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BEIOMEDICAL IMPORTANCE

Membranes are highly viscous, plastic structures.
Plasma membranes form closed compartmencs around
cellular protoplasm to separate one cell from another
and thus permic cellular individuality, The plasma
membrane has selective permeabilities and acts as a
barrier, thereby maintaining differences in composition
berween the inside and ourside of the cell. The selective
permeabilities are provided mainly by channels and
pumps for ions and subscrares. The plasma membrane
also exchanges marerial with the extracellular environ-
ment by exocytosis and endocytosis, and there are spe-
cial areas of membrane scrucrure—the gap juncrions—
through which adjacent cells exchange material. In
addition, the plasma membrane plays key roles in cell-
cell interactions and in transmembrane signaling.

Membranes also form specialized compartments
within the cell. Such intracellular membranes help
shape many of the morphologically distinguishable
structures (organelles), eg, mirochondria, ER, sarcoplas-
mic rericulum, Golgi complexes, secretory granules,
lysosomes, and the nuclear membrane. Membranes lo-
calize enzymes, funcrion as integral elements in excita-
tion-response coupling, and provide sites of energy
transduction, such as in photosynthesis and oxidarive
phosphorylacion.

Changes in membrane structure (eg caused by is-
chemia) can affect water balance and ion Hux and there-
fore every process within the cell. Specific deficiencies
or alterations of certain membrane components lead o
a variery of diseases (see Table 41-5). In short, normal
cellular function depends on normal membranes.
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MAINTENAMNCE OF A NORMAL INTRA-
& EXTRACELLULAR ENVIRONMENT
ISFUNDAMENTAL TO LIFE

Life orginated in an agueous environment; engyme re-
actions, cellular and subcellular processes, and so forch
have therefore evalved o work in this miliew. Since
mammals live in a gaseous environment, how is the
aqueous state maintined? Membranes accomplish this
by internalizing and compartmentalizing body warer,

The Body's Internal Water
Is Compartmentalized

Warer makes up abour 60% of the lean body mass of
the human body and is disributed in owo large com-
partments.

A. InTRACELLULAR FLuip (ICF)

This compartment constitutes two-thirds of toral body
water and provides the environment for the cell (1) w
make, store, and utlize energy; (2) to repair itself;
(3} ro replicare; and {4) o perform special functions.

B. ExtraceLLuLar FLuip (ECF)

This compartment conrains about one-third of toral
body water and is distributed between the plasma and
interstitial compartments. The extracellular fluid is a
delivery system. It brings o the cells nutrients (eg, glu-
cosc, farry acids, amino acids), oxygen, various ions and
trace minerals, and a varicty of regulatory molecules
(hormanes) that coordinate the functions of widely scp-
arated cells. Extracellular fluid removes CO,. waste
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products, and roxic or detoxificd materials from the im-
mediate cellular cnvironment.

The lonic Compositions of Intracellular
& Extracellular Fluids Differ Greatly

As illustrated in Table 41-1, the internal environment
is rich in K* and Mg™, and phosphate is its major
nﬂlﬂn Extrll;l:"u.]ar Hmd 15 Chﬂmctc‘fl?l’.d 11'-" hlgl'l N'l.
and Ca™* content, and Cl is the major anion. Note
also thar the concentration of glucose is higher in extra-
cellular fluid than in the cell, whereas the opposite is
truc for proteins. Why is there such a difference? e is
thoughe that the prlmnrthnl sea in which life originated
was rich in K* and Mg™, * 1t therefore follows that en-
gyme reactions and other biologic processes evolved to
function best in that environment—hence the high
concentration of these ons within cells. Cells were
faced with strong iﬂEL‘Ctlﬂl'l pressure as the sea gradually
changed to a composition rich in Na' and Ca™. Vast
changes would have been required for cvolution of a
completely new set of biochemical and physiologic ma-
chinery; instead, as it happened, cells developed barri-
ers—membranes “:th :I“l'M:IBI;ﬂ;' Pumps”—m main-
tain the internal microenvironment.

MEMBRANES ARE COMPLEX
STRUCTURES COMPOSED OF LIPIDS,
PROTEINS, & CARBOHYDRATES

We shall mainly discuss the membranes present in cu-
karyotic cells, although many of the principles de-
The various cellular membranes have different compo-
sitions, as reflected in the ratio of protein to lipid (Fig-
ure 41-1). This is not surprising, given their divergent
ﬁlnl:t'inn.ﬂ. Mfmhrﬂ.rlc\ are “f:r".rl'l mi."rrllr ﬁhml'.""]ikl: cn-
closed structures with distinet inner and outer surfaces.

Table 41-1. Comparison of the mean
concentrations of various molecules outside and
inside a mammalian cell.

Substance | Extracellular Fluidi Intracellular Fluid

Na* 140 mmaol/L 10 mmaoliL
K* 4 mmaol/L 140 mimal/L
Ca’ (free) 2.5 mmaolil 0.1 pmali/L
Mg 1.5 mmaliL 30 mmaoliL
cr 100 mmaoli/L 4 mmol/L
HCO, 27 mmaol/L 10 mmal/L
PO’ 2 mmaliL &0 mmaoliL
Glucose 5.5 mmal/L 0-1 rmmal/L
Frotein 2g/dL 16 g/dL
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Figure 41-1. Ratio of protein to lipid in different
membranes. Proteins equal or exceed the quantity of
lipid in nearly all membranes, The outstanding excep-
tion is myelin, an electrical insulator found on many
nerve fibers.

These sheet-like structures are noncovalent assemblies
I'I'l:l.t A rhcrmnd}rn;lm IEE”}" Nl'.'lhlc End mctahnlicnl]‘_{ ac-
tive. Mumerous proteins are located i membranes,
where they carry our specific funcrions of the organelle,
the cell, or the organism.

The Major Lipids in Mammalian
Membranes Are Phospholipids,
Glycosphingolipids, & Cholesterol

A. PHOSPHOLIPIDS

(3t the two major phospholipid classes present in mem-
branes, phosphoglycerides are the more common and
consist of a ghvcerol backbone to which are attached
two farey acids in ester linkage and a phosphorylated al-
cohol (Figure 41=2). The farry acid construents are
wsually even-numbered carbon molecules, most com-
monly containing 16 or 18 carbons, They are un-
branched and can be saturared or unsaturaced. The sim-
plest phosphoglyceride is phosphandic acid, which is



Fatty acids
——
i
H—C—I:r—'ﬁ.:-l
R—ﬁ—u E{|:H o
o CH,—D rl-—o-—ﬂg
8]
\_V_J '._,‘_,_.l
Glyceral Alcohal

Figure 41-2. A phosphoglyceride showing the fatty
acids (R, and R.), glyceral, and phosphorylated alcohaol
components. In phosphatidic acid, R; is hydrogen.

L.2-diacylglyceral 3-phaosphate, a key intermediate in
the formarion of all other phosphoglycerides (Chapeer
24), In other phosphoglycerides, the 3-phosphare is es-
terified to an alcohol such as ethanolamine, choline,
serine, glycerol, or inositol {Chaprer 14).

The second major class of phospholipids is com-
posed of sphingomyelin, which contains a sphingosine
backbone rather than glycerol. A farty acid is artached
by an amide linkage to the amino group of sphingosine,
forming ceramide. The primary hydroxyl group of
sphingosine is esterified to phmphnrﬂ:hﬂhn: Sphin-
gomyelin, as the name implics, is prominent in myelin
sheaths.

The amounts and facey acid compositions of the var-
ious phospholipids vary among the differens cellular
membranes,

B. GLYCOSPHINGOLIPIDS

The glycosphingolipids ((G5Ls) arc sugar-containing
lipids builr on a backbone of ceramide; they include
galactosyl- and glucosylceramide (cercbrosides) and the
gangliosides, Their structures are described in Chaprer
14. They are mainly located in the plasma membranes
of cells.

C. STEROLS

The most common sterol in membranes is cholesteral
{Chapeer 14}, which resides mainly in the plasma mem-
branes of mammalian cells but can also be found in
lesser quantities in mitochondria, Gelgi complexes, and
nuclear membranes, Cholesterol inrercalares among the
phospholipids of the membrane, with is hydroxyl
group at the aqueous interface and the remainder of the
molecule within the leaflet. Its effect on the fuidity of
membranes is discussed subsequently,

All of the above lipids can be separared from one an-
other by techniques such as column, thin layer, and
gas-liquid chromatography and their structures cstab-
lished by mass specrrometry,
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Each cukaryotc cell membrane has a somewhar dif-
ferent lipid compasition, though phospholipids arc the
major class in all.

Membrane Lipids Are Amphipathic

All major lipids in membranes contain both hydropho-
bic and hydrophilic regions and are therefore termed
“amphipathic.” Membranes themselves are thus am-
phipathic, If the hydrophobic regions were separaced
from the rest of the molecule, it would be insoluble in
water burt soluble in oil. Converscly, if the hydrophilic
region were separated from the rest of the molecule, it
would be insoluble in oil but soluble in water. The am-
phipathic nature of a phospholipid is represented in
Figure 41-3. Thus, the polar head groups of the phos-
pholipids and the hydroxyl group of cholesterol inter-
tace with the aqueous environment; a similar situacion
applics to the sugar moictics of the GSLs (see below),
Saturated fatty acids have straight tails, whercas
unsaturated farcy acids, which generally exist in the cis
form in membranes, make kinked tails (Figure 41-3).
As more kinks are insereed in the rails, the membrane
becomes less tghtly packed and chercfore more Auid.
Dietergents are amphipathic molecules that are impor-
tant in biochemistry as well as in the houschold. The
molecular structure of a detergent is not unlike thac of a
phospholipid. Certain detergents are widely used to sol-
ubilize membrane proteins as a first step in their purifi-
cation. The hydrophobic end of the detergent binds o
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Figure 41-3. Diagrammatic representation of a
phosphaolipid or other membrane lipid. The polar head
group is hydrophilic, and the hydrocarbon tails are hy-
drophabic or lipophilic. The fatty acids in the tails are
saturated {5) or unsaturated (U); the former are usualty
attached to carbon 1 of glycerol and the latter to car-
ban 2. Note the kink in the tail of the unsaturated fatty
acid (U}, which is important in conferring increased
membrane fluidity,
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hydrophobic regions of the prowins, displacing most of
their bound lipids. The polar end of the detergent is
free, bringing the proteins into solution as derergent-
prowein complexes, usually also containing some resid-
ual lipids,

Membrane Lipids Form Bilayers

The amphipathic characrer of phospholipids suggests
that the two regions of the molecule have incomparible
solubilities; however, in a solvent such as warer, phos-
phaolipids organize themselves into a form thar thermo-
dynamically serves the solubility requirements of both
regions, A micelle (Figure 41—4) is such a structure;
the hydrophobic regions are shiclded from wacer, while
the hydrophilic polar groups are immersed in the ague-
ous environment. However, micelles are usually rela-
tively small in size (eg. approximately 200 nm} and
thus are limited in their potential ro form membranes,
As was recognized in 1925 by Gorter and Grendel, a

bimolecular layer, or lipid bilayer, can also sarisfy the
thermodynamic requirements of amphipathic mole-
cules in an aqueous environment. Bilayers, nor mi-
celles, are indeed the key structures in biologic mem-
brancs. A bilayer cxists as a sheer in which the
hydrophobic regions of the phospholipids are procected
from the aqueous environment, while the hydrophilic
regions are immersed in water (Figure 41-5). Only the
ends or edges of the bilaver sheer are exposed o an un-

Figure 47-4. Diagrammatic cross-section of a mi-
celle, The polar head groups are bathed in water,
whereas the hydrophobic hydrocarbon talls are sur-
rounded by other hydrocarbons and thereby pro-
tected from water, Micelles are relatively small {com-
pared with lipid bilayers) spherical structures,
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Figure 41-5. Diagram of a section of a bilayer mem-
brane formed from phospholipid molecules. The unsat-
urated fatty acid tails are kinked and lead to more spac-
ing between the polar head groups, hence to more
room for movement. This in turn results in increased
membrane fluidity, (Slightly modified and reproduced,
with parmission, fram Strver L Bliechermistry, 2nd ed, Free
man, 1981.}

favorable environment, but even these exposed edges
can be eliminated by folding the sheet back upon itself
to form an enclosed vesicle with no edges. A bilayer can
extend over relacively large distances {eg, 1 mm). The
closed bilayer provides one of the most essential proper-
ties of membranes. It is impermeable to most water-
soluble molecules, since they would be insoluble in the
hydraphobic core of the bilayer.

Lipid bilavers are formed by self-assembly, driven
by the hydrophobic effect. When lipid molecules
come together in a bilayer, the entropy of the surround-
ing solvent molecules increases.

Two questions arise from consideradon of the
above, First, how many biologic materials are lipid-
soluble and can therefore readily enter the cell? Gases
such as oxygen, CO,, and nirrogen—small molecules
with licde interacdon with solvents—readily diffuse
through the hydrophobic regions of the membrane.
The permeability coefficients of several ions and of a
number of other molecules in a lipid bilayer are shown
in Figure 41-6. The three elecrrolyres shown (Na®, K,
and CI") cross the bilayer much more slowly than
water. In general, the permeability coefficients of small
molecules in a lipid bilayer correlate with their solubili-
ties in nonpolar solvents, For instance, steroids more
readily traverse the lipid bilayer compared with elec-
trolytes. The high permeability coefficient of water ic-
self is surprising bur is pardy explained by its small size
and relarive lack of charge,

The second question concerns molecules that are
not lipid-soluble: How are the rransmembrane concen-
tration gradients for non-lipid-soluble molecules main-
tained? The answer is thar membranes conrain proteins,
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Figure 41-6. Permeability coefficients of water,

some ions, and other small molecules in lipid bilayer
membranes, Molecules that move rapidly through a
given membrane are said to have a high permeability
coefficient. (Slightly madified and reproduced, with per-
mission, from Stryer L Biochemistry, 2nd &d. Freeman,
1981)

and proteins are also amphipathic molecules thar can be
inserted into the correspondingly amphipathic lipid bi-
layer, Proteins form channels for the movement of ions
and small molecules and serve as transporers for larger
molecules that otherwise could not pass the bilayer.
These processes are described below,

Membrane Proteins Are Associated
With the Lipid Bilayer

Membrane phospholipids act as a solvent for mem-
brane proteins, creating an environment in which the
latter can function. Of the 20 amino acids contributing
to the primary structure of proteins, the funcrional
ﬁmups artached to the o carbon are serongly hydropho-

ic in six, weakly hydrophobic in a few, and hy-
drophilic in the remainder. As described in Chaprer 5,
the -helical strucrure of proteins minimizes the hy-
drophilic character of the pepride bonds themselves.
Thus, proteins can be amphipathic and form an inge-
gral part of the membrane by having hydrophilic re-
gions protruding ar the inside and ouwside faces of the
membrane but connecred by a hydrophobic region tra-
versing the hydrophobic core of the bilayer. In facr,
those portions af membrane proteins that traverse
membranes do contain substantial numbers of hy-
drophobic amine acids and almost invariably have ci-
ther a high t-helical or f-pleated sheet conent. For
many membranes, a stretch of approximartely 20 amino
acids in an o helix will span the bilayer.

It is possible o calculare whether a particular se-
quence of amino acids present in a protein is consistent
with a ransmembrane location. This can be done by
consulting a table char lists the hydrophobicities of each
of the 20 common amino acids and the free energy val-
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ues for their transfer from the incerior of a membrane
to water. Hydrophobic amino acids have positive val-
ucs; polar amino acids have negative values, The toral
free encrgy values for transferring successive sequences
of 20 amino acids in the protein arc ploteed, yielding a
so-called hydropathy plot. Valucs of over 20 keal- mol™
arc consistent with—but do not prove—a transmem-
brane location,

Another aspect of the interaction of lipids and pro-
teins is that some proteins arc anchored to one leaflet or
another of the bilayer by covalent linkages to certain
lipids. Palmitate and myristate are farry acids involved
in such linkages to specific proweins. A number of other
proteins {scc Chapter 47) are linked w glycophos-
pharidylinositol {GP1) strucrures.

Different Membranes Have Different
Protein Compositions

The number of different proteins in a membranc
varies from less than a dozen in the sarcoplasmic reticu-
lum to over 100 in the plasma membrane, Most mem-
brane proteins can be separated from one another using
sodium  dodecyl sulfare  polyacrylamide gel clectro-
phoresis (SDS-PAGE), a technique that has revolution-
ized their study. In the absence of 505, fow membrane
proteins would remain soluble during electrophoresis.
Proteins are the major functional molecules of mem-
branes and consist of enzymes, pumps and channels,
structural components, antigens {eg, for histocompati-
bility), and receprors for various molecules. Because
every membrane possesses a different complement of
prateins, there is no such thing as a typical membrane
structure, The enzymatic properties of several different
membranes are shown in Table 41-2,

Membranes Are Dynamic Structures

Membranes and their components are dynamic stroc-
tures. The lipids and proceins in membranes undergo
turnover there just as they do in other comparrments of
the cell. Different lipids have different tumover races,
and the wrnover races of individual species of mem-
brane proteins may vary widcly. The membrane iwsclf
can turn over cven more rapidly than any of its con-
stituents. This is discussed in more detail in the section
on cndocytosis.

Membranes Are Asymmetric Structures

This asymmetry can be parrially arribured to the irreg-
ular distribution of proteins within the membranes. An
inside-outside asymmetry is also provided by the ex-
ternal location of the carbohydrates artached ro mem-
brane proteins. In addition, specific enzymes are lo-
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Table 41-2. Enzymatic markers of different
membranes,'

Membrane Enzyme
Flasma | 5-Nucleotidase
i Adenylyl cyclase
§ Ma*-K* ATPase
e —————— e e
Endaplasmic reticulum i Glucose-g-phosphatase
Golgi apparatus i
Cis | GleMAc transferase |
Medial i Golgi mannosidase ||
Trans i Galactosyl transferase
TaGh _;_Sialj.ri transferase

Inner mitechandrial membranei ATP synthase

"Membranes contain many proteins, some of which have enzy-
matic activity, 5ome of these enzymes are located only in certain
membranes and can therefore be used as markers to follow the
purification of these membranes.

TGM, trans golgi netwark.

cated exclusively on the outside or inside of mem-
brancs, as in the mitochondrial and plasma membranes,

There are regional asymmetries in membranes,
Some, such as occur at the villous borders of mucosal
cells, arc almost macroscopically visible, Others, such as
those at gap junctions, tight junctions, and synapses,
occupy much smaller regions of the membrane and
generate correspondingly smaller local asymmetries.

There is also inside-outside (cransverse) asymmerry
of the phospholipids. The cheline-containing phos-
pholipids {phosphatidylcholine and sphingomyelin)
arc located mainly in the ower molecular layer; the
aminophospholipids (phosphatidylscrine and phos-
phatidylethanolamine) are preferentially located in the
inner leafler. Obviously, if this asymmetry is to exist at
all, there must be limited transverse mobilicy (fip-flop)
of the membrane phospholipids, In fact, phospholipids
in synthetic bilayers exhibic an extraordinarily slow
rate of flip-Aop; the half-life of the asymmewry can be
measured in soveral wecks. However, when certain
membrane proteins such as the erythrocyte protein gly-
cophorin arc inserted artificially into synthetic bilayers,
the frequency of phospholipid flip-flop may increase as
much as 100-fold.

The mechanisms involved in the establishment of
lipid asymmetry are not well understood. The enzymes
involved in the synthesis of phospholipids are located
on the cytoplasmic side of microsomal membrane vesi-
cles. Translocases (flippases) cxist that wransfer certain
phospholipids {eg. phosphatidylchaoling) from the inner
to the outer leafler, Specific proteins that preferen-
tially bind individual phospholipids also appear to be

present in the two leaflews, contriburing to the asym-
metric distribution of these lipid molecules, In addi-
tion, phospholipid exchange proteins recognize specific
phospholipids and cransfer them from one membrane
{cg, the endoplasmic reticulum [ER]) o others (cg, mi-
tochondrial and peroxisomal), There is furcher asym-
metry with regard to GSLs and also glycoproteins; the
sugar moictics of these molecules all protrude ourward
from the plasma membrane and are absenc from s
inner face,

Membranes Contain Integral
& Peripheral Proteins
(Figure 41-7)

It is useful to classify membrane proteins inw two
types: integral and peripheral. Most membrane pro-
teins fall into the integral class, meaning thar they inter-
act extensively with the phospholipids and require the
use of detergents for their solubilization. Also, they gen-
erally span the bilayer. Integral proteins are usually
globular and are themselves amphipathic. They consise
of rwo hydrophilic ends separated by an intervening hy-
drophobic region that traverses the hydrophobic core of
the bilayer, As the structures of integral membrane pro-
teins were being elucidated, it became apparent that
certain ones {eg, transporter molecules, vanous recep-
tors, and G proteins) span the bilayer many tdmes (see
Figure 46-3). Integral proteins are also asymmetrically
distributed across the membrane bilayer, This asym-
metric orentation is conferred at che ome of cheir in-
sertion in the lipid bilayer. The hydrophilic external re-
gion of an amphipathic protein, which is synthesized
on palyribosomes, must traverse the hydrophobic core
of its targer membrane and eventually be found on the
outsicdle of that membrane, The molecular mechanisms
involved in insertion of proteins into membranes and
the topic of membrane assembly are discussed in Chap-
rer 40,

Peripheral proteins do not inreract directly with
the phasphelipids in the bilayer and thus do not require
use of detergents for cheir release. They are weakly
bound to the hydrophilic regions of speaific integral
proteins and can be released from them by trearment
with salt solutions of high ionic strength. For example,
ankyrin, a peripheral protein, is bound o the integral
protein “band 3” of erythrocyte membrane. Spectrin, a
cytoskeletal structure within the envthrocyte, is in tum
bound to ankyrin and thereby plays an imporeant role
in maintenance of the biconcave shape of the erythro-
cyte. Many hormone recepror molecules are integral
proteins, and the specific polypeptide hormones thar
bind to these receptor molecules may thercfore be con-
sidered peripheral proteins, Peripheral proteins, such as
polypeptide hormones, may help organize the discribu-
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Figure 47-7. The fluid mosaic model of membrane structure. The membrane consists of a bimolecu-
lar lipid layer with proteins inserted in it or bound to either surface, Integral membrane proteins are
firmly embedded in the lipid layers. Some of these proteins completely span the bilayer and are called
transmembrang proteins, while athers are embedded in either the outer or inner leaflet of the lipid hi-
layer. Loosely bound to the outer or Inner surface of the membrane are the peripheral proteins. Many of
the proteins and lipids have externally exposed oligosaccharide chains. (Reproduced, with permission,

from Jungueira LT, Carneiro J: Basic Ristology: Fext & Atlos,

tion uFimeE;uI proteins, such as cheir receprors, within
the plane of the bilayer (see below).

ARTIFICIAL MEMBRANES MODEL
MEMBRANE FUNCTION

Artificial membrane systems can be prepared by appro-
priate techniques. These systems generally consist of
mixtures of one or more phospholipids of naral or
synthetic origin that can be treated (eg, by using mild
sonication) to form l:r.ll'il:Ti.l’.‘:l] vesicles in which the lipids
form a bilaver, Such vesicles, surrounded by a lipid bi-
layer, are termed liposomes,

Some of the advantages and uses of arificial mem-
brane systems in the study of membrane funcrion can

be briefly explained,

(1) The lipid content of the membranes can be var-
ied, allowing systematic examination of the effecrs of
VaArying lipié,mmpusjl:iun on certain functions. For in-
stance, vesicles can be made thar are composed solely of
phosphatidylcholine or, alternatively, of known mix-
tures of different phosphalipids, glycolipids, and cho-
lesrerol. The farry acid moieties of the lipids used can
also be varied by emploving synchetic lipids of known

10tk ed. McGraw-Hil, 2003

composition to permit systematic examination of the
effects of fatry acid compasition on certain membrane
funcrions leg, transport).

(2) Purified membrane proteins or enzymes can be
incorporared into these vesicles in order to assess what
factors (eg, specific lipids or ancillary proteins) the pro-
teins require o reconstrute their Fumrmn. Investiga-
tions of purified proteins, eg, the Ca™ ATPase of the
sarcoplasmic reticulum, have in certain cases suggested
that only a single protein and a single lipid are required
Io reconstitute an ion pump.

{3) The environment of these systems can be rigidly
contrelled and systemarically varied {eg, jon concentra-
tions). The systems can also be exposed o known lig-
ands if, for example, the liposomes contain specific re-
cepror proteins.

(4) When liposomes are formed, they can be made
to entrap certain compounds inside themselves, eg,
drugs and isolated genes. There is interest in using lipo-
somes to distribure drugs to certain tissues, and if com-
ponents {eg, antbodies ro certain cell surface mole-
cules) could be incorporared into liposomes so thar they
would be rargeted to specific rissues or umars, the
therapeurtic impact would be considerable. DNA en-
trapped inside liposomes appears 1o be less sensitive o
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attack by nucleascs; this approach may prove uscful in
attempts at gene therapy.

THE FLUID MOSAIC MODEL
OF MEMBRANE STRUCTURE
IS WIDELY ACCEPTED

The fluid mosaic model of membrane structure pro-
posed in 1972 by Singer and Nicolson (Figure 41-7) is
now widely accepred. The model is often likened o ice-
bergs (membrane proteins) floating in a sea of predomi-
nantly phospholipid molecules, Early evidence for the
model was the finding thar certin species-specific inte-
gral proweins (derected by fluorescent labeling rech-
niques) rapidly and randomly redistributed in the
plasma membrane of an interspecies hybrid cell formed
by the artficially induced fusion of two different parent
cells. Ir has subsequentdy been demonserared thar phos-
pholipids also undergo rapid redistribution in the plane
of the membrane. This diffusion within the plane of
the membrane, termed ranslational diffusion, can be
quite rapid for a phospholipid: in fact, within the plane
of the membrane, one molecule of phospholipid can
move several micrometers per second.

The phase changes—and thus the Auidity of mem-
branes—are largely dependent upon the lipid compaosi-
tian of the membrane, In a lipid bilayer, the hydropho-
bic chains of the fatty acids can be highly aligned or
ordered o provide a rather suff structure. As the tem-
perature increases, the hydrophobic side chains undergo
# transition from the ordered state (more gel-like or
crystalline phase) to a disordered one, taking on 2 more
liquid-like or fluid arrangement. The remperature ar
which the structure undergoes the transition from or-
dered to disordered (12, melts) 15 called the “transition
temperature” (T,). The longer and more saturated
farty acid chains interace more strongly with cach other
via their longer hydrocarbon chains and thus cause
higher values of T, —ie, higher temperatures are re-
guired to increase the Auidity of the bilayer. On the
other hand, unsamrated bonds that =ast in the cis con-
figuration tend to increase the fluidity of 2 bilayer by de-
creasing the compactness of the side chain packing with-
out diminishing hydrophobicity (Figure 41-3). The
phospholipids of cellular membranes generally contain
at least one unsaturated farty acid with at least one cis
double bond.

Cholesterol modifies the fluidicy of membranes. Ar
remperatures below the T, ic interferes with che inter-
action of the hydrocarbon tails of fatty acids and thus
increases fuidity. At temperatures above the T, it lim-
its disorder because it is more nigid chan the hydrocar-
bon tils of the fay acids and cannot move in the
membrane to the same extent, thus limiting Auidicy. At

high cholesteral:phospholipid ratios, rransition remper-
atures are altogether indistinguishable.

The fluidity of 2 membrane significantly affecrs ies
funcrions. As membrane fluidity increases, so does s
permeabilicy to wacer and other small hydrophilic maol-
coules. The latcral mobility of integral proteins in-
creases as the Auidity of the membrane increases. If the
active site of an integral prowin involved in a given
function is cxclusively in s hydrophilic regions, chang-
ing lipid Auidity will probably have licde effect on the
activity of the protein; however, if the protein is in-
volved in a transport function in which ransport com-
poncnts span the membrane, lipid phase effects may
significantly alter the transport race. The insulin recep-
tor is an cxcellent example of altered funcrion with
changes in fluidity. As the concentration of unsaturared
fatry acids in the membrane is increased (by growing
culoured cells in a medium rich in such molecules), flu-
idity increases, This alters the recepror so that it binds
more insulin.,

A state of fluidicy and thus of tanslational mobility
in a membrane may be confined to certain regions of
membranes under cerain conditions. For example,
procein-procein interactions may take place within the
planc of the membrane, such thar the incegral protcins
form a rigid matris—in contrast to the more usual situ-
ation, where the lipid acts as the mawrix. Such regions
of rigid protein macrix can exisc side by side in the same
membranc with the usual lipid mawrix, Gap junctions
and tght juncrions are clear cxamples of such side-by-
side coexistence of different marrices.

Lipid Rafts & Caveolae Are Special
Features of Some Membranes

While the fluid mosaic model of membrane struceure
has stood up well to derailed scruriny, additional fea-
tures of membrane structure and function are con-
stantly emerging. Two struceures of particular current
ingerest, Jauatefin surface membranes, are lipid rafts
and caveolae. The former are dynamic areas of the exo-
plasmic leafler of the lipid bilayer enriched in choles-
terol and sphingolipids; they are involved in signal
transduction and possibly other processes. Caveolae
may derive from lipid rafts. Many if not all of them
contain the protein caveolin-1, which may be involved
in their formacion from rafts. Caveolae are observable
by electron microscopy as flask-shaped indentations of
the cell membrane. Proteins detected in caveolae in-
clude various components of the sighal-rransduction
system (e, the insulin recepror and some G proteins),
the folate receptor, and endothelial nitric oxide syn-
thase (eNOS). Caveolae and lipid rafts are acrive areas
of research, and ideas concerning them and their possi-
ble roles in various diseases are rapidly evolving.



MEMBRANE SELECTIVITY ALLOWS
SPECIALIZED FUNCTIONS

If the plasma membrane is relatively impermeable, how
do most molecules enter a cell? How is selecaviry of
this movement established? Answers o such questions
are imporrant in understanding how cells adjust o a
constantly changing extracellular environment. Mera-
zoan organisms also must have means of communicar-
ing berween adjacent and distant cells, so thar complex
biclogic processes can be coordinated. These signals
must arrive at and be rransmicted by the membrane, or
they must be generated as a consequence of some inter-
action with the membrane. Some of the major mecha-
nisms used w accomplish these different objectives are
lisced in Table 41-3.

Passive Mechanisms Move Some Small
Molecules Across Membranes

Malecules can passively traverse the bilayer down elec-
trochemical g:di:nrs h}r simphz ﬂiFFluinn or i:lj,' E.ci]:i-
tated diffusion. This spontanecus movement toward
equilibrium contrasts with active transport, which re-
quires :n:ri}' because it constitutes movement against
an :I:crrn: ermical gradil:nr, Figu:rc 41-8 I::nw'id::s |
schematic represencarion of these mechanisms,

As deseribed above, some solutes such as gases can
enter the cell by diFFl.u;ing down an elecerochemieal gra-
dient across the membrane and du ot n.-i:lu':rc: meta-
bolic energy. The simple passive diffusion of a solure
across the membrane is limited by the thermal agitation
of that spl:ciﬁc molecule, by the concentration gradient
across the rnl:rnhrann uhd ]1].‘ the .-suluhilit}-' nf t]'l.:lt
solute (the permeabilicy coefficient, Figure 41-6) in the
hydnrphnhic core of the membrane bilayer. Solubilicy is

Table 41-3, Transfer of material and information
across membranes.

Cross-membrane movement of small malecules
Diffusion (passive and facilitated)
Active transport
Cross-membrane movement of large molecules
Endacytosis
Exocytosis
Signal transmission across membranes
Cell surface receptors
1. Signal transduction |eg, glucagon — cAMP]
2, Signal internalization (coupled with endocytosis, eq,
the LDL receptar)
Movement to intracellular receptors (stercid hormones; a
farm af diffusion)
Intercellular contact and communication
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inversely proportionate to the number of hydrogen
bonds that must be broken in order for a solute in the
external aqueous phase to become incorporated in the
hydrophobic bilayer. Electrolyies, poorly soluble in
lipid, do not form hydrogen bonds with wacer, but they
do acquire a shell of water from hydracion by clectrosta-
tic interaction. The size of the shell is directly propor-
tionate o the charge density of the clecorolyre, Elec-
trolytes with a large charge density have a larger shell of
hydration and thus a slower diffusion rawe. Na*, for ex-
ample, has a higher charge density than K'. Hydrared
Ma' is therefore larger than hydrated K'; hence, the lac-
ter tends to move more casily through the membrane,

The following factors affect net diffusion of a sub-
stance: (1) Its concentrarion gradient across the mem-
branc. Solutes move from high w low concentration.
(2) The clecrrical potendal across the membrane,
Solutes move toward the solution that has the opposite
charge, The inside of the cell usually has a negative
charge. (3) The permeability cocfficient of the sub-
stance for the membranc, (4) The hydrostatic pressure
gradient across the membrane. Increased pressure will
increase the rate and force of the collision beoween the
molecules and the membrane. (5) Temperawre. In-
creased temperacure will increase particle motion and
thus increase the frequency of collisions beoween exrer-
nal particles and the membrane. In addition, a mulu-
tude of channels exist in membranes that route the
entry of ions into cells,

lon Channels Are Transmembrane
Proteins That Allow the Selective
Entry of Various lons

In natural membranes, as opposed o synthetc mem-
brane bilayers, there are ransmerabrane channels, pore-
like structures composed of proteins that constiture se-
lective jon channels. Cation-conductive channels have
an average diameter of about 58 nm and are negatively
charged within the channel. The permeabilicy of a chan-
neﬁepends upon the size, the extent of hvdrarion, and
the extent of charge density on the ion. Specific chan-
nels for Na*, K*, Ca™*, and CI” have been idenfied; two
such channels are illustrated in Figure 41-9. Both are
seen to consist of four subunirs. Each subunir consists of
six o-helical rransmembrane domains. The amino and
carboxyl rerminals of both ion channels are locared in
the eytoplasm, with both extracellular and incracellular
loops being present. The acrual pores in the channels
through which the jons pass are not shown in the figure.
They form the center (diameter about 5-8 nm) of a
structure formed by appositon of the subunits. The
channels are very selective, in most cases permitting the
passage of only one type of jon (Na*, Ca™, erc). Many
variations on the above structural chemes are found, but
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Figure 47-8. Many small uncharged molecules pass freely through the lipid
bilayer, Charged molecules, larger uncharged maolecules, and some small un-
charged molecules are transferred through channels or pores or by specific carrier
proteins. Passive transport is always down an electrochemical gradient, toward
equilibrium, Active transport |s against an electrochemical gradient and requires
an input of energy, whereas passive transport does not. (Redrawn and reproduced,
with permission, from Alberts B et &l Malecular Biodogy of the Cell Garland, 1983

all ion channels are basically made up of ransmembrane
subunits that come together o form a cental pore
through which ions pass selectively. The combination of
x-ray crystallography (where possible) and site-direcred
muragenesis atfords a powerful approach ro delincaring
the structure-function relationships of ion channels.

The membranes of nerve cells contain well-srudied
ion channels thar are responsible for che action poren-
tials penerated across the membrane. The acdvity of
some of these channels s controlled by neurorransmic-
ters; hence, channel activiey can be regulated. One ion
can regulate the acrivity of the channel of anather ion.
For example, a decrease of Ca™ concentration in the
extracellular Huid increases membrane permeabilicy and
increases the diffusion of Na'. This depolarizes the
membrane and triggers nerve discharge, which may ex-
plain the numbness, l:in'g,ling, and muscle cramps symp-
tomatic of a low level of plasma Ca™.

Channels are open transiently and thus are “gaced.”
Ciares can be controlled by opening or closing, In lig-
and-gated channels, a specific molecule binds 1o a re-
cepror and opens the channel.Voltage-gated channels
open (or close) in response to changes in membrane po-
rential, Some propertes of ion channels are listed in

Table 41-4; other aspects of fon channels are discussed
briefly in Chaprer 49.

lonophores Are Molecules That Act as
Membrane Shuttles for Various lons

Certain microbes synthesize small organic molecules,
ionophores, thar funcrion as shurdes for the movement
of ions across membranes. These ionophores conrain hy-
drophilic centers that bind specific ions and are sur-
rounded by peripheral hydrophobic regions; this arrange-
ment allows the malecules ro dissolve effecrively in the
membrane and diffuse cransversely therein, Others, like
the well-studied polypeptide gramicidin, form channels.
Microbial toxins such as diphcheria toxin and acri-
vared serum complement components can produce large
pores in cellular membranes and thereby provide macro-
molecules with direct access to the internal milieu.

Aguaporins Are Proteins That Form Water
Channels in Certain Membranes

In certain cells {eg, red cells, cells of the collecting duc-
tules of the kidney), the movement of warer by simple
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Figure 41-9. Diagrammatic representation of the structures of two lon channels, The Roman numer-
als indicate the four subunits of each channel and the Arabic numerals the a-helical transmembrane do-
mains of each subunit. The actual pores through which the ions pass are not shown but are formed by
appasition of the various subunits, The specific areas of the subunits involved in the opening and clos-
ing of the channels are also not indicated. [After WE Catterall. Modified and reproduced from Hall ZW. An
Introduction to Molsculor Neurobiology, Sinauer, 1992
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Table 41-4. Some properties of ion channels.

*  They are compased of transmembrane protein subunits.

*+  Most are highly selective for one ion; a few are nonselec-
tive.

+ They allow impermeable lons to crass membranes at rates
approaching diffusion limits,

+  They can permit ion fluxes of 10°-107/s.

+  Their activities are regulated.

+  The two main types are voltage-gated and ligand-gated.

+  They are usually highly conserved across species.

+ Most cells have a variety of Na*, K*, Ca®, and €I channels,

+  Mutations in genes encading them can cause specific
diseases.

+  Their activities are affected by certain drugs.

'Some diseases caused by mutations of ion channels are briefly
discussed in Chapter 49,

diffusion is augmented by movement through water
channels. These channels are composed of tetrameric
transmembrane protcins named aguaporins, Ar least
five distinct aquaporins (AP-1 to AP-5) have been iden-
tificd. Mutations in the gene encoding AP-2 have been
shown to be the cause of one type of nephrogenic dia-
betes insipidus,

PLASMA MEMBRANMES ARE INVOLVED
IN FACILITATED DIFFUSION, ACTIVE
TRANSPORT, & OTHER PROCESSES

Transport systems can be described in a functional
sense according to the number of molecules moved and
the direction of movement (Figure 41-10) or according
to whether movement is woward or away from equilib-
rium. A wniport system moves one type of molecule

bidirectionally. In cotransport systems, the ransfer of

one solute depends upon the stoichiometric simultane-
ous or sequential transfer of another solute, A symport
moves these solutes in the same direction. Examples are
the proton-sugar transporter in bacteria and the Nat -
sugar transportets (for glucose and certain other sugars)
and Na*-amino acid transporters in mammalian cells.
Antiport systems move two molecules in opposite di-
rections (eg, Na® in and Ca®™ ouwt).

Molecules that cannot pass [reely lhmu.gh the ijld
bilayer membeane by themselves do so in association
with carrier proteins. This involves two processes—
facilitated d.i.Eﬁuiun and active transport—and highly
specilic transport systems.

Fac:hut diffusion and active transport share many
features. Both appear to involve carrier proteins, and
both show specificity for ions, sugars, and amino acids.

IR MA ﬁ.
%ﬁ

Wi T

Unaport Antaport

Cotransport
Figure 41-10. Schematic representation of types of
transport systems, Transporters can be classified with
regard to the direction of movement and whether one
ar more unigue molecules are moved. (Redrawn and re-
produced, with permission, from Alberts B et al: Molecuiar
Balogy of the Cell Garland, 1983

Mutations in bacteria and mammalian cells {including
some that result in human disease) have supported
these conclusions, Facilicated diffusion and active trans-
port resemble a substrate-enzyme reaction cxcepr
that no covalent interaction occurs, These points of re-
sermblance are as follows: (1) There is a specific binding
site for the solute, (2) The carrier is saturable, so it has a
maximum rate of cansport (V) Figure 41-11),
(3} There is a binding constant (K} for the solute, and

Passiva

- Carrler-mediated
diffusion

Rata
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Solule concentration

Figure 47-11. A comparison of the kinetics of car-

rier-mediated (facilitated) diffusion with passive diffu-

sion, The rate of movement in the latter is directly pro-

portionate to solute concentration, whereas the

process is saturable when carriers are involved, The

concentration at half-maximal velocity is equal to the

binding constant (K.,) of the carrier for the solute. (V.

maximal rate.)



50 the whole system has a &, (Figure 41-11), {(4) Struc-
turally similar competitive inhibitors block transport,

Major differences are the following: (1) Facilitared
diffusion can operate bidircctionally, whercas active
wransport is usually unidircctional. (2) Active ransport
always occurs against an clectrical or chemical gradient,
and so it requires cnergy.

Facilitated Diffusion

Some specific solutes diffuse down dectrochemical gra-
dicnts across membranes more rapidly than might be
expected from their size, charge, or partition cocffi-
cicnts. This facilitated diffusion cxhibits properrics
distinct from those of simple diffusion. The rate of fa-
cilitated diffusion, a uniport system, can be saturated;
it, the number of sites involved in diffusion of the spe-
cific solutes appears finice. Many facilivared diffusion
systems are stercospecific bug, like simple diffusion, re-
quire no metabolic energy,

As described carlier, the inside-ourside asymmerry of
membrane proteins is stable, and mobility of proceins
across (rather than in) the membrane is rare; therefore,
transverse mobilicy of specific carrier proteins is not
likely o account for facilivared diffusion processes ex-
cept in a few unusual cases.

A “Ping-Pong” mechanism (Figure 41-12) ex-
plains facilitated diffusion. In this modd, the carrier
protein exists in two principal conformations, In the
“pong” state, it is cxposed to high concentrations of
solute, and molecules of the solute bind to specific sites
on the carrier protein. Transport occurs when a confor-
mational change exposes the carrier w a lower concen-
tration of solute (“ping” starc). This process is com-
pletcly reversible, and net flux across the membranc
depends upon the concentration gradient. The rate at
which solutes enter a cell by facilitared diffusion is de-
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termined by the following faceors: (1) The concentra-
tion gradient across the membrane, (2) The amount of
carrier available (this is a key control step). (3) The ra-
pidity of the solute-carrier interaction. (4) The rapidicy
of the conformational change for both the loaded and
the unloaded carricr.,

Hormones regulare facilitated diffusion by changing
the number of ransporters available, Insulin increases
glucosc transport in fac and muscle by recruiting trans-
porters from an inwracellular reservoir, [nsulin also en-
hances amino acid transport in liver and other tissues.
One of the coordinared actions of glucocorticoid hor-
menes is to cnhance cransport of amino acids into liver,
where the amino acids then serve as a substrate for glu-
concogenesis. Growth hormone increases amino acid
transpor in all cells, and estrogens do this in the urerus.
There are ac least five differenc carrier systems for
amino acids in animal cells. Each is specific for a group
of clasely related amino acids, and most operate as Na*-
symport syscems (Figure 41-10).

Active Transport

The process of active transport differs from diffusion in
that molecules are transported away from thermody-
namic cquilibrium; hence, energy is required. This cn-
ergy can come from the hydrolysis of ATP, from elec-
tron movement, or from light. The maintenance of
elecrrochemical gradients in biologic systems is so im-
portant that it consumes perhaps 30-40% of the toral
energy expenditure in a cell,

In general, cells maintin a low intraccllular Na®
concentration and a high intraccllular K* concentration
{Table 41-1), along with a net negartive clecrrical po-
tential inside, The pump thar maintains these gradicnts
is an ATPase that is activated by Na' and K' (Na'-K*
ATPase; see Figure 41-13), The ATPase is an integral
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Figure 41-12, The "Ping-Pong” model of facilitated diffusion. A protein carrier (gray structure] in the lipid bi-
layer associates with a solute in high concentration on one side of the membrane. A conformational change en-
sues ["pong” to "ping”), and the solute is discharged on the side favoring the new equilibrium. The empty carrier
then reverts to the original confarmation (“ping” to “pong”) to complate the cycla.
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Figure 47-13. Stoichiometry of the Na'-K* ATPase
pump. This pump moves three Na® jons from inside the
cell to the outside and brings two K* ions from the out-
side to the inside for every molecule of ATP hydrolyzed
to ADP by the membrane-associated ATPase. Quabain
and other cardiac glycosides inhibit this pump by act-
ing on the extracellular surface of the membrane,
(Courtesy of B Post}

membrane protein and requires phospholipids for ac-
tivity. The ATPase has catalvtic centers for both ATP
and Na” on the cytoplasmic side of the membrane, but
the K* binding site is locared on the extracellular side of
the membrane, Ouabain or digitalis inhibics this ATT-
ase by binding to the extracellular domain. Inhibition
of the ATPase by ouabain can be antagonized by extra-
cellular K.

MNerve Impulses Are Transmitted
Up & Down Membranes

The membrane forming the surface of neuronal cells
maintains an asymmetty of inside-outside voltage (elec-
trical potential) and is electrically excitable. When a
propriately stimulated by a chemical signal mediated by
a specific synaptic membrane receptor (see discussion of
the transmission of biochemical signals, below), gates in
the membrane are opened to allow the rapid influx of
Na* or Ca’™ (with or without the efflux of K*), so that
the volage difference rapidly collapses and char seg-
ment of 1%1& membrane is depolarized. However, as a re-
sult of the action of the jon pumps in the membrane,
the gradient is quickly restored.

When large areas of the membrane are depolarized
in this manner, the electrochemical disturbance propa-
gates in wave-like form down the membrane, generat-
ing 2 mnerve impulse. Myelin sheets, formed by
‘iciwann cells, wrap around nerve fibers and provide an
electrical insulator that surrounds most of the nerve and
Ereaﬂy speeds up the propagation of the wave (signal)

v allowing ions o flow in and out of the membrane

only where the membrane is free of the insulation, The
myclin membrane is composed of phospholipids, cho-
lesterol, proteins, and GSLs. Relatively few proteins are
found in the myelin membrane; those present appear o
hold wogether multple membrane bilavers to form the
hydrophobic insulating structure that is impermeable
to fons and warer. Cerrain discases, cg, multiple sclero-
sis and the Guillain-Barré syndrome, are characterized
by demyelination and impaired nerve conduction,

Glucose Transport Involves
Several Mechanisms

A discussion of the transport of glucose summarizes
many of the points made in this chapeer. Glucose must
enter cells as the first step in energy udilization. In
adipocytes and muscle, glucose enters by a specific
transport system that is enhanced by insulin, Changes
in rranspore are primarily due to alterations of V,,
{presumably from more or fewer active transporters),
but changes in &, may also be involved. Glucose trans-
port involves different aspects of the principles of trans-
port discussed above, Glucose and Na® bind o different
sites on the glucose transporter. Ma® moves into the cell
down its electrochemical gradienr and “drags” glucose
with it (Figure 41-14), Therefore, the greater the Na’®
gradient, the more glucose enters; and if Wa® in extra-
cellular fluid is low, glucose transport stops, To main-
tain @ steep MNa® gradiens, this Na'-glucose symport is
dependent on gradients generated by an Na'-K* pump
that maineains a low intracellular Na® concentration.
Similar mechanisms are used 1o transport other sugars
as well as amino acids,

The transcellular movement of sugars invelves one
additional component; a uniport thar allows the glucose
accumulated within the cell o move across a different
surface toward a new equilibrium; this occurs in intesti-
nal and renal cells, for example.

Cells Transport Certain Macromolecules
Across the Plasma Membrane

The process by which cells take up large molecules is
called “endocytosis.” Some of these molecules (o,
polysaccharides, proteins, and polynucleotides), when
hydrolyzed inside the cell, yield nutrients. Endocyrosis
provides a mechanism for regulaning the content of cer-
tain membrane componenss, hormone recepiors being
a case in point. Endocytosis can be used to learn more
about how cells funceion. DNA from one cell type can
be used to transfecr a different cell and alter the later's
function or phenorype. A specific gene is often em-
ployed in these experiments, and this provides a unique
way to study and analyze the regulation of thar pene,
[NA transfection depends upon endocytosis; endocy-
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Figure 41-74. The transcellular movement of glu-
cose in an intestinal cell. Glucose follows Na® across the
luminal epithelial membrane. The Ma® gradient that
drives this symport is established by Na* -K* exchange,
which occurs at the basal membrane facing the extra-
cellular fluid compartment. Glucose at high concentra-
tion within the cell moves “downhill” into the extracel-
lular fluld by facilitated diffusion (a uniport mechanism).

tosis is responsible for the entry of DNA into the cell.
Such experiments commonly use calcium phosphare,
since Ca® stimulates endocyrosis and  precipicates
DMNA, which makes the DNA a better abject for endo-
cytosis. Cells also release macromolecules by exocyto-
sis. Endocyrosis and exocytosis both involve vesicle for-
mation with or from the plasma membrane.

A. ENDOCYTOSIS

All eukaryotic cclls are continuously ingesting parts of
their plasma membranes. Endocytotic vesicles are gen-
erated when segments of the plasma membrane invagi-
nate, enclosing a minute volume of extracellular fluid
and its contents, The vesicle then pinches off as the fu-
sion of plasma membranes seals the neck of the vesicle
at the original site of invagination (Figure 41-15). This
vesicle fuses with other membrane scructures and thus
achicves the transport of its contents to other cellular
compartments ar cven back to the cell exterior, Most
endocyeotic vesicles fuse with primary lysosomes 1o
form sccondary lysosomes, which contain hydrolytic
enzymes and are therefore specialized organclles for in-
tracellular disposal. The macromolecular contents are
digested 1o yield amino acids, simple sugars, or nu-
cleondes, and they diffuse out of the vesicles w be
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Figure 471-15. Two types of endocytosis. An endo-
cytatic vesicle (V) forms as a result of invagination of a
portion of the plasma membrane, Fluld-phase endocy-
tosis (A} is random and nondirected. Receptor-medi-
ated endocytosis (B) is selective and occurs in coated
pits (CF) lined with the protein clathrin (the fuzzy mate-
rial}. Targeting is provided by receptors (black symbaols)
specific for a variety of molecules. This results in the for-
mation of a coated vesicle (CV).

reused in the cytoplasm. Endocytosis requires (1) en-
ergy, usually from the hydrolysis of ATP; (2) Ca™ in
extracellular fluid: and (3) contractile elements in the
cell {probably the microfilament system) (Chaprer 49),

There are two general types of endocytosis. Phago-
cytosis occurs only in specialized cells such as
macrophages and granulocytes. Phagocyrosis invalves
the ingestion of large particles such as viruses, bacreria,
cells, or debris. Macrophages are extremely acdve in
this regard and may ingest 25% of their volume per
hour. In so doing, a macrophage may internalize 3% of
its plasma membrane each minure or the entire mem-
brane every 30 minutes.

Pinocytosis is a property of all cells and leads to the
cellular uprake of fluid and fuid contents. There are
two types. Fluid-phase pinocytosis is a nonsclective
process in which the uptake of a solute by formation of
small vesicles is simply proportionate to its concentra-
tion in the surrounding extracellular fluid. The forma-
tion of these vesicles is an extwemely active process, Fi-
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broblasts, for example, internalize their plasma mem-
branc at about one-third the rate of macrophages. This
process ocours more rapidly than membranes are made,
The surface arca and volume of a cell do not change
much, so membrancs must be replaced by exocyrosis or
by being recycled as fast as they are removed by endocy-
Losis.

The other type of pinocytosis, absorptive pinocyto-
sis, is a recepror-mediated sclective process primarily re-
sponsible for the uptake of macromolecules for which
there are a finite number of binding sites on the plasma
membrane, These high-affinity receprors permit the se-
lective concentration of ligands from the medium, min-
imize the uptake of fluid or soluble unbound macro-
molecules, and markedly increase the rare ar which
specific molecules encer the cell, The vesicles formed
during absorptive pinocytosis arc derived from invagi-
nations (pits) that are coated on the cytoplasmic side
with a filamentous marterial, In many systems, the pro-
tein clathrin is the filamentous marerial. It has a three-
limbed structure (called a wiskelion), with cach limb
being made up of onc light and onc heavy chain of
clathrin, The polymerization of clathrin into a vesicle is
dirccred by assembly particles, composed of four
adapter proteins. These interact with certain amino
acid scquences in the receprors that become cargo, on-
suring sclectivity of uprake, The lipid P1P, also plays an
imporcant role in vesicle assembly. In additon, the pro-
tein dynamin, which both binds and hydrolyzes GTP,
is necessary for the pinching off of clathrin-coated vesi-
cles from the cell surface. Coated pits may constiture as
much as 2% of the surface of some cells.

As an cxample, the low-density lipoprocein (LD
molecule and its recepror (Chaprer 25) are internalized
by means of coated pits containing the LDL recepror.
These endocyrotic vesicles containing LDL and its re-
cepror fuse to lysosomes in the cell, The recepror is re-
leased and recyeled back to the cell surface membrane,
but the apoprotein of LUL is degraded and the choles-
teryl esters metabolized. Synthesis of the LDL recepror
is regulated by sccundaln' of tertiary consequences of
pinocytosis, ¢g, by metabolic products—such as choles-
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terol—relcased during the degradation of LDL. Disor-
ders of the LDL recepror and its internalization are
medically important and are discussed in Chaprer 25,

Absorprive pinocytosis of extracellular glycopro-
teins requircs that the glycoproteins carry specific car-
bohvdrate recognition signals. These recognition signals
arc bound by membrane recepror molecules, which
play a role analogous to that of the LDL recepror, A
galactosyl recepror on the surface of hepatocytes is in-
strumental in the absorptive pinocytosis of asialoglyco-
proteins from the circulation (Chaprer 47). Acid hydro-
lascs taken up by absorptive pinocyrosis in fibroblass
arc recognized by their mannose G-phosphate moictics.
Interestingly, the mannose 6-phosphate moicty also
seems to play an important role in the intracellular tar-
peting of the acid hydrolases 1w the lvsosomes of the
cells in which they are synthesized (Chaprer 47),

There is a dark side 1o recepror-mediaced endocyto-
sis in that virses which cause such discases as hepanis
{affecting liver cclls), poliomyelits (affecting moror
ncurons), and AIDS (affectiing T cells) inidate their
damage by this mechanism. Iron toxicity also begins
with excessive uptake due to endocyrosis,

B. ExocyTosis

Moast cells release macromolecules to the exterior by ex-
ocytosis. This process is also involved in membrane re-
modeling, when the componenes synthesized in the
Golgi apparatus are carricd in vesicles to the plasma
membranc. The signal for cxocytosis is ofien a hor-
mone which, when it binds 1o a cell-surface recepror,
induces a local and transicnt change in Ca** concentra-
tion. Ca®™* triggers exocytosis. Figure 41-16 provides a
comparison of the mechanisms of cxocytosis and endo-
CYTosis,

Molecules released by cxocyrosis fall intoe three care-
gorics: (1) They can attach 1o the cell surface and be-
come peripheral proteins, eg. antigens. (2) They can be-
come part of the extracellular macrix, g, collagen and
glycosaminoglycans. (3) They can enter extracellular
fluid and signal other cells. Insulin, parathyroid hor-
monc, and the catecholamings are all packaged in gran-

—~®-®

Endocytosis

Figure 41-16. A comparison of the mechanisms of endocytosis and exocyto-
sis. Exocytosis invelves the contact of two inside surface (cytoplasmic side) mono-
layers, whereas endocytosis results from the contact of two outer surface mono-

layers.



ules and processed within cells, to be released upon ap-
propriate stimulation.

Some Signals Are Transmitted
Across Membranes

Specific biochemical signals such as neurotransmitters,
hormones, and immunoglobulins bind o specilic re-
c-.-.ﬁmra [integral proteins) exposed to the ouwside of
cellular membranes and transmit information through
these membranes o the eyroplasm. This process, ealled
transmembrane signaling, involves the generation of 4
number of signals, including cyelic nucleotides, cal-
cium, phosphoinositides, and diacylglycerol. It is dis-
cussed in detail in Chaprer 43,

Information Can Be Communicated
by Intercellular Contact

There arc many arcas of interccllular contact ina meta-
zoan organism. This necessitates contact between the
plasma membranes of che individual cells. Cells have
developed specialized regions on their membranes for
intercellular communication in close proximity. Gap
junctions mediate and regulate the passage of ions and
small molecules (up o 1000-2000 MW) through a
narrow hydrophilic core connecting the cytosol of adja-
cent cells, These structures are primarily composed of
the protein connexin, which contains four membranc-
spanning € helices. Abour a dozen genes encoding dif-
ferent connexins have been cloned. An assembly of 12
connexin molecules forms a structure (a connexon)
with a central channel that forms bridges berween adja-
cent cells. lons and small molecules pass from the oyp-
tosol of one cell o thar of another through the chan-
nels, which open and close in a regulated fashion,

MUTATIONS AFFECTING MEMBRANE
PROTEINS CAUSE DISEASES

In view of the fact thar membranes are located in so
many organelles and are involved in so many processes,
it is mor surprising that mutations affecting their pro-
tein constituents should resule in many diseases or dis-
orders. Proteins in membranes can be classified as re-
ceptors, transporters, ion channels, enzymes, and
structural components. Members of all of these classes
are often glycosylated, so thar murations affecting this
process may alter cheir function. Examples of diseases
or disorders due to abnormalities in membrane proteins
are listed in Table 41-5; these mainky reflect murarions
in proteins of the plasma membrane, with one affect-
ing lysosomal function {I-cell disease). Over 30 genetic
diseases or disorders have been ascribed o murations
affecting various proceins involved in the transport of
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amino acids, sugars, lipids, urate, anions, cations, watcr,
and vitamins across the plasma membrane. Mutations
in genes encoding proteins in other membranes can
also have harmful consequences. For cxample, mura-
tions in genes cncoding mitochondrial membranc
proteins involved in oxidative phosphorylation can
cause neurologic and other problems (eg, Leber's hered-
itary optic neuropathy; LHON). Membrane proteins
can also be affected by conditions ocher than mura-
tions. Formation of autoantibodies to the acetvl-
choline receptor in skeleral muscle causes myasthenia
gravis, Ischemia can quickly affect the integrivy of vari-
ous ion channels in membranes. Abnormalites of
membrane constituents other than proteing can also be
harmful. With regard w lipids, cxcess of cholesterol
{eg, in familial hypercholesterolemia), of lysophospho-
lipid {cg. after bites by comain snakes, whose venom
contains phosphalipascs), or of glycosphingolipids (cg.
in a sphingolipidosis) can all affect membrane function,

Cystic Fibrosis Is Due to Mutations in the
Gene Encoding a Chloride Channel

Cysric fibrosis (CF) is a recessive genetic disorder preva-
lent among whites in North America and certain parts
of northern Europe. It is characterized by chronic bac-
terial infections of the airways and sinuses, far maldiges-
tion due to pancreatic exocrine insufficiency, inferdlicy
in males due to abnormal development of the vas defer-
ens, and elevared levels of chloride in swear (> 60
mmal/L).

After a Herculean landmark endeavor, the pene for
CF was idendfied in 1989 on chromosome 7. It was
found to encode a protein of 1480 amino acids, named
cystic fibrosis rransmembrane regularor (CFTR), a
cyclic AMP-regulated CI™ channel (see Figure 41-17).
An abnormality of membrane CI° permeabilicy is be-
lieved to result in the increased viscosity of many bodily
secretions, though the precise mechanisms are scill
under investigation, The commonest mutation (-70%
in certain Caucasian populations) is deletion of three
bases, resulting in loss of residue 508, a phenylalanine
(AF, ). However, more than 900 other mutatons have
been idendified. These murations affecc CFTR in ar
lease four ways: (1) its amount is reduced; (2) depend-
ing upon the particular mutation, it may be susceprible
to misfolding and retendon within the ER or Golgi ap-
paratus; (3) murations in the nucleotide-binding do-
mains may affect the abilicy of the CI” channel to open,
an event affected by ATP; (4) the mutations may also
reduce the rare of ion flow through a channel, generar-
ing less of a CI” current.

The most serious and life-threatening complication
is recurrent pulmonary infections due to overgrowth of
various pathogens in the viscous secretions of the respi-
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Table 41-5. Some diseases or pathologic states resulting from or attributed to abnormalities

of membranes.'

Disease Abnormality
Achondroplasia Mutations in the gene encoding the fibroblast growth factor receptor 3
(MIM 100800]
Familial hypercholester- | Mutations in the gene encoding the LOL receptor
olemia (MIM 143890
Cystic fibrosis Murtations in the gene encoding the CFTR protein, a CI transporter
(MIM 219700

Congenital long QT syn-
drome (MIM 192500

Mutations in genes enceding lon channels in the heart

Wilson disease

Mutations in the gene encoding a copper-dependent ATPase

(MIN 277500

I-cell disease Mutations in the gene encoding GlcMAc phosphatransferase, resulting in absence of the Man 6-P
(MIM 252500 signal for lysesomal localization of certain hydrolases

Hereditary spherocytosis | Mutations in the genes encoding spectrin or ather structural proteins in the red cell membrane
(AN 182900)

Metastasis Abnormalities in the cligosaccharide chains of membrane glycoproteins and glycolipids are thought

Pargxysmal nocturnal
hemoglobinuria

(MIM 311770)

to be of importance

Mutation resulting in deficient attachment of the GPI anchor to certain proteins of the red cell
membrans

"The disarders listed are discussed further in other chapters. The table lists examples of mutations affecting receptors, a transporter, an
ion channel, an enzyme, and a structural protein, Examples of altered or defective glycosylation of glycoproteins are also presented. Most
of the conditions isted affect the plasma membrane.

ratory tract, Poor nutrition as a resule of pancreatic in-
:iuﬂ'icil:nc}r worsens the situation, The treatment of CF
thus requires a comprehensive effort to maintain nurri-

rinna| status; to FITL"\-'L".‘I'lt nnd I'.'I:!I]TII'I':I.IZ pu|m::n;|:r:,‘ i.l'l!"l.‘\l.'-

b e St VU EMY tions, and to maintain physical and psychologic healch,
Advances in molecular genetics mean thar mutation

mmﬂl NELF‘I analysis can be performed for prenatal diagnosis and for
= - carrier testing in families in which one child already has

R domain NEBF2 the condition, Efforts are in progress o use pene ther-

% apy to restore the acovity of CFTR. An aerosolized
Carboxyl I'Irl:F.‘l.l':lt:iﬂl'.l of human DMase thar dig:stx the DNA of
tarminal rn:lcrnurg.lni_ﬁrn:i in the l‘l:HF-i.r‘.!tl'rl‘]." tract has in:d

helpful in therapy.

Figure 47-17. Diagram of the structure of the CFTR
protein {not to scalel. The protein contains twelve
transmembrane segments (probably helical), twe nu-
cleotide-binding folds or domains (MEF1 and NBF2),
and one regulatory (R} domain. MBF1 and NEBF2 proba-
bly bind ATP and eouple its hydrolysis to transport of
Cl. Phe 508, the major locus of mutations in cystic fi-
brosis, is located in NBF1.

SUMMARY

. h‘i:n'li}f:lﬂl"_'i are v:.‘nl:nrl]'l.':l‘. srructures L‘lrn'tpn.'il:d [J}-
iipid_-i, cnrlu:h}'dratci. and Fr{:ttins.

* The basic structure of all membranes is che lipid bi-
layer. This bilayer is formed by two sheets of phos-
pholipids in which the hydrophilic polar head groups



arc direcred away from cach other and arc exposed w
the aqueous environment on the outer and inner sur-
taces of the membrane. The hydrophobic nonpolar
tails of these molecules are oricnted toward each
other, in the direction of the center of the mem-
branc.

Membrane proteins are classified as incegral if they
are firmly embedded in the bilayer and as peripheral
if they are loosely atrached o the outer or inner sur-
face.

The 20 or so different membranes in a mammalian
cell have intrinsic functions (eg, enzymatic activity),
and they define compartments, or specialized envi-
ronments, within the cell thar have specific funcrions
(eg, lysosomes).

Cerrain molecules frecly diffuse across membrancs,
but the movement of others is restricted because of
size, charge, or solubility.

Various passive and active mechanisms are employed
to maintain gradients of such molecules across differ-
ent membranes,

Cerrain solures, eg, glucose, enter cells by facilitared
diffusion, along a downhill gradient from high o low
concentration. Specific carrier molecules, or trans-
porters, are invalved in such processes.

Ligand- or voltage-gated ion channels are often cm-
ploved to move charged molecules (Na*, K°, Ca'™,
ctc) across membrancs.

Large molecules can enter or leave cells through
mechanisms such as endocyrosis or exocytosis, These
processes often require binding of the molecule to a
receptor, which affords specificity to the process.
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* Receprors may be integral components of mem-
brancs {partcularly the plasma membrane). The in-
teraction of a ligand with it recepror may not in-
volve the movement of cither into the cell, buc the
interaction resules in the gencration of a signal that
influences intracellular processes  (transmembranc
signaling).

* Mutations that affect the structure of membrane pro-
teins (receprors, rransporters, ion channels, enzymes,
and structural proceins) may cause diseases; examples
include cystic fibrosis and  familial  hypercholes-
terolemia.
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The Diversity of the
Endocrine System

Daryl K. Granner, MD

ACTH Adrenocorticotropic hormone

ANF  Arrial natriuretic factor

cAMP  Cyclic adenosine monophosphate

CBG Coricosteroid-binding globulin

CG Chorionic gonadotropin

‘.GMP ':::]."clllc guanl:]ﬁ i.r.l‘: munﬂ']]l'lﬂﬁpharc

CLIP  Corticotropin-like intermediare lobe

peptide

DBH Dopamine [f-hydroxylase

DHEA D:h}'drﬂ-rpiandmst:nmc

DHT Dihydrotestosterone

DIT  Diiodotyrosine

Dﬂc th]x}rcﬂn:ic{iﬁtﬂ{?nf

EGF  Epidermal growth factor

FSH  Follicle-stimulating hormone
BIOMEDICAL IMPORTANCE

The survival of multicellular organisms depends on cheir
ability to adapt o a constantly changing environment.
Ineercellular communication mechanisms are necessary
requirements for this adapraton. The nervous system
and the endocrine system provide chis intercellular, or-
ganism-wide communication. The nervous system was
originally viewed as providing a fived communicarion
system., whereas the endocrine system supplied hor-
mones, which are mobile messages. In fact, there is a re-
markable convergence of these regulatory systems. For
example, neural regulation of the endocrine system is
important in the production and secretion of some hor-
mones; many neurotransmitters resemble hormones in
their synthesis, ransport, and mechanism of action: and
many hormones are synthesized in the nervous system.
The word “hormoene” is derived from a Greek term thar
means to arouse to activity, As classically defined, a hor-
mone is a substance that is synthesized in one organ and
rransported by che circulatory system o act on another
tissue. However, this original description is o restric-
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GH Growth hormone

IGF-1 Insulin-like growth factor-1

LH Luteotropic hormane

LPH  Lipotropin

MIT Monociodotyrosine

MSH Mfl.:ln[!l:}ftﬂ-ﬁtj mt.'l] :LE'H'LE hnrrnunt
OHSD Hydroxysteroid dehydrogenase

PNMT Phenylethanolamine-A-methyltransferase
PDMC Plu—(lpinm:]nnuﬁ[]rrin

SHBG Sex hormone-binding globulin

StAR  Steroidogenic acute regulatory (protein)
TBG  Thyroxine-binding globulin

TEBG Testosterone-cstrogen-binding globulin
TRH  Thyrotropin-releasing hormone

TSH  Thyrotropin-stimulaning hormone

tive because hormones can ace on adjacent cells
{paracrine action) and on the cell in which they were
synthesized (autocrine action) without entering the sys-
temic cireulation. A diverse array of hormones—each
with distinctive mechanisms of action and properties of
biosynthesis, storage, secretion, transport, and metabo-
Iiin]—h:lﬁ ﬂ"ﬂ'[]l"r'L'd Ly Fl‘}‘l‘idl.‘ !:Iul:]'l.l:L‘l:il:it:iL‘ rl:ﬁpll[]ﬂ.'s.

This biochemical diversity is the topic of this chapter.

THE TARGET CELL CONCEPT

There are about 200 types of differentiated cells in hu-
mans. Only a few produce hormones, but virtually all of
the 75 willion cells in a human are rargets of one or
more of the over 50 known hormones, The concepr of
the target cell is a useful way of looking at hormone ac-
tion. It was thought that hormones affecred a single cell
type—or only a few kinds of cells—and that a hormone
elicited a unique biochemical or physiologic action. We
now know that a given hormone can affect several dif-
terent cell rypes; thar more than one hormone can affect
a given cell type; and thar hormones can exert many dif-



ferent effects in one cell or in different cells. With the
discovery of specific cell-surface and incracellular hor-
mone receptors, the definition of a targer has been ex-
anded to include any cell in which the hormone (lig-
and) binds 1o its recepror, whether or not a biochemical
or physiologic response has yer been determined.
Several factors determine the response of a target cell
to 2 hormone, These can be thought of in two general
ways: (1) as factors thar affect the concencration of the
hormone at the targer cell (see Table 42-1) and (2) as
factors thar affect the actual response of the arger cell
to the hormane (see Table 42-2).

HORMONE RECEPTORS ARE
OF CENTRAL IMPORTANCE

Receptors Discriminate Precisely

One of the major challenges faced in making the hor-
mone-based communication system work is illustrated
in Figure 42-1, Hormones are present at very low con-
centrations in the extracellular fluid, generally in the
range of 107" to 107" mol/L. This concentration is
much lower than that of the many structarally similar
molecules (sterols, amino acids, peprides, proteins) and
other molecules thar circulate ar concentrations in the
107" to 10~ mol/L range. Targer cells, therefore, must
distinguish not only beoween different hormones pre-
sent in small amounts bur also between a given hor-
mone and the 10° to 10°-fold excess of other similar
molecules, This high degree of discrimination is pro-
vided by cell-associared recognition molecules called re-
ceptors. Hormones initiate their biologic cffects by
binding to specific receprors, and since any effective
control system also must provide a means of stopping a
response, hormone-induced actions generally terminate
when the effector dissociates from the receptor,

A rarger cell is defined by s abiliy 1o selectvely
bind a given hormone 1o its cognate recepror, Several
biochemical features of this interaction are important in
order for hormone-receptor interactions to be physio-

Table 42-1. Determinants of the concentration
of a hormone at the target cell.

The rate of synthesis and secretion of the hormones.

The proxirmity of the target cell to the hormone source (dilu-
tion effect),

The dissaciation constants of the hormaone with specific
plasma transport proteins (if any),

The conversion of inactive or suboptimally active forms of the
hormane inta the fully active form.

The rate of clearance from plasma by other tissues or by
digestion, metabolism, or excration,
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Table 42-2, Determinants of the target
cell response,

The number, relative activity, and state of cooupancy of the
specific receptors on the plasma membrane or in the
cytoplasm or nucleus,

The metabolism (activation or inactivation) of the hormaone in
the target cell.

The presence of other factors within the cell that are neces-
sary for the hormane response,

Up- or down-regulation of the receptor consegquent to the
interaction with the ligand.

Postreceptor desensitzation of the cell, including down-
regulation of the receptor.

logically relevant: (1) binding should be specific, ie, dis-
placeable by agonist or antagonist; (2) binding should
be saturable; and (3) binding should occur within the
concentration range of the expected biologic response.

Both Recognition & Coupling
Domains Occur on Receptors

All receprors have ar least two functional domains. A
recognition domain binds the hormone ligand and a
second region generaces a signal thar couples hormone
recognition to some intracellular function. Coupling
(signal transduction) occurs in two general ways.
Palypepride and protein hormones and the care-
cholamines bind 1w receprors locared in the plasma
membrane and therchy generace a signal thar regulaces
various intracellular funcrions, often by changing the
acrivity of an enzyme. In canrrase, steroid, rerinoid, and
thyroid hormones interace with ineracellular receprors,
and it is this ligand-receptor complex that directly pro-
vides the signal, generally to specific genes whose rare of
transcripnon is thereby affecred.

The domains responsible for hormone recognition
and signal generation have been identfied in the pro-
tein palypeptide and carecholamine hormone receprors.
Sreroid, thyroid, and rerinoid hormone receprors have
several functional domains: one site binds the hormone;
another binds to specific DNA regions; a third is in-
valved in the interaction with other coregularor pro-
teins thar resulr in the activation {or repression) of gene
trapscription; and a fourth may specify binding o one
or more other proteins that influence the intracellular
trafficking of the recepror.

The dual functions of binding and coupling ulri-
marely define a recepror, and it is the coupling of hor-
mone binding to signal rransduction—so-called recep-
tor-effector coupling—:thar provides the first step in
amplification of the hormonal response. This dual pur-
pose also distinguishes the rarger cell recepror from the
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b 5 % Figure 42-1. Specificity and selectivity of
. I = * o hormone receptors. Many different molecules
b " 1 L ECF circulate in the extracellular fluid (ECF), but
* u + X Y content  anly a few are recognized by hormone recep-
2 ’ tors. Receptors must select these molecules
& @ = ™ o * ] fram among high concentrations of the aother
= Hormona Melecules, This simplified drawing shows that
, " Receptor a cell may have no hormone receptors (1},
L .w k) - » have one receptor {24546}, have receptors for
1 3 a 5 ﬂ Cell types  Several hormones (3}, or have a receptor but
ng hormone in the vicinity ().

plasma carrier proteins that bind hormone bur do nor
generate 2 signal (see Table 42-6).

Receptors Are Proteins

Several classes of peptide hormone receprors have been
defined. For example, the insulin receptor is a her-
erotetramer (04[;) linked by multiple disulfide bonds
in which the extracellular @ subunic binds insulin and
the membrane-spanning [ subunit rransduces the sig-
nal thr::ugh the tyrosine protein kinase domain located
in the cytoplasmic porton of this polypeprde. The re-
ceptors for insulin-like growth factor T (IGF-I) and
epidermal growth factor (EGF) are generally similar in
striscture to the insulin receptor, The g.ruwth hormone
and prolactin receprors also span the plasma mem-
brane of targer cells bur do not contain intrinsic pro-
tein kinase activity. Ligand binding 1o these receptors,
howsver, results in the association and zctivarion of a
completely different protein kinase pathway, the Jak-
Stat pathway. Polypepride hormone and catecho-
lamine receprors, which transduce signals by altering
the rate of production of cAMD through [1-prulmm,
are characterized by the presence of seven domains thae
span the plasma membrane, Protein kinase activation
and the generation of cyclic AMP, (cAMP, ¥
adenylic acid; see Figure 20-5) is a downstream action
of this class of recepror (see Chaprer 43 for further de-
tails),

A cumparisun of :i::'l.-'l:m| different .lil.::nr'ld n:u:pl.nr.l;
with thyroid hormone receprors revealed a remarkable
canservation of the aming acid seqUEnCe in certain re-
gions, particularly in the nNA—hinding domains. This
led to the r:a]l'.\'.:tliun that ffl:l:pl!urs of th:: :ii.::ru'ld or
thyroid type are members of a large superfamily of nu-
clear receprors. Many related members of this family
have no known ]'Lga.nd ar present and thus are called oc-
|:||13h rﬂ.‘tpturx. The nuclear :I'L"{.'-I:EJH‘II!’ :iui:ltr!hmi]y Plu}r_l;
a critical role in the regulation of gene transcription h}-‘
hormones, as described in Chapttr 43.

HORMONES CAN BE CLASSIFIED
IN SEVERAL WAYS

Hormaones can be classified according wo chemical com-
position, solubility properties, location of receprors,
and the nature of the signal used 1o mediate hormonal
action within the cell. A classification based on the lase
two properties is illuscrated in Table 42-3, and gn;:ncml
features of cach group are illustrated in Table 424,

The hormones in group | are l'lpnphillr_'. After secre-
tion, these hormones associate with plasma transport or
carrier proteins, a process that circumvents the pruh]i.m
of solubilicy while pmlnnhmb the p]a.-.m.l half-life of the
hormone, The velative percentages of bound and free
hormone are determined by the binding affinity and
binding capacity of the rransport protein. The free hot-
mane, which is the hiul{:g'ﬁcaﬂ}r active form, readily tra-
verses the lipophilic plasma membrane of all cells and
encounters receptors in either the cytosol or nucleus of
target cells. The ligand-recepror complex is assumed to
be the intracellular messehger in this group,

The second major group consists of water-soluble
hormaones thar bind o the plasma membrane of the tar-
ger cell. Hormones that bind to the surfaces of cells
communicate with intracellular metabolic processes
through intermediary molecules called second messen-
gers (the hormone itself is the first messenget), which
are g!:m:r:lr_'d @i a consequence of the ligand-recepror
interaction. The second messenger concept arose from
an observation that L'F'Lm:p]'l.rjm: binds 1o the Pil‘-l.'l‘fl:l.
membrane of cerrain cells and increases incracellular
cAMP. This was followed by a series of experiments in
which cAMP was found o mediate the i.‘ﬂl:t'L'; of many
hormones. Hormones that L'|uur]:,' |:rn|.1[|:1].-' Lhis mecha-
nism are shown in groop [LA of Table 42-3. To dare,
only one hormone, atrial natruretic factor (ANF), uses
cGMP as its second messenger, bur other hormones
will Pr::ll.uh]j-' b a{.l:ll_d. Lk gruup IL.B. ";LVLE| |1ur—
mones, many of which were |.'|-I.‘L'l.'l[]l.|_'~.|1.f l]u:n.l.ghl o af-
fect cAMD, appear o use ionic calcium ({Ca™) or



Table 42-3. Classification of haormones by
mechanism of action.

I. Hormones that bind to intracellulor receptors

Androgens

Calcitriol (1,25[0H],-D,)

Estrogens

Glucocorticoids

Mineralocorticaids

Progestins

Retinoic acid

Thyroid hormaones (T, and T,)

Il. Hormones that bind to cell surface receptors

A.  The second messenger is cAMP:
it -Adrenergic catecholamines
fi-Adrenzrgic catecholamines
Adrenocorticotropic hormone
Antidiuretic hormane
Calcitonin
Chorionic gonadatropin, human
Corticotropin-releasing hormone
Follicle-stimulating hormanes
Glucagon
Lipatropin
Luteinizing hormangz
Melanocyte-stimulating hormaone
Parathyraid hormaone
Somatostatin
Thyroid-stimulating hormaone

B. The second messenger is cGMP:
Arrial natriuretic factor
Nitric oxide

C. The second messenger is calcium or phosphatidyl-

inositols {or both):

Acetylcholine imuscarinic)
it -Adrenergic catecholamines
Angiotensin |l
Antidiuretic hormone (vasopressin)
Cholecystakinin
Gastrin
Gonadotropin-releasing homoaone
Oxytocin
Platelet-derived growth factor
Substance P
Thyrotropin-releasing harmone

D. Thesecond messenger is a kinase or phosphatase

cascade:

Chorinic somatomammatropin
Epidermal growth factor
Erythropoietin
Fibroblast growth facter
Growth hormone
Insulin
Insulin-like growth Tactors Land |1
Merve growth factor
Platelet-derived growth factor
Pralactin
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Table 42-4. General features of hormone classes,

i Group | Group I
Types | Steroids, lodathyro- | Pelypeptides, proteins,
! nines, calcitriol, glycoproteins, cate-
e jretinoids tholamines
Solubility |Lipophilic | Hydrophilic
Transport ' Yes M
proteins |
Flasma half- | Long (hours to Short [minutes)
life | days)
Receptar : Intracellular Plasma membrang
Mediator | Receptor-hormmone | cAMP, cGMP, Ca®,
| complex metabalites of complex
i phosphainositols,
j kinase cascades

metabolites of complex phosphoinositides {or boch) as
the intracellular signal. These are shown in group ILC
of the table. The incracellular messenger for group 11.D
is a prorein kinase-phospharase cascade. Several of these
have been identified, and a given hormone may use
more than one kinase cascade. A few hormones fit into
more than one category, and assignments change as
new informarion is brought forward.

DIVERSITY OF THE ENDOCRINE SYSTEM

Hormones Are Synthesized ina
Variety of Cellular Arrangements

Hormones are synthesized in discrete organs designed
solely for this specific purpose, such as the thyroid (rri-
indothyroning), adrenal iglucocorticoids and mineralo-
corticoids), and the pituitary (TSH, FSH, LH, growth
hormone, prolactin, ACTH). Some organs are designed
o perform two distiner bur closely related funcrions.
For example, the ovaries produce marure oocytes and
the reproductive hormones estradiol and progesterone.
The testes produce mature spermatozroa and testos-
terone. Hormones are also produced in specialized cells
within other organs such as the small inrestine
{glucagon-like pepride), thyroid {calcitonin), and kid-
ney (angiotensin 11). Finally, the synthesis of some hor-
mones requires the parenchymal cells of more than one
organ—eg, the skin, liver, and kidney are required for
the production of 1,25(0H),-D; {calcitriol). Examples
of this diversity in the approach o hormone synthesis,
each of which has evolved to fulfill a specific purpose,
are discussed below.



438 | CHAPTERA4Z

Hormones Are Chemically Diverse

Hormones are synthesized trom a wide variery of chem-
ical building blocks. A large series is derived from cho-
lesterol. These include the glucocorticoids, mineralo-
corticoids, estrogens, progesting, and 1,23(0OH),-D,
(see Figure 42-1}. In some cases, a steroid hormone is
the precursor molecule for another hormone. For ex-
ample, progesterone is a hormone in its own right bue
is also a precursor in the formartion of glucocorticoids,
mineralocorticoids, testosterone, and estrogens. Testos-
terone is an obligatory intermediate in the biosynthesis
of estradiol and in the formarion of dihydratestosterone
(DHT). In these examples, described in derail below,
the final produce is determined by the cell type and the
JSSDLI&.[&II,S:E[ of enzymes in which the precursor exists.

The amino acid tyrosine is the starting poine in the
synthesis of the carecholamines and of the thyroid hot-
mones tetraiodothyronine (thyroxine; T,) and ciiodo-
thyronine (T,) (Figure 42-2). T, and T, are unique in
thar they require the addirion of iodine {as I") for bioac-
tivity. Because dietary iodine is very scarce in many
rar[s of the world, an intricate mechanism for accumu-
ating and retaining I” has evolved.

Many hormones are polypeprides or glycoproteins.
These range in size from thyrorropin-teleasing hot-
maone (TRH), a wipeptide, to single-chain polypeprides
like adrenocorticotopic hormone (ACTH; 39 amino
acids), parathyroid hormone (PTH; 84 amino acids),
and growth hormone (GH; 191 amino acids) (Figure
42-2). Insulin is an AB chain hererodimer of 21 and 30
amino acids, respectively. Follicle-stimulating hormone
(FSH), lureinizing hormone (LH), thyroid-stimulating
hormone (TSH), and chorionic gﬂnadarmpm (C3) are
glycoprotein hormones of off heterodimeric structure.
The o chain is identical in all of these hormones, and
distinct [ chains impare hormone uniqueness. These
hormones have a molecular mass in the range of 25-30
kDa depending on the degree of glycosylation and the
length of the ( chain,

Hormones Are Synthesized & Modified
For Full Activity in a Variety of Ways

Some hormones are synthesized in final form and se-
creted immediately, Included in chis class are the hor-
mones derived from cholesterol. Others such as the car-
ccholamines are synthesized in final form and stored in
the producing cells. Orthers are synthesized from pre-
cursor molecules in the producing cell, then are
processed and secreted upon a physiologic cue {insulind,
Finally, stll others are converted 1o active forms from
precursar molecules in the periphery (T, and DHT).
All of these examples are discussed in more degail
below,

MANY HORMONES ARE MADE
FROM CHOLESTEROL

Adrenal S5teroidogenesis

The adrenal steroid hormones are svnthesized from
cholesterol. Cholesteral is mosty derived from the
plasma, but a small portion is synthesized in situ from
aceryl-CoA via mevalonare and squalene. Much of the
cholesterol in the adrenal is esterified and stored in cy-
toplasmic lipid droplets. Upon stimulation of the
adrenal by ACTH, an esterase is activated, and the free
cholesterol formed is wansported into the mirochon-
drion, where a cytochrome P450 side chain cleav-
age enzyme (P450scc) converts cholesterol to preg-
nenolone. Cleavage of the side chain involves sequential
hydroxylations, first ar C,; and then ar C,;, followed by
side chain cleavage (removal of the six-carbon fragment
isocaproaldehyde) to give the 21-carbon steroid (Figure
42-3, top). An ACTH-dependent steroidogenic acute
regulatory (StAR) protein is cssential for the tansport
of cholesterol to P450sce in the inner mitochondrial
membrane.

Al mammalian steroid hormones are formed from
cholesterol via pregnenolone through a series of reac-
tions that occur in either the mitochondria or endoplas-
mic reticulum of the adrenal cell. Hydroxylases chat re-
quire molecular oxygen and NADPH are essential, and
dehydrogenases, an isomerase, and a lyase reaction are
also necessary for certain steps. There is cellular speci-
ficity in adrenal steroidogenesis. For instance, 18-
hydroxylase and 19-hydroxysteroid  dehydrogenase,
which are required for aldosterone syntchesis, are found
only in the zona glomerulosa cells (the ourer region of
the adrenal cortex), so thar the biosynthesis of this min-
eralocorticoid is confined to this region. A schemaric
representation of the pathways involved in the synthesis
of the three major classes of adrenal steroids is pre-
sented in Figure 42—4. The enzymes are shown in the
rectangular boxes, and the modifications ar each step

are shaded.

A. MINERALOCORTICOID SYNTHESIS

Svnthesis of aldosterone follows the mmcralnmmcmd
pathway and occurs in the zona glomerulosa. Preg-
nenolone is converted to progesterone by the action of
wo smooth  endoplasmic  reticulum  enzymes, 3

h)rd.roxystermd dehydrogenase (3[3-OHSD) and A

isomerase. Progesterone is hydroxylated ar the C;; posi-
tion to form 1 1-deoxycorticosterone (DOC), which is an
active (Na*-retaining) mineralocomicoid. The nexr hy-
droxylation, at C,,, produces corticosterone, which has
glucocorticoid activity and is a weak mineralocorticoid (ic
has less than 5% of the potency of aldosterone). [n some
species (eg, rodents), it is the most potent glucocoricoid.
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Figure 42-2. Chemical diversity of hormones. A, Chalesterol derivatives. B, Tyrosine derivatives,
C. Peptides of various sizes D. Glycoproteins (TSH, F3H, LH) with common o subunits and unigue [§

subunits.
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Figure 42-3. Cholesterol side-chain cleavage and basic steroid hormone structures. The basic sterol rings are iden-
tified by the letters A-D. The carbon atoms are numbered 1-21 starting with the A ring. Mote that the estrane group

has 18 carbons (C18), etc.

., hydroxylarion is necessary for both mineralocorticoid
and glucocorticoid acrivity, bur most steroids with a C,-
hydroxyl group have more glucocortcoid and less miner-
alocortcoid acdon. In the zona glomerulosa, which does
not have the smooth endoplismic redculum enzyme
17at-hydroweylase, a mirochondrial 18-hydroxylase is pres-
enr. The 18-hydroxylase {(aldosterone synthase) acrs on
comicosterone to form 18-hydroxycorricosterone, which
is changed to aldosterone by conversion of the 18-alcohsl
to an aldehyde. This unique distriburion of enzymes and
the special regulation of the zona glomerulosa by K* and
angiotensin 11 have led some investigators to suggest thar,
in addirion to the adrenal being two glands, the adrenal
comex is actually two separare organs.

B. GLUCOCORTICOID SYNTHESIS

Cortisol synthesis requires three hydroxylases locared in
the fasciculata and rericularis zones of the adrenal cortex
thar act sequentially on the Cy5, C;), and C;; positions.
The first two reactions are rapid, while C;; hydroxyla-
tion is relatively slow. If the C;, position is hydroxylared
first, the action of l?m—h}rdmx}r?ase is impeded and the
mineralocorticoid pathway is followed (forming corri-

costerone or aldosterone, depending on the cell type).
17a-Hydroxylase is a smooth endoplasmic redculum
enzyme that acts upon cither progesterone or, more
commonly, pregnenolone, 176-Hydroxyprogesterone is
hydroxylared at C,; o form 11-deoxycortisal, which is
then hydroxylared ar C,, o form cortisol, the most po-
rent narural glucocorticoid hormone in humans, 21-Hy-
droxylase is a smooth endoplasmic reticulum enzyme,
whereas 11[-hydroxylase is a mitochondrial enzyme.
Sreroidogenesis thus involves the repeared shurling of
substrares into and our of the mirochondria,

C. ANDROGEN SYNTHESIS

The major androgen or androgen precursor produced by
the adrenal cortex is dehydroepiandrosterone (DHEA).
Most 17-hydroxypregnenolone tallows the glucocorticoid
pathway, bur a small fraction is subjecred ro oxidartive fis-
sion and removal of the two-carbon side chain through
the action of 17,20-lyase. The lyase activity is acrually
part of the same enryme (P450c]7) thar caralyzes 170-
hydroxylation. This is therefore 2 dual function protein.
The lyase activiry is important in both the adrenals and
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the ponads and aces exclusively on 170-hydroxy-contain-
ing molecules. Adrenal androgen production increases
markedly if glucocorticoid biosynthesis is impeded by the
lack of one of the hydroxylases (adrenogenital syn-
drome). DHEA is really a prohormone, since the actions
of 3B-OHSD and A**-isomerase convert the weak andro-
gen DHEA into the more potent androstenedione.
Small amounts of androstenedione are also formed in the
adrenal by the action of the lyase on 170-hydroxyproges.
terone. Reduction of androstenedione ar the Cj- position
results in the formation of testosterone, the most potent
adrenal androgen. Small amounts of testosterone are pro-
duced in the adrenal by this mechanism, bur most of this
conversion occurs in the testes.

Testicular Steroidogenesis

Testicular androgens are synthesized in the interseirial
Eissue |J:|." the L.c.'_'.-'d'lg cells. The il.'!l'll'l'll:d.i::lfl: prcvr_'ur.l;::r of
the gonadal steroids, as for the adrenal steroids, is cho-
lesterol. The rate-limiting step, as in the adrenal, is de-
livery of cholesterol to the inner membrane of the mito-
chondria by the transport protein StAR. Onee in the
proper location, cholesterol is acted upon by the side
chain cleavage enzyme P450sce. The conversion of cho-
lesterol 1o pregnenclone is identical in adrenal, ovary,
and testis. In the latter two tssues, however, the reac-
ton is pramoted by LH rather than ACTH.

The conversion of pregnenclons 1o testosterone re-
quires the action of five enzyme activities contained in
three proteins: (1} ﬁﬁ-h}ﬂr{:x}-atemu] debydrogenase (33-
OHSD) and A™.isomerases; (2) 170-hydroxylase and
17,20 lyase; and (3} 17P-hydroxyseerord dehydrogenase

ljﬂ—DHQD:] This seuence, referred 1o as the proges-
terone (or AY pathway, is shown an the right side af Fig-
ure 42-5. Pregnenolone can also be converted 10 testos-
rerane by the dehydroepiandrosterone (or A%
which is illustrated an :E:: left side of Figure 42-5. The .ﬂ.5
route appears to be most used in human restes,

The five enzyme activities are localized in the micro-
somal fraction in rar testes, and there 15 a dose func-
tonal association between the actvides of 3[-OHSD
and A% isomerase and between these of a 170-hydrox-
ylase and 17,20-lyase. These enzyme pairs, both con-
tained in a single protein, are shown in the general reac-
non sﬂlul:n.r_'l: in Fi.ElJﬂ.‘ 425,

Dihydrotestosterone Is Formed From
Testosterone in Peripheral Tissues

Testosterone is metabolized by two pathways. One in-
volves oxidation at the 17 position, and the other in-
volves reduction of the A ring double bond and the 3-ke-
tone, Metabolism by the first pathway ocours in many
tissues, including liver, and PmdPLlCLS 1 7-kerosteroids thar

are generally inactive or less active than the parent com-
pound. Metabolism by the second pathway, which is less
efficient, occurs primarily in rarget tssues and produces
the potent metabolite dihydrotestosterone (DHT).

The most significant metabolic product of westos-
terone is DHT, since in many cissues, including
prostate, external genitalia, and some arcas of the skin,
this is the active form of the hormone. The plasma con-
tent of DHT in the adult male is abour one-tenth that
of testosterone, and approximarely 400 pg of DHT is
produced daily as compared with about 5 mg of testos-
terone. About 50-100 pg of DHT are secreted by the
testes, The rest is produced peripherally from restos-
terone in a reaction catalyzed by the NADPH-depen-
dent Scoe-reductase (Figure 42-6). Testosterone can
thus be considered a prohormone, since it is converted
into a much more porent compound (dihydrorestos-
terone) and since most of this conversion occurs outside
the testes, Some estradiol is formed from the peripheral
aromatization of testosterone, particularly in males.

Ovarian Steroidogenesis

The estrogens are a family of hormones synthesized in a
variety of tissucs. 17B-Estradiol is the primary estrogen
of ovarian origin. In some species, estrone, synthesized
in numerous tissues, is more abundant, In pregnancy,
relatively more estriol is produced, and this comes from
the placenta. The general pathway and the subcellular
localization of the enzymes involved in the carly steps
of estradiol synthesis are the same as those involved in
androgen biosynthesis. Fearures unique to the ovary are
illustrated in Figure 42-7.

Estrogens are formed by the aromarization of andro-
gens in a complex process thar involves three hydrosyla-
tion steps, each of which requires O, and NADPH. The
aromatase enzyme complex is thought w include a
P450 monooxygenase. Estradiol is formed if the sub-
strate of this enzyme complex is testosterone, whereas cs-
trone results from the aromartization of androstenedione.

The cellubar source of the various ovarian steroids has
been difficult to unravel, bur a ransfer of substrares be-
rween owo cell ypes is involved. Theca cells are the source
of androstenedione and testosterone. These are converted
by the aromartase enzyme in granulosa cells to estrone and
estradiol, respecrively, Progesterone, a precursor for all
steroid hormones, is produced and secrered by the corpus
luteum as an end-product hormone because these cells do
not contain the cnzymes necessary to convert proges-
terone to other steroid hormones (Figure 42-8).

Significant amounts of estrogens are produced by
the peripheral aromartization of androgens. In human
males, Iﬁc peripheral aromatization of restosterone o
estradiol (E;) accounts for 80% of the production of
the latter. In females, adrenal androgens are imporrant



Figure 42-5. Pathways of testos-
terone biosynthesis, The pathway on
the left side of the figure is called the A®
or dehydroepiandrosterone pathway;
the pathway on the right side is called

the A* or progesterone pathway. The as-

terisk indicates that the 17o-hydroxy-
lase and 17,20-lyase activities reside in a
single protein, P450c17,
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Figure 42-6. Dihydrotestosterone is formed from testosterone through action of the
enzyme 5o-reductase,
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Figure 42-7. Biosynthesis of estrogens. (2lightly modified and reproduced, with permission, from Ganong
WE: Review of Medical Physiology, 20th ed, MoGraw-Hill, 2001 ]
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subscrates, since as much as 50% of the E. produced
during pregnancy comes from the aromatization of an-
drogens. Finally, conversion of androstenedione tw
estrone is the major source of estrogens in post-
menopausal women, Aromarase activity is present in
adipose cells and also in liver, skin, and other tissues.
Increased activity of this enzyme may contribute to the
“estrogenization” thar characterizes such diseases as cir-
rhosis of the liver, hyperthyroidism, aging, and obesity.

1,25(0H),-D, (Calcitriol) Is Synthesized
From a Cholesterol Derivative

1,25(0H),-D; is produced by a complex series of enzy-
truatie reactions that involve the plasma tanspore of pre-
cursor molecules to a number of different tissues (Figure
42-9). One of these precursors is vitamin D—really no
a vitamin, but this common name persists. The active
melecule, 1.25(0H),-Dy, is transported o other organs
where it activates biologic processes in a manner similar
tor that employed by the steroid hormones.

A. SKIN

Small amounts of the precursor for 1,25(0H)-D; syn-
thesis are present in food (fish liver oil, egg yolk), but
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most of the precursor for 1,25(0H),-D; synthesis is
produced in :Ee malpighian layer of the epidermis from
?-dfh}-‘drﬂcholc‘&[fmr in an ultraviolet light-mediated,
nonenzymatic photelysis reaction. The extent of this
conversion is related directly to the intensity of the ex-
posure and inversely to the extent of pigmentation in
the skin. There is an age-related loss of 7-dehyvdrocho-
lesterol in the epidermis thar may be related to the neg-
ative calcium balance associated with old age.

B. Liver

A specific transport protein called the vitamin D-bind-
ing protein binds vitamin D, and its metabolices and
moves vitamin [ from the skin or intestune o the
liver, where it undergoes 25-hydroxylacion, the first
obligatory reaction in the production of 1,25{0H).-
[, 25-Hydroxylation occurs in the endoplasmic retic-
ulum in a reaction that requires magnesium, NADPH,
molecular oxygen, and an unchamcterized cytoplasmic
factor. Two enzymes are involved: an NADPH-depen-
dent cytochrome P450 reductase and a cyiochrome
P450. This reaction is not regulated, and it also ocours
with low cfficiency in kidney and intestine. The
25(0H},-Dy enters the circulation, where it is the
major form of vicamin [} found in plasma, and is trans-
ported to the kidney by the vitamin D-binding protein,

C. KiDnEY

25(0OH),-D, is a weak agonist and must be modified
by hydroxylation at position C; for full biologic activ-
ity. This is accomplished in mitochondria of the renal
proximal convoluted whbule by a three-component
monooxygenase reaction that requires NADPH, MEE*..
molecular oxygen, and ar least three enzymes: (1) a
flavopratein, renal ferredoxin reductase; (2) an iron sul-
fur protein, renal ferredoxin; and (3) eytochrome P450.
This system produces 1,25(0H),-D;, which is the most
potent naturally oceurring metabolite of vitamin D,

CATECHOLAMINES & THYROID
HORMONES ARE MADE FROM TYROSINE

Catecholamines Are Synthesized in Final
Form & Stored in Secretion Granules

Three amines—dopamine, norcpinephrine, and epi-
nephrine—are synthesized from ryrosine in the chro-
maftin cells of the adrenal medulla. The major product
of the adrenal medulla is epinephrine. This compound
constitutes abour 80% of the catecholamines in the
medulla, and it is not made in extramedullary dssue. In
contrast, most of the norepinephrine present in organs
innervated by sympathetic nerves is made in situ (about
80% of the total), and most of the rest is made in other
nerve endings and reaches the target sites via the circu-
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Formation and hydroxylation of vitamin D,. 25-Hydrosylation takes place in the liver, and the

other hydroxylations occur in the kidneys, 25, 2600H),-0, and 1,25,26(0H) -0, are probably formed as well, The
formulas of 7-dehydrocholesterol, vitamin Oy, and 1,25{0H),-D, are also shown, (Modified and reproduced, with
permission, from Ganong 'WF: Review of Medical Physiclogy, 20th ed. McGraw-Hill, 2001,

lation. Epinephtine and norepinephrine may be pro-
duced and stored in different cells in cthe adrenal
medulla and ocher chromattin rissues.

The conversion of tyrosine to epinephrine requires
four sequential steps: (1) rin&r]wdmxyiatjﬂn; (2) decar-
boxylation; (3) side chain hydroxylation o form norepi-
nephrine; and (4) N-methylation o form epinephrine.
The biosyntheric pathway and the enzymes involved are
illusrrated in Figure 42-10.

A. TyrosiNe HyproxyLASE Is RaTe-LimiminG
FOR CATECHOLAMINE BIOSYNTHESIS

Tyrosine is the immediate precursor of catccholamines,
and tyresine hydrexylase is the rate-limiting cnzyme in
catccholamine  biosynthesis. Tyrosine  hydroxylase is
found in both soluble and particle-bound forms only in
tissucs that synthesize carecholamines; it funcrions as an
oxidoreducrase, with tetrahydropteridine as a cofactor, w
convert L-tytosine to L-dihydroxyphenylalanine {L-dopa).

As the rare-limiting enzyme, ryrosine hydroxylase is regu-
lated in a variety of ways. The most important mecﬁu
nism inveolves feedback inhibition by the carecholamines,
which compete with the enzyme for the preridine cofac-
tor. Carecholamines cannot cross the blood-brain barrier;
hence, in the brain they must be synthesized locally. In
certain ceneral nervous system diseases (eg, Parkinson's
disease), there is a local deficiency of dopamine synthesis.
L-Daopa, the precursor of dopamine, readily crosses the
blocd-brain barrier and so is an important agent in the
rearment of Parkinson's disease.

B. Dora DECARBOXYLASE |5 PRESENT IN ALL TISSUES

This soluble enzyme requires pyridoxal phospharte for
the conversion of L-dopa to 34d-dihydroxvphenylethyl-
amine (dopamine). Compounds thar resemble L-dopa,
such as o-methyldopa, are competitive inhibitors of
this reaction. o-Methyldopa is effective in rrearing
some kinds of hypertension.
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Figure 42-10. Biosynthesis of catecholamines.
(PNMT, phenylethanalamine-N-methyltransferase.)

C. DoramiNE B-HyDroXYLASE (DBH) CATALYZES
THE Conversion oF DoramiNE TO NOREPINEPHRINE

[BH is 2 monooxygenase and uses ascorbare as an elec-
tron donor, copper at the active site, and fumarate as
modulator. DBH 15 in the particulate fraction of the
medullary cells, prabably in the secretion granule; thus,
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the conversion of dopamine to norepinephrine occurs
in this organelle.

D. PHENYLETHANOLAMINE-N-METHYLTRANSFERASE
{PMNMT) CaraLvzes THE ProDucTion
OF EPINEPHRINE

PMNMT catalyzes the N-methylation of norepinephrine
to form epinephrine in the cpinephrine-forming cells
of the adrenal medulla. Since PNMT is soluble, it is as-
sumed that norepinephrine-to-epinephrine conversion
occurs in the cytoplasm. The synthesis of PNMT is in-
duced by glucocorticoid hormenes that reach the
medulla via the intra-adrenal portal system. This special
system provides for a 100-fold steroid concentracion
gradient over systemic arterial blood, and this high
intra-adrenal concentration appears to be necessary for

the induction of FNMT.

T: & T, lllustrate the Diversity
in Hormone Synthesis

The formation of wiiedothyronine (T;) and tetra-
indothyronine (thyroxine; T} (see Figure 42-2) illus-
trates many of the principles of r_h'.erhlty discussed in
this :.]1.1]:rh:r These hormones require a rare element
(iodine} for bivactivity; they are synthesized as part of a
very large precursor molecule I:I:h}.-'mg]nlm[in}'. they are
stared in an intracellular reservoir (colloid); and there is
peripheral conversion of T, to T., which is a much
maore active hormaone,

The thyrotd hormones T, and T, are unigie in that
ioding (as indide) is an essential component af bath. In
mast parts of the world, jodine 15 a scarce component of
soil, and for that reason there is livde in food, A com-
plex mechanism has evolved to acquire and retain this
cricial element and to convert it into a form suntable
for incorporation into organic compounds. At the same
time, the thyroid must synthesize :Eynminr from tyro-
sine, and this synthesis rakes place in th}*nrg]uhulin
(Figure 42-11).

Thyroglobulin is the precursor of T, and Ty Tris a
large todinated, glycosylaced provein with a malecular
mass of 660 kD, Carhuhydr:t: accounts for B=10% of
the weight of thyroglobulin and iodide for abouwt
0.2-1%, depending upon the iodine content in the
diet. Thyroglobulin is composed of two largre subunics.
[t contains I]ﬁ l}'r{:sint rcﬁldu:s. :ac.'|1 nerit_'l'l 15 d po-
tential site of iodination. Abour 70% of the iodide
in lh}r oglobulin exists in the inacuve precursors,
monoi t}-rmine (MIT} and diiodotyrosine (DIT),
while 30% 15 1in the iulintl'l}rhnn]r] rcsiﬂucs, T4 and Ts.
When iodine supplies are sufficient, the T;T; ratio is
about 7:1. In iodine deficiency, this ratio decreases, as
does the DIT:MIT tatie, Th}rmgluhulin., a large mole-
citle of about 5000 amino acids, Fruvi.d.r_-i the confor-
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Figure 42-17.

Model of iodide metabaolism in the thyroid follicle. A follicular cell is shown facing the follicular
lumen (top) and the extracellular space {at bottom). lodide enters the thyraid primarily through a transporter
ibottom left). Thyroid hormone synthesis ocours in the follicular space through a series of reactions, many of

which are peroxidase-mediated, Thyroid hormones, stored in the colloid in the follicular space, are released from
thyraglobulin by hydralysis inside the thyraid cell. (Tgb, thyraglobuling MIT, menoiodotyrosine; DIT, dilodotyro-
sing; T, triiodothyronine; T, tetraiodothyronine.) Asterisks indicate steps or processes that are inherited enzyme

deficiencies which cause congenital goiter and often result in hypothyroidism.



mation required for tyrosyl coupling and fodide organi-
fication necessary in the formation of the diaminoacid
thyroid hormones. It is synchesized in the basal portion
of the cell and moves 1o the lumen, where it is a storage
form of T, and T, in the colloid; several weeks' supply
of these hormones exist in the normal thyroid. Within
minutes after stimulation of the thyroid by TSH, col-
loid reenters the cell and there is a marked increase of
phagolysosome activity. Various acid proreases and
pepridases hydrolyze the thyroglobulin into i con-
stituent amino acids, including T; and T, which are
discharged from the basal portion of the cell (see Figure
42-11). Thyroglobulin is thus a very large prohor-
mone.

lodide Metabolism Involves
Several Discrete Steps

The tJ‘I].""}i.-I’J is able to concentrate 17 a.gainsl! 4 strong
electrochemical gradient. This is an energy-dependent
process and is linked 1o the Na*-K* ATPase-dependent
thyroidal 17 transporter. The ratio of iodide in thyroid
to todide in serum (T:8 ratio) is a reflection of the ac-
tivity of this rransporter. This activity is primarily con-
trolled by TSH and ranges from 500:1 in animals
chronically stumulated with TSH to 3:1 or less in hy-
Puphy:it:clumiztd animals {na TSH). The T:8 ratio in
humans on a normal iodine diet is abour 25:1.

The thyroid is the only cssue that can oxidize I o a
higher valence state, an obligatory step in I” organifica-
tion and thyroid hormone biosynthesis. This step in-
volves a heme-containing peroxidase and occurs ar the
luminal surface of the follicular cell. Thyroperoxidase, a
tetrameric protein with a molecular mass of 60 kDa, re-
quires hydrogen peroxide as an oxidizing agent. The
H,O, s produced by an NADPH-dependent enzyme
resembling cytochrome ¢ reductase. A number of com-
pounds inhibit I7 oxidation and therefore its subse-
quent incorporation into MIT and DIT. The most im-
portant of these are the thiourea drugs. They are used as
antithyroid drugs because of their ability to inhibit chy-
roudd hormaone biosynthesis ar this step, Once iodination
oceurs, the iodine does not readily leave the thyroid.
Free ryrosine can be iodinated, but it is not incorpo-
rated into proteins since no tRMNA recognizes iodinared
yrosine.

The coupling of two DIT molecules to form T—or
af an MIT and DIT to form Ty—occurs within the
thyreglobulin molecule. A separate coupling enzyme
has not been found, and since this s an oxidative
process it is assumed that the same thyroperoxidase car-
alyzes this reaction by stimulating free radical forma-
tion of iodotyrosine. This hypothesis is supported by
the observation that the same drugs which inhibit I ox-
idation also inhibit coupling. The formed thyroid hor-
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mones remain as integral parts of thyroglobulin until
the laccer is degraded, as described above.

A deiodinase removes I from the inactive mono-
and diiodothyronine molecules in the thyroid. This
mechanism provides a subsrantial amount of the I used
in Ty and T, biosynthesis. A peripheral deiodinase in
target tissucs such as pituitary, [-cidFrIn:}f. and liver selec-
tively removes I from the 5 position of T, to make T
{see Figure 42-2), which is a much more active mole-
cule. In this sense, T, can be thought of as a prohor-
mone, though it does have some intrinsic activicy,

SEVERAL HORMONES ARE MADE FROM
LARGER PEPTIDE PRECURSORS

Farmation ol the crittcal disulfide bridges in insulin re-
guires that this hormone be first synthesized as part of a
larger precursor molecule, proinsulin, This s conceptu-
ally similar to the example of the thyroid hormones,
which can only be formed in the context of 3 much
larger molecule. Several ather hormones are ﬁ}rnt]'u::ii?.rf]
as parts af lnrgn: precursar molecules, not because of
some spcr_'ial !il.l'LI:l'.'l.lJ.r:l] n:L]uin.-rn.l:hL buie r:t]'n:r as a
mechanism for conrrolling the available amount of the
active hormone., PTH and angiorensin I1 are examples
al this type of regulation, Another interesting example
is the POMC ]Jruta:i.n.. wh'lch cait be pmctxs:d info
many different hormones in a tssue-specific manner.
These examples are discussed in derail below.

Insulin Is Synthesized as a Preprohormone
& Modified Within the | Cell

Insulin has an AB heterodimeric structure with one in-
trachain (A6-Al1) and two interchain disulfide bridges
(A7-B7 and A20-B19) (Figure 42-12). The A and B
chains could be synthesized in the laboratory, but at-
tempts at a biochemical synthesis of the mature insulin
molecule vielded very poor results, The reason for this
became apparent when it was discovered thar insulin is
synthesized as a preprohormone {molecular weight ap-
proximately 11,500}, which is the prototype for peprides
that are processed from larger precursor molecules. The
hydrophobic 23-amino-acid pre-, or leader, sequence di-
rects the molecule into the cisternae of the endoplasmic
reticulum and then is removed. This results in the 9000-
MW proinsulin molecule, which provides the conforma-
tion necessary for the proper and efficient formation of
the disulfide bridges. As shown in Figure 42-12, the se-
quence of proinsulin, starting from the aminoe terminal,
i5 B chain—connecting () pepide—A chain, The
proinsulin: molecule undergoes a series of site-specific
pepride cleavages that result in the formation of equimo-
lar amounes of matre insulin and C pepide. These en-
zymatic cleavages are summarized in Figure 42-12,
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Figure 42-12.

Parathyroid Hormone (PTH) Is Secreted as
an 84-Amino-Acid Peptide

The immediate precursor of PTH is proPTH, which
differs from the native 8d-amino-acid hormone by hav-
ing a highly basic hexapeptide amino rerminal exten-
sion. The primary gene product and the immediae pre-
cursor for proPTH is the 115-amino-acid preproPTH.
This differs from prolTH by having an additional 25-
amino-acid amino terminal extension that, in common
with the other leader or signal sequences characteristic
ol .'|L"L'Ili.'lud. Pmlcins. & |1}1.{rupl1n|}'u_'. The i.‘ulfl‘l.l.}ll:[i:
strueture of preprof TH and the sequences of proPTH
and PTH are illustrated in Figure 42-13. PTH; 4, has
full biologic activity, and the region 25-34 is primarily
rcxpuhsjl':lc E'ur nt'uplur |.'ri:|1dihg_

The biosynthesis of PTH and its subsequent seere-
tion are regulated by the plasma ionized calcium (Ca™)
concentration Ll‘!mu.%h a complex process. An acute de-
erease af Ca™ results in a marked inerease of PTH

Structure of human proinsulin. Insulin and C-peptide molecules are connected at two sites by
dipeptide links. An initial cleavage by a trypsin-like enzyme (open arrows) followed by several cleavages by a car-
hoxypeptidase-like enzyme (solid arrows) results in the production of the heterodimeric (48] insulin malecule
(light blue) and the C-peptide.

mRMNA, and this is followed by an increased rare of
PTH synthesis and secretion, However, abour 80-90%
of the proPTH synthesized cannot be accounted for as
intact P'T'H in cells or in the incubation medium of cx-
perimental systems, This finding led o the conclusion
that most of the proPTH synthesized is quickly de-
graded, It was later discovered that chis rate of degrada-
tion decreases when Ca™ concentrations are low, and it
increases when Ca®* concentrations are high, Very spe-
cific fragmenes of I"I'H are gencrated during is prote-
olytic digestion (Figure 42-13). A number of prote-
olytic enzymes, including cathepsins B and 13, have
been idendified in parathyroid tssue, Cathepsin B
cleaves PTH into two fragmentss PTH, ;. and
PTHs5 54 PTHy; e is not further degraded; however,
PTH, 4 is rapidly and progressively cleaved into di-
and ripeprides. Most of the proceolysis of PTH occurs
within the gland, but a number of studics confirm thar
PTH, once scerered, is proteolytically degraded in other
tissucs, especially the liver, by similar mechanisms.
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Figure 42-13.

Structure of bovine preproparathyroid hormone. Arrows indicate sites cleaved by pro-

cessing engymes in the parathyroid gland (1-5) and in the liver after secretion of the hormone (4-5). The
biologically active region of the molecule is flanked by sequence not required for activity on target re-
ceptors. (5lightly modified and repreduced, with parmission, from Habener IF: Recent advances in parathy-

roid hormone research Clin Biochem 198114223

Angiotensin Il Is Also Synthesized
From a Large Precursor

The renin-angiotensin system is involved in the regula-
tion of blood pressure and electrolyte metabolism
(through production of aldosterone). The primary hor-
mone involved in these processes is angiotensin 11, an
octapeptide  made from  angiotensinogen  (Figure
42-14). Angiotensinogen, a large ot,-globulin made in
liver, is the substrare for renin, an enzyme produced in
the juxtaglomerular cells of the renal afferenc arreriole.
The position of these cells makes them particularly sen-
sitive to blood pressure changes, and many of the physi-
ologic regulators of renin release act through renal
baroreceprors, The juxtaglomerular cells are also sensi-
tive to changes of Na' and Cl” concentration in the
renal tubular fluid; cherefore, any combination of fac-

tors that decreases fluid volume (dehydraton, decreased
blood pressure, fluid or blood loss) or decreases NaCl
concentration stimulates renin release. Renal sympa-
thetic nerves that terminate in the juxtaglomerular cells
mediate the central nervous system and postural effects
on renin release independendy of the barorecepror and
sale effects, a mechanism that invelves the P-adrencrgic
recepror. Renin acts upon the substrare angiotensino-
gen o produce the decapepride angiotensin 1.
Angiotensin-converting  enzyme, a  plycoprowein
found in lung, endothelial cells, and plasma, removes
two carboxyl terminal amino acids from the decapep-
tide angiotensin | to form angiotensin I in a step thar
i« not thoughr to be rate-limiting. Various nonapepride
analogs of angiotensin 1 and other compounds act as
competitive inhibitors of converring enzyme and are
used to trear renin-dependent hypertension. These are
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Figure 42-14,
dicate cleavage sites,

referred to as angiotensin-converting enzyme (ACE)
inhibitors. Angiorensin [1 increases blood pressure by
causing vasoconstriction of the arteriole and is a very
potent vasoactive substance. [t inhibits renin release
from the juxtaglomerular cells and is a potent stimula-
tor of aldosterone production. This results in Ma* re-
tention, volume cxpansion, and increased blood pres-
surc.

In some species, angiotensin I is converted o the
heptapepride angiotensin 111 (Figure 42—14), an cqually
potent stimulator of aldosterone production. In hu-
mans, the plasma level of angiotensin I is four times
greater than that of angiotensin 111, so most effects are
cxerted by the octapepride. Angiotensins 11 and I11 are
rapidly inactivated by angiotensinascs,

Angiotensin I binds to specific adrenal cortex
glomerulosa cell receprors. The hormone-recepror in-
reraction does not acrivate adenylyl cyclase, and cAMDP
docs not appear to mediate the action of this hormone,
The actions of angiotensin 11, which arc to stimulace
the conversion of cholesterol w pregnenolone and of
corticosterone to 18-hydroxycorticosterone and aldos-
terone, may involve changes in the concentration of in-
tracellular calcium and of phospholipid metabolites by
mechanisms similar to those described in Chaprer 43,

Asp-Arg-Val-Tyr-lle-Hig-Pro-Phe-His-Leu-Leu (- 400 mofe aming acids)

Asp-Arg-Val-Tyr-lle-His-Pro-Phe-His-Leu

Aap-Arg-Val-Tyr-lle-His-Pro-Phe

Arg-Val-Tyr-llg-His-Pro-Pha

Formation and metabolism of angiotensins. Small arrows in-

Complex Processing Generates
the Pro-opiomelanocortin (POMC)
Peptide Family

The POMC family consists of peprides thar act as hor-
mones (ACTH, LPH, M5H) and others thar may serve
as neurotransmirters or neuromodulators (endorphins)
{see Figure 42-15). POMC is synthesized as a precur-
sor molecule of 285 amino acids and is processed differ-
ently in various regions of the pituitary.

The POMC gene is expressed in the anterior and in-
termediare lobes of the pituitary. The most conserved
sequences between species are within the amino termi-
nal fragment, the ACTH region, and the f-endorphin
region, POMC or relared products are found in several
other vertebrate tissues, including the brain, placenta,
gastrointestinal tract, reproductive trace, lung, and lym-
phocytes,

The POMC protein is processed differendy in the an-
terior lobe than in the intermediace lobe. The intermedi-
ate lobe of the pituirary is radimentary in adult humans,
but it is active in human feruses and in pregnant wormen
during lare gestation and is also active in many animal
species, Processing of the POMC protein in cthe periph-
eral tissues (gue, placenta, male reproductive tract) resem-
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POMC {1-134)

ACTH (1-29)

B-LPH {42-134)

w-MSH CLE
{1-13) {18-38)

Figure 42-15.

+LPH
{42-101)

B-Endasphin
[104-134}

[i-MISH Emdorphin
(B4—101) {104-118}

ct-Endorphin
104 =117}

Products of pro-opiomelanocortin (POMC) cleavage.

{M5H, melanocyte-stimulating hormone; CLIP, corticotropin-like inter-
rmediate lobe peptide; LPH, lipotropin,)

bles that in the intermediare lobe, There are three basic
peptide groups: (1) ACTH, which can give rise tw
o-MSH and corticotropin-like intermediate lobe pepride
(CLIP); (2) B-liporropin (B-LPH), which can yield
v-LPH, B-M3H, and P-endorphin (and thus o and
y-endorphins); and (3} a large amino terminal peptide,
which generates ¥-M5H. The diversity of these products
is due to the many dibasic amino acid clusters that are
potential cleavage sites for trypsin-like enzymes. Each of
the peptides mentioned is preceded by Lys-Arg, Arg-Lys,
Arg-Arg, or Lys-Lys residues. After the prehormone seg-
ment is cleaved, the next deavage, in both anterior and
intermediare lobes, is berween ACTH and [-LPH, re-
sulting in an amino terminal pepride with ACTH and a
B-LPH segment (Figure 42-15). ACTH, ,, is subse-
quently cleaved from the amino terminal pepride, and in
the anterior lobe essentially no further cleavages occur. In
the intermediate lobe, ACTH, 4 is cleaved into c-MSH
(residues 1-13) and CLIP (18-39); B-LPH (42-134) is
converted to YLPH (42-101) and B-endorphin (104-
134). B-MSH (84-101) is derived from yLPH.

There are extensive additonal dssue-specific modifi-
cations of these peprides that affect activity. These
maodifications include phosphorylation, acerylarion,
glvcosylation, and amidarion.

THERE IS VARIATION IN THE STORAGE
& SECRETION OF HORMONMES
As mentioned above, the steroid hormones and

1.25{(0OH},-D; are synthesized in their final active
form. They are also secrered as they are made, and thus

there is no intracellular reservoir of these hormones.
The catecholamines, also synthesized in active form, are
stored in granules in the chromaffin cells in the adrenal
medulla, [n response to appropriate neural simularion,
these granules are released from the cell through exocy-
tosis, and the catecholamines are released into the circu-
lation. A several-hour reserve supply of catecholamines
exists in the chromaffin cells.

Parathyroid hormone also exists in storage vesicles.
As much as 80-90% of the proPTH synthesized is de-
graded before it enters this final storage compartment,

especially when Ca®™ levels are high in the Pararh}rrmd

cell (see above). PTH is secrered when Ca*™* is low in
T_'hn: parathyroid cells, which coneain a several-hour sup-
ply of the hormone.

The human pancreas secretes about 40-50 units of in-
sulin daily, which represents abour 15-20% of the hor-
mone stored in the B cells. Insulin and the C-pepride (see
Figure 42-12) are normally secreted in equimolar
amounts. Stimuli such as glucose, which provokes insulin
secretion, therefore trigger the processing of proinsulin w
insulin as an essential parc of the secretory response.

A several-week supply of T, and T exists in the thy-
roglobulin that is stored in colloid in the lumen of the
thyroid follicles. These hormones can be released upon
stimulation by TSH. This is the most exaggerated ex-
ample of a prohormone, as a molecule containing ap-
proximarely 5000 amino acids must be first synthe-
sized, then degraded, to supply a few molecules of the
active hormones T and T,

The diversicy in storage and secretion of hormones
is illustrared in Table 42-5.
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Table 42-5. Diversity in the storage of hormones,

Hormaone Supply Stored in Cell
Steroidsand 125(0H, D, | None
Catecholamines and FTH Hours -
msuln 1 Days
T,and T, Weeks o

S50ME HORMONES HAVE PLASMA
TRANSPORT PROTEINS

The class 1 hormones are hydrophobic in chemical na-
ture and thus are not very soluble in plasma, These hor-
mones, principally the steroids and thyreid hormones,
have specialized plasma transport proteins that serve sev-
cral purposes, Fist, these proteins circumvent the solu-
bility problem and thereby deliver the hormone to the
targee cell. They also provide a circulating reservoir of
the hormone that can be substantial, as in the case of the
thyroid hormones. Hormanes, when bound to the trans-
port proteins, cannot be metabolized, thereby prolonging
their plasma half-life (r,.). The binding affinity of a
given hormone to its transporter determines the bound
versus free ratio of the hormone. This is important be-
cause only the free form of a hormone is biologically ac-
tive, In general, the concentration of free hormone in
plasma is very low, in the range of 107" w0 107" mol/L. It
i5 important to disunguish between plasma transport
proteins and hormone receptars, Both bind hormones
but with very different characreristics {Table 42-6),

The hydrophilic hormones—generally class 11 and
of pepuide structure—are freely soluble 10 plasma and
do not require transport proteins. Hormones such as
insulin, growth hormone, ACTH, and TSH circulate
in the free, active form and have very short plasma half-

Table 42-6. Comparison of receptors with
transport proteins.

Feature Receptors Transport Proteins

Concentraticn Very low VYery high
(thousands/cell) | (billions/ul)

Bindingaffinity | High (pmol/L to | Low (umol/L range)
M . LuUL B e,
Bintflingseesiﬂcitr P’Eryh':gl': | Loy L o
saturabllity  IYes N0
Reversbilty  [Yes  lves
Signaltransduction {Yes N0

lives. A notable exceprion is IGF-1, which is rransported
bound to members of a family of binding proteins.

Thyroid Hormones Are Transported
by Thyroid-Binding Globulin

M any of the prlnciplrﬁ discussed above are illustrated in
a discussion of thyroid-binding proteins. One-hall’ o
two-thirds of T, and T, in the body is in an extrathy-
roidal reservoir, Most of this crculates in bound form,
ie, hound to a S]:u:r_'iﬁc hihdi:ng ]Jrulrin, ﬂi}rruxit'le—
hind.illg glal:luli.‘n (TBG). TBG, a glycoprotein with a
molecular mass of 50 kDa, binds T, and T, and has the
Ea]:;l:::it'f to bind 20 |.lg|"dl. al p]:uima. Under normal
circumstances, THG Hnds—huhc{wa]:nt|_\r—m:arl:|.r all
of the T, and T, in plasma, and it binds T, with greater
affinity than T, (Table 42-7). The plasma half-life of
T, is correspondingly four to five times that of T, The
sma”.. unbound “Il.'tt:::l fraction is rcx[.'mns'lb]:: for the bi-
ologic activity. Thus, in spite of the grear difference in
total amount, the free fraction of T, approximates that
of Ty, and given that T, is intrinsically more active than
T, muost biologic activiey is attributed to T, TBG does
not bind any other hormones.

Glucocorticoids Are Transported
by Corticosteroid-Binding Globulin

Hydrocortisone (cortisol} also circulates in plasma in
protein-bound and free forms, The main plasma bind-
ing protein is an o-globulin called transcortin, or cor-
ticosteroid-binding globulin (CBG). CBG 5 pro-
duced in the liver, and its synthesis, like that of TBG, is
increased by estrogens. CBG binds most of the hor-
mone when plasma cortisol levels are within the normal
range; much smaller amounts of cortisol arc bound o
albumin. The avidity of binding helps determine the
biologic half-lives of various glucocorticoids. Corrisol
binds dghtdy w CBG and has a r of 1.5-2 hours,
while corticosterone, which binds less tightly, has a £
of less than 1 hour (Table 42-8). The unbound (frec)
cortisol constitures abour 8% of the total and represents
the biologically active fraction, Binding to CBG is not
restricted to glucocorticoids, Deoxycorticosterone and

Table 42-7. Comparison of T, and T; In plasma.

Total Free Hormone tif
Hormone | Percent in Blood
(ug/dL) of Total | ng/dL | Melarity (days)

T, 8 003 [~224 1 30xi0" 6.5
T, 1035 03 (~04 |~06x107" 15




Table 42-8. Approximate affinities of steroids for
serum-hinding proteins,

SHBG' | CBG’
Dihydrotestosterone 1 | =100
Testosterone 2 | =100
Estradiol 5 | > 10
Estrone >10 | =100
Progesterone =100 | -2
Cortisol =100 | ~13
Corticosterone >100 | ~5
T Affinity expressed as K, (nmol/L).

progesterone interact with CBG with sufficient affinicy
to compete for cortsol binding. Aldosterone, the most
potent natural mineralocorticoid, does not have a spe-
cific plasma transport protein. Gonadal steroids bind

very weakly o CBG (Table 42-8),

Gonadal Steroids Are Transported
by Sex Hormone-Binding Globulin

Most mammals, humans included, have a plasma -
globulin thatr binds testosterone with specificity, rela-
tively high affinity, and limited capacity (Table 42-8).
This protein, usually called sex hormone-binding
globulin (SHBG) or testosterone-estrogen-binding
globulin {TEBG), is produced in the liver. Its produc-
tion is increased by eswrogens (women have twice the
serum concentration of SHBG as men), certain rypes of
liver disease, and hyperthyroidism; ic is decreased by
androgens, advancing age, and hypothyroidism. Many
of these conditions also affect the production of CBG
and TBG. Since SHBEG and albumin bind 97-99% of
circulating testosterone, only a small fraction of the
hormone in circulation is in the free (biologically ac-
tive) form. The primary funcrion of SHBG may be w
restrice the free concentration of testosterone in the
serum. Testosterone binds to SHBG with higher affin-
ity than does estradiol (Table 42-8). Therefore, a
change in the level of SHBG causes a greater change in
the free restosterone level than in the free estradiol level.

Estrogens are bound o SHBG and progestins 1o
CBG, SHBG binds estradiol abour five times less avidly
than it binds testosterone or DHT, while progesterone
and corrisol have lictle affinity for this protein (Table
42-8). In conrtrast, progesterone and cortisol bind with
nearly equal affinity o CBG, which in nurn has licde
avidity for estradiol and even less for restosterone,
DHT, or estrone.

These binding proteins also provide a circulating
reservoir of hormone, and because of the relatively large
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binding capacity they probably buffer against sudden
changes in the plasma level. Because the merabolic
clearance rates ::rFPrhcsc steroids are inversely related o
the affinity of their binding 1o SHBG, estrone is cleared
more rapidly than estradiol, which in rurn is cleared
more rapidly than testosterone or DHT.

SUMMARY

* The presence of a specific recepror defines the target
cells far a given hormene.

* Receptors are proteins that bind specific hormones
and generate an ineracellular signal (receptor-effector
coupling).

* Some hormones have intracellular receprors: others
bind to receptors on the plasma membrane.

* Hormones are synthesized from a number of precur-
sor molecules, including cholesteral, tyrosine per se,
and all the constituent amino acids of peptides and
proteins,

* A number of modification processes aleer the activity
af hormones. For example, many hormones are syn-
thesized from larger precursor molecules,

* The complement of enzymes in a partcular cell ype
allows for the production of a specific class of steraid
hormone.

* Most of the lipid-soluble hormones are bound to
racher specific plasma transport proteins.
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Hormone Action &
Signal Transduction

Daryl K. Granner, MD

BIOMEDICAL IMPORTANCE

The homeostatic zd-Lptarinn-. an nrg:mi_l.m makes to a
::Jn'i'rant]\r EI‘LJTIELI'IE :numnm:nr are |n |argc p.lrr ac-
c::lrnpluh:ci Thmugh alterations of the activicy and
amount of proteins. Hormones provide a major means
of facilitating these changes. A hormone-receptar inter-
Jctinrl resulis in Ecnv:ratiun of an ';ntra::cllulur slgnal
that can either regulate the activiey of a selecr ser of
genes, therehy altering the amount of certain proteins
in the target cell, or affect the activity of specific pro-
teins, including enzymes and transporter or channel
proteins. The signal can influence the location of pro-
teins in the cell and can affect general processes such as
protein synthesis, cell growth, and replication. perhaps
through effects an gene expression. Other signaling
maolecules—including eytokines, interleukins, growth
factors, and metabolites—use some of the same general
mechanisms and signal transduction pathways. Exces-
sive, deficient, or inappropriate production and release
of hormones and of these other regulatory molecules
are major causes of discase, Muany pharmacotherapeutic
agents are aimed at correcting or otherwise influencing
the pathways discussed in this chaprer.

HORMONMNES TRANSDUCE SIGNALS TO
AFFECT HOMEOSTATIC MECHANISMS

The general steps involved in producing a coordinated
response to a particular stimulus are illustrated in
Figure 431, The stimulus can be a challenge or a
threat to the organism, to an organ, or to the integrity
of a single cell within thar organism. Recognition of the
stmulus is the first scep in the adapeive response, A the
arganismic level, this generally invalves the nervous sys-
tem and the special senses (sight, hearing, pain, smell,
touch), At the organismic or cellular level, recognition
involves physicochemical factors such as pH, O, ten-
sion, temperature. nutricnt supply, noxious metabo-
lites, and osmolaricy. Appropriate recognition resules in
the release of one or more hormones thar will govern
generation of the necessary adaptive response. For pur-
poscs of this discussion, the hormones are categorized
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as described in Chaprer 42, ic, based on the location of
their specific cellular receprors and the type of signals
generated. Group | hormones interact with an intracel-
lular recepror and group 1 hormones with recepror
recognition sites located on the extracellular surface of
the plasma membrane of targer cells. The oytokines, in-
terleukins, and groweh facrors should also be considered
in this latcer carcgory. These molecules, of crivical im-
portance in homeostatic adapration, arc hormones in
the sense that they are produced in specific cclls, have
the equivalent of autocrine, paracrine, and endocrine
actions, bind to cell surface receprors, and activare
many of the same signal transduction pathways cm-
ployed by the more traditional group [ hormones.

SIGNAL GENERATION

The Ligand-Receptor Complex Is the
Signal for Group | Hormones

The lipophilic group | hormones diffuse through the
plasma membrane of all cells but only encounter their
specific, high-affinity intracellular receprors in target
cells. These receptors can be located in the cyroplasm or
in the nucleus of warger cells. The hormone-recepror
complex first undergoes an activation reaction, As
shown in Figure 43-2, receptor activation occurs by at
least two mechanisms. For example, glucocorticoids
diffuse across the plasma membrane and encounter
their cognate recepror in the cytoplasm of arget cells.
Ligand-receptor binding results in the dissociation of
hear shock protein 90 (hsp20) from the recepror. This
step appears o be necessary for subsequent muclear lo-
calization of the glucacorticoid receptar, This receptor
also contains nuclear localization sequences that assist
in the translocation from cytoplasm o nucleus, The
now activated receptor moves into the nucleus (Figure
43-2) and binds with high affinity to a specific DNA
sequence called the hormone  response  clement
{HRE). In the case illustrated, chis is a glucocorticond
response clement, or GRE. Conscnsus sequences for
HREs are shown in Table 43-1. The DNA-bound, lig-
anded receptor serves as a high-affinity binding site for
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Hormone release
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COORDINATED RESPONSE TO STIMULUS

Figure 43-1. Hormonal involvement in responses to a stimulus, A challenge ta the in-
tegrity of the organism elicits a response that includes the release of one or more hormones,
These hormones generate signals at or within target cells, and these signals regulate a van-
ety of biologic processes which pravide for a coordinated response to the stimulus or chal-

lenge. See Figure 43-8 for a specific example.

one or more coactivator proteins, and accelerated gene
transeription typically ensues when this occurs. By con-
trast, certain hormones such as the thyroid hormones
and retinoids diffuse from the exeracellular Auid across
the plasma membeane and go direedy into the nucleus.
In [ﬂ.is case, the cognate receptor is already bound o
the HRE (the thyroid hormoene response element
[TRE]. in this example). However, this DNA-bound
recepor [ails 1o activate transcription becawse it is com-
plexed with a corepressor. Indeed, this recepror-
corepressor complex serves as an active repressor of gene
transeription. The association of ligand with these re-
ceptars results in dissociation of the corepressor. The
liganded receptor is now ca able of l':inding ane or
more coactivators with hngh .};lmn. resulting in the ae-
tivation of gene transctiption. The relationship of hor-
mone receptors t other nuclear receprors and o coreg-
ulators 1¢ discussed in more detail below.

By selectively affecting gene transcription and the
consequent pmduminn of appropriate targer mRNAs,
the amounts of specific proteins are changed and mera-
bolic processes are influenced. The influence of each of
these hormones is quite speeific; generally, the hor-
mone affects less than 1% of the genes, mRNA, or pro-
teins in a warget cell; sometimes only a few are affected.
The nuclear acuons of steroid, thyroid, and rednoid
hormones are quite well delined. Mose evidence sug-

gests that these hormones exert their dominant effect
on modulating gene transeription, but they—and many
af the hormeanes in the other elasses diseussed below—
can act at any step of the “:'nfnrrnalinurpathway" illus-
trated in Figure 43-3. Direct actons of steroids in the

cytoplasm and on various organelles and membranes
have also been described,

GROUP |l (PEPTIDE &
CATECHOLAMINE) HORMONES

HAVE MEMBRANE RECEPTORS

& USE INTRACELLULAR MESSENGERS

Many hormones are water-soluble, have no transport
FI'I::II.L'i.E‘.IL {ami therefore have a short p]a_'im:! hall- HIL"]'-.
and initiare a response by binding w a recepror locared
in the plasma membrane (see Tables 42-3 and 42-4).
The mechanism of action of this group of hormones
can best be diseussed in terms of the intracellular sig-
nals they generate. These signals include eAMP (cyelic
AMP; 3 .5-adenylic acid; see Figure 18-5), a nu-
cleotide derived from ATP through the action of
adenylyl eyclase; eGMP, a nucleotide formed by gua-
nylyl cyelase; Ca®*; and phuthaudulmosmdu Many
of these second messengers affect gene transeription, as
deseribed in the previous Para.grupt'. but they also influ-
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Figure 43-2. Regulation of gene expression by class | hormones.
Steroid hormones readily gain access to the cytoplasmic compartment
of target cells. Glucocorticoid hormones (solid triangles) encounter
their cognate receptor in the cytoplasm, where it exists in a complex
with heat shock protein 90 (hsp). Ligand binding causes dissociation of
hsp and a conformational change of the receptor. The receptorligand
complex then traverses the nuclear membrane and binds to DNA with
specificity and high affinity at a glucocorticoid response element (GRE),
This event triggers the assembly of a number of transcription coregula-
tors (), and enhanced transcription ensues. By contrast, thyroid hor-
maones and retinoic acid (@) directly enter the nucleus, where their
cognate receptors are already bound to the appropriate response ele-
ments with an associated transcription repressor complex (=), This
complex, which consists of molecules such as N-CoR or SMRT (see
Table 43-6) in the absence of ligand, actively inhibits transcription, Lig-
and binding results in dissociation of the repressor complex from the
receptor, allowing an activator complex to assemble, The gene is then

actively transcribed,

ence a variety of other biologic processes, as shown in
Figure 43-1.

G Protein-Coupled Receptors (GPCR}

Many of the group 11 hormones bind to receptors that
couple o effectors through a GTP-binding protein in-
termediary, These receprors typically have seven hy-
drophobic plasma membranc-spanning domains, This
i5 llustrated by the seven interconnected cylinders ex-
tending through the lipid bilayer in Figure 434, Re-
ceprors of chis class, which signal through guanine nu-
cleotide-bound protein intermediates, are known as
G protein-coupled receptors, or GPCRs. To date,
over 130 G protein-linked receptor genes have been

cloned from various mammalian species. A wide variety
of responses are mediated by the GPCRs.

cAMP Is the Intracellular Signal
for Many Responses

Cyclic AMP was the first intracellular signal identified
in mammalian cells. Several components mmpnsc &
system for the generation, degradation, and action of
cAMD.

A. ADENYLYL CYCLASE

Different peptide hormones can either stimulate (s} or
inhibit (i} the production of cAMP from adenylyl cy-
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Table 43-1. The DNA sequences of several
hormone response elements {HREs).

Hormone or Effector | HRE DNA Sequence
Glucocorticoids GRE
Progestins PRE | GGTACA nrn TGTTCT
Mineralocorticoids MRE ¥ ?
Androgens ARE
Estrogens ERE | AGGTCA -~ TGA/TCCT
Thyroid hormane TRE
Retinoic acid RARE | AGGTCAN3 A5, AGGTCA
Vitarmin D VDRE o "
cAMP CRE | TGACGTCA

'Letters indicate nuclectide; ¥ means any one of the four can be
used in that position. The arrows pointing in opposite directions
illustrate the slightly imperfect inverted palindromes present in
many HREs: in some cases these are called "half binding sites” be-
cause each hinds one monomer of the receptor, The GRE, PRE,
MRE, and ARE consist of the same DNA sequence. Specificity may
be conferred by the intracellular concentration of the ligand or
hormaone receptor, by flanking DNA sequences naot incleded in
the consensus, or by other accessory elements, A second group of
HREs includes those for thyroid hormones, estrogens, retinoic
acid, and vitamin [, These HREs are similar except for the arienta-
tion and spacing between the half palindromes. Spacing deter-
mines the hormane specificity. VDRE (4=3), TRE (v=4), and RARE
{n=5) bind to direct repeats rather than to inverted repeats, An-
other member of the steroid receptor suparfamily, the retinoid X
receptor {RXR), forms hetercdimers with VDR, TR, arnd RARE, and
these constitute the trans-acting factors, cAMP affects gene tran-
scription through the CRE.

clase, which is encoded by at least nine different genes
(Table 43-2). Two parallel systems, a stimulatory (s)
one and an inhibitory (i) one, converge upon a single
catalytic molecule (C). Each consists of 1 recepror, B, or
R, and a regulatory complex, G, and G, G, and G are
each trimers composed of o, B, and ¥ subunit. Because
the o subunit in G, differs from that in G, the pro-
teins, which are distince gene products, are designared
o, and 0. The o subunits bind guanine nucleotides.
The B and ¥ subunies are always associated (fy) and ap-
pear to function as a heterodimer. The binding of 4 hot-
mone to B, or R, resules in a recepror-mediated activa-
tion of G, which entails the exchange of GDP by GTP
on ¢ and the concomitant dissociation of By from o
The o, protein has inrinsic GTPase activity. The
active form, o*GTP, is inactivared upon hydrolysis of
the GTP to GDP; the timeric G, complex [aﬁ*f} is
then re-formed and is ready for another cycle of acuva-
tion. Cholers and pertussis toxing catalyze the ADP-
ribosylation of o, and o, (see Table 43-3), respec-

Gone
TRANSCHIPTION
Primary transeript | Degradalion
MUCLEUS MODIFICATIONPROCESSING
mHANA Degradation
Transport
mANA Active ingctive
dagradalion
CYTOPLASM THARNSLATION
Madificatian
Essn degradalion

Figure 42-3. The “information pathway.” Informa-
tion flows from the gene to the primary transcript to
mAMNA to protein. Hormones can affect any of the steps
involved and can affect the rates of processing, degra-
dation, or modification of the various products.

tively. In the case of «, this madification disrupes the
intrinsic GTP-ase activity; thus, €, cannot reassociate
with [y and ix therefore irreversibly activated. ADD-
ribosylation of o, prevents the dissociation of o 5
from ﬂ-‘y‘. and free it ; thus cannat be formed. @ activ-
ity in such cells is therefore unopposed.

There is a large Iﬁmlly ol G proteins, and these are
part of the superfamily of GTPases. The G protein
family is classified according to sequence homology
into four subfamilies, as illustrated in Table 43-3.
There are 21 o, 5 i, and 8 7 subunit genes. Various
combinations of these subunits provide a large number
af p::ss':iﬂr D!ﬁ‘f and eyelase L'{:m]:r[l:xt'ﬁ.

The o subunits and the !3"" ::nmp]l:&t have actons in-
dependent of those on adenylyl cyclase (see Figure
d43—4 and Table 43-3). Some forms of ¢, stimulate K*
channels and inhibie Ca™ channels, and some o, mole-
cules have the nEJ]JI’Jﬁ:iIH.‘ effects. Members of the Gq fam-
ily activate the phospholipase C group of enzymes. The
By complexes have been associated with K channel
stimulation and phospholipase C activation. G proteins
are involved in many 'Lrnpuria.hi biuh:lgic processes in
addition to hormone action. Notable examples include
olfaction (0t ¢) and vision (o). Some examples are
liseed in Table 43—3, GPCRs are 'lrn]:rticntrd in a num-

ber u!' diseases and are I'I:I.:I.jr.‘ll‘ 1:3rg1:t.'.' for ]Jl'l:l.rrnactuticul

agents.
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o P

Ne hormene: inactive effecton

Bound hormone (H): acthie effecior

Figure 43-4. Components of the hormone receptor-G protein effector system. Receptors that
couple to effectors through G proteins (GPCR) typically have seven membrane-spanning domains. In
the absence of hormone {left), the heterotrimeric G-protein complex (o, [3, 1) is in an inactive guano-
sine diphosphate {GDP)-bound form and is probably not associated with the receptor. This complex is
anchored to the plasma membrane through prenylated groups on the [y subunits (wavy lines) and
perhaps by myristoylated groups on o subunits {not shown). On binding of harmone (D) to the re-

ceptor, there is a presumed conformational change of the receptor

as indicated by the tilted mem-

brane spanning domains—and activation of the G-protein complex. This results from the exchange of
GDP with guanesine triphosphate (GTP) on the o subunit, after which o and [}y dissociate. The o sub-
unit binds to and activates the effector (E). E can be adenylyl cyclase, Ca™f, Ma*, or CI- channels (o), or
it could be a K* channel (o), phospholipase Cf (o), or cGMP phosphodiesterase (o). The fy subunit
can also have direct actions on E, (Modified and reproduced, with pemmission, from t'rannar DK in; Prnc
ples and Practice of Endocrinolagy and Metabolism, 3rd ed. Backer KL [editor]. Lippincortt, 2000

Table 43-2. Subclassification of group ILA
hormaones.

Hormones That Stimulate Hormones That Inhibit
Adenylyl Cyclase Adenylyl Cyclase
{H,) (Hi
ACTH Acetylcholing
ADH o;-Adrenergics
[-Adrenergics Angiotensin ll
Calcitonin Somatastatin

CRH

FSH
Glucagon
hCG

LH

LPH

MsH

PTH

TaH

B. ProTEIN KinasE

In prokaryotic cells, cAMT binds 1o a specific protein
called catabolite regulatory protein (CRP) thar binds
directly to DNA and influences gene Expn.s'uutl [o eu-
karyoric cells, cAMP binds to a protein kinase called
protein kinase A (PKA) tha is a heterotetrameric mal-
ccule consisting of twa rl_bu].u:ur}.r subunits (R) and two
catalytic subunits {C). eAMP binding resules in the fal-
lowing reaction:

4 CAMP+RyCy = Ry +(4 CAMP) +2C

The R,C, complex has no enzymaric activity, but
the binding of cAMP by R dissociates R from C,
thereby activating the lacer (Figure 43-5). The active
 subunit i.'a.l'.:l.l}"ii.‘!i the transfer of the ¥ phmph;ltl: of
ATP ro a serine ar threonine residue in a variety of pro-
teins. The consensus phosphorylation sites are -Arg-
Arg/Lys-X-Ser/The- and -Arg-Lys-X-X-Ser-, where X
can be any amino acid,

Protein kinase activities were originally deseribed ac
being “eAMP-dependent” or “eAMP-independent.” This
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Table 43-3. Classes and functions of selected G proteins,'?
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Class or Typa Stimulus Effactor Effect
G!i
i, Glucagon, [ladrenergics | T Adenylyl eyelase Gluconeogenssis, lipolysis,
T Cardiac Ca®*, CI", and Na* channels |  glycogenalysis
O Odorant T adenylyl cyclase Olfaction
GI
33 Acetylcholing, 1 adenylyl cyclase Slowed heart rate
wadrenergics T Potassium channels
M, chalinergics 1 Calelum channels
0y Opioids, endorphins T Patassium channels Meuranal slectrical activity
.. O gt i TcGMP phosphodiesterase | Voo -
G,
i M, cholinergics
o -fhedrenergics T Phospholipase C-1 T Muscle contraction
and
iy wy-hdrenergics T Phospholipase c-fi2 T Blood pressure
Gu
[+ 3 ? €I channel ?

"Modified and reproduced, with permission, from Granner DK in: Principles and Practice of Endecrinology and Metabalism, 3rd

ed, Becker KL (editor). Lippincott, 2000,

The four major classes or families of mammalian G proteins [G,, G, G, and Gy;) are based on protein sequence homology.
Representative members of each are shown, alang with known stimuli, effectors, and well-defined biologic effects. Nine iso-
forms of adenylyl cyclase have been identified (isoforms I-1X). All isoforms are stimulated by o; o lsoforms inhibit types V
and W1, and o, inhibits types | and V. Atbeast 16 different @ subunits have been identified.

classification has changed, as protein phosphorylation is
now recognized as being a major regulatory mecha-
nism. Several hundred protein kinases have now been
deseribed. The kinases are related in sequence and
striscture within the catalytic domain, but each is a
unique molecule with considerable variability with re-
spect to subunit composition, molecular weighe, au-
tophosphorylation, K for ATP, and substrate speci-
ficiry,

C. PHOSPHOPROTEINS

The effects of eAMP in cukaryotic cells are all thought
1o be mediated by protein phosphorylaton-dephosphor-
ylation, principally on serine and threonine residues.
The contral of any of the effects of cAMP, i.nr_'lur.iing
such diverse processes as steroidogenesis, secretion, ion
transport, carbohydrate and far metabolism, enzyme in-
duction, gene regulation, synaptic transmission, and
cell Erowl and rup]'tr_':niul'l, could be conferred l}}' 4
specific protein kinase, by a specific phosphatase, or by
specific substrates for phosphordation. These substrates
help define a target cissue and are involved in defining
the extent of a ].'rzlrti{_'u|:1.r Fesponse within a giw.'l‘l cell.
Far example, the effeces of eAMP on gene transeription
are mediated by the protein eyelic AMP response ele-

ment binding protein (CREB). CREB binds o a
cAMP responsive clement {CRE) (see Table 43-1) in
its nonphosphorylated state and is a weak activator of
transcription. When phosphorylated by PKA, CREB
binds the coactvator CREH-—hi.nd.ing protein CBP/
p300 (sce below) and as a result is 2 much more potent
transcription activator,

D. PHOSPHODIESTERASES

Actions caused by hormones that increase cAMP con-
centration can be terminated in 2 number of ways, in-
cluding the hydrolysis of ¢AMP o 5-AMP by phos-
phudiuslr_'mu:i (see Figure 43-3). The presence of these
hydrolytic enzymes ensures a rapid wrnover of the sig-
fial I[L.'!'LMP]I and henee a E‘Fid termination of the bio-
logic process once the hormonal stimulus is removed.
There are at least 11 known members of the phm[!h{:-
diesterase family of enzymes. These are subject 1o regl-
lation h}' th::s'r :iuletr:LlL's. cAMIP and L{;MF: 1‘!}" E'mr-
mones; and by intracellular messengers such as caleium,
probably acting through calmoduling Inhibitors of
phosphodiesterase, most notably methylated xanthine
derivatives such as cam.'irlc. increase intracellular cAMP
and mimic or prolong the actions of hormones lhruugh
this signal.
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Figure 43-5. Hormonal regulation of cellular processes through
cAMP-dependent protein kinase (PEA). FKA exists in an inactive form as
an R,C, heterotetramer consisting of two regulatory and two catalytic
subunits. The cAMP generated by the action of adenylyl cyclase (acti-
vated as shown in Figure 43—-4) binds to the requlatory (R) subunit of
PKA, This results in dissociation of the regulatory and catalytic subunits
and activation of the latter. The active catalytic subunits phosphorylate
a number of target proteins on serine and threonine residues. Phos-
phatases remove phosphate from these residues and thus terminate
the physiologic response. A phosphodiesterase can also terminate the
response by converting cAMP to 5-AMP.

E. PHOSPHOPROTEIN PHOSPHATASES

Given the importance of protein phosphorylation, it is
not surprising that regulation of the protein dephos-
phorylation  reaction 15 another imporant  conirol
mechanism (sce Figure 43-5). The phosphoprotcin
phosphatases are themsclves subject to regulation by
phosphoration-dephosphorylation reacrions and by a
variety of other mechanisms, such as protein-protein
interactions, In fact, the substrare specificicy of the
phosphaserine-phosphathreonine phosphatases may be
dictated by distiner regulacory subunits whose binding
i regulated hormonally. The best-studied role of regu-
lation by the dephosphorylation of proteins is that of
ghrcogen metabolism in muscle. Two major ypes of
phosphoserine-phosphothreonine  phosphatases have
been deseribed, Type | preferentially dephosphorylates
the B subunit of phosphorylase kinase, whereas rype [1
dephosphorylates the @ subunit, Type | phosphatase is
implicared in the regulation of glycogen synthase, phos-
phorylase, and phosphorylase kinase. This phosphatase
i5 itself regulated by phosphorylation of certain of i
subunits, and these reactions are reversed by the action
of one of the type 1l phosphatases, In addition, two

heat-siable prowin inhibitors regulate ype 1 phos-
phatase activity. Inhibitor-1 is phosphorylated ;mrr acti-
vated by cAMDP-dependent protein kinases; and in-
hibitoe-2, which may be a subunit of the inactive
phosphatase, is also phosphorvlated, possibly by glyco-
gen synthase kinase-3.

cGMP Is Also an Intracellular Signal

Cyclic GMP is made from GTP by the enzyme gua-
nylyl cvelase, which exists in soluble and membrane-
bound lorms. Each of these isozymes has unique physi-
alogic properties. The atriopeptins, a family of peprides
produced in cardiac arrial vssues, cause narriuresis, di-
uresis, vasodilation, and inhibition of aldosterone secre-
tion. These peptides {eg, atrial nacriuretic factor) bind
to and activate the membrane-bound form of guanylyl
evelase. This results in an increase of cGMP by as much
as S0-fold in some cases, and this is thought o mediate
the effects menuoned above. Other evidence links
eGMP to vasadilation. A series of compounds, includ-
ing nitroprusside, nitroglycerin, nitric oxide, sodium
nitrite, and sodium azide, all cause smooth muscle re-
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laxation and are potent vasodilators, These agents in-
crease cGMP by activating the soluble form of guanylyl
cyclase, and inhibitors of cGMP phosphodiesterase (the
drug sildenafil [Viagra], for example) enhance and pro-
long these responses. The increased cGMP activares
cGMIP-dependent protein kinase (PKG), which in tumn
pho@;phnr}’]nrcﬁ a number of smooth muscle protemns.
Presumably, this is involved in relaxation of smooth
muscle and vasodilation,

Several Hormones Act Through
Calcium or Phosphatidylinositols

Tonized calcium is an important regulator of a variety of
cellular processes, including musele contraction, stimu-
lus-secretion coupling, the blood clowing cascade, en-
zvme activity, and membrane excitability. It is also an
intracellular messenger of hormone action.

A. CaLcium METABOLISM
The exrracellular calcium (Ca®*) concentration is abour

5 mmol/L. and is very rigidly controlled. Alchough sub-
stantial amounts of calcium are associared with intracel-
lular organclles such as mitochondria and the endoplas-
mic reticulum, the intracellular concentration of free or
ionized calcium (Ca®™) is very low: 0.05-10 pmol/L. In
spite of this large concenrration gradient and a favor-
able transmembrane clecrrical gradient, Ca™ is re-
strained from entering the cell. A considerable amount
of encrgy is expended to ensure thar the inrracellular
Ca™" is conrrolled, as a prolonged elevadion of Ca™ in
the cell is very toxic. A Na'/Ca®" exchange mechanism
thar has a high capaciry but low affinity pumps Ca®
our of cells. There also is a Ca™ /proton ATPase-depen-
dent pump that exerudes Ca® in exchange for H*. This
has a high affinity for Ca** bur a low capacity and is
probably responsible for fine-tuning cyrosolic Ca'™.
Furthermore, Ca™ ATPases pump Ca®* from the cy-
tosol to the lumen of the endoplasmic rediculum. There
are three ways of changing cytosolic Ca®™: (1) Certain
hormones (class 11.C, Table 42-3) by binding to recep-
tors thart are themselves Ca™ channels, enhance mem-
brane permeabilicy to Ca®* and thereby increase Ca™
influx. (2) Hormones also indirecdy promore Ca®* in-
flux by modulating the membrane potental ar the
plasma membrane. Membrane depolarization opens
voltage-gared Ca™ channels and allows for Ca® influx.
{3) Ca" can be mobilized from the endoplasmic rericu-
lum, and possibly from mitochondrial pools.

An important observation linking Ca® o hormone
action involved the definition of the intracellular rargers
of Ca'* action. The discovery of a Ca''-dependent reg-
ulator of phosphodiesterase activiey provided the basis
for a broad understanding of how Ca® and cAMP in-
teract within cells.

B. CaLMODULIN

The calcium-dependent regulatory protein is calmod-
ulin, a 17-kDa protein thar is homologous to the mus-
cle protein woponin C in structure and funcrion.
Calmodulin has four Ca®* binding sites, and full occu-
pancy of these sites leads o a marked conformational
change. which allows calmodulin to activate enzymes
and ion channels. The interaction of Ca** with calmod-
ulin {with the resultant change of activity of the lacrer)
is conceprually similar to the binding of cAMI o PEA
and the subsequent actvation of this molecule.
Calmodulin can be one of numerous subunits of com-
plex proteins and is particularly involved in regulating
various kinases and enzymes of cyclic nucleotide gener-
ation and degradacion, A partial list of the enzymes reg-
ulated directly or indirectly by Ca™, probably through
calmodulin, is presented in Table 43—4.

In addition to its effects on enzymes and jon crans-
port, Ca**/calmodulin regulates the activity of many
structural elements in cells. These include the acon-
myosin complex of smooth muscle, which is under i
adrenergic control, and various microfilament-medi-
ated processes in noncontractile cells, including cell
motility, cell conformation changes, mitasis, granule re-
lease, and endocyrosis.,

C. CaLcium Is A MepiaTor oFf HorMoNE AcTiON

A role for Ca™ in hormone action is suggested by the
observations that the effect of many hormones is (1)
blunted by Ca*-free media or when intracellular cal-
cium is depleted; (2) can be mimicked hj.r agents that
increase cytosolic Ca™, such as the Ca™ ionophore
A23187; and (3) influences cellular calcium Aux. The
regulation of glycogen metabolism in liver by vaso-
pressin and c-adeenergic catecholamines provides a
good example. This is shown schematically in Figures
18-6 and 18-7.

Table 43-4, Enzymes and proteins requlated by
calcium or calmodulin,

Adenylyl cyclase
Ca**-dependent protein kinases

ca!-r_ Mgéf ATPBS-E

Ca''-phospholipid-dependent pratein kinase

Cyclic nucleotide phosphodiesteraze

Some cytoskeletal proteing

some ion channels (eg, L-type calcium channels)
Nitric oxide synthase

Phosphorylase kinase

Phosphoprotein phosphatase 28

Some receptors {eg, NMDA-type glutamate receptor)
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A n1|.rr|.l'|-r:r of critical metabolic eneymes are regu-
lated by Ca™, phosphorylation, or both, including
glycogen I.}rrlth.m'. pyruvate kinase, pyruvate carboxy-
lase, glycerol-3-phosphate dehydrogenase, and pyruvare
dehydrogenase,

D. PHospHATIDYLINDSITIDE METABOLISM AFFECTS
Ca**-DerenDENT HoRMONE ACTION

Some signal must provide communication berween the
hormone rc-cr.,pt::r on the plasma membrane and the in-
tracellular Ca™ reservoirs, This is accomplished by
products of phosphatidylinositol merabolism, Cell sur-

p

Racaptor

face receptors such as those for acetylcholine, antidi-
urctic hormone, and @-type catecholamines are, when
oecupied by their respective ligands, potent activators
of phospholipase C. Recepror binding and acovation of
phospholipase C are coupled by the G, isoforms (Table
433 and Fig‘ur: 43-6). I"hnxphn]ipaxc C cnrnl}"r.ﬂ the
hydralysis of phosphandylinosicol 4,5-bisphosphate o
inositol trisphosphare (IP) and 1,2-diacylglycerol (Fig-
ure 43-7), Diacylglyeeral is wself :Jp.l.h]c of activating
protein kinase C. (PKC), the activity of which also de-
pends upon Ca™. 1Py, by interacting with a :pr_nﬂc in-
tracellular recepror, 15 an effective releaser of Ca™ from

Caﬂl-

~

Endoplasmic reticulum

-
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Figure 43-6. Certain hormone-receptor interactions result in the activation of phospholipase . This ap-
pears o involve a specific G protein, which also may activate a calcium channel. Phospholipase C results in
generation of inositol trisphosphate (IP;), which liberates stored intracellular Ca**, and diacylglycerol (DAG),
a potent activator of protein kinase C (PKC). In this scheme, the activated PKC phosphonylates specific sub-
strates, which then alter physiologic processes. Likewise, the Ca’*-calmodulin complex can activate specific
kinases, two of which are shown here. These actions result in phosphorylation of substrates, and this leads to
altered physiologic responses. This figure also shows that Ca®' can enter cells through voltage- or ligand-
gated Ca™* channels. The intracellular Ca®* is also regulated through storage and release by the mitochon-

dria and endoplasmic reticulum. (Courtesy of JH Exton.
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Figure 43-7. Phospholipase C cleaves PIP,
into diacylglycerol and inositol trisphosphate. R,
generally is stearate, and R; is usually arachido-
nate, IP; can be dephosphorylated (to the inac-
tive I-1,4-P,) or phosphorylated (to the potentially
active I-1,3,4,5-F,).

intracellular storage sites in the endoplasmic reticulum.
Thus, the hydrolysis of phosphatidylinositol 4,5-bis-
phosphate leads to acrivation of PKC and promotes an
increase of cytoplasmic Ca’™*. As shown in Figure 434,
the actvation of G proteins can also have a direct ac-
tion on Ca™* channels. The resulting clevations of cy-
tosalic Ca®™* actwazt Ca**—calmodulin-dependent kinases
and many other Ca**—calmodulin-dependent enzymes.

Sreroidogenic agens—including ACTH and cAMP
in the adrenal cortex; angiotensin 11, K*, serotonin,
ACTH, and cAMP in the zona glomerulosa of the
adrenal; LH in the ovary; and LH and cAMDP in the
Leydig cells of the restes—have been associated with in-
creased amounts of phosphatidic acid, phosphatidyl-
inositol, and polyphosphoinositides (scc Chapter 14) in
the respective target tissues, Scveral other examples
could be ciced.

The roles thar Ca™ and polyphosphoinositide break-
down products might play in hormone action are pre-
sented in Figure 43—6. In this scheme the activated pro-
tein kinase C can phosphorylate specific substrates,
which then alter physiologic processes. Lilewise, the
Ca**-calmodulin complex can activate specific kinases.
These then modify substrates and therehy alter physio-
logic responses,

Some Hormones Act Through
a Protein Kinase Cascade

Single protein kinases such as PKA, PKC, and Ca'™*-
calmaodulin {CaM)-kinases, which result in the phos-
phorvlation of serine and threonine residues in target
proteins, play a very important role in hormone action.
The discovery that the EGF receptor contains an intrin-
sic tyrosine kinase activity that is activated by the bind-
ing of the ligand EGF was an imporeant breakehrough.
The insulin and IGF-1 receptors also contain intrinsic
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ligand-activated tyrosine kinase activity. Several recep-
tors—generally those involved in binding ligands in-
volved in growth control, differentiation, and the in-
Hammatory response—ecither have intrinsic tyrosine
kinase activity or are associated with proteins thar are
tyrosine kinases. Another distinguishing feature of this
class of hormone action is that these kinascs preferen-
tially phosphorylate tyrosine residues, and tyrosine
phosphorylation is infrequenc (< 0.03% of tatal amino
acid phosphorylation) in mammalian cells, A third dis-
tinguishing feature is that the ligand-receptor interac-
tion that results in a tyrosine phosphorylation event ini-
tiates a cascade thar may involve several protein kinases,
phosphatases, and other regulatory proteins.

A. InsuLin TRANSMITS SIGNALS
BY SEVERAL KinAsE CASCADES

The insulin, epidermal growth factor (EGF), and IGF-1
receptors have intrinsic protein tyrosine kinase activities
located in their eytoplasmic domains. These activities
are stimulated when the recepror binds ligand. The re-
ceptors are then aumphasphnryiawd on  tyrosine
residues, and chis initates a COHIP]!’:‘I series of events
{summarized in simplified fashion in Figure 43-8). The
phosphorylated insulin recepror next phosphorylates
insulin receptor substrates (there are ar least {our ol
these molecules, called IRS 1-4) on tyrosine residues.
Phosphorylated IRS binds to the Sre homology 2
(SH2) domains of a variety ol proteins that are directly
involved in mediating diflerent effects of insulin. One
ol these proteins, PI-3 kinase, links insulin recepror ac-
tivation oo insulin action through activation of a num-
ber of molecules, including the fjnase PDEL (phospho-
inositide-dependent kinase-1). This enzyme propagates
the signal [hmu‘fl-l several other kinases, including PKB
{ake), SKG, and aPKC (see legend to Figure 43-8 for
definitions and expanded abbreviations). An alternative
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Figure 43-8. Insulin signaling pathways. The insulin signaling pathways provide an excellent example of the
*recognition — hormone release — signal generation — effects” paradigm outlined in Figure 43-1. Insulin is re-
leased in response to hyperglycemia, Binding of insulin to a target cell-specific plasma membrane receptor results in
a cascade of intracellular events. Stimulation of the intrinsic tyrosine kinase activity of the insulin receptor marks the
initial event, resulting in increased tyrosine (Y} phosphorylation (Y — ¥-P} of the receptor and then one or more of
the insulin receptor substrate malecules (IRS 1-4). This increase in phosphotyrosine stimulates the activity of many
intracellular molecules such as GTPases, protein kinases, and lipid kinases, all of which play a role in certain meta-
bolic actions of insulin. The two best-described pathways are shown. First, phosphorylation of an IRS molecule
(prabably IRS-2) results in docking and activation of the lipid kinase, PI-3 kinase, which generates novel inositol lipids
that may act as “second messenger” molecules. These, in turn, activate PDK1 and then a variety of downstream sig-
naling molecules, including protein kinase B {PKB or akt), 5GK, and aPKC. An alternative pathway involves the activa-
tion of p7056K and perhaps ather as vet unidentified kinases, Second, phosphorylation of IRS {probably IRS-1) re-
sults in docking of GRB2Z/m5305 and activation of the small GTPase, p21RAS, which initiates a protein kinase cascade
that activates Raf-1, MEK, and the p42/p44 MAF kinase isoforms. These protein kinases are important in the regula-
tion of proliferation and differentiation of several cell types, The mTOR pathway provides an alternative way of acti-
vating p7056K and appears to be invelved in nutrient signaling as well as insulin action. Each of these cascades may
influence different physiologic processes, as shown. Each of the phosphaorylation events is reversible through the
action of specific phosphatases, For example, the lipid phosphatase FTEN dephosphorylates the product of the PI-3
kinase reaction, thereby antagonizing the pathway and terminating the signal. Representative effects of major ac-
tions of insulin are shown in each of the boxes. The asterisk after phosphodiesterase indicates that insulin indirectly
affects the activity of many enzymes by activating phosphodiesterases and reducing intracellular cAMP lavels,
(IGFBP, insulin-like growth factor binding protein; IRS 1-4, insulin receptor substrate isoforms 1-4); PI-3 kinase, phos-
phatidylinosital 3-kinase; PTEN, phosphatase and tensin homolog deleted on chromosome 10; PEKD1, phosphoinosi-
tide-dependent kinase; PKE, protein kinase B; SGK, serum and glucocorticoid-regulated kinase; aPKC, atypical pro-
tein kinase C; p7056K, p70 ribosomal protein 56 kinase; mTOR, mammalian target of rapamycin; GRB2, growth factor
receptor binding protein 2; m505%, mammalian son of sevenless; MEK, MAP kinase kinase and ERK kinase; MAP
kinase, mitogen-activated protein kinase,)
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p;trhway downstream from PRI invalves F?ﬂl.‘;ﬁ}{ and
perhaps other as yet unidentified kinases. A second major
pathway involves mTOR. This enzyme is direcely regu-
lated by amine acids and insulin and is cssential for
p7 056K actvity, This pathway provides a distinction
berween the PEB and p?ﬂﬁfﬂ{ branches downstream
from PRI, These pathways are involved in protein
translocation, enzyme activity, and the regulaton, by
insulin, ufgc nes invalved in metabolism [Figun: 43-H).
Another SH2 domain-containing protein is GRB2,
which binds to [RS-1 and links tyrosine phosphoryla-
tion o several proteins, the resule of which is activarion
of a cascade of threonine and serine Kinases. A pathway
showing how this insulin-recepror interaction activaces
the mitogen-activated protein {MAP) kinase pathway
and the anabolic effects of insulin s illustrated in Fig-
ure 43-8. The exact roles of many of these docking
prateins, kinases, and phosphatases remain to be estab-
lished.

B. THE Jak/STAT PatHway Is Usep

BY HORMONES AND CYTOKINES

Tyrosine kinase activation can also initate a phosphor-
vlation and dephosphorylation cascade that involves the
action of several other protein kinases and the counter-

Figure 43-9.

balancing actions of phosphatases, Two mechanisms
are employed to initare this cascade, Some hormones,
such as growth hormone, prolactin, erythropoicnn, and
the cytokines, initiate their action by activating a tyro-
sine kinase, but this activity is not an integral part of
the hormone receptor. The hormone-receptor interac-
tion promotes binding and activation of cytoplasmic
protein tyrosine kinases, such as Tyk-2, Jakl, or
Jak2. These kinases phosphorylate one or more cyto-
plasmic proteins, which then associate with other dock-
ing proteins through binding to SH2 domains. One
such interaction results in the activation of a family of
cytosolic proteins called signal transducers and activa-
tors of transcription {STATs)., The phosphorylated
STAT protein dimerizes and translocates into the nu-
cleus, binds to a specific DNA element such as the in-
terferon response clement, and activates transcription.
This is illustrated in Figure 43-9. Other SH2 docking
events may resule in the actvation of Pl 3-kinase, the
MAD kinase pathway {through SHC or GRB2), or G
pratein-mediated activation of phospholipase C (PLCY)
wi*h t]'u: .'errmiant prndur_tinn nfdlilq'lgl}?ccml :Lml ac-
tivation of protein kinase C. It is apparent that there is
a potential for “cross-talk”™ when different hormones ac-
tivate these vanous .l_-;ign;ti transduction parhw.'t].rs,

X = BHC Dimerization
GRB2 and
PLGy nuclear
P1-3K transloeation
GAP

Initiation of signal transduction by receptors linked to Jak ki-

nases, The receptars (R) that bind prolactin, growth hormone, interferons, and cy-
tokines lack endogenous tyrosine kinase. Upon ligand binding, these receptors
dimerize and an associated protein {Jak1, Jak2, or TYK) is phosphorylated. Jak-F,
an active kinase, phosphorylates the receptor on tyrosine residues, The STAT pro-
teins associate with the phosphorylated receptor and then are themselves phos-
phorylated by Jak-P. STATIE dimerizes, translocates to the nucleus, binds to spe-
cific DMA elements, and regulates transcription. The phosphotyrosine residues of
the receptor also bind to several SH2 domalin-cantaining proteins, This results in
activation of the MAP kinase pathway (through SHC or GRB2), PLCy, or PI-3 kinase.
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C. THE NF-«B PATHWAY I3

REGULATED BY GLUCOCORTICOIDS

The wmanscripion factor WF-kB is 2 heterodimeric
complex typically composed of two subunits termed
p30 and p63 (Figure 43-10). Normally, NF-xB 15 kepe
sequestered in the ytoplasm in a transcriptionally inac-
tive form by members of the inhibitor of NF-xB (IxB)
family. Extracellular stmuli such as proinflammarory
cytokines, reactive oxygen specics, and mitogens lead o
activation of the [kB kinase complex, IKK, which s a
heterohexameric structure consisting of o, fi, and ¥ sub-
units. IKK phosphorylates [KB on two serine residues,
and this targets [kB for ubiguitination and subscquent
degradation by the proteasome. Following kB degra-
dation, free NF-kB can now translocate o the nucleus,
where it binds to a number of gene promoters and acti-
wvates transcription, particularly of genes involved in the
inflammatory response, Transcriptional regulation by
NF-kB is mediated by a variety of coacovators such as
CREB binding protein (CBP), as described below (Fig-
urc 43-13).

MF-xB Activators

Preinflammatory cylokines
Bacterial and viral infecticn
Reactive oxygen species

Mitogens \ KK
complex

Glucocorticoid hormones arc therapeutically uscful
agents for the trearment of a variety of inflammatory and
mmmune  diseases. Their anti-inflammatory and  im-
munomadulatory actions are explained in part by the in-
hibition of NF-xB and its subsequent actions, Evidence
for three mechanisms for the inhibition of NF-xB by
glucocorticonds has been presenced: (1) Glucocorticoids
mcrease KB mRMNA, which leads to an increase of [kB
protein and more efficient sequestration of NF-kB in the
cytoplasm. (2} The glucocoricoid recepror comperes
with NF-xB for binding to coactivatars, (3) The gluco-
corticoid recepror directly binds to the p65 subunit of
MF-kB and inhibics its activacion {Flgun: 43-10).

HORMOMES CAN INFLUENCE

SPECIFIC BIOLOGIC EFFECTS BY
MODULATING TRANSCRIPTION

The signals generated as described above have ro be

rranslared inro an action thar allows the cell o effec-
tively adapt o a challenge (Figure 43-1). Much of cthis

0
Proteasome O O ©
Ubiguin -~ (3 Coo 0
0o 2

Figure 43-10. Regulation of the NF-kB pathway. NF-xB consists of two sub-
units, p50 and p&5, which regulate transcription of many genes when in the
mucleus. NF-xB is restricted from entering the nucleus by IxB, an inhibitor of
WF-kB. IxB binds to—and masks—the nuclear localization signal of NF-xB,

This cytoplasmic protein is phosphorylated by an IKK complex which is acti-
vated by cytokines, reactive oxygen spacies, and mitogans. Phosphorylated
IkB can be ubiguitinylated and degraded, thus releasing its hold on NF-xB. Glu-
cocorticoids affect many steps in this process, as described in the text,
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Figure 43-11. The hormone response transcrip-
tion unit. The hormone response transcription unit
Is an assembly of DNA elements and bound pro-
teins that interact, through protein-protein interac-
tions, with a number of coactivator or carepressor
molecules, An essential companent is the harmone
response element which binds the ligand (&)-
bound receptor (R). Also important are the acces-
sory factor elements (AFEs) with bound transcrip-
tion factors. More than two dozen of these
accessory factors (AFs), which are often members of
the nuclear receptar superfamily, have been linked
to hormone effects on transcription. The AFs can in-
teract with each other, with the liganded nuclear
recaptors, of with coregulators, These componants
communicate with the basal transcription complex
through a coregulator complex that can consist of
one or more members of the p160, corepressor,
mediator-related, or CBP/p300 families (see

Table 43-6).

adapration is accomplished through alrerations in the
rates of ranscription of specific genes, Many different
observations have led to the current view of how hor-
mongs affect transcription. Some of these are as follows:
{1} Actively rranscribed genes are in regions of “open”
chromatin (defined by a suscepribility to the enzyme
[Nase [}, which allows for the access of transenption
factors to DMA.L (2) Genes have regulatory regions, and
transcription facrors bind to these to modulate the fre-
quency of transcription initation, (3) The hormone-
receptor complex can be one of these transcription fac-
tors. The DMA sequence to which this binds 15 called a
hormone response element (HRE: see Table 43-1 for
examples), (4) Alternatively, other hormone-generared
signals can modify the location. amount, or activicy of
transcription factors and thereby influence binding to
the regulatory or response element. (5) Members of a
large superfamily of nuclear receprors act with—or in a
manner analogous to—hormone receptors. {6) These
nuclear receptors interact with another large group of
coregulatory molecules o effect changes in the tran-
scriprion of specific genes,

Several Hormone Response Elements
(HREs) Have Been Defined

Hormone response clements resemble enhancer ele-
ments in that they are not strictly dependent on posi-
tion and location. They generally are found within a
few hundred nucleotides upsiream (5°) of the transcrip-

tion initation sire, bur they may be located within the
coding region of the gene, in inwons, HREs were de-
fined by the strategy illustrated in Figure 39-11. The
conscnsus sequences illustrated in Table 43—1 were ar-
rived ar through analysis of several genes regulated by a
given hormone using simple, heterologous reporter sys-
tems (see Figure 39-10}. Although these simple HREs
bind the hormone-receptor complex more avidly than
surrounding DNA—or DNA  from an  unrelared
source—and confer hormone responsivencss o a re-
porter gene, it soon became apparent that the regula-
tory circuitry of natural genes must be much more
complicated. Glucocoricoids, progestins, mineralocor-
ticoids, and androgens have vasty different physiologic
actions, How could the specificity required for these f-
fects be achieved through regulation of gene expression
by the same HRE (Table 43-1)F Questions like this
have led to experiments which have allowed for elabora-
tion of a very complex model of ranscription regula-
tion. For example, the HRE must assaciate with other
DMNA elements (and associated binding proteins) o
tuncrion optmally. The extensive sequence similaricy
noted between steroid hormone receprors, particularly
in their DNA-binding domains, led to discovery of the
nuclear recepror superfamily of proteins. These—and
a large number of coregulator proteins—allow for a
wide varicty of IXNA-protein and protein-protein inter-
actions and the specificity necessary for highly regulated
physiologic control. A schemaric of such an assembly is
llustrated in Figure 43-11.
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Figure 43-12. The nuclear receptor superfamily. Members of this family are
divided into six structural dornains (A-F). Domain A/B is also called AF-1, or the
modulator region, because it is involved in activating transcription. The C do-
main consists of the DNA-hinding domain (DBD). The D region contains the
hinge, which provides flexibility between the DBD and the ligand-binding do-
main [LED, region E}, The amina (M) terminal part of region E contains AF-2, an-
ather domain important for transactivation. The F region is poorly defined. The
functions of these domains are discussed in more detail in the text. Receptors
with known ligands, such as the steroid harmones, bind as homodimers on in-
verted repeat half-sites. Other receptors form heterodimers with the partner
RXR on direct repeat elements. There can be nucleotide spacers of one to five
hases between these direct repeats (DR1-5). Another class of receptors for
which ligands have not been determined (orphan receptors) bind as homo-

dimers to direct repeats and occasionally as monomers to a single half-site.

There Is a Large Family of Nuclear
Receptor Proteins

The nuclear recepror superfamily consists of a diverse ser
of transcriprion factors that were discovered because of a
sequence similarity in their DNA-binding domains. This
family, now with more than 50 members, includes the
nuclear hormone receprors discussed above, a number of
other receprors whose ligands were discovered afrer the
receptors were identified, and many putative or orphan
receptors for which a ligand has yet to be discovered.
These nuclear receprors have several common struc-
tural features (Figure 43-12). All have a centrally lo-
catcd DNA-binding domain (DBD) that allows the
receptor to bind with high affinity to a response ele-
ment. The DBD conains two zine finger binding mo-
tifs {see Figure 39—14) thar direct binding either as ho-
modimers, as heterodimers {usually with a retinoid X

receptor [RXR] partmer), or as monomers. The targer
response clement consists of one or two half-site con-
sensus sequences arranged as an inverted or direct re-
peat. The spacing between the latter helps determine
binding specthciry, Thus, a direct repear with three,
four, or five nucleotide spacer regions specifies the
binding of the vitamin D, thyroid, and retinoic acid re-
ceptors, respectively, to the same consensus response
clement (Table 43-1). A muldfuncrional  ligand-
binding domain (LBDY) is located in the ::.'l.rh-uxyl ter-
minal half of the receptor. The LBD binds hormones
or metabolites with selectivity and thus specifies a par-
ticular biologic response. The LBD also contains do-
mains that mediate the binding of heat shock proteins,
diml’.']'i?.ﬂ.fllﬂn. nl.l.l:lf,"ar [Ucal.lf.‘tinn, :lrl.l;] tr:ln.ﬂul:t:i"!'ﬂtinn,
The latter function 15 facilitated by the carboxyl termi-
nal transcription acoivation function (AF-2 domain),
which forms a surface rc-quirccl for the interaction with
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Figure 43-13.

Sewveral signal transduction pathways converge on

CBP/p300. Ligands that associate with membrane or nuclear receptors even-
tually converge on CBP/p300. Several different signal transduction pathways
are employed. EGF, epidermal growth factor; GH, growth hormone; Prl, pro-
lactin; TNF, tumor necrosis factor; other abbreviations are expanded in the

text.

coactivatars, A highly variable hinge region scparates
the DBLY from the LBD. This region provides flexibil-
ity to the recepror, so it can assume different DNA-
binding conformations, Finally, there is a highly vari-
able amino terminal region that contains another trans-
acri.vnri:un dnm:lin r::F-;:rr:'d o as AF—]. L::ss wr.'l] r.h:'-
fined, the AF-1 domain may provide for disunc
physiologic functions through the binding of different
corcgulator proteins. This region of the receptor,
through the wse of different promoters, alternative
splice sites, and multiple cranslation initation sices,
provides for recepror isoforms that share DB} and
LBD identity but exerc different physiologic responses
I'H!I:.H.I.El: nf t]'u:' lﬁﬁm:mtmn nF '.'arlm.ﬁ cnrcgulatnrq \'I.1|:|'I
this variable amino terminal AF-1 domain.

[t is possible to sore this large number of receprors
into groups in a varcty of ways, Here they are discussed
according to the way they bind to their respective DNA
elements {Figure 43-12). Classic hormone receprors for
ghicocortcoids (GR), mineralocarticoids (MR), estro-
gens {ER), an:{rugr_'n..li {(AR), and pmgcstin.\' (PR bind
as homodimers to inverted repeat sequences, Other
hormone receprors such as thyroid (TR}, retinoic acid
(RAR), and vitamin [} {(YDR) and receptors that bind
various metabolite ligands such as PPAR @ JB, and ¥,
FXR. LXR, PXR/SXR, and CAR bind as heterodimers,
with retinoid X recepror (RXR) as a parmer, w direct
repeat sequences (see Figure 43-12 and Table 43-3).

Another group of orphan receptors that as yet have no
known ligand bind as homadimers or monomers to di-
T&Cr rﬂ."PI:Et .'iff!u:l'll:l:'ﬁ.

As illuserated in Table 43-5, the discovery of the nu-
clear recepror superfamily has led to an important un-
dr:ntam{ing HF]'EHW a varir.'t}-' nF rnrrnhn“tcﬁ ..'lI'H.‘l Icnnh'l-
otics regulate gene expression and thus the metabolism,
detoxification. and climiation of normal body prod-
ucts and exogenous agents such as pharmaceuticals.
Mot surprisingly, this arca is a fertile held for investiga-
tion of new therapeutic interventions,

A Large Number of Nuclear Receptor
Coregulators Also Participate
in Regulating Transcription

Chromatin remodeling, transeription factor modification
by wvarious enzyme activities, and the communication
beoween the nuclear receprors and the basal transcrip-
tion apparatus are accomplished by protein-protein in-
teractions with one or more of a class of corcgulator
molecules. The number of these coregulator molecules
now exceeds 100, not countng species variations and
sphice variants, The first of these to be described was the
CREB—binding protein, CBP. CBEP, through an
amino terminal domain, binds to phosphorylated serine
137 of CREB and mediates transactivation in response
to cAMP. It thus 15 deseribed as a coactivator, CBP and
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Table 43-5. Nuclear receptors with special ligands.'

Receptor Partner Ligand Process Affected
Peroxisome PPARw | RXR (DR1) | Fatty acids I Peroxisome proliferation
Proliferator- PPARM Fatty acids i

activated PPARY Fatty acids | Lipid and carbohydrate metabalism
Eicosanaids, i
, thiazolidinediones |
Farmnesoid ¥ FXR | RXR {DR4) | Famesol, bile acids | Bile acid metabolism
Liver X LXR | RXR {DR4) | Oxysterols | Cholesterol metabolism
Xenoblotic X CAR | RXR (DRS) | Androstanes i
Phenobarbital | Protection against certain drugs, toxic
Xenobiotics | metabolites, and xenobiotics
FXR RXR {DR3) | Pregnanes i
Xenobiotics '

'Many mermbers of the nuclear receptor superfamily were discovered by eloning, and the earrespanding
ligands were then identified. These ligands are not hormones in the classic sense, but they do have a
similar function in that they activate specific members of the nuclear receptor superfamily. The recep-
tors described here form heterodimers with RXR and have variable nucleotide sequences separating the
direct repeat binding elements {DR1-5). These receptors regulate a variety of genes encoding cy-
tochrome pa50s (CYP), cytosolic hinding proteins, and ATP-hinding cassette (ABC) transporters to influ-
ence metabolism and pratect cells against drugs and noxious agents,

its close relative, p300, interact directly or indirecily
with a number of signaling molecules, including activa-
tor protein-1 (AP-1}, sign;ﬂ transducers and activators
of transcription (STATs), nuclear receprors, and CREB
{(Figure 39-11). CBPMp300 also binds to the pl6D
family of coactivators deseribed below and o a number
of other proteins, including viral wanscription lactor
Ela, the p90™ protein kinase, and RNA heﬂijca_w A Tvis
important to note that CBP/p300 also has intrinsic
histone acetyltransferase (HAT) activity. The impor-
tance of this is described below. Some of the many ac-
tions of CBP/p300, which appear to depend on inttin-
sic enzyme activities and ies ability to serve as a scalfold
for the binding of other proteins, are illustrated in Fig-
ure 43-11. Other coregulators may serve similar fune-
tions.

Several other families of coactivator molecules have
been described. Members of the p160 family of coac-
dvators, all of abour 160 kD4, include (1) SEC-1 and
NCoA-1; (2) GRIP 1, TIF2, and NCoA-2; and (3)
p/CIP, ACTR, AIB1, RACS, and TRAM-1 (Tahle
43-6). The different names tor members within a sub-
family often represent species variations or minor splice
variants. There is abour 33% amino acid identiry be-
tween members of the different subfamilies. The pl60
coactivators share several properties. They (1) bind
nuclear [ECEPIOrs in an agonist and AF-2 rransactiva-
tion demain-dependent manner; (2) have a conserved
amino terminal basic helix-loop-helix (bBHLH) moril
{see Chapter 39); (3) have a weak carboxyl rerminal
transactivation domain and a SLEOnEEr amino rerminal

Table 43-6. Some mammalian coregulator
proteins.

300-kDa family of coactivators

CBP
p3ld

CREB-binding protein
Protein of 300 kDa

160-kDa family of coactivators

A, SRC-1  Steroid receptor coactivatar 1
MCoA-1 Muclear receptor coactivator 1
B. TIF2 Transcriptional intermediary factor 2
GRIFT  Glucacarticoid receptar-interacting pratein
MCoA-2 Muclear receptor coactivator 2
C p/0P  p300/CBP cointegrator-associated protein |
ACTR  Activator of the thyraid and retinoic acid
receptors
AlB Amplified in breast cancer
RAC3  Receptor-associated coactivator 3
TRAM-1 TR activator molecule 1
Corepressors
WCoR Muclear receptor corepressor
SMAT Silencing mediator for RXR and TR

TRAPs

DRIPs
ARC

. Mediator-related proteins

Thyroid hormane receptor-assaciated
proteins

Vitamin D receptor-interacting proteins

Activator-recruited cofactor
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transacuivation demain in a region that is required for
the CBP/p160) interaction; {4) contain at least three of
the LXXLL motifs required for protein-protein inter-
action with other coactivators; and (3) often have HAT
activity, The role of HAT is paracularly interesting, as
mutations of the HAT domain disable many of these
transeripnion factors. Current thinking holds that these
HAT acuvities acerylate histones and result in remodel-
ing of chromarin into a transcrprion-cfficients environ-
ment; however, other protein substrates for HAT-
mediated acetylation have been reported.  Histone
acetylation/deacetylation is proposed to play a enitical
role in gene expressian,

A small number of proteins, induding NCoR and
SMRT, comprise the corepressor family. They func-
tion, at least in part, a5 described in Figure 43-2, An-
ather family includes the TRADPs, DREIPs, and ARC
{Table 43-6), These so-called mediator-related pro-
teins range in size from 80 kDa to 240 kDa and are
thought to be involved in linking the nuclear recepror-
coactivator complex to RNA polymerase 11 and the
other companents of the basal transcription apparatus,

The exact role of these coactivators is presently
under intensive investigation. Many of these proteins
have intrinsic enzymatic activities. This is particularly
interesting in view of the fact that acetylation, phos-
phorylation, methylation, and ubiquitination—as well
as prowolysis and cellular tanslocation—have been
proposed to aleer the activity of some of these coregula-
tors and their targets.

[t appears that certin combinations of coregula-
tars—and thus different combinations of activators and
inhibitors—are responsible for specific hgand-induced
actions through various receptors,

SUMMARY

* Hormones, cytokines, interleukins, and growth fac-
tors use a ‘-'a.T'll:t].r U; si@a]ing L'n-:l:h:mllh'm:'i tor f.:ll::i] i:t:lt:
cellular adaptive responses.

* The ligand-recepror complex serves as the inirial sig-
nal for members of the nuclear recepror family,

* Class Il hormones, which bind to cell surface recep-

tors, generate a variery of intracellular signals. These
include cAMP, cGMP, Ca™, phosphartidylinositides,
and protein kinase cascades,

* Many hormone responses are accomplished through
alterations in the rate of transcription of .':pcc'r%n:
genes,

* The nuclear recepror superfamily of proteins plays a
central role in the regulation of gene transcriprion.

* These receprors, which may have hormones, metabo-
lites, or drugs as ligands, bind to specific DINA cle-
ments as homodimers or as heterodimers with RXR.
Somec—orphan recepros—have no known ligand
but bind DNA and influence rranscriprion,

* Anaother large family of coregulator proteins remodel
chromatin, modify other transcription factors, and
bridge the nuclear receprors to the basal transenprion
apparatis.
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