points
(60 to 100 °C) are generally higher than those of tri-
acylglycerols. In plankton, the free-floating microorgan-
isms at the bottom of the food chain for marine animals,
waxes are the chief storage form of metabolic fuel.

Waxes also serve a diversity of other functions
related to their water-repellent properties and their
firm consistency. Certain skin glands of vertebrates
secrete waxes to protect hair and skin and keep it pli-
able, lubricated, and waterproof. Birds, particularly
waterfowl, secrete waxes from their preen glands to
keep their feathers water-repellent. The shiny leaves of
holly, rhododendrons, poison ivy, and many tropical
plants are coated with a thick layer of waxes, which
prevents excessive evaporation of water and protects
against parasites.

Biological waxes find a variety of applications in the
pharmaceutical, cosmetic, and other industries. Lanolin
(from lamb’s wool), beeswax (Fig. 10-6), carnauba wax
(from a Brazilian palm tree), and wax extracted from
spermaceti oil (from whales) are widely used in the
manufacture of lotions, ointments, and polishes.

SUMMARY 10.1 Storage Lipids

» Lipids are water-insoluble cellular components, of
diverse structure, that can be extracted from
tissues by nonpolar solvents.

» Almost all fatty acids, the hydrocarbon components
of many lipids, have an even number of carbon

(0]
I
CH3(CHy)14,—C—0—CHy;—(CH;)2s—CHj,

Palmitic acid 1-Triacontanol

(a)

(b)

FIGURE 10-6 Biological wax. (a) Triacontanoylpalmitate, the major
component of beeswax, is an ester of palmitic acid with the alcohol
triacontanol. (b) A honeycomb, constructed of beeswayx, is firm at 25 °C
and completely impervious to water. The term “wax" originates in the
Old English weax, meaning “the material of the honeycomb.”

atoms (usually 12 to 24); they are either saturated
or unsaturated, with double bonds almost always
in the cis configuration.

» Triacylglycerols contain three fatty acid molecules
esterified to the three hydroxyl groups of glycerol.
Simple triacylglycerols contain only one type of
fatty acid; mixed triacylglycerols, two or three
types. Triacylglycerols are primarily storage fats;
they are present in many foods.

» Partial hydrogenation of vegetable oils in the food
industry converts some cis double bonds to the
trans configuration. Trans fatty acids in the diet
are an important risk factor for coronary heart
disease.

10.2 Structural Lipids in Membranes

The central architectural feature of biological mem-
branes is a double layer of lipids, which acts as a barrier
to the passage of polar molecules and ions. Membrane
lipids are amphipathic: one end of the molecule is
hydrophobic, the other hydrophilic. Their hydrophobic
interactions with each other and their hydrophilic inter-
actions with water direct their packing into sheets
called membrane bilayers. In this section we describe
five general types of membrane lipids: glycerophospho-
lipids, in which the hydrophobic regions are composed
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FIGURE 10-7 Some common types of storage and membrane lipids. All
the lipid types shown here have either glycerol or sphingosine as the
backbone (light red screen), to which are attached one or more long-
chain alkyl groups (yellow) and a polar head group (blue). In triacylglyc-
erols, glycerophospholipids, galactolipids, and sulfolipids, the alkyl
groups are fatty acids in ester linkage. Sphingolipids contain a single

of two fatty acids joined to glycerol; galactolipids and
sulfolipids, which also contain two fatty acids esterified
to glycerol, but lack the characteristic phosphate of
phospholipids; archaeal tetraether lipids, in which two
very long alkyl chains are ether-linked to glycerol at
both ends; sphingolipids, in which a single fatty acid is
joined to a fatty amine, sphingosine; and sterols, com-
pounds characterized by a rigid system of four fused
hydrocarbon rings.

The hydrophilic moieties in these amphipathic com-
pounds may be as simple as a single —OH group at one
end of the sterol ring system, or they may be much more
complex. In glycerophospholipids and some sphingolip-
ids, a polar head group is joined to the hydrophobic
moiety by a phosphodiester linkage; these are the phos-
pholipids. Other sphingolipids lack phosphate but have
a simple sugar or complex oligosaccharide at their polar
ends; these are the glycolipids (Fig. 10-7). Within
these groups of membrane lipids, enormous diversity
results from various combinations of fatty acid “tails”
and polar “heads.” The arrangement of these lipids in
membranes, and their structural and functional roles
therein, are considered in the next chapter.

Glycerophospholipids Are Derivatives
of Phosphatidic Acid

Glycerophospholipids, also called phosphoglycerides,
are membrane lipids in which two fatty acids are attached
in ester linkage to the first and second carbons of glycerol,
and a highly polar or charged group is attached through a
phosphodiester linkage to the third carbon. Glycerol is
prochiral; it has no asymmetric carbons, but attachment
of phosphate at one end converts it into a chiral com-
pound, which can be correctly named either L-glycerol
3-phosphate, D-glycerol 1-phosphate, or sn-glycerol
3-phosphate (Fig. 10-8). Glycerophospholipids are
named as derivatives of the parent compound, phospha-

disaccharide
fatty acid, in amide linkage to the sphingosine backbone. The membrane
lipids of archaea are variable; that shown here has two very long,
branched alkyl chains, each end in ether linkage with a glycerol moiety.
In phospholipids the polar head group is joined through a phosphodies-
ter, whereas glycolipids have a direct glycosidic linkage between the
head-group sugar and the backbone glycerol.

tidic acid (Fig. 10-9), according to the polar alcohol in
the head group. Phosphatidylcholine and phosphatidyl-
ethanolamine have choline and ethanolamine as their
polar head groups, for example. In all these com-
pounds, the head group is joined to glycerol through a
phosphodiester bond, in which the phosphate group
bears a negative charge at neutral pH. The polar alcohol
may be negatively charged (as in phosphatidylinositol
4 5-bisphosphate), neutral (phosphatidylserine), or
positively charged (phosphatidylcholine, phosphatidyl-
ethanolamine). As we shall see in Chapter 11, these
charges contribute greatly to the surface properties of
membranes.

The fatty acids in glycerophospholipids can be any of a
wide variety, so a given phospholipid (phosphatidylcholine,

1,
CH,0H o
HO=%0=H Lo b
H 2 B
*CH,—0—P—0~  HO™ X 07/>0
\ HOH O

o
L-Glycerol 3-phosphate (sn-glycerol 3-phosphate)

FIGURE 10-8 L-Glycerol 3-phosphate, the backbone of phospholipids.
Glycerol itself is not chiral, as it has a plane of symmetry through C-2.
However, glycerol is prochiral—it can be converted to a chiral com-
pound by adding a substituent such as phosphate to either of the
—CH,0H groups. One unambiguous nomenclature for glycerol phos-
phate is the D, L system (described on p. 78), in which the isomers are
named according to their stereochemical relationships to glyceraldehyde
isomers. By this system, the stereoisomer of glycerol phosphate found in
most lipids is correctly named either L-glycerol 3-phosphate or p-glycerol
T-phosphate. Another way to specify stereoisomers is the sn (stereo-
specific numbering) system, in which C-1 is, by definition, the group of
the prochiral compound that occupies the pro-S position. The common
form of glycerol phosphate in phospholipids is, by this system, s»-glycerol
3-phosphate (in which C-2 has the R configuration). In archaea, the
glycerol in lipids has the other configuration; it is b-glycerol 3-phosphate.
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FIGURE 10-9 Glycerophospholipids. The common glycerophospholipids
are diacylglycerols linked to head-group alcohols through a phosphodiester
bond. Phosphatidic acid, a phosphomonoester, is the parent compound.
Each derivative is named for the head-group alcohol (X), with the prefix

for example) may consist of several molecular species,
each with its unique complement of fatty acids. The
distribution of molecular species is specific for different
organisms, different tissues of the same organism, and
different glycerophospholipids in the same cell or tis-
sue. In general, glycerophospholipids contain a C;g or
C,g saturated fatty acid at C-1 and a C;3 or Cyy unsatu-
rated fatty acid at C-2. With few exceptions, the bio-
logical significance of the variation in fatty acids and
head groups is not yet understood.

“phosphatidyl-." In cardiolipin, two phosphatidic acids share a single
glycerol (R and R? are fatty acyl groups). *Note that the phosphate
esters in phosphatidylinositol 4,5-bisphosphate each have a charge of
about —1.5; one of their —OH groups is only partially ionized at pH 7.

Some Glycerophospholipids Have Ether-Linked
Fatty Acids

Some animal tissues and some unicellular organisms are
rich in ether lipids, in which one of the two acyl chains
is attached to glycerol in ether, rather than ester, linkage.
The ether-linked chain may be saturated, as in the alkyl
ether lipids, or may contain a double bond between C-1
and C-2, as in plasmalogens (Fig. 10-10). Vertebrate
heart tissue is uniquely enriched in ether lipids; about
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half of the heart phospholipids are plasmalogens. The
membranes of halophilic bacteria, ciliated protists, and
certain invertebrates also contain high proportions of
ether lipids. The functional significance of ether lipids in
these membranes is unknown; perhaps their resistance
to the phospholipases that cleave ester-linked fatty acids
from membrane lipids is important in some roles.
=i | At least one ether lipid, platelet-activating
; factor, is a potent molecular signal. It is released
from leukocytes called basophils and stimulates platelet
aggregation and the release of serotonin (a vasocon-
strictor) from platelets. It also exerts a variety of effects
on liver, smooth muscle, heart, uterine, and lung tissues
and plays an important role in inflammation and the
allergic response. &

Chloroplasts Contain Galactolipids and Sulfolipids

The second group of membrane lipids are those that pre-
dominate in plant cells: the galactolipids, in which one
or two galactose residues are connected by a glycosidic
linkage to C-3 of a 1,2-diacylglycerol (Fig. 10-11; see also
Fig. 10-7). Galactolipids are localized in the thylakoid
membranes (internal membranes) of chloroplasts; they
make up 70% to 80% of the total membrane lipids of a
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FIGURE 10-10 Ether lipids. Plasmalogens have an ether-linked
alkenyl chain where most glycerophospholipids have an ester-
linked fatty acid (compare Fig. 10-9). Platelet-activating factor
has a long ether-linked alkyl chain at C-1 of glycerol, but C-2 is
ester-linked to acetic acid, which makes the compound much
more water-soluble than most glycerophospholipids and plas-
malogens. The head-group alcohol is ethanolamine in plasmalo-
gens and choline in platelet-activating factor.

vascular plant, and are therefore probably the most abun-
dant membrane lipids in the biosphere. Phosphate is often
the limiting plant nutrient in soil, and perhaps the evolu-
tionary pressure to conserve phosphate for more critical
roles favored plants that made phosphate-free lipids.
Plant membranes also contain sulfolipids, in which a sul-
fonated glucose residue is joined to a diacylglycerol in
glycosidic linkage. The sulfonate group bears a negative
charge like that of the phosphate group in phospholipids.

Archaea Contain Unique Membrane Lipids

Some archaea that live in ecological niches with extreme
conditions—high temperatures (boiling water), low pH,
high ionic strength, for example—have membrane lipids
containing long-chain (32 carbons) branched hydrocar-
bons linked at each end to glycerol (Fig. 10-12). These
linkages are through ether bonds, which are much more
stable to hydrolysis at low pH and high temperature than
are the ester bonds found in the lipids of bacteria and
eukaryotes. In their fully extended form, these archaeal
lipids are twice the length of phospholipids and sphingo-
lipids, and can span the full width of the plasma mem-
brane. At each end of the extended molecule is a polar
head consisting of glycerol linked to either phosphate or

[ OH

OH

(0]

Monogalactosyldiacylglycerol (MGDG)

OH
o 1O OH HO
HO
o= HO S
O/E(\o 0 OH
\/:W/:ﬁwo H ©

0]

Digalactosyldiacylglycerol (DGDG)

FIGURE 10-11 Two galactolipids of chloroplast thylakoid membranes. In
monogalactosyldiacylglycerols (MGDGs) and digalactosyldiacylglycerols

(DGDGs) the acyl groups are both polyunsaturated and the head groups
are uncharged.
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FIGURE 10-12 An unusual membrane lipid found only in some archaea.
In this diphytanyl tetraether lipid, the diphytanyl moieties (yellow) are
long hydrocarbons composed of eight five-carbon isoprene groups con-
densed end-to-end (on the condensation of isoprene units, see Fig.
21-36; also, compare the diphytanyl groups with the 20-carbon phytol
side chain of chlorophylls in Fig. 19-49a). In this extended form, the
diphytanyl groups are about twice the length of a 16-carbon fatty acid

sugar residues. The general name for these compounds,
glycerol dialkyl glycerol tetraethers (GDGTs), reflects
their unique structure. The glycerol moiety of the
archaeal lipids is not the same stereoisomer as that in
the lipids of bacteria and eukaryotes; the central carbon
is in the R configuration in archaea, in the S configura-
tion in bacteria and eukaryotes (Fig. 10-8).

Sphingolipids Are Derivatives of Sphingosine

Sphingolipids, the fourth large class of membrane lip-
ids, also have a polar head group and two nonpolar tails,
but unlike glycerophospholipids and galactolipids they
contain no glycerol. Sphingolipids are composed of one
molecule of the long-chain amino alcohol sphingosine
(also called 4-sphingenine) or one of its derivatives, one
molecule of a long-chain fatty acid, and a polar head
group that is joined by a glycosidic linkage in some
cases and a phosphodiester in others (Fig. 10-13).

Carbons C-1, C-2, and C-3 of the sphingosine mol-
ecule are structurally analogous to the three carbons of
glycerol in glycerophospholipids. When a fatty acid is
attached in amide linkage to the —NH, on C-2, the
resulting compound is a ceramide, which is structur-
ally similar to a diacylglycerol. Ceramide is the struc-
tural parent of all sphingolipids.

There are three subclasses of sphingolipids, all
derivatives of ceramide but differing in their head groups:
sphingomyelins, neutral (uncharged) glycolipids, and
gangliosides. Sphingomyelins contain phosphocholine
or phosphoethanolamine as their polar head group and
are therefore classified along with glycerophospholipids
as phospholipids (Fig. 10-7). Indeed, sphingomyelins
resemble phosphatidylcholines in their general proper-
ties and three-dimensional structure, and in having no
net charge on their head groups (Fig. 10-14). Sphingo-
myelins are present in the plasma membranes of animal

Glycerol phosphate

I
-o—P—o—c|3H2
H (|) H?OH

0--(7:2-—(131&2 CH,OH

Glycerol

typically found in the membrane lipids of bacteria and eukaryotes. The
glycerol moieties in the archaeal lipids are in the R configuration, in
contrast to those of bacteria and eukaryotes, which have the S configu-
ration. Archaeal lipids differ in the substituents on the glycerols. In the
molecule shown here, one glycerol is linked to the disaccharide
a-glucopyranosyl-(1—2)-B-galactofuranose; the other glycerol is linked
to a glycerol phosphate head group.

cells and are especially prominent in myelin, a membra-
nous sheath that surrounds and insulates the axons of
some neurons—thus the name “sphingomyelins.”

Glycosphingolipids, which occur largely in the
outer face of plasma membranes, have head groups with
one or more sugars connected directly to the —OH at
C-1 of the ceramide moiety; they do not contain phos-
phate. Cerebrosides have a single sugar linked to
ceramide; those with galactose are characteristically
found in the plasma membranes of cells in neural tissue,
and those with glucose in the plasma membranes of
cells in nonneural tissues. Globosides are glycosphin-
golipids with two or more sugars, usually D-glucose,
D-galactose, or N-acetyl-D-galactosamine. Cerebrosides
and globosides are sometimes called neutral glycolip-
ids, as they have no charge at pH 7.

Gangliosides, the most complex sphingolipids, have
oligosaccharides as their polar head groups and one or
more residues of N-acetylneuraminic acid (NeubAc), a
sialic acid (often simply called “sialic acid”), at the termi-
ni. Sialic acid gives gangliosides the negative charge at pH
7 that distinguishes them from globosides. Gangliosides
with one sialic acid residue are in the GM (M for mono-)
series, those with two are in the GD (D for di-) series, and
so on (GT, three sialic acid residues; GQ, four).

OH
HOHZC\(\J

\
H—C

HO
HN

/
H;C—C H
N\
O

H

N-Acetylneuraminic acid (a sialic acid)
(Neu5Ac)



10.2 Structural Lipids in Membranes 367

Sphingosine
OH
3 1
NN No—x
Fatty acid
NH Head-group
DAV VA Vi VI VI VI VAV Vv substituent
(0)
Name of sphingolipid Name of X—O Formula of X
Ceramide — —H
7
Sphingomyelin Phosphocholine — 1|3—O—CH2—CH2—1¢I(CH3)3
o-
CH,OH
(0]
Neutral glycolipids H 1
Glucosylcerebroside Glucose OH H
H
OH
H OH
Lactosylceramide Di-, tri-, or —‘—O

(a globoside) tetrasaccharide

Complex

Ganglioside GM2 oligosaccharide

Johann Thudichum,
1829-1901

FIGURE 10-13 Sphingolipids. The first three carbons at the polar end of carbon atoms. Ceramide is the parent compound for this group. Other

sphingosine are analogous to the three carbons of glycerol in glycerophos-
pholipids. The amino group at C-2 bears a fatty acid in amide linkage. The
fatty acid is usually saturated or monounsaturated, with 16, 18, 22, or 24

Sphingolipids at Cell Surfaces Are Sites
of Biological Recognition
When sphingolipids were discovered more than a cen-

tury ago by the physician-chemist Johann Thudichum,
their biological role seemed as enigmatic as the Sphinx,

sphingolipids differ in the polar head group (X) attached at C-1. Ganglio-
sides have very complex oligosaccharide head groups. Standard symbols
for sugars are used in this figure, as shown in Table 7-1.

for which he therefore named them. In humans, at least
60 different sphingolipids have been identified in cel-
lular membranes. Many of these are especially promi-
nent in the plasma membranes of neurons, and some
are clearly recognition sites on the cell surface, but a
specific function for only a few sphingolipids has been
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/P\ FIGURE 10-14 The molecular structures of two types of
/ membrane lipid classes are similar. Phosphatidylcholine

O

O\/\N(
| N (a glycerophospholipid) and sphingomyelin (a sphingolipid)
have similar dimensions and physical properties, but pre-

W( phosphocholine

(0] sumably play different roles in membranes.
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Ceramide { O Antigen

Sphingosine
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FIGURE 10-15 Glycosphingolipids as determinants of blood
groups. The human blood groups (O, A, B) are determined in
part by the oligosaccharide head groups of these glycosphingolipids. The
same three oligosaccharides are also found attached to certain blood

proteins of individuals of blood types O, A, and B, respectively. Standard
symbols for sugars are used here (see Table 7-1).

discovered thus far. The carbohydrate moieties of cer-
tain sphingolipids define the human blood groups and
therefore determine the type of blood that individuals
can safely receive in blood transfusions (Fig. 10-15).

Gangliosides are concentrated in the outer surface
of cells, where they present points of recognition for
extracellular molecules or surfaces of neighboring cells.
The kinds and amounts of gangliosides in the plasma
membrane change dramatically during embryonic devel-
opment. Tumor formation induces the synthesis of a
new complement of gangliosides, and very low concen-
trations of a specific ganglioside have been found to
induce differentiation of cultured neuronal tumor cells.
Investigation of the biological roles of diverse ganglio-
sides remains fertile ground for future research.

Phospholipids and Sphingolipids Are Degraded
in Lysosomes

Most cells continually degrade and replace their membrane
lipids. For each hydrolyzable bond in a glycerophospholipid,
there is a specific hydrolytic enzyme in the lysosome
(Fig. 10-16). Phospholipases of the A type remove one of
the two fatty acids, producing a lysophospholipid. (These
esterases do not attack the ether link of plasmalogens.)
Lysophospholipases remove the remaining fatty acid.

Gangliosides are degraded by a set of lysosomal
enzymes that catalyze the stepwise removal of sugar
units, finally yielding a ceramide. A genetic defect in any
of these hydrolytic enzymes leads to the accumulation
of gangliosides in the cell, with severe medical conse-
quences (Box 10-1).

Sterols Have Four Fused Carbon Rings

Sterols are structural lipids present in the membranes
of most eukaryotic cells. The characteristic structure of

Phospholipase A,

L0
1CH2—O—C
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5CH,

O Phospholipase C

H 0—®
0=P—0 H
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Phospholipase D
Phosphatidylinositol 4,5-bisphosphate

FIGURE 10-16 The specificities of phospholipases. Phospholipases A,
and A, hydrolyze the ester bonds of intact glycerophospholipids at C-1 and
C-2 of glycerol, respectively. When one of the fatty acids has been removed
by a type A phospholipase, the second fatty acid is removed by a lysophos-
pholipase (not shown). Phospholipases C and D each split one of the phos-
phodiester bonds in the head group. Some phospholipases act on only one
type of glycerophospholipid, such as phosphatidylinositol 4,5-bisphosphate
(shown here) or phosphatidylcholine; others are less specific.

this fifth group of membrane lipids is the steroid nucle-
us, consisting of four fused rings, three with six carbons
and one with five (Fig. 10-17). The steroid nucleus is
almost planar and is relatively rigid; the fused rings do
not allow rotation about C—C bonds. Cholesterol, the
major sterol in animal tissues, is amphipathic, with a
polar head group (the hydroxyl group at C-3) and a non-
polar hydrocarbon body (the steroid nucleus and the
hydrocarbon side chain at C-17), about as long as a
16-carbon fatty acid in its extended form. Similar sterols
are found in other eukaryotes: stigmasterol in plants and
ergosterol in fungi, for example. Bacteria cannot syn-
thesize sterols; a few bacterial species, however, can

Alkyl side chain

Polar
head HO

group

FIGURE 10-17 Cholesterol. In this chemical structure of cholesterol, the
rings are labeled A through D to simplify reference to derivatives of the
steroid nucleus; the carbon atoms are numbered in blue. The C-3
hydroxyl group (shaded blue) is the polar head group. For storage and
transport of the sterol, this hydroxyl group condenses with a fatty acid
to form a sterol ester.



The polar lipids of membranes undergo constant meta-
bolic turnover, the rate of their synthesis normally
counterbalanced by the rate of breakdown. The
breakdown of lipids is promoted by hydrolytic
enzymes in lysosomes, each enzyme capable of hydro-
lyzing a specific bond. When sphingolipid degradation
is impaired by a defect in one of these enzymes
(Fig. 1), partial breakdown products accumulate in
the tissues, causing serious disease.

For example, Niemann-Pick disease is caused by
arare genetic defect in the enzyme sphingomyelinase,
which cleaves phosphocholine from sphingomyelin.
Sphingomyelin accumulates in the brain, spleen, and
liver. The disease becomes evident in infants and
causes mental retardation and early death. More com-
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OEUSE 5 MEDICINE Abnormal Accumulations of Membrane Lipids:

Some Inherited Human Diseases

mon is Tay-Sachs disease, in which ganglioside GM2
accumulates in the brain and spleen (Fig. 2) owing to
lack of the enzyme hexosaminidase A. The symptoms
of Tay-Sachs disease are progressive developmental
retardation, paralysis, blindness, and death by the age
of 3 or 4 years.

Genetic counseling can predict and avert many
inheritable diseases. Tests on prospective parents
can detect abnormal enzymes, then DNA testing
can determine the exact nature of the defect and
the risk it poses for offspring. Once a pregnancy
occurs, fetal cells obtained by sampling a part of
the placenta (chorionic villus sampling) or the fluid
surrounding the fetus (amniocentesis) can be tested
in the same way.

FIGURE 1 Pathways for the breakdown of GM1, globoside, and sphin-
gomyelin to ceramide. A defect in the enzyme hydrolyzing a particular
step is indicated by ) the disease that results from accumulation of
the partial breakdown product is noted.
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glucocerebrosidase ®—> Gaucher disease

sphingomyelinase ®—> Niemann-Pick disease an infant with Tay-Sachs dis-

of a portion of a brain cell from

ease, obtained post mortem,
Phosphocholine showing abnormal ganglioside

deposits in the lysosomes.

incorporate exogenous sterols into their membranes.
The sterols of all eukaryotes are synthesized from simple
five-carbon isoprene subunits, as are the fat-soluble vita-
mins, quinones, and dolichols described in Section 10.3.

In addition to their roles as membrane constituents,
the sterols serve as precursors for a variety of products
with specific biological activities. Steroid hormones, for
example, are potent biological signals that regulate gene
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expression. Bile acids are polar derivatives of choles-
terol that act as detergents in the intestine, emulsifying
dietary fats to make them more readily accessible to
digestive lipases.

Taurine
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ﬁ—NH—CHZ—CHZ—Sog
O
HO OH
Taurocholic acid
(a bile acid)

We return to cholesterol and other sterols in later
chapters, to consider the structural role of cholesterol
in biological membranes (Chapter 11), signaling by
steroid hormones (Chapter 12), and the remarkable
biosynthetic pathway to cholesterol and transport of
cholesterol by lipoprotein carriers (Chapter 21).

SUMMARY 10.2 Structural Lipids in Membranes

» The polar lipids, with polar heads and nonpolar
tails, are major components of membranes. The
most abundant are the glycerophospholipids,
which contain fatty acids esterified to two of the
hydroxyl groups of glycerol, and a second alcohol,
the head group, esterified to the third hydroxyl of
glycerol via a phosphodiester bond. Other polar
lipids are the sterols.

» Glycerophospholipids differ in the structure of
their head group; common glycerophospholipids
are phosphatidylethanolamine and
phosphatidylcholine. The polar heads of the
glycerophospholipids are charged at pH near 7.

» Chloroplast membranes are rich in galactolipids,
composed of a diacylglycerol with one or two
linked galactose residues, and sulfolipids,
diacylglycerols with a linked sulfonated sugar
residue and thus a negatively charged head
group.

» Some archaea have unique membrane lipids,
with long-chain alkyl groups ether-linked to
glycerol at both ends and with sugar residues
and/or phosphate joined to the glycerol to provide
a polar or charged head group. These lipids are
stable under the harsh conditions in which
these archaea live.

» The sphingolipids contain sphingosine, a long-
chain aliphatic amino alcohol, but no glycerol.
Sphingomyelin has, in addition to phosphoric acid
and choline, two long hydrocarbon chains, one
contributed by a fatty acid and the other by
sphingosine. Three other classes of sphingolipids
are cerebrosides, globosides, and gangliosides,
which contain sugar components.

» Sterols have four fused rings and a hydroxyl group.
Cholesterol, the major sterol in animals, is both a
structural component of membranes and precursor
to a wide variety of steroids.

10.3 Lipids as Signals, Cofactors,
and Pigments

The two functional classes of lipids considered thus far
(storage lipids and structural lipids) are major cellular
components; membrane lipids make up 5% to 10% of the
dry mass of most cells, and storage lipids more than 80%
of the mass of an adipocyte. With some important excep-
tions, these lipids play a passive role in the cell; lipid
fuels are stored until oxidized by enzymes, and mem-
brane lipids form impermeable barriers around cells and
cellular compartments. Another group of lipids, present
in much smaller amounts, have active roles in the meta-
bolic traffic as metabolites and messengers. Some serve
as potent signals—as hormones, carried in the blood
from one tissue to another, or as intracellular messengers
generated in response to an extracellular signal (hor-
mone or growth factor). Others function as enzyme
cofactors in electron-transfer reactions in chloroplasts
and mitochondria, or in the transfer of sugar moieties in
a variety of glycosylation reactions. A third group con-
sists of lipids with a system of conjugated double bonds:
pigment molecules that absorb visible light. Some of
these act as light-capturing pigments in vision and photo-
synthesis; others produce natural colorations, such as the
orange of pumpkins and carrots and the yellow of canary
feathers. Finally, a very large group of volatile lipids pro-
duced in plants serve as signals that pass through the air,
allowing plants to communicate with each other, and to
invite animal friends and deter foes. We describe in this
section a few representatives of these biologically active
lipids. In later chapters, their synthesis and biological
roles are considered in more detail.

Phosphatidylinositols and Sphingosine Derivatives
Act as Intracellular Signals

Phosphatidylinositol and its phosphorylated derivatives
act at several levels to regulate cell structure and
metabolism. Phosphatidylinositol 4,5-bisphosphate
(Fig. 10-16) in the cytoplasmic (inner) face of plasma
membranes serves as a reservoir of messenger molecules
that are released inside the cell in response to extracel-
lular signals interacting with specific surface receptors.
Extracellular signals such as the hormone vasopressin
activate a specific phospholipase C in the membrane,
which hydrolyzes phosphatidylinositol 4,5-bisphosphate
to release two products that act as intracellular messen-
gers: inositol 1,4,5-trisphosphate (IP5), which is water-
soluble, and diacylglycerol, which remains associated
with the plasma membrane. IP; triggers release of Ca®"
from the endoplasmic reticulum, and the combination of



