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To maintain their high degree of organization in a universe that is constantly drift-
ing toward chaos, cells have a constant need for a plentiful supply of ATP, as we 
have explained in Chapter 2. In eukaryotic cells, most of the ATP that powers life 
processes is produced by specialized, membrane-enclosed, energy-converting 
organelles. !ese are of two types. Mitochondria, which occur in virtually all cells 
of animals, plants, and fungi, burn food molecules to produce ATP by oxidative 
phosphorylation. Chloroplasts, which occur only in plants and green algae, har-
ness solar energy to produce ATP by photosynthesis. In electron micrographs, the 
most striking features of both mitochondria and chloroplasts are their extensive 
internal membrane systems. !ese internal membranes contain sets of mem-
brane protein complexes that work together to produce most of the cell’s ATP. In 
bacteria, simpler versions of essentially the same protein complexes produce ATP, 
but they are located in the cell’s plasma membrane (Figure 14–1). 

Comparisons of DNA sequences indicate that the energy-converting organ-
elles in present-day eukaryotes originated from prokaryotic cells that were endo-
cytosed during the evolution of eukaryotes (discussed in Chapter 1). This explains 
why mitochondria and chloroplasts contain their own DNA, which still encodes 
a subset of their proteins. Over time, these organelles have lost most of their own 
genomes and become heavily dependent on proteins that are encoded by genes 
in the nucleus, synthesized in the cytosol, and then imported into the organelle. 
And the eukaryotic cells now rely on these organelles not only for the ATP they 
need for biosynthesis, solute transport, and movement, but also for many import-
ant biosynthetic reactions that occur inside each organelle.

!e common evolutionary origin of the energy-converting machinery in mito-
chondria, chloroplasts, and prokaryotes (archaea and bacteria) is re"ected in the 
fundamental mechanism that they share for harnessing energy. !is is known 
as chemiosmotic coupling, signifying a link between the chemical bond-form-
ing reactions that generate ATP (“chemi”) and membrane transport processes 
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Figure 14–1 The membrane systems of 
bacteria, mitochondria, and chloroplasts 
are related. Mitochondria and chloroplasts 
are cell organelles that have originated from 
bacteria and have retained the bacterial 
energy-conversion mechanisms. Like 
their bacterial ancestors, mitochondria 
and chloroplasts have an outer and an 
inner membrane. Each of the membranes 
colored in this diagram contains energy-
harvesting electron-transport chains. The 
deep invaginations of the mitochondrial 
inner membrane and the internal 
membrane system of the chloroplast 
harbor the machinery for cellular respiration 
and photosynthesis, respectively. 
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!e growth, development, and maintenance of multicellular organisms depend 
not only on the production of cells but also on mechanisms to destroy them. !e 
maintenance of tissue size, for example, requires that cells die at the same rate as 
they are produced. During development, carefully orchestrated patterns of cell 
death help determine the size and shape of limbs and other tissues. Cells also die 
when they become damaged or infected, ensuring that they are removed before 
they threaten the health of the organism. In these and most other cases, cell death 
is not a random process but occurs by a programmed sequence of molecular 
events, in which the cell systematically destroys itself from within and is then 
eaten by other cells, leaving no trace. In most cases, this programmed cell death 
occurs by a process called apoptosis—from the Greek word meaning “falling o",” 
as leaves from a tree. 

Cells dying by apoptosis undergo characteristic morphological changes. !ey 
shrink and condense, the cytoskeleton collapses, the nuclear envelope disassem-
bles, and the nuclear chromatin condenses and breaks up into fragments (Figure 
18–1A). !e cell surface often bulges outward and, if the cell is large, it breaks 
up into membrane-enclosed fragments called apoptotic bodies. !e surface of the 
cell or apoptotic bodies becomes chemically altered, so that a neighboring cell 
or a macrophage (a specialized phagocytic cell, discussed in Chapter 22) rapidly 
engulfs them, before they can spill their contents (Figure 18–1B). In this way, the 
cell dies neatly and is rapidly cleared away, without causing a damaging in#am-
matory response. Because the cells are eaten and digested so quickly, there are 
usually few dead cells to be seen, even when large numbers of cells have died by 
apoptosis. !is is probably why biologists overlooked apoptosis for many years 
and still might underestimate its extent.

In contrast to apoptosis, animal cells that die in response to an acute insult, 
such as trauma or a lack of blood supply, usually do so by a process called cell 
necrosis. Necrotic cells swell and burst, spilling their contents over their neighbors 
and eliciting an in#ammatory response (Figure 18–1C). In most cases, necrosis is 
likely to be caused by energy depletion, which leads to metabolic defects and loss 
of the ionic gradients that normally exist across the cell membrane. One form of 
necrosis, called necroptosis, is a form of programmed cell death that is triggered by 
a speci$c regulatory signal from other cells, although we are only just beginning to 
understand the underlying mechanisms. 

Some form of programmed cell death occurs in many organisms, but apopto-
sis is found primarily in animals. !is chapter focuses on the major functions of 
apoptosis, its mechanism and regulation, and how excessive or insu%cient apop-
tosis can contribute to human disease.

Apoptosis Eliminates Unwanted Cells
!e amount of apoptotic cell death that occurs in developing and adult animal 
tissues is astonishing. In the developing vertebrate nervous system, for exam-
ple, more than half of many types of nerve cells normally die soon after they are 
formed. It seems remarkably wasteful for so many cells to die, especially as the 
vast majority are perfectly healthy at the time they kill themselves. What purposes 
does this massive cell death serve?

Cell Death
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Où est l’information qui permet à une protéine d’être amenée au 
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!ssion, which, as we discuss later, is involved in the distribution and partitioning 
of mitochondria within cells (Figure 14–7).

"e acquisition of mitochondria was a prerequisite for the evolution of com-
plex animals. Without mitochondria, present-day animal cells would have had to 
generate all of their ATP through anaerobic glycolysis. When glycolysis converts 
glucose to pyruvate, it releases only a small fraction of the total free energy that 
is potentially available from glucose oxidation (see Chapter 2). In mitochondria, 
the metabolism of sugars is complete: pyruvate is imported into the mitochon-
drion and ultimately oxidized by O2 to CO2 and H2O, which allows 15 times more 
ATP to be made from a sugar than by glycolysis alone. As explained later, this 
became possible only when enough molecular oxygen accumulated in the Earth’s 
atmosphere to allow organisms to take full advantage, via respiration, of the large 
amounts of energy potentially available from the oxidation of organic compounds.

Mitochondria are large enough to be seen in the light microscope, and they 
were !rst identi!ed in the nineteenth century. Real progress in understanding 
their internal structure and function, however, depended on biochemical pro-
cedures developed in 1948 for isolating intact mitochondria, and on electron 
microscopy, which was !rst used to look at cells at about the same time.
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Figure 14–5 The relationship between 
mitochondria and microtubules. (A) A 
light micrograph of chains of elongated 
mitochondria in a living mammalian 
cell in culture. The cell was stained 
with a fluorescent dye (rhodamine 123) 
that specifically labels mitochondria in 
living cells. (B) An immunofluorescence 
micrograph of the same cell stained 
(after fixation) with fluorescent antibodies 
that bind to microtubules. Note that the 
mitochondria tend to be aligned along 
microtubules. (Courtesy of Lan Bo Chen.)

Figure 14–6 Localization of mitochondria near sites of high ATP demand in cardiac muscle 
and a sperm tail. (A) Cardiac muscle in the wall of the heart is the most heavily used muscle in the 
body, and its continual contractions require a reliable energy supply. It has limited built-in energy 
stores and has to depend on a steady supply of ATP from the copious mitochondria aligned close 
to the contractile myofibrils (see Figure 16–32). (B) During sperm development, microtubules wind 
helically around the flagellar axoneme, where they are thought to help localize the mitochondria in 
the tail to produce the structure shown.
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The Mitochondrion Has an Outer Membrane and an Inner 
Membrane
Like the bacteria from which they originated, mitochondria have an outer and 
an inner membrane. !e two membranes have distinct functions and properties, 
and delineate separate compartments within the organelle. !e inner membrane, 
which surrounds the internal mitochondrial matrix compartment (Figure 14–8), 
is highly folded to form invaginations known as cristae (the singular is crista), 
which contain in their membranes the proteins of the electron-transport chain. 
Where the inner membrane runs parallel to the outer membrane, between the 
cristae, it is known as the inner boundary membrane. !e narrow (20–30 nm) gap 
between the inner boundary membrane and the outer membrane is known as 
the intermembrane space. !e cristae are about 20 nm-wide membrane discs 
or tubules that protrude deeply into the matrix and enclose the crista space. !e 
crista membrane is continuous with the inner boundary membrane, and where 
their membranes join, the membrane forms narrow membrane tubes or slits, 
known as crista junctions.

Like the bacterial outer membrane, the outer mitochondrial membrane is 
freely permeable to ions and to small molecules as large as 5000 daltons. !is 
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Figure 14–7 Interaction of mitochondria with the endoplasmic reticulum. 
(A) Fluorescence light microscopy shows that tubules of the ER (green) wrap 
around parts of the mitochondrial network (red) in mammalian cells. The 
mitochondria then divide at the contact sites. After contact is established, 
fission occurs within less than a minute, as indicated by time-lapse 
microscopy. (B) Schematic drawing of an ER tubule wrapped around part of 
the mitochondrial reticulum. It is thought that ER–mitochondrial contacts also 
mediate the exchange of lipids between the two membrane systems.  
(A, adapted from J.R. Friedman et al., Science 334:358–362, 2011.)
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Figure 14–8 Structure of a mitochondrion. (A) Tomographic slice through a three-dimensional map of a mouse heart mitochondrion determined by 
electron-microscope tomography. The outer membrane envelops the inner boundary membrane. The inner membrane is highly folded into tubular 
or lamellar cristae, which crisscross the matrix. The dense matrix, which contains most of the mitochondrial protein, appears dark in the electron 
microscope, whereas the intermembrane space and the crista space appear light due to their lower protein content. The inner boundary membrane 
follows the outer membrane closely at a distance of ≈20 nm. The inner membrane turns sharply at the cristae junctions, where the cristae join the 
inner boundary membrane. (B) Tomographic surface-rendered portion of a yeast mitochondrion, showing how flattened cristae project into the matrix 
from the inner membrane (Movie 14.2). (C) Schematic drawing of a mitochondrion showing the outer membrane (gray), and the inner membrane 
(yellow). Note that the inner membrane is compartmentalized into the inner boundary membrane and the crista membrane. There are three distinct 
spaces: the inner membrane space, the crista space, and the matrix. (A, courtesy of Tobias Brandt; B, from K. Davies et al., Proc. Natl Acad. Sci. 
USA 109:13602–13607, 2012. With permission from the National Academy of Sciences.)
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!e acetyl groups in acetyl CoA are oxidized in the matrix via the citric acid 
cycle, also called the Krebs cycle (see Figure 2–57 and Movie 2.6). !e oxidation of 
these carbon atoms in acetyl CoA produces CO2, which di"uses out of the mito-
chondrion to be released to the environment as a waste product. More impor-
tantly, the citric acid cycle saves a great deal of the bond energy released by this 
oxidation in the form of electrons carried by NADH. !is NADH transfers its elec-
trons from the matrix to the electron-transport chain in the inner mitochondrial 
membrane, where—through the chemiosmotic coupling process described pre-
viously (see Figures 14–2 and 14–3)—the energy that was carried by NADH elec-
trons is converted into phosphate-bond energy in ATP. Figure 14–10 outlines this 
sequence of reactions schematically.

!e matrix contains the genetic system of the mitochondrion, including the 
mitochondrial DNA and the ribosomes. !e mitochondrial DNA (see section on 
genetic systems, p. 800) is organized into compact bodies—the nucleoids—by 
special sca"olding proteins that also function as transcription regulatory proteins. 
!e large number of enzymes required for the maintenance of the mitochondrial 
genetic system, as well as for many other essential reactions to be outlined next, 
accounts for the very high protein concentration in the matrix; at more than 500 
mg/mL, this concentration is close to that in a protein crystal.

Mitochondria Have Many Essential Roles in Cellular Metabolism 
Mitochondria not only generate most of the cell’s ATP; they also provide many 
other essential resources for biosynthesis and cell growth. Before describing in 
detail the remarkable machinery of the respiratory chain, we diverge brie#y to 
touch on some of these important roles.

THE MITOCHONDRION

citric
acid
cycle

IN

IN

OUT

MBoC6 n14.306/14.10

pyruvatefatty acids

FOOD MOLECULES FROM CYTOSOL

ATP

ADP

ATP

ADP

NADH NAD+

e–

OUT

O2 O2

CO2

inner mitochondrial membrane

INTERMEMBRANE SPACE

outer mitochondrial membrane

ATP synthase

H2O

H+

H+H+H+

MATRIX

CRISTA
SPACE

pyruvatefatty acids

CO2

acetyl CoA

Figure 14–10 A summary of the energy-
converting metabolism in mitochondria. 
Pyruvate and fatty acids enter the 
mitochondrion (top of the figure) and are 
broken down to acetyl CoA. The acetyl 
CoA is metabolized by the citric acid cycle, 
which reduces NAD+ to NADH, which then 
passes its high-energy electrons to the first 
complex in the electron-transport chain. In 
the process of oxidative phosphorylation, 
these electrons pass along the electron-
transport chain in the inner membrane 
cristae to oxygen (O2). This electron 
transport generates a proton gradient, 
which drives the production of ATP by the 
ATP synthase (see Figure 14–3). Electrons 
from the oxidation of succinate, a reaction 
intermediate in the citric acid cycle (see 
Panel 2–9, pp. 106–107), take a separate 
path to enter this electron-transport chain 
(not shown, see p. 772). 
    The membranes that comprise the 
mitochondrial inner membrane—the 
inner boundary membrane and the crista 
membrane—contain different mixtures of 
proteins and they are therefore shaded 
differently in this diagram.
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into arti!cial lipid bilayer vesicles and shown to pump protons across the mem-
brane as electrons pass through them. 

In the mitochondrion, the three complexes are linked in series, serving as elec-
tron-transport-driven H+ pumps that pump protons out of the matrix to acidify 
the crista space (Figure 14–18):

1. "e NADH dehydrogenase complex (often referred to as Complex I) is 
the largest of these respiratory enzyme complexes. It accepts electrons 
from NADH and passes them through a #avin mononucleotide and eight 
iron–sulfur clusters to the lipid-soluble electron carrier ubiquinone. "e 
reduced ubiquinol then transfers its electrons to cytochrome c reductase.

2. "e cytochrome c reductase (also called the cytochrome b-c1 complex) is a 
large membrane protein assembly that functions as a dimer. Each mono-
mer contains three cytochrome hemes and an iron–sulfur cluster. "e com-
plex accepts electrons from ubiquinol and passes them on to the small, sol-
uble protein cytochrome c, which is located in the crista space and carries 
electrons one at a time to cytochrome c oxidase.

3. "e cytochrome c oxidase complex contains two cytochrome hemes and 
three copper atoms. "e complex accepts electrons one at a time from 
cytochrome c and passes them to molecular oxygen. In total, four electrons 
and four protons are needed to convert one molecule of oxygen to water.

We have previously discussed how the redox potential re#ects electron a$ni-
ties. Figure 14–19 presents an outline of the redox potentials measured along the 
respiratory chain. "ese potentials change in three large steps, one across each 
proton-translocating respiratory complex. "e change in redox potential between 
any two electron carriers is directly proportional to the free energy released when 
an electron transfers between them. Each complex acts as an energy-conversion 
device by harnessing some of this free-energy change to pump H+ across the inner 
membrane, thereby creating an electrochemical proton gradient as electrons pass 
along the chain.

THE PROTON PUMPS OF THE ELECTRON-TRANSPORT CHAIN
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Figure 14–17 Quinone electron 
carriers. Ubiquinone in the lipid bilayer 
picks up one H+ (red) from the aqueous 
environment for each electron (blue) it 
accepts, in two steps, from respiratory-
chain complexes. The first step involves 
the acquisition of a proton and an electron 
and converts the ubiquinone into an 
unstable ubisemiquinone radical. In the 
second step, it becomes a fully reduced 
ubiquinone (called ubiquinol), which is 
freely mobile as an electron carrier in the 
lipid bilayer of the membrane. When the 
ubiquinol donates its electrons to the next 
complex in the chain, the two protons 
are released. The long hydrophobic tail 
(green) that confines ubiquinone to the 
membrane consists of 6–10 five-carbon 
isoprene units, depending on the organism. 
The corresponding electron carrier in the 
photosynthetic membranes of chloroplasts 
is plastoquinone, which has almost the 
same structure and works in the same way. 
For simplicity, we refer to both ubiquinone 
and plastoquinone in this chapter as 
quinone (abbreviated as Q).
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Figure 14–18 The path of electrons 
through the three respiratory-chain 
proton pumps. (Movie 14.3) The 
approximate size and shape of each 
complex is shown. During the transfer 
of electrons from NADH to oxygen (blue 
arrows), ubiquinone and cytochrome c 
serve as mobile carriers that ferry electrons 
from one complex to the next. During the 
electron-transfer reactions, protons are 
pumped across the membrane by each 
of the respiratory enzyme complexes, as 
indicated (red arrows). 
     For historical reasons, the three 
proton pumps in the respiratory chain 
are sometimes denoted as Complex I, 
Complex III, and Complex IV, according 
to the order in which electrons pass 
through them from NADH. Electrons from 
the oxidation of succinate by succinate 
dehydrogenase (designated as Complex II) 
are fed into the electron-transport chain in 
the form of reduced ubiquinone. Although 
embedded in the crista membrane, 
succinate dehydrogenase does not pump 
protons and thus does not contribute to 
the proton-motive force; it is therefore not 
considered to be an integral part of the 
respiratory chain.
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produce two protons, pass through a series of electron carriers in the inner mito-
chondrial membrane. At each of three distinct steps along the way (marked by the 
three electron-transport complexes of the respiratory chain, see below), much of 
the energy is utilized for pumping protons across the membrane. At the end of the 
electron-transport chain, the electrons and protons recombine with molecular 
oxygen into water.

Water is a very low-energy molecule and is thus very stable; it can serve as an 
electron donor only when a large amount of energy from an external source is 
spent on splitting it into protons, electrons, and molecular oxygen. !is is exactly 
what happens in oxygenic photosynthesis, where the external energy source is the 
sun, as we shall see later in the section on chloroplasts (p. 782).

The Energy Derived from Oxidation Is Stored as an 
Electrochemical Gradient
In mitochondria, the process of electron transport begins when two electrons 
and a proton are removed from NADH (to regenerate NAD+). These electrons are 
passed to the first of about 20 different electron carriers in the respiratory chain. 
The electrons start at a large negative redox potential (see Panel 14–1, p. 765)—
that is, at a high energy level—which gradually drops as they pass along the chain. 
The proteins involved are grouped into three large respiratory enzyme complexes, 
each composed of protein subunits that sit in the inner mitochondrial membrane. 
Each complex in the chain has a higher affinity for electrons than its predecessor, 
and electrons pass sequentially from one complex to the next until they are finally 
transferred to molecular oxygen, which has the highest electron affinity of all.

The net result is the pumping of H+ out of the matrix across the inner mem-
brane, driven by the energetically favorable flow of electrons. This transmem-
brane movement of H+ has two major consequences:

1. It generates a pH gradient across the inner mitochondrial membrane, with 
a high pH in the matrix (close to 8) and a lower pH in the intermembrane 
space. Since ions and small molecules equilibrate freely across the outer 
mitochondrial membrane, the pH in the intermembrane space is the same 
as in the cytosol (generally around pH 7.4).

2. It generates a voltage gradient across the inner mitochondrial membrane, 
creating a membrane potential with the matrix side negative and the crista 
space side positive.

The pH gradient (∆pH) reinforces the effect of the membrane potential (∆V ), 
because the latter acts to attract any positive ion into the matrix and to push any 
negative ion out. Together, ∆pH and ∆V make up the electrochemical gradient, 
which is measured in units of millivolts (mV). This gradient exerts a proton- 
motive force, which tends to drive H+ back into the matrix (Figure 14–14).
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Figure 14–14 The electrochemical proton 
gradient across the inner mitochondrial 
membrane. This gradient is composed 
of a large force due to the membrane 
potential (∆V ) and a smaller force due to 
the H+ concentration gradient—that is, the 
pH gradient (∆pH). Both forces combine 
to generate the proton-motive force, which 
pulls H+ back into the mitochondrial matrix. 
The exact relationship between these 
forces is expressed by the Nernst equation 
(see Panel 11–1, p. 616).
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!ow makes the rotor stalk rotate inside the stationary head, where the catalytic 
sites that assemble ATP from ADP and Pi are located. "ree α and three β subunits 
of similar structure alternate to form the head. Each of the three β subunits has a 
catalytic nucleotide-binding site at the α/β interface. "ese catalytic sites are all in 
di#erent conformations, depending on their interaction with the rotor stalk. "is 
stalk acts like a camshaft, the device that opens and closes the valves in a com-
bustion engine. As it rotates within the head, the stalk changes the conformations 
of the β subunits sequentially. One of the possible conformations of the catalytic 
sites has high a$nity for ADP and Pi, and as the rotor stalk pushes the binding site 
into a di#erent conformation, these two substrates are driven to form ATP. In this 
way, the mechanical force exerted by the central rotor stalk is directly converted 
into the chemical energy of the ATP phosphate bond.

Serving as a proton-driven turbine, the ATP synthase is driven by H+ !ow into 
the matrix to spin at about 8000 revolutions per minute, generating three mole-
cules of ATP per turn. In this way, each ATP synthase can produce roughly 400 
molecules of ATP per second.

Proton-driven Turbines Are of Ancient Origin
"e membrane-embedded rotors of ATP synthases consist of a ring of identical c 
subunits (Figure 14–31). Each c subunit is a hairpin of two membrane-spanning 
α helices that contain a proton-binding site de%ned by a glutamate or aspartate in 
the middle of the lipid bilayer. "e a subunit, which is part of the stator (see Figure 
14–30), makes two narrow channels at the interface between the rotor and stator, 
each spanning half of the membrane and converging on the proton-binding site 
at the middle of the rotor subunit. Protons !ow through the two half-channels 
down their electrochemical gradient from the crista space back into the matrix. 
A negatively charged side chain in the binding site accepts a proton arriving from 
the crista space through the %rst half-channel, as it rotates past the a subunit. "e 
bound proton then rides round in the ring for a full cycle, whereupon it is thought 
to be displaced by a positively charged arginine in the a subunit, and escapes 
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Figure 14–30 ATP synthase. The 
three-dimensional structure of the F1Fo 
ATP synthase, determined by x-ray 
crystallography. Also known as an F-type 
ATPase, it consists of an Fo part (from 
“oligomycin-sensitive factor”) in the 
membrane and the large, catalytic F1 head 
in the matrix. Under mild dissociation 
conditions, this complex separates into 
its F1 and Fo components, which can 
be isolated and studied individually. (A) 
Diagram of the enzyme complex showing 
how its globular head portion (green) is 
kept stationary as proton-flow across the 
membrane drives a rotor (blue) that turns 
inside it. (B) In bovine heart mitochondria, 
the Fo rotor ring in the membrane (light 
blue) has eight c subunits. It is attached 
to the γ subunit of the central stalk (dark 
blue) by the ε subunit (purple). The catalytic 
F1 head consists of a ring of three α and 
three β subunits (light and dark green), and 
it directly converts mechanical energy into 
chemical-bond energy in ATP, as described 
in the text. The elongated peripheral stalk 
of the stator (orange) is connected to the 
F1 head by the small δ subunit (red) at one 
end, and to the a subunit in the membrane 
(pink oval) at the other. Together with the 
c subunits of the ring rotating past it, the a 
subunit creates a path for protons through 
the membrane. (C) The symbol for ATP 
synthase used throughout this book.
     The closely related ATP synthases of 
mitochondria, chloroplasts, and bacteria 
synthesize ATP by harnessing the proton-
motive force across a membrane. This 
powers the rotation of the rotor against 
the stator in a counterclockwise direction, 
as seen from the F1 head. The same 
enzyme complex can also pump protons 
against their electrochemical gradient 
by hydrolyzing ATP, which then drives 
the clockwise rotation of the rotor. The 
direction of operation depends on the net 
free-energy change (∆G) for the coupled 
processes of H+ translocation across the 
membrane and the synthesis of ATP from 
ADP and Pi (Movie 14.5 and Movie 14.6).
     Measurement of the torque that the ATP 
synthase can produce by ATP hydrolysis 
reveals that the ATP synthase is 60 times 
more powerful than a diesel engine of equal 
dimensions. (B, courtesy of K. Davies.  
PDB codes: 2WPD, 2CLY, 2WSS, 2BO5.)
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membrane and the large, catalytic F1 head 
in the matrix. Under mild dissociation 
conditions, this complex separates into 
its F1 and Fo components, which can 
be isolated and studied individually. (A) 
Diagram of the enzyme complex showing 
how its globular head portion (green) is 
kept stationary as proton-flow across the 
membrane drives a rotor (blue) that turns 
inside it. (B) In bovine heart mitochondria, 
the Fo rotor ring in the membrane (light 
blue) has eight c subunits. It is attached 
to the γ subunit of the central stalk (dark 
blue) by the ε subunit (purple). The catalytic 
F1 head consists of a ring of three α and 
three β subunits (light and dark green), and 
it directly converts mechanical energy into 
chemical-bond energy in ATP, as described 
in the text. The elongated peripheral stalk 
of the stator (orange) is connected to the 
F1 head by the small δ subunit (red) at one 
end, and to the a subunit in the membrane 
(pink oval) at the other. Together with the 
c subunits of the ring rotating past it, the a 
subunit creates a path for protons through 
the membrane. (C) The symbol for ATP 
synthase used throughout this book.
     The closely related ATP synthases of 
mitochondria, chloroplasts, and bacteria 
synthesize ATP by harnessing the proton-
motive force across a membrane. This 
powers the rotation of the rotor against 
the stator in a counterclockwise direction, 
as seen from the F1 head. The same 
enzyme complex can also pump protons 
against their electrochemical gradient 
by hydrolyzing ATP, which then drives 
the clockwise rotation of the rotor. The 
direction of operation depends on the net 
free-energy change (∆G) for the coupled 
processes of H+ translocation across the 
membrane and the synthesis of ATP from 
ADP and Pi (Movie 14.5 and Movie 14.6).
     Measurement of the torque that the ATP 
synthase can produce by ATP hydrolysis 
reveals that the ATP synthase is 60 times 
more powerful than a diesel engine of equal 
dimensions. (B, courtesy of K. Davies.  
PDB codes: 2WPD, 2CLY, 2WSS, 2BO5.)

ATP synthase structure
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Electron tomography suggests that the proton pumps of the respiratory chain 
are located in the membrane regions at either side of the dimer rows. Protons 
pumped into the crista space by these respiratory-chain complexes are thought 
to di!use very rapidly along the membrane surface, with the ATP synthase rows 
creating a proton “sink” at the cristae tips (Figure 14–33). In vitro studies suggest 
that the ATP synthase needs a proton gradient of about 2 pH units to produce ATP 
at the rate required by the cell, irrespective of the membrane potential. "e H+ 
gradient across the inner mitochondrial membrane is only 0.5 to 0.6 pH units. "e 
cristae thus seem to work as proton traps that enable the ATP synthase to make 
e#cient use of the protons pumped out of the mitochondrial matrix. As we shall 
see in the next section, this elaborate arrangement of membrane protein com-
plexes is absent in chloroplasts, where the H+ gradient is much higher.

Special Transport Proteins Exchange ATP and ADP Through the 
Inner Membrane
Like all biological membranes, the inner mitochondrial membrane contains 
numerous speci$c transport proteins that allow particular substances to pass 
through. One of the most abundant of these is the ADP/ATP carrier protein (Fig-
ure 14–34). "is carrier shuttles the ATP produced in the matrix through the inner 
membrane to the intermembrane space, from where it di!uses through the outer 
mitochondrial membrane to the cytosol. In exchange, ADP passes from the cyto-
sol into the matrix for recycling into ATP. ATP4– has one more negative charge 
than ADP3–, and the exchange of ATP and ADP is driven by the electrochemical 
gradient across the inner membrane, so that the more negatively charged ATP is 
pushed out of the matrix, and the less negatively charged ADP is pulled in. "e 
ADP/ATP carrier is but one member of a mitochondrial carrier family: the inner 

ATP PRODUCTION IN MITOCHONDRIA

Figure 14–32 Dimers of mitochondrial 
ATP synthase in cristae membranes. 
(A) A three-dimensional map of a small 
mitochondrion obtained by electron 
microscope tomography shows that ATP 
synthases form long paired rows along 
cristae ridges. The outer membrane is 
gray, the inner membrane and cristae 
membranes have been colored light blue. 
Each head of an ATP synthase is indicated 
by a yellow sphere. (B) A three-dimensional 
map of a mitochondrial ATP synthase  
dimer in the crista membrane obtained  
by subtomogram averaging, with fitted 
x-ray structures (Movie 14.7). (A, from  
K. Davies et al., Proc. Natl Acad. Sci. USA 
108:14121–14126, 2011. With permission 
from the National Academy of Sciences;  
B, from K. Davies et al., Proc. Natl Acad. 
Sci. USA 109:13602–13607, 2012.  
With permission from the National 
Academy of Sciences.)
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Figure 14–33 ATP synthase dimers at 
cristae ridges and ATP production. At the 
crista ridges, the ATP synthases (yellow) form 
a sink for protons (red). The proton pumps 
of the electron-transport chain (green) are 
located in the membrane regions on either 
side of the crista. As illustrated, protons 
tend to diffuse along the membrane from 
their source to the proton sink created by 
the ATP synthase. This allows efficient ATP 
production despite the small H+ gradient 
between the cytosol and matrix. Red arrows 
show the direction of the proton flow.

Location of the ATP synthase
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mitochondrial membrane contains about 20 related carrier proteins exchanging 
various other metabolites, including the phosphate that is required along with 
ADP for ATP synthesis.

In some specialized fat cells, mitochondrial respiration is uncoupled from ATP 
synthesis by the uncoupling protein, another member of the mitochondrial carrier 
family. In these cells, known as brown fat cells, most of the energy of oxidation is 
dissipated as heat rather than being converted into ATP. In the inner membranes 
of the large mitochondria in these cells, the uncoupling protein allows protons 
to move down their electrochemical gradient without passing through ATP syn-
thase. !is process is switched on when heat generation is required, causing the 
cells to oxidize their fat stores at a rapid rate and produce heat rather than ATP. 
Tissues containing brown fat serve as “heating pads,” helping to revive hibernat-
ing animals and to protect newborn human babies from the cold.

Chemiosmotic Mechanisms First Arose in Bacteria
Bacteria use enormously diverse energy sources. Some, like animal cells, are aer-
obic; they synthesize ATP from sugars they oxidize to CO2 and H2O by glycolysis, 
the citric acid cycle, and a respiratory chain in their plasma membrane that is 
similar to the one in the inner mitochondrial membrane. Others are strict anaer-
obes, deriving their energy either from glycolysis alone (by fermentation, see Fig-
ure 2–47) or from an electron-transport chain that employs a molecule other than 
oxygen as the "nal electron acceptor. !e alternative electron acceptor can be a 
nitrogen compound (nitrate or nitrite), a sulfur compound (sulfate or sul"te), or 
a carbon compound (fumarate or carbonate), for example. A series of electron 
carriers in the plasma membrane that are comparable to those in mitochondrial 
respiratory chains transfers the electrons to these acceptors.

Despite this diversity, the plasma membrane of the vast majority of bacteria 
contains an ATP synthase that is very similar to the one in mitochondria. In bac-
teria that use an electron-transport chain to harvest energy, the electron-trans-
port chain pumps H+ out of the cell and thereby establishes a proton-motive force 
across the plasma membrane that drives the ATP synthase to make ATP. In other 

Figure 14–34 The ADP/ATP carrier protein. (A) The ADP/ATP carrier protein is a small 
membrane protein that carries the ATP produced on the matrix side of the inner membrane to 
the intermembrane space, and the ADP that is needed for ATP synthesis into the matrix. (B) In 
the ADP/ATP carrier, six transmembrane α helices define a cavity that binds either ADP or ATP. In 
this x-ray structure, the substrate is replaced by a tightly bound inhibitor instead (colored). When 
ADP binds from outside the inner membrane, it triggers a conformational change and is released 
into the matrix. In exchange, a molecule of ATP quickly binds to the matrix side of the carrier 
and is transported to the intermembrane space. From there the ATP diffuses through the outer 
mitochondrial membrane to the cytoplasm, where it powers the energy-requiring processes in the 
cell. (B, PDB code: 1OKC.)
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The mitochondrial genome



Size of the mitochondrial genome in animals: 16500 bp, circular

DNA replication occurs throughout the cell cycle (not in phase with nuclear DNA 
replication, confined to S phase)
 
In humans, the genes encode: 2 ribosomal RNAs, 22 transfer RNAs, 13 proteins

30

The size of the mitochondrial genomes varies between organisms 

32 protein coding genes

13 protein coding genes
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!e processes of organelle DNA transcription, protein synthesis, and DNA 
replication take place where the genome is located: in the matrix of mitochondria 
or the stroma of chloroplasts. Although the enzymes that mediate these genetic 
processes are unique to the organelle, and resemble those of bacteria (or even 
of bacterial viruses) rather than their eukaryotic analogs, the nuclear genome 
encodes the vast majority of these enzymes. Indeed, most present-day mitochon-
drial and chloroplast proteins are encoded by genes that reside in the cell nucleus.

Over Time, Mitochondria and Chloroplasts Have Exported Most of 
Their Genes to the Nucleus by Gene Transfer
!e nature of the organelle genes located in the nucleus of the cell demonstrates 
that an extensive transfer of genes from organelle to nuclear DNA has occurred 
in the course of eukaryotic evolution. Such successful gene transfer is expected 
to be rare, because any gene moved from the organelle needs to adapt to both 
nuclear transcription and cytoplasmic translation requirements. In addition, the 
protein needs to acquire a signal sequence that directs it to the correct organ-
elle after its synthesis in the cytosol. By comparing the genes in the mitochon-
dria from di"erent organisms, we can infer that some of the gene transfers to the 
nucleus occurred relatively recently. !e smallest and presumably most highly 
evolved mitochondrial genomes, for example, encode only a few hydrophobic 
inner-membrane proteins of the electron-transport chain, plus ribosomal RNAs 
(rRNAs) and transfer RNAs (tRNAs). Other mitochondrial genomes that have 
remained more complex tend to contain this same subset of genes along with 
others (Figure 14–60). !e most complex mitochondrial genomes include genes 
that encode components of the mitochondrial genetic system, such as RNA poly-
merase subunits and ribosomal proteins; these same genes are found in the cell 
nucleus in yeast and all animal cells.

!e proteins that are encoded by genes in the organellar DNA are synthesized 
on ribosomes within the organelle, using organelle-produced messenger RNA 
(mRNA) to specify their amino acid sequence (Figure 14–61). !e protein traf-
#c between the cytosol and these organelles seems to be unidirectional: proteins 
are normally not exported from mitochondria or chloroplasts to the cytosol. An 
important exception occurs when a cell is about to undergo apoptosis. As will be 
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atp4 Figure 14–60 Comparison of 
mitochondrial genomes. Less complex 
mitochondrial genomes encode subsets 
of the proteins and ribosomal RNAs that 
are encoded by larger mitochondrial 
genomes. In this comparison, there are 
only five genes that are shared by the six 
mitochondrial genomes; these encode 
ribosomal RNAs (rns and rnl), cytochrome 
b (cob), and two cytochrome oxidase 
subunits (cox1 and cox3). Blue indicates 
ribosomal RNAs; green, ribosomal proteins; 
and brown, components of the respiratory 
chain and other proteins. (Adapted from 
M.W. Gray, G. Burger and B.F. Lang, 
Science 283:1476–1481, 1999.) 
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The mitochondrial genome varies between organisms
Only five genes are invariably found in 
mitochondrial DNA 
- ribosomal RNA
- cytochrome b (cob)
- cytochrome oxidase (cox) 



804 Chapter 14:  Energy Conversion: Mitochondria and Chloroplasts

ine!cient DNA repair, or both, given that the mechanisms that perform these pro-
cesses in the organelle are relatively simple compared with those in the nucleus. 
As discussed in Chapter 4, the relatively high rate of evolution of animal mito-
chondrial genes makes a comparison of mitochondrial DNA sequences especially 
useful for estimating the dates of relatively recent evolutionary events, such as the 
steps in primate evolution.

"ere are 13 protein-encoding genes in human mitochondrial DNA (Figure 
14–65). "ese code for hydrophobic components of the respiratory-chain com-
plexes and of ATP synthase. In contrast, roughly 1000 mitochondrial proteins are 
encoded in the nucleus, produced on cytosolic ribosomes, and imported by the 
protein import machinery in the outer and inner membrane (discussed in Chap-
ter 12). It has been suggested that the cytosolic production of hydrophobic mem-
brane proteins and their import into the organelle may present a problem to the 
cell, and that this is the reason why their genes have remained in the mitochon-
drion. However, some of the most hydrophobic mitochondrial proteins, such as 
the c subunit of the ATP synthase rotor ring, are imported from the cytosol in some 
species (though they are mitochondrially encoded in others). And the parasites 
Plasmodium falciparum and Leishmania tarentolae, which spend most of their 
life cycles inside cells of their host organisms, have retained only two or three 
mitochondrially encoded proteins.

"e size range of mitochondrial DNAs is similar to that of viral DNAs. "e 
mitochondrial DNA in Plasmodium falciparum (the human malaria parasite) has 
less than 6000 nucleotide pairs, whereas the mitochondrial DNAs of some land 
plants contain more than 300,000 nucleotide pairs (Figure 14–66). In animals, the 
mitochondrial genome is a simple DNA circle of about 16,600 nucleotide pairs 
(less than 0.001% of the nuclear genome), and it is nearly the same size in organ-
isms as di#erent from us as Drosophila and sea urchins.

Mitochondria Have a Relaxed Codon Usage and Can Have a 
Variant Genetic Code
"e human mitochondrial genome has several surprising features that distin-
guish it from nuclear, chloroplast, and bacterial genomes:

1. Dense gene packing. Unlike other genomes, the human mitochondrial 
genome seems to contain almost no noncoding DNA: nearly every nucle-
otide seems to be part of a coding sequence, either for a protein or for one 
of the rRNAs or tRNAs. Since these coding sequences run directly into each 
other, there is very little room left for regulatory DNA sequences.

2. Relaxed codon usage. Whereas 30 or more tRNAs specify amino acids in the 
cytosol and in chloroplasts, only 22 tRNAs are required for mitochondrial 
protein synthesis. "e normal codon–anticodon pairing rules are relaxed 
in mitochondria, so that many tRNA molecules recognize any one of the 
four nucleotides in the third (wobble) position. Such “2 out of 3” pairing 
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Figure 14–64 A model for mitochondrial 
fusion. The fusions of the outer and inner 
mitochondrial membranes are coordinated 
sequential events, each of which requires 
a separate set of protein factors. Outer 
membrane fusion is brought about by an 
outer-membrane GTPase (purple), which 
forms an oligomeric complex that includes 
subunits anchored in the two membranes 
to be fused. Fusion of outer membranes 
requires GTP and an H+ gradient across 
the inner membrane. For fusion of the inner 
membrane, a dynamin-related protein  
forms an oligomeric tethering complex 
(blue) that includes subunits anchored in  
the two inner membranes to be fused. 
Fusion of the inner membranes requires 
GTP and the electrical component of the 
potential across the inner membrane. 
(Adapted from S. Hoppins, L. Lackner  
and J. Nunnari, Annu. Rev. Biochem. 
76:751–780, 2007.)
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Figure 14–65 The organization of the 
human mitochondrial genome. The 
human mitochondrial genome of ≈16,600 
nucleotide pairs contains 2 rRNA genes, 
22 tRNA genes, and 13 protein-coding 
sequences. There are two transcriptional 
promoters, one for each strand of the 
mitochondrial DNA (mtDNA). The DNAs of 
many other animal mitochondrial genomes 
have been completely sequenced. Most of 
these animal mitochondrial DNAs encode 
precisely the same genes as humans, with 
the gene order being identical for animals 
ranging from fish to mammals.
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Figure 14–65 The organization of the 
human mitochondrial genome. The 
human mitochondrial genome of ≈16,600 
nucleotide pairs contains 2 rRNA genes, 
22 tRNA genes, and 13 protein-coding 
sequences. There are two transcriptional 
promoters, one for each strand of the 
mitochondrial DNA (mtDNA). The DNAs of 
many other animal mitochondrial genomes 
have been completely sequenced. Most of 
these animal mitochondrial DNAs encode 
precisely the same genes as humans, with 
the gene order being identical for animals 
ranging from fish to mammals.

Protein-coding genes are all implicated in the oxidative phosphorylation 
- NADH dehydrogenase: complex I 
- Cytochrome b: complex III 
- Cytochrome oxidase: complex IV
- ATP synthase 

The human mitochondrial genome
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TABLE 14–3 Some Differences Between the “Universal” Code and Mitochondrial 
Genetic Codes*

Codon
“Universal” 

code

Mitochondrial codes

Mammals Invertebrates Yeasts Plants

UGA STOP Trp Trp Trp STOP

AUA Ile Met Met Met Ile

CUA Leu Leu Leu Thr Leu

AGA
AGG

Arg STOP Ser Arg Arg

*Red italics indicate that the code differs from the “Universal” code.

allows one tRNA to pair with any one of four codons and permits protein 
synthesis with fewer tRNA molecules.

3. Variant genetic code. Perhaps most surprising, comparisons of mitochon-
drial gene sequences and the amino acid sequences of the corresponding 
proteins indicate that the genetic code is di!erent: 4 of the 64 codons have 
di!erent “meanings” from those of the same codons in other genomes 
(Table 14–3).

"e close similarity of the genetic code in all organisms provides strong evi-
dence that they all have evolved from a common ancestor. How, then, do we 
explain the di!erences in the genetic code in many mitochondria? A hint comes 
from the #nding that the mitochondrial genetic code in di!erent organisms is not 
the same. In the mitochondrion with the largest number of genes in Figure 14–60, 
that of the protozoan Reclinomonas, the genetic code is unchanged from the stan-
dard genetic code of the cell nucleus. Yet UGA, which is a stop codon elsewhere, 
is read as tryptophan in the mitochondria of mammals, fungi, and invertebrates. 
Similarly, the codon AGG normally codes for arginine, but it codes for stop in 
the mitochondria of mammals and codes for serine in the mitochondria of Dro-
sophila (see Table 14–3). Such variation suggests that a random drift can occur 
in the genetic code in mitochondria. Presumably, the unusually small number of 
proteins encoded by the mitochondrial genome makes an occasional change in 
the meaning of a rare codon tolerable, whereas such a change in a larger genome 
would alter the function of many proteins and thereby destroy the cell.

Interestingly, in many species, one or two tRNAs for mitochondrial protein 
synthesis are encoded in the nucleus. Some parasites, for example trypano-
somes, have not retained any tRNA genes in their mitochondrial DNA. Instead, 
the required tRNAs are all produced in the cytosol and are thought to be imported 
into the mitochondrion by special tRNA translocases that are distinct from the 
mitochondrial protein import system.

Rickettsia
bacterium
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Figure 14–66 Comparison of various 
sizes of mitochondrial genomes with 
the genome of bacterial ancestors. The 
complete DNA sequences for thousands 
of mitochondrial genomes have been 
determined. The lengths of a few of these 
mitochondrial DNAs are shown to scale—
as circles for those genomes thought to be 
circular and lines for linear genomes. The 
largest circle represents the genome of 
Rickettsia prowazekii, a small pathogenic 
bacterium whose genome most closely 
resembles that of mitochondria. The size of 
mitochondrial genomes does not correlate 
well with the number of proteins encoded 
in them: while human mitochondrial DNA 
encodes 13 proteins, the 22-fold larger 
mitochondrial DNA of Arabidopsis thaliana 
encodes only 32 proteins—that is, about 
2.5-fold as many as human mitochondrial 
DNA. The extra DNA that is found in 
Arabidopsis, Marchantia, and other plant 
mitochondria may be “junk DNA”—that is, 
noncoding DNA with no apparent function. 
The mitochondrial DNA of the protozoan 
Reclinomonas americana has 98 genes. 
(Adapted from M.W. Gray, G. Burger and 
B.F. Lang, Science 283:1476–1481, 1999.)
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Mitochondrial DNA is read differently!
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discussed in detail in Chapter 18, during apoptosis the mitochondrion releases 
proteins (most notably cytochrome c) from the crista space through its outer 
mitochondrial membrane, as part of an elaborate signaling pathway that is trig-
gered to cause cells to undergo programmed cell death. 

The Fission and Fusion of Mitochondria Are Topologically Complex 
Processes
In mammalian cells, mitochondrial DNA makes up less than 1% of the total cel-
lular DNA. In other cells, however, such as the leaves of higher plants or the very 
large egg cells of amphibians, a much larger fraction of the cellular DNA may be 
present in mitochondria or chloroplasts (Table 14–2), and a large fraction of the 
total RNA and protein synthesis takes place in the organelles.

Mitochondria and chloroplasts are large enough to be visible by light micros-
copy in living cells. For example, mitochondria can be visualized by expressing in 
cells a genetically engineered fusion of a mitochondrial protein linked to green 
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Figure 14–61 Biogenesis of the 
respiratory-chain proteins in human 
mitochondria. Most of the protein 
components of the mitochondrial 
respiratory chain are encoded by nuclear 
DNA, with only a small number encoded by 
mitochondrial DNA (mtDNA). Transcription 
of mtDNA produces 13 mRNAs, all of 
which encode subunits of the oxidative 
phosphorylation system, and the 24 RNAs 
(22 transfer RNAs and 2 ribosomal RNAs) 
needed for translation of these mRNAs on 
the mitochondrial ribosomes (brown). 
     The mRNAs produced by transcription 
of nuclear genes are translated on 
cytoplasmic ribosomes (green), which 
are distinct from the mitochondrial 
ribosomes. The nuclear-encoded 
mitochondrial proteins (dark green) are 
imported into mitochondria through two 
protein translocases called TOM and 
TIM, and constitute the vast majority 
of the approximately 1000 different 
protein species present in mammalian 
mitochondria. The nuclear-encoded 
mitochondrial proteins in humans 
include the majority of the oxidative 
phosphorylation system subunits, all 
proteins needed for expression and 
maintenance of mtDNA, and all proteins of 
the mitochondrial ribosomes. 
     The mtDNA-encoded subunits (orange) 
assemble together with the nuclear 
subunits to form a functional oxidative 
phosphorylation system. (Adapted from 
N.G. Larsson, Annu. Rev. Biochem. 
79:683–706, 2010.) 

TABLE 14–2 Relative Amounts of Organelle DNA in Some Cells and Tissues

Organism Tissue or cell type DNA molecules  
per organelle

Organelles  
per cell

Organelle DNA as percentage  
of total cellular DNA

Mitochondrial DNA

Rat Liver 5–10 1000 1

Yeast* Vegetative 2–50 1–50 15

Frog Egg 5–10 107 99

Chloroplast DNA

Chlamydomonas Vegetative 80 1 7

Maize Leaves 0–300** 20–40 0–15**

*The large variation in the number and size of mitochondria per cell in yeasts is due to mitochondrial fusion and fission.**In maize, the amount of 
chloroplast DNA drops precipitously in mature leaves, after cell division ceases: the chloroplast DNA is degraded and stable mRNAs persist to 
provide for protein synthesis.
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Most mitochondrial proteins are imported from the cytosol

- Proteins are made in the cytosol, then translocated

- Proteins imported into the matrix space usually possess an N-terminal signal 
sequence, which is removed by a signal peptidase after import

- The other proteins (destined to outer or inner membrane, or intermembrane space) 
have an internal signal sequence that is usually not removed

translation of 
mitochondrial protein 
precursor in cytosol

post-translational 
import into 

mitochondria
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Translocation into Mitochondria Depends on Signal Sequences 
and Protein Translocators
Proteins imported into mitochondria are usually taken up from the cytosol within 
seconds or minutes of their release from ribosomes. !us, in contrast to protein 
translocation into the ER, which often takes place simultaneously with translation 
by a ribosome docked on the rough ER membrane (described later), mitochon-
drial proteins are "rst fully synthesized as mitochondrial precursor proteins in 
the cytosol and then translocated into mitochondria by a post-translational mech-
anism. One or more signal sequences direct all mitochondrial precursor proteins 
to their appropriate mitochondrial subcompartment. Many proteins entering the 
matrix space contain a signal sequence at their N-terminus that a signal pepti-
dase rapidly removes after import. Other imported proteins, including all outer 
membrane and many inner membrane and intermembrane space proteins, have 
internal signal sequences that are not removed. !e signal sequences are both 
necessary and su#cient for the import and correct localization of the proteins: 
when genetic engineering techniques are used to link these signals to a cytosolic 
protein, the signals direct the protein to the correct mitochondrial subcompart-
ment.

!e signal sequences that direct precursor proteins into the mitochondrial 
matrix space are best understood. !ey all form an amphiphilic α helix, in which 
positively charged residues cluster on one side of the helix, while uncharged 
hydrophobic residues cluster on the opposite side. Speci"c receptor proteins that 
initiate protein translocation recognize this con"guration rather than the precise 
amino acid sequence of the signal sequence (Figure 12–20). 

Multisubunit protein complexes that function as protein translocators medi-
ate protein movement across mitochondrial membranes. !e TOM complex 
transfers proteins across the outer membrane, and two TIM complexes (TIM23 
and TIM22) transfer proteins across the inner membrane (Figure 12–21). !ese 
complexes contain some components that act as receptors for mitochondrial pre-
cursor proteins, and other components that form the translocation channels. 

!e TOM complex is required for the import of all nucleus-encoded mitochon-
drial proteins. It initially transports their signal sequences into the intermembrane 
space and helps to insert transmembrane proteins into the outer membrane. 
β-barrel proteins, which are particularly abundant in the outer membrane, are 
then passed on to an additional translocator, the SAM complex, which helps them 
to fold properly in the outer membrane. !e TIM23 complex transports some sol-
uble proteins into the matrix space and helps to insert transmembrane proteins 
into the inner membrane. !e TIM22 complex mediates the insertion of a sub-
class of inner membrane proteins, including the transporter that moves ADP, ATP, 
and phosphate in and out of mitochondria. Yet another protein translocator in 
the inner mitochondrial membrane, the OXA complex, mediates the insertion of 

THE TRANSPORT OF PROTEINS INTO MITOCHONDRIA AND CHLOROPLASTS

Leu

Met

NH3
+

Leu
Ser

Leu
Arg

Gln
Ser

Ile Arg Phe
Phe

Lys
Pro

Ala

Thr
Arg

Thr

1

18

(B)

MBoC6 m12.22/12.22

(A) (C)

Figure 12–20 A signal sequence 
for mitochondrial protein import. 
Cytochrome oxidase is a large multiprotein 
complex located in the inner mitochondrial 
membrane, where it functions as the 
terminal enzyme in the electron-transport 
chain (discussed in Chapter 14). (A) The 
first 18 amino acids of the precursor to 
subunit IV of this enzyme serve as a signal 
sequence for import of the subunit into 
the mitochondrion. (B) When the signal 
sequence is folded as an α helix, the 
positively charged amino acids (red) are 
clustered on one face of the helix, while 
the nonpolar ones (green) are clustered 
primarily on the opposite face. Uncharged 
polar amino acids are shaded orange; 
nitrogen atoms on the side chains of 
Arg and Gln are colored blue. Signal 
sequences that direct proteins into the 
matrix space always have the potential to 
form such an amphiphilic α helix, which is 
recognized by specific receptor proteins 
on the mitochondrial surface. (C) The 
structure of a signal sequence (of alcohol 
dehydrogenase, another mitochondrial 
matrix enzyme), bound to an import 
receptor (gray), as determined by nuclear 
magnetic resonance. The amphiphilic α 
helix binds with its hydrophobic face to  
a hydrophobic groove in the receptor  
(PDB code: 1OM2).

Cytochrome Oxidase Multi protein complex located in inner 
mitochondrial membrane. Terminal enzyme electron transport chain 
(Chapter 14 MCB)
First 18 a.a. are the signal locating to protein the mitochondrion
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those inner membrane proteins that are synthesized within mitochondria. It also 
helps to insert some imported inner membrane proteins that are initially trans-
ported into the matrix space by the other complexes. 

Mitochondrial Precursor Proteins Are Imported as Unfolded 
Polypeptide Chains
We have learned almost everything we know about the molecular mechanism of 
protein import into mitochondria from analyses of cell-free, reconstituted trans-
location systems, in which puri!ed mitochondria in a test tube import radiola-
beled mitochondrial precursor proteins. By changing the conditions in the test 
tube, it is possible to establish the biochemical requirements for the import.

Mitochondrial precursor proteins do not fold into their native structures after 
they are synthesized; instead, they remain unfolded in the cytosol through inter-
actions with other proteins. Some of these interacting proteins are general chap-
erone proteins of the hsp70 family (discussed in Chapter 6), whereas others are 
dedicated to mitochondrial precursor proteins and bind directly to their signal 
sequences. All the interacting proteins help to prevent the precursor proteins 
from aggregating or folding up spontaneously before they engage with the TOM 
complex in the outer mitochondrial membrane. As a !rst step in the import pro-
cess, the import receptors of the TOM complex bind the signal sequence of the 
mitochondrial precursor protein. "e interacting proteins are then stripped o#, 
and the unfolded polypeptide chain is fed—signal sequence !rst—into the trans-
location channel. 

In principle, a protein could reach the mitochondrial matrix space by either 
crossing the two membranes all at once or crossing one at a time. One can dis-
tinguish between these possibilities by cooling a cell-free mitochondrial import 
system to arrest the proteins at an intermediate step in the translocation process. 
"e result is that the arrested proteins no longer contain their N-terminal signal 
sequence, indicating that the N-terminus must be in the matrix space where the 
signal peptidase is located, but the bulk of the protein can still be attacked from 
outside the mitochondria by externally added proteolytic enzymes. Clearly, the 
precursor proteins can pass through both mitochondrial membranes at once to 
enter the matrix space (Figure 12–22). "e TOM complex !rst transports the sig-
nal sequence across the outer membrane to the intermembrane space, where it 
binds to a TIM complex, opening the channel in the complex. "e polypeptide 
chain is then either translocated into the matrix space or inserted into the inner 
membrane. 

Figure 12–21 The protein translocators 
in the mitochondrial membranes. The 
TOM, TIM, SAM, and OXA complexes are 
multimeric membrane protein assemblies 
that catalyze protein translocation across 
mitochondrial membranes. The protein 
components of the TIM22 and TIM23 
complexes that line the import channel are 
structurally related, suggesting a common 
evolutionary origin of both TIM complexes. 
On the matrix side, the TIM23 complex 
is bound to a multimeric protein complex 
containing mitochondrial hsp70, which 
acts as an import ATPase, using ATP 
hydrolysis to pull proteins through the pore. 
In animal cells, subtle variations exist in the 
subunit composition of the translocator 
complexes to adapt the mitochondrial 
import machinery to the particular needs of 
specialized cell types. SAM = Sorting and 
Assembly Machinery; OXA = cytochrome 
OXidase Activity; TIM = Translocator of the 
Inner Mitochondrial membrane;  
TOM = Translocator of the Outer 
Membrane.
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Although the TOM and TIM complexes usually work together to translocate 
precursor proteins across both membranes at the same time, they can work inde-
pendently. In isolated outer membranes, for example, the TOM complex can 
translocate the signal sequence of precursor proteins across the membrane. Sim-
ilarly, if the outer membrane is experimentally disrupted in isolated mitochon-
dria, the exposed TIM23 complex can e!ciently import precursor proteins into 
the matrix space. 

ATP Hydrolysis and a Membrane Potential Drive Protein Import 
Into the Matrix Space
Directional transport requires energy, which in most biological systems is sup-
plied by ATP hydrolysis. ATP hydrolysis fuels mitochondrial protein import at 
two discrete sites, one outside the mitochondria and one in the matrix space. In 
addition, protein import requires another energy source, which is the membrane 
potential across the inner mitochondrial membrane (Figure 12–23). 

"e #rst requirement for energy occurs at the initial stage of the translocation 
process, when the unfolded precursor protein, associated with chaperone pro-
teins, interacts with the import receptors of the TOM complex. As discussed in 
Chapter 6, the binding and release of newly synthesized polypeptides from the 
chaperone proteins requires ATP hydrolysis.

THE TRANSPORT OF PROTEINS INTO MITOCHONDRIA AND CHLOROPLASTS

Figure 12–22 Protein import by 
mitochondria. The N-terminal signal 
sequence of the mitochondrial precursor 
protein is recognized by receptors 
of the TOM complex. The protein is 
then translocated through the TIM23 
complex so that it transiently spans both 
mitochondrial membranes (Movie 12.3). 
The signal sequence is cleaved off by a 
signal peptidase in the matrix space to 
form the mature protein. The free signal 
sequence is then rapidly degraded (not 
shown). 
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Figure 12–23 The role of energy in protein import into the mitochondrial matrix space. (1) Bound cytosolic hsp70 
chaperone is released from the precursor protein in a step that depends on ATP hydrolysis. After initial insertion of the signal 
sequence and of adjacent portions of the polypeptide chain into the TOM complex translocation channel, the signal sequence 
interacts with a TIM complex. (2) The signal sequence is then translocated into the matrix space in a process that requires the 
energy in the membrane potential across the inner membrane. (3) Mitochondrial hsp70, which is part of an import ATPase 
complex, binds to regions of the polypeptide chain as they become exposed in the matrix space, pulling the protein through the 
translocation channel, using the energy of ATP hydrolysis. 
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Once the signal sequence has passed through the TOM complex and is bound 
to a TIM complex, further translocation through the TIM translocation channel 
requires the membrane potential, which is the electrical component of the elec-
trochemical H+ gradient across the inner membrane (see Figure 11–4). Pumping 
of H+ from the matrix space to the intermembrane space, driven by electron trans-
port processes in the inner membrane (discussed in Chapter 14), maintains the 
electrochemical gradient. !e energy in the electrochemical H+ gradient across 
the inner membrane therefore not only powers most of the cell’s ATP synthesis, 
but it also drives the translocation of the positively charged signal sequences 
through the TIM complexes by electrophoresis.

Mitochondrial hsp70 also plays a crucial part in the import process. Mito-
chondria containing mutant forms of the protein fail to import precursor proteins. 
!e mitochondrial hsp70 is part of a multisubunit protein assembly that is bound 
to the matrix side of the TIM23 complex and acts as a motor to pull the precursor 
protein into the matrix space. Like its cytosolic cousin, mitochondrial hsp70 has a 
high a"nity for unfolded polypeptide chains, and it binds tightly to an imported 
protein chain as soon as the chain emerges from the TIM translocator in the 
matrix space. !e hsp70 then undergoes a conformational change and releases 
the protein chain in an ATP-dependent step, exerting a ratcheting/pulling force 
on the protein being imported. !is energy-driven cycle of binding and subse-
quent release provides the #nal driving force needed to complete protein import 
after a protein has initially inserted into the TIM23 complex (see Figure 12–23). 

After the initial interaction with mitochondrial hsp70, many imported matrix 
proteins are passed on to another chaperone protein, mitochondrial hsp60. As 
discussed in Chapter 6, hsp60 helps the unfolded polypeptide chain to fold by 
binding and releasing it through cycles of ATP hydrolysis. 

Bacteria and Mitochondria Use Similar Mechanisms to Insert 
Porins into their Outer Membrane
!e outer mitochondrial membrane, like the outer membrane of Gram-negative 
bacteria (see Figure 11–17), contains abundant pore-forming β-barrel proteins 
called porins, and it is thus freely permeable to inorganic ions and metabolites 
(but not to most proteins). In contrast to other outer membrane proteins, which 
are anchored in the membrane through transmembrane α-helical regions, the 
TOM complex cannot integrate porins into the lipid bilayer. Instead, porins are 
#rst transported unfolded into the intermembrane space, where they transiently 
bind specialized chaperone proteins, which keep the porins from aggregating 
(Figure 12–24A). !ey then bind to the SAM complex in the outer membrane, 
which both inserts them into the outer membrane and helps them fold properly. 

One of the central subunits of the SAM complex is homologous to a bacterial 
outer membrane protein that helps insert β-barrel proteins into the bacterial outer 
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Figure 12–24 Integration of porins into 
the outer mitochondrial and bacterial 
membranes. (A) After translocation 
through the TOM complex in the outer 
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space. The SAM complex then inserts the 
unfolded polypeptide chain into the outer 
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(B) A structurally related BAM complex in 
the outer membrane of Gram-negative 
bacteria catalyzes β-barrel protein insertion 
and folding (see Figure 11–17).
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membrane from the periplasmic space (the equivalent of the intermembrane 
space in mitochondria) (Figure 12–24B). !is conserved pathway for inserting 
β-barrel proteins further underscores the endosymbiotic origin of mitochondria. 

Transport Into the Inner Mitochondrial Membrane and 
Intermembrane Space Occurs Via Several Routes
!e same mechanism that transports proteins into the matrix space using the 
TOM and TIM23 translocators (see Figure 12–22) also mediates the initial translo-
cation of many proteins that are destined for the inner mitochondrial membrane 
or the intermembrane space. In the most common translocation route, only the 
N-terminal signal sequence of the transported protein actually enters the matrix 
space (Figure 12–25A). A hydrophobic amino acid sequence, strategically placed 
after the N-terminal signal sequence, acts as a stop-transfer sequence, preventing 
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Figure 12–25 Protein import from the cytosol into the inner mitochondrial membrane and intermembrane space. (A) The N-terminal 
signal sequence (red) initiates import into the matrix space (see Figure 12–22). A hydrophobic sequence (blue) that follows the matrix-targeting 
signal sequence binds to the TIM23 translocator (orange) in the inner membrane and stops translocation. The remainder of the protein is then 
pulled into the intermembrane space through the TOM translocator in the outer membrane, and the hydrophobic sequence is released into the 
inner membrane anchoring the protein there. (B) A second route for protein integration into the inner membrane first delivers the protein completely 
into the matrix space. Cleavage of the signal sequence (red) used for the initial translocation unmasks an adjacent hydrophobic signal sequence 
(blue) at the new N-terminus. This signal then directs the protein into the inner membrane, using the same OXA-dependent pathway that inserts 
proteins that are encoded by the mitochondrial genome and translated in the matrix space. (C) Some soluble proteins of the intermembrane space 
also use the pathways shown in (A) and (B) before they are released into the intermembrane space by a second signal peptidase, which has its 
active site in the intermembrane space and removes the hydrophobic signal sequence. (D) Some soluble intermembrane-space proteins become 
oxidized by the Mia40 protein (Mia = mitochondrial intermembrane space assembly) during import. Mia40 forms a covalent intermediate through an 
intermolecular disulfide bond, which helps pull the transported protein through the TOM complex. Mia40 becomes reduced in the process, and then 
is reoxidized by the electron transport chain, so that it can catalyze the next round of import. (E) Multipass inner membrane proteins that function 
as metabolite transporters contain internal signal sequences and snake through the TOM complex as a loop. They then bind to the chaperones in 
the intermembrane space, which guide the proteins to the TIM22 complex. The TIM22 complex is specialized for the insertion of multipass inner 
membrane proteins.
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Although the TOM and TIM complexes usually work together to translocate 
precursor proteins across both membranes at the same time, they can work inde-
pendently. In isolated outer membranes, for example, the TOM complex can 
translocate the signal sequence of precursor proteins across the membrane. Sim-
ilarly, if the outer membrane is experimentally disrupted in isolated mitochon-
dria, the exposed TIM23 complex can e!ciently import precursor proteins into 
the matrix space. 

ATP Hydrolysis and a Membrane Potential Drive Protein Import 
Into the Matrix Space
Directional transport requires energy, which in most biological systems is sup-
plied by ATP hydrolysis. ATP hydrolysis fuels mitochondrial protein import at 
two discrete sites, one outside the mitochondria and one in the matrix space. In 
addition, protein import requires another energy source, which is the membrane 
potential across the inner mitochondrial membrane (Figure 12–23). 

"e #rst requirement for energy occurs at the initial stage of the translocation 
process, when the unfolded precursor protein, associated with chaperone pro-
teins, interacts with the import receptors of the TOM complex. As discussed in 
Chapter 6, the binding and release of newly synthesized polypeptides from the 
chaperone proteins requires ATP hydrolysis.
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Figure 12–22 Protein import by 
mitochondria. The N-terminal signal 
sequence of the mitochondrial precursor 
protein is recognized by receptors 
of the TOM complex. The protein is 
then translocated through the TIM23 
complex so that it transiently spans both 
mitochondrial membranes (Movie 12.3). 
The signal sequence is cleaved off by a 
signal peptidase in the matrix space to 
form the mature protein. The free signal 
sequence is then rapidly degraded (not 
shown). 
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Figure 12–23 The role of energy in protein import into the mitochondrial matrix space. (1) Bound cytosolic hsp70 
chaperone is released from the precursor protein in a step that depends on ATP hydrolysis. After initial insertion of the signal 
sequence and of adjacent portions of the polypeptide chain into the TOM complex translocation channel, the signal sequence 
interacts with a TIM complex. (2) The signal sequence is then translocated into the matrix space in a process that requires the 
energy in the membrane potential across the inner membrane. (3) Mitochondrial hsp70, which is part of an import ATPase 
complex, binds to regions of the polypeptide chain as they become exposed in the matrix space, pulling the protein through the 
translocation channel, using the energy of ATP hydrolysis. 
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Mitochondrial dynamics

Figure 14-56a  Molecular Biology of the Cell (© Garland Science 2008)

- Mitochondria arise from the division of an existing mitochondrion

- Mitochondrial transport is required to distribute mitochondria where they are needed.  Ex: in 
neurons, they are recruited to regions with high energy demands.

- Mitochondrial length, shape, size and number are controlled by fusion and fission

- Fission and fusion are complex, because of the double membrane, and because integrity of the 
separate mitochondrial compartments must be maintained 43
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Fission followed by autophagy gets rid of damaged mitochondria
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Phenotypes resulting from unbalanced fission-fusion

Functions and dysfunctions of mitochondrial dynamics. Scott A. Detmer & David C. Chan. Nature Reviews Molecular Cell Biology 8, 870-879 (2007)

Mitofusin (Mfn) controls fusion dynamin-related protein 1 
(DRP1) controls fission
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!uorescent protein (GFP), or cells can be incubated with a !uorescent dye that 
is speci"cally taken up by mitochondria because of their membrane potential. 
Such images demonstrate that the mitochondria in living cells are dynamic— 
frequently dividing by "ssion, fusing, and changing shape (Figure 14–62 and 
Movie 14.12). #e "ssion of mitochondria may be necessary so that small parts of 
the network can pinch o$ and reach remote regions of the cell—for example in the 
thin, extended axon and dendrites of a neuron.

#e "ssion and fusion of mitochondria are topologically complex processes that 
must ensure the integrity of the separate mitochondrial compartments de"ned by 
the inner and outer membranes. #ese processes control the number and shape 
of mitochondria, which can vary dramatically in di$erent cell types, ranging from 
multiple spherical or wormlike organelles to a highly branched, net-shaped single 
organelle called a reticulum. Each depends on its own special set of proteins. #e 
mitochondrial "ssion machine works by assembling dynamin-related GTPases 
(discussed in Chapter 13) into helical oligomers that cause local constrictions in 
tubular mitochondria. GTP hydrolysis then generates the mechanical force that 
severs the inner and outer mitochondrial membranes in one step (Figure 14–63). 
Mitochondrial fusion requires two separate machineries, one each for the outer 
and the inner membrane (Figure 14–64). In addition to GTP hydrolysis for force 
generation, both mechanisms also depend on the mitochondrial proton-motive 
force for reasons that are still unknown.

Animal Mitochondria Contain the Simplest Genetic Systems 
Known
Comparisons of DNA sequences in di$erent organisms reveal that, in vertebrates 
(including ourselves), the mutation rate during evolution has been roughly 100 
times greater in the mitochondrial genome than in the nuclear genome. #is 
di$erence is likely to be due to lower "delity of mitochondrial DNA replication, 
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Figure 14–62 The mitochondrial reticulum is dynamic. (A) In yeast cells, mitochondria form a continuous reticulum on the 
cytoplasmic side of the plasma membrane (stereo pair). (B) A balance between fission and fusion determines the arrangement 
of the mitochondria in different cells. (C) Time-lapse fluorescent microscopy shows the dynamic behavior of the mitochondrial 
network in a yeast cell. In addition to shape changes, fission and fusion constantly remodel the network (red arrows). These 
pictures were taken at 3-minute intervals. (A and C, from J. Nunnari et al., Mol. Biol. Cell 8:1233–1242, 1997. With permission 
from the American Society for Cell Biology.)
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Figure 14–63 A model for mitochondrial division. Dynamin-1 (yellow) 
exists as dimers in the cytosol, which form larger oligomeric structures in a 
process that requires GTP hydrolysis. Dynamin assemblies interact with the 
outer mitochondrial membrane through special adaptor proteins, forming a 
spiral of GTP-dynamin around the mitochondrion that causes a constriction. 
A concerted GTP-hydrolysis event in the dynamin subunits is then thought to 
produce the conformational changes that result in fission. (Adapted from S. 
Hoppins, L. Lackner and J. Nunnari, Annu. Rev. Biochem. 76:751–780, 2007.)
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mitochondrial fission driven by Dynamin-1
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ine!cient DNA repair, or both, given that the mechanisms that perform these pro-
cesses in the organelle are relatively simple compared with those in the nucleus. 
As discussed in Chapter 4, the relatively high rate of evolution of animal mito-
chondrial genes makes a comparison of mitochondrial DNA sequences especially 
useful for estimating the dates of relatively recent evolutionary events, such as the 
steps in primate evolution.

"ere are 13 protein-encoding genes in human mitochondrial DNA (Figure 
14–65). "ese code for hydrophobic components of the respiratory-chain com-
plexes and of ATP synthase. In contrast, roughly 1000 mitochondrial proteins are 
encoded in the nucleus, produced on cytosolic ribosomes, and imported by the 
protein import machinery in the outer and inner membrane (discussed in Chap-
ter 12). It has been suggested that the cytosolic production of hydrophobic mem-
brane proteins and their import into the organelle may present a problem to the 
cell, and that this is the reason why their genes have remained in the mitochon-
drion. However, some of the most hydrophobic mitochondrial proteins, such as 
the c subunit of the ATP synthase rotor ring, are imported from the cytosol in some 
species (though they are mitochondrially encoded in others). And the parasites 
Plasmodium falciparum and Leishmania tarentolae, which spend most of their 
life cycles inside cells of their host organisms, have retained only two or three 
mitochondrially encoded proteins.

"e size range of mitochondrial DNAs is similar to that of viral DNAs. "e 
mitochondrial DNA in Plasmodium falciparum (the human malaria parasite) has 
less than 6000 nucleotide pairs, whereas the mitochondrial DNAs of some land 
plants contain more than 300,000 nucleotide pairs (Figure 14–66). In animals, the 
mitochondrial genome is a simple DNA circle of about 16,600 nucleotide pairs 
(less than 0.001% of the nuclear genome), and it is nearly the same size in organ-
isms as di#erent from us as Drosophila and sea urchins.

Mitochondria Have a Relaxed Codon Usage and Can Have a 
Variant Genetic Code
"e human mitochondrial genome has several surprising features that distin-
guish it from nuclear, chloroplast, and bacterial genomes:

1. Dense gene packing. Unlike other genomes, the human mitochondrial 
genome seems to contain almost no noncoding DNA: nearly every nucle-
otide seems to be part of a coding sequence, either for a protein or for one 
of the rRNAs or tRNAs. Since these coding sequences run directly into each 
other, there is very little room left for regulatory DNA sequences.

2. Relaxed codon usage. Whereas 30 or more tRNAs specify amino acids in the 
cytosol and in chloroplasts, only 22 tRNAs are required for mitochondrial 
protein synthesis. "e normal codon–anticodon pairing rules are relaxed 
in mitochondria, so that many tRNA molecules recognize any one of the 
four nucleotides in the third (wobble) position. Such “2 out of 3” pairing 
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Figure 14–64 A model for mitochondrial 
fusion. The fusions of the outer and inner 
mitochondrial membranes are coordinated 
sequential events, each of which requires 
a separate set of protein factors. Outer 
membrane fusion is brought about by an 
outer-membrane GTPase (purple), which 
forms an oligomeric complex that includes 
subunits anchored in the two membranes 
to be fused. Fusion of outer membranes 
requires GTP and an H+ gradient across 
the inner membrane. For fusion of the inner 
membrane, a dynamin-related protein  
forms an oligomeric tethering complex 
(blue) that includes subunits anchored in  
the two inner membranes to be fused. 
Fusion of the inner membranes requires 
GTP and the electrical component of the 
potential across the inner membrane. 
(Adapted from S. Hoppins, L. Lackner  
and J. Nunnari, Annu. Rev. Biochem. 
76:751–780, 2007.)
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Figure 14–65 The organization of the 
human mitochondrial genome. The 
human mitochondrial genome of ≈16,600 
nucleotide pairs contains 2 rRNA genes, 
22 tRNA genes, and 13 protein-coding 
sequences. There are two transcriptional 
promoters, one for each strand of the 
mitochondrial DNA (mtDNA). The DNAs of 
many other animal mitochondrial genomes 
have been completely sequenced. Most of 
these animal mitochondrial DNAs encode 
precisely the same genes as humans, with 
the gene order being identical for animals 
ranging from fish to mammals.
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Mechanisms of mitochondrial fusion

48

Fusion of MOM is mediated by both Mfn1 
and Mfn2; they form oligomers between 
mitochondria (in trans) to initiate fusion. 

MOM: mitochondrial outer membrane
MIM: mitochondrial inner membrane

Fusion of MIM is mediated by Opa1

Mfn = mitofusin
Opa = optic atrophy protein



the extreme cristae compartmentalization,100 as discussed in
detail below.

Like fission, mitochondrial fusion can be regulated by cyto-
solic signals.105 For example, fusion is required to sustain ATP
biosynthesis for the increased demands in the early steps of
apoptosis, mitotic progression, or cellular senescence. The rele-
vance of fusion for organismal health is further substantiated by
the embryonic lethality inmousemodels lackingMfn1,Mfn2, and
Opa1106–108 and by the severe genetic diseases caused by mu-
tations in MFN2 and OPA1 in humans.9

Opa1
The large GTPase Opa1 is the only dynamin-like protein discov-
ered so far in the IMM. Opa1 is essential for mitochondrial elon-
gation, resulting in fragmentation and mtDNA loss if absent.109

OPA1 mutations were identified as the most common cause of
ADOA,17,18 andOpa1 loss of function in themouse, which results
in embryonic lethality.106

In humans, eight alternative splice variants of Opa1 exist. The
mature Opa1 protein can be proteolytically cleaved at three sites
by the metalloproteases YME1 Like 1 ATPase (YME1L1) and

overlapping with the M-AAA protease 1 (OMA1). A non-canoni-
cal cleavagemay also be exerted by presenilin associated rhom-
boid like (PARL), which originates a soluble IMS fraction that
complexes with the IMM-anchored l-Opa1 to keep cristae junc-
tions (CJs) tight (reviewed by Sprenger and Langer110).
Opa1 is required on only one IMM of the two opposing mito-

chondria to drive fusion96 (Figures 4A and 4B). Indeed, Opa1
can bind in trans to the lipid cardiolipin (CL) in the IMM of the
opposing mitochondria, as elegantly demonstrated by the group
of Ishihara.111,112 In thisminimalmodel, Opa1 andCL heterotypi-
cally interact and require Opa1-mediated GTP hydrolysis to
mediate fusion but not tethering.113 However, this scenario is
complicated in intact mitochondria, where Opa1 requires Mfn1
but not Mfn2, probably as a way to coordinate IMM and OMM
fusion.114 Indeed, Opa1 can also co-localize with Mfn1 at mito-
chondrial-ER contacts that mark points of fusion.115 In yeast,
the protein Ugo1p coordinates the fusion of both membranes
by bridging Mgm1p and Fzo1, the homologs of Opa1 and Mito-
fusins (Mfns), respectively.116,117 In mammals, Slc25a46 has
been suggested as the ortholog of Ugo1p. Slc25a46 interacts

Figure 4. Mitochondrial outer and inner membrane fusion
(A and B) The sequential fusion of the outer mitochondrial membrane (OMM) and inner mitochondrial membrane (IMM) is shown from left to right. Note that both
OMM and IMM fusion depend on the effective hydrolysis of GTP by the respective shaping proteins to account for the effective fusion of membranes. Homotypic
or heterotypic Mfn1 and Mfn2 combinations tether and dock the OMM before its effective fusion. Fusion allows the sharing of components of the OMM and the
intermembrane space (IMS) from the original mitochondria into a newly elongated one. Once the OMM is fused, long forms of Opa1 (l-Opa1) capitalize on an initial
tethering of the IMM followed by a docking step. The interaction of l-Opa1 and cardiolipin at opposite sites is required for effective IMM fusion, which is fostered
by heterotypic interactions between l-Opa1 and short Opa1 (s-Opa1) (B) and GTP hydrolysis.101 These steps may be coordinated with the initial formation of
oligomers at the IMM, as reported for Opa1102 and its yeast ortholog Mgm1.103,104 As shown in (A), s-Mgm1/Opa1 assemble into dimers as building blocks and
subsequently tetramers that grow into helical filaments to form a lattice at the IMM, facing the intermembrane space. This occurs at buds in trans from the two
fusing mitochondria and helps stabilize the curvature of the membrane at the fusion site. After fusion of the IMM (bottom right), l-Opa1 and s-Opa1 are sorted to
both sides of the fused site.
(C) In the same scheme, an inset shows the distribution of s-Mgm1/Opa1 anchored in the luminal side of cristae to form helical structures that constrict
(left-handed helixes) or expand (right-handed helixes) cristae to regulate their dynamic transitions and stabilize them in coordination with the constricting activity
of MICOS and ATPase.103,104
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Programmed cell death
• Apoptosis -> 

• Intrinsic regulation: Mitochondria
• Extrinsic regulation: cell signalling

• Phagocytosis
• Ferroptosis 
• Necroptosis (Phenotypically similar to necrosis, but the induction is 

controlled)
• Pyroptosis (during infection)
• Cornification (Skin keratinization)
• …
Unprogrammed
• Necrosis

Cell death
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A guide to cell death pathways
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Abstract

Regulated cell death mediated by dedicated molecular machines, 
known as programmed cell death, plays important roles in health 
and disease. Apoptosis, necroptosis and pyroptosis are three such 
programmed cell death modalities. The caspase family of cysteine 
proteases serve as key regulators of programmed cell death. During 
apoptosis, a cascade of caspase activation mediates signal transduction 
and cellular destruction, whereas pyroptosis occurs when activated 
caspases cleave gasdermins, which can then form pores in the plasma 
membrane. Necroptosis, a form of caspase-independent programmed 
necrosis mediated by RIPK3 and MLKL, is inhibited by caspase-8-
mediated cleavage of RIPK1. Disruption of cellular homeostatic 
mechanisms that are essential for cell survival, such as normal ionic 
and redox balance and lysosomal flux, can also induce cell death 
without invoking programmed cell death mechanisms. Excitotoxicity, 
ferroptosis and lysosomal cell death are examples of such cell death 
modes. In this Review, we provide an overview of the major cell 
death mechanisms, highlighting the latest insights into their complex 
regulation and execution, and their relevance to human diseases.
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Distinct forms of cell death 1022 Chapter 18:  Cell Death

In some cases, the answer is clear. Cell death helps sculpt hands and feet dur-
ing embryonic development: they start out as spade-like structures, and the indi-
vidual digits separate only as the cells between them die, as illustrated for a mouse 
paw in Figure 18–2. In other cases, cells die when the structure they form is no 
longer needed. When a tadpole changes into a frog at metamorphosis, the cells 
in the tail die, and the tail, which is not needed in the frog, disappears. Apopto-
sis also functions as a quality-control process in development, eliminating cells 
that are abnormal, misplaced, nonfunctional, or potentially dangerous to the ani-
mal. Striking examples occur in the vertebrate adaptive immune system, where 
apoptosis eliminates developing T and B lymphocytes that either fail to produce 
potentially useful antigen-speci!c receptors or produce self-reactive receptors 
that make the cells potentially dangerous (discussed in Chapter 24); it also elimi-
nates most of the lymphocytes activated by an infection, after they have helped 
destroy the responsible microbes. 

In adult tissues that are neither growing nor shrinking, cell death and cell divi-
sion must be tightly regulated to ensure that they are exactly in balance. If part of 
the liver is removed in an adult rat, for example, liver cell proliferation increases 
to make up the loss. Conversely, if a rat is treated with the drug phenobarbital—
which stimulates liver cell division (and thereby liver enlargement)—and then the 
phenobarbital treatment is stopped, apoptosis in the liver greatly increases until 
the liver has returned to its original size, usually within a week or so. "us, the liver 
is kept at a constant size through the regulation of both the cell death rate and the 
cell birth rate. "e control mechanisms responsible for such regulation are largely 
unknown.

Animal cells can recognize damage in their various organelles and, if the dam-
age is great enough, they can kill themselves by undergoing apoptosis. An impor-
tant example is DNA damage, which can produce cancer-promoting mutations 
if not repaired. Cells have various ways of detecting DNA damage, and undergo 
apoptosis if they cannot repair it.

Apoptosis Depends on an Intracellular Proteolytic Cascade That Is 
Mediated by Caspases
Apoptosis is triggered by members of a family of specialized intracellular pro-
teases, which cleave speci!c sequences in numerous proteins inside the cell, 
thereby bringing about the dramatic changes that lead to cell death and engulf-
ment. "ese proteases have a cysteine at their active site and cleave their target 
proteins at speci!c aspartic acids; they are therefore called caspases (c for cys-
teine and asp for aspartic acid). Caspases are synthesized in the cell as inactive 
precursors and are activated only during apoptosis. "ere are two major classes of 
apoptotic caspases: initiator caspases and executioner caspases.
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Figure 18–1 Two distinct forms of cell 
death. These electron micrographs show 
cells that have died by apoptosis (A and 
B) or by necrosis (C). The cells in (A) and 
(C) died in a culture dish, whereas the cell 
in (B) died in a developing tissue and has 
been engulfed by a phagocytic cell. Note 
that the cells in (A) and (B) have condensed 
but seem relatively intact, whereas the cell 
in (C) seems to have exploded. The large 
vacuoles visible in the cytoplasm of the cell 
in (A) are a variable feature of apoptosis. 
(Courtesy of Julia Burne.)

Figure 18–2 Sculpting the digits in the 
developing mouse paw by apoptosis. 
(A) The paw in this mouse fetus has been 
stained with a dye that specifically labels 
cells that have undergone apoptosis.  
The apoptotic cells appear as bright  
green dots between the developing digits.  
(B) The interdigital cell death has eliminated 
the tissue between the developing digits, 
as seen one day later, when there are very 
few apoptotic cells. (From W. Wood et 
al., Development 127:5245–5252, 2000. 
With permission from The Company of 
Biologists.)
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Heterophagy
A term of Greek origin 
indicating the cellular digestion 
of an exogenous substance,  
cell or subcellular particle that 
has been taken up from the 
extracellular microenvironment.

Autophagy
A pathway for the recycling  
of cellular contents, in which 
materials inside the cell are 
packaged into vesicles and are 
then targeted to the vacuole  
or lysosome for bulk turnover. 
Autophagy is thought to be 
prominently cytoprotective.

Caspase
A Cys protease that cleaves its 
substrate after an Asp residue. 
Caspases play a crucial part in 
both the initiation (caspase 2, 
caspase 8, caspase 9 and 
caspase 10) and execution 
(caspase 3, caspase 6 and 
caspase 7) of apoptosis, and 
they are also required for many 
processes that are unrelated  
to cell death, such as the 
differentiation of several cell 
types161.

Glutaminolysis
The bioenergetic pathway by 
which Glu or Gln is converted 
to α-ketoglutarate, an 
intermediate of the Krebs 
cycle. Thus, glutaminolysis can 
provide substrates for ATP 
generation by oxidative 
phosphorylation or stimulate 
the generation of pyruvate 
through malate 
decarboxylation.

Mitochondrial permeability 
transition
Long-lasting openings of the 
PTPC lead to an abrupt 
increase in the inner 
mitochondrial membrane’s 
permeability to ions and 
low-molecular-mass solutes, 
thus provoking osmotic 
swelling of the mitochondrial 
matrix and rupture of the 
mitochondrial outer 
membrane.

Apoptotic body 
A membrane-surrounded 
vesicle that is shed from dying 
cells during the late stages of 
apoptosis and that may include 
portions of the nucleus and/or 
apparently normal organelles.

Initiation of necroptosis: the receptors
A sizeable fraction of cells dying in vivo in response to 
ischaemia–reperfusion, physical or chemical trauma, viral 
or bacterial infection, or neurodegenerative pro cesses 
exhibit morphological features of necrosis27 (BOX 1). 
Although necrosis was initially believed to be triggered 
by excessively harsh microenvironmental conditions, 
killing cells in an uncontrollable manner, it turned out 
that the molecular mechanisms of pathological cell loss 
(in particular ischaemia–reperfusion-induced necrosis) 
partially overlap with the biochemical cascades that 
mediate necroptosis (reviewed in REF. 28).

Death receptors in the initiation of necroptosis. 
Necroptosis can be induced by the ligation of death 
receptors, including CD95 (also known as FAS; which 
binds the ligand CD95L (also known as FASL))29, 
TNF  receptor 1 (TNFR1), TNFR2 (REFS  6,13,30), 
TNF-related apoptosis-inducing ligand receptor 1 
(TRAILR1) and TRAILR2 (REF. 9.) These receptors usu-
ally activate the apoptotic machinery, and their cyto-
toxicity often requires the presence of transcriptional 
or translational inhibitors, suggesting the existence 
of short-lived cytoprotective proteins that are con-
tinuously being synthesized (reviewed in REFS 31,32). 
Nevertheless, in some cell lines and primary cells, the 

presence of caspase inhibitors (which block apoptosis) 
unveils a caspase-independent cell death pathway that 
emanates from death receptors and culminates in a 
necrotic morphology33.

PRRs in the initiation of necroptosis. Although the 
underlying molecular mechanisms remain elusive, it 
seems that necroptosis can also be initiated by mem-
bers of the pathogen recognition receptor (PRR)  
family, which include plasma membrane or endosome 
membrane-associated Toll-like receptors, cytosolic 
NOD-like receptors and retinoic acid-inducible gene I- 
like receptors. All of these are expressed by cells of the 
innate immune system to sense pathogen-associated 
molecular patterns (PAMPs), such as viral or bacterial 
nucleotides, lipoproteins, lipopolysaccharide or peptido-
glycans, and respond by triggering inflammation or 
cell death34.

Various PAMPs have been shown to induce necrop-
tosis by activating PRRs in different cell types. For 
example, viral dsRNA induces necroptotic cell death 
in human Jurkat T lymphocytes and murine fibro-
sarcoma L929 cells35, and lipopolysaccharide does 
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In 1972, Kerr and colleagues introduced the term ‘apoptosis’ (a Greek word describing falling leaves) to indicate a type of 
cell death that is morphologically distinct from necrosis2. For more than three decades, apoptosis was considered the sole 
mechanism of developmental and homeostatic cell death, as well as the only outcome of the activation of a specific class 
of proteases, caspases161. Now, multiple types of cell death have been classified according to morphological, biochemical 
or functional aspects, generating a rather diversified nomenclature5. Although biochemical definitions are expected to 
gradually replace the current vocabulary, the terms apoptosis and necrosis are firmly established in scientific literature5.

Apoptosis exhibits peculiar morphological traits, including pseudopod retraction, the rounding up of cells, decreased 
cellular volume (pyknosis), chromatin condensation and nuclear fragmentation (karyorrhexis), blebbing of the intact 
plasma membrane, shedding of vacuoles containing cytoplasmic portions and apparently unchanged organelles (known 
as apoptotic bodies), and the in vivo uptake of apoptotic corpses by neighbouring cells or professional phagocytes (see 
the figure, part a). When phagocytosis is inefficient, apoptotic bodies progressively lose integrity and their content spills 
into the extracellular milieu (secondary necrosis).

Dying cells were initially catalogued as necrotic in a negative manner; that is, when they failed to display the morphology 
of apoptotic or autophagic cell death5. However, necrotic cells exhibit some common morphological features, including an 
increasingly translucent cytoplasm, swelling of organelles, minor ultrastructural modifications of the nucleus (specifically, 
dilatation of the nuclear membrane and condensation of chromatin into small, irregular, circumscribed patches) and 
increased cell volume (oncosis), culminating in the disruption of the plasma membrane (see the figure, part b). Necrotic 
cells do not fragment into discrete corpses as their apoptotic counterparts do. Moreover, their nuclei remain intact and can 
aggregate and accumulate in 
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Importantly, although the 
signalling pathways and/or 
biochemical events leading  
to necroptosis, accidental 
necrosis and secondary 
necrosis are clearly distinct, 
these cell death modes are 
accompanied by similar 
end-stage degradation and 
disintegration processes, 
implying that it is impossible 
to discriminate among them 
based on single end-point 
morphological 
assessments24,162,163.
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In some cases, the answer is clear. Cell death helps sculpt hands and feet dur-
ing embryonic development: they start out as spade-like structures, and the indi-
vidual digits separate only as the cells between them die, as illustrated for a mouse 
paw in Figure 18–2. In other cases, cells die when the structure they form is no 
longer needed. When a tadpole changes into a frog at metamorphosis, the cells 
in the tail die, and the tail, which is not needed in the frog, disappears. Apopto-
sis also functions as a quality-control process in development, eliminating cells 
that are abnormal, misplaced, nonfunctional, or potentially dangerous to the ani-
mal. Striking examples occur in the vertebrate adaptive immune system, where 
apoptosis eliminates developing T and B lymphocytes that either fail to produce 
potentially useful antigen-speci!c receptors or produce self-reactive receptors 
that make the cells potentially dangerous (discussed in Chapter 24); it also elimi-
nates most of the lymphocytes activated by an infection, after they have helped 
destroy the responsible microbes. 

In adult tissues that are neither growing nor shrinking, cell death and cell divi-
sion must be tightly regulated to ensure that they are exactly in balance. If part of 
the liver is removed in an adult rat, for example, liver cell proliferation increases 
to make up the loss. Conversely, if a rat is treated with the drug phenobarbital—
which stimulates liver cell division (and thereby liver enlargement)—and then the 
phenobarbital treatment is stopped, apoptosis in the liver greatly increases until 
the liver has returned to its original size, usually within a week or so. "us, the liver 
is kept at a constant size through the regulation of both the cell death rate and the 
cell birth rate. "e control mechanisms responsible for such regulation are largely 
unknown.

Animal cells can recognize damage in their various organelles and, if the dam-
age is great enough, they can kill themselves by undergoing apoptosis. An impor-
tant example is DNA damage, which can produce cancer-promoting mutations 
if not repaired. Cells have various ways of detecting DNA damage, and undergo 
apoptosis if they cannot repair it.

Apoptosis Depends on an Intracellular Proteolytic Cascade That Is 
Mediated by Caspases
Apoptosis is triggered by members of a family of specialized intracellular pro-
teases, which cleave speci!c sequences in numerous proteins inside the cell, 
thereby bringing about the dramatic changes that lead to cell death and engulf-
ment. "ese proteases have a cysteine at their active site and cleave their target 
proteins at speci!c aspartic acids; they are therefore called caspases (c for cys-
teine and asp for aspartic acid). Caspases are synthesized in the cell as inactive 
precursors and are activated only during apoptosis. "ere are two major classes of 
apoptotic caspases: initiator caspases and executioner caspases.
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Figure 18–1 Two distinct forms of cell 
death. These electron micrographs show 
cells that have died by apoptosis (A and 
B) or by necrosis (C). The cells in (A) and 
(C) died in a culture dish, whereas the cell 
in (B) died in a developing tissue and has 
been engulfed by a phagocytic cell. Note 
that the cells in (A) and (B) have condensed 
but seem relatively intact, whereas the cell 
in (C) seems to have exploded. The large 
vacuoles visible in the cytoplasm of the cell 
in (A) are a variable feature of apoptosis. 
(Courtesy of Julia Burne.)

Figure 18–2 Sculpting the digits in the 
developing mouse paw by apoptosis. 
(A) The paw in this mouse fetus has been 
stained with a dye that specifically labels 
cells that have undergone apoptosis.  
The apoptotic cells appear as bright  
green dots between the developing digits.  
(B) The interdigital cell death has eliminated 
the tissue between the developing digits, 
as seen one day later, when there are very 
few apoptotic cells. (From W. Wood et 
al., Development 127:5245–5252, 2000. 
With permission from The Company of 
Biologists.)
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Apoptosis plays an important 
role during development of 
many tissues

Clearing of defective cells
Example: Cells with DNA damage 





Intrinsic and extrinsic activation of apoptosis

The initiator caspase (9 or 8) 
differs, but the pathways 
converge on the executioner 
caspases (3, 7)

XIAP and FLIP block caspases 
and are essential to ensure tight, 
all-or-nothing regulation

9
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Initiator caspases, as their name implies, begin the apoptotic process. !ey 
normally exist as inactive, soluble monomers in the cytosol. An apoptotic signal 
triggers the assembly of large protein platforms that bring multiple initiator cas-
pases together into large complexes. Within these complexes, pairs of caspases 
associate to form dimers, resulting in protease activation (Figure 18–3). Each cas-
pase in the dimer then cleaves its partner at a speci"c site in the protease domain, 
which stabilizes the active complex and is required for the proper function of the 
enzyme in the cell. 

!e major function of the initiator caspases is to activate the executioner cas-
pases. !ese normally exist as inactive dimers. When they are cleaved by an ini-
tiator caspase at a site in the protease domain, the active site is rearranged from 
an inactive to an active conformation. One initiator caspase complex can activate 
many executioner caspases, resulting in an amplifying proteolytic cascade. Once 
activated, executioner caspases catalyze the widespread protein cleavage events 
that kill the cell. 

Various experimental approaches have led to the identi"cation of over a thou-
sand proteins that are cleaved by caspases during apoptosis. Only a few of these 
proteins have been studied in any detail. !ese include the nuclear lamins, the 
cleavage of which causes the irreversible breakdown of the nuclear lamina (dis-
cussed in Chapter 12). Another target is a protein that normally holds a DNA-
degrading endonuclease in an inactive form; its cleavage frees the endonuclease 
to cut up the DNA in the cell nucleus (Figure 18–4). Other target proteins include 
components of the cytoskeleton and cell–cell adhesion proteins that attach cells 
to their neighbors; the cleavage of these proteins helps the apoptotic cell to round 
up and detach from its neighbors, making it easier for a neighboring cell to engulf 
it, or, in the case of an epithelial cell, for the neighbors to extrude the apoptotic cell 
from the cell sheet. !e caspase cascade is not only destructive and self-amplify-
ing but also irreversible, so that once a cell starts out along the path to destruction, 
it cannot turn back.

How is the initiator caspase "rst activated in response to an apoptotic signal? 
!e two best-understood activation mechanisms in mammalian cells are called 
the extrinsic pathway and the intrinsic, or mitochondrial, pathway. Each uses its 
own initiator caspase and activation system, as we now discuss.
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Figure 18–3 Caspase activation during 
apoptosis. An initiator caspase contains 
a protease domain in its carboxy-terminal 
region and a small protein interaction 
domain near its amino terminus. It is initially 
made in an inactive, monomeric form, 
sometimes called procaspase. Apoptotic 
signals trigger the assembly of adaptor 
proteins carrying multiple binding sites 
for the caspase amino-terminal domain. 
Upon binding to the adaptor proteins, the 
initiator caspases dimerize and are thereby 
activated, leading to cleavage of a specific 
site in their protease domains. Each 
protease domain is then rearranged into 
a large and small subunit. In some cases 
(not shown), the adaptor-binding domain 
of the initiator caspase is also cleaved (see 
Figure 18–5). Executioner caspases are 
initially formed as inactive dimers. Upon 
cleavage at a site in the protease domain 
by an initiator caspase, the executioner 
caspase dimer undergoes an activating 
conformational change. The executioner 
caspases then cleave a variety of key 
proteins, leading to the controlled death of 
the cell.
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DNA fragmentation during apoptosis by an endonuclease CAD 
1024 Chapter 18:  Cell Death

Cell-Surface Death Receptors Activate the Extrinsic Pathway of 
Apoptosis
Extracellular signal proteins binding to cell-surface death receptors trigger the 
extrinsic pathway of apoptosis. Death receptors are transmembrane proteins 
containing an extracellular ligand-binding domain, a single transmembrane 
domain, and an intracellular death domain, which is required for the receptors 
to activate the apoptotic program. !e receptors are homotrimers and belong to 
the tumor necrosis factor (TNF) receptor family, which includes a receptor for TNF 
itself and the Fas death receptor. !e ligands that activate the death receptors are 
also homotrimers; they are structurally related to one another and belong to the 
TNF family of signal proteins. 

A well-understood example of how death receptors trigger the extrinsic path-
way of apoptosis is the activation of Fas on the surface of a target cell by Fas ligand 
on the surface of a killer (cytotoxic) lymphocyte. When activated by the binding 
of Fas ligand, the death domains on the cytosolic tails of the Fas death receptors 
bind intracellular adaptor proteins, which in turn bind initiator caspases (pri-
marily caspase-8), forming a death-inducing signaling complex (DISC). Once 
dimerized and activated in the DISC, the initiator caspases cleave their partners 
and then activate downstream executioner caspases to induce apoptosis (Figure 
18–5). In some cells, the extrinsic pathway recruits the intrinsic apoptotic path-
way to amplify the caspase cascade and kill the cell.
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Figure 18–4 DNA fragmentation during apoptosis. (A) In healthy cells, the endonuclease CAD associates with its inhibitor, 
iCAD. Activation of executioner caspases in the cell leads to cleavage of iCAD, which unleashes the nuclease. Activated CAD 
cuts the chromosomal DNA between nucleosomes, resulting in the production of DNA fragments that form a ladder pattern 
(see B) upon gel electrophoresis. (B) Mouse thymus lymphocytes were treated with an antibody against the cell-surface death 
receptor Fas (discussed in the text), inducing the cells to undergo apoptosis. DNA was extracted at the times indicated above 
the figure, and the fragments were separated by size by electrophoresis in an agarose gel and stained with ethidium bromide. 
Because the cleavages occur in the linker regions between nucleosomes, the fragments separate into a characteristic ladder 
pattern on these gels. Note that in gel electrophoresis, smaller molecules are more widely separated in the lower part of the gel, 
so that removal of a single nucleosome has a greater apparent effect on their gel mobility. (C) Apoptotic nuclei can be detected 
using a technique that adds a fluorescent label to DNA ends. In the image shown here, this technique was used in a tissue 
section of a developing chick leg bud; this cross section through the skin and underlying tissue is from a region between two 
developing digits, as indicated in the underlying drawing. The procedure is called the TUNEL (TdT-mediated dUTP nick end 
labeling) technique because the enzyme terminal deoxynucleotidyl transferase (TdT) adds chains of labeled deoxynucleotide 
(dUTP) to the 3ʹ-OH ends of DNA fragments. The presence of large numbers of DNA fragments therefore results in bright 
fluorescent dots in apoptotic cells. (B, from D. McIlroy et al., Genes Dev. 14:549–558, 2000. With permission from Cold Spring 
Harbor Laboratory Press; C, from V. Zuzarte-Luís and J.M. Hurlé, Int. J. Dev. Biol. 46:871–876, 2002. With permission from 
UBC Press.)
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The extrinsic pathway of apoptosis activated through Fas death 
receptors 
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Many cells produce inhibitory proteins that act to restrain the extrinsic path-
way. For example, some cells produce the protein FLIP, which resembles an ini-
tiator caspase but has no protease activity because it lacks the key cysteine in its 
active site. FLIP dimerizes with caspase-8 in the DISC; although caspase-8 appears 
to be active in these heterodimers, it is not cleaved at the site required for its stable 
activation, and the apoptotic signal is blocked. Such inhibitory mechanisms help 
prevent the inappropriate activation of the extrinsic pathway of apoptosis.

The Intrinsic Pathway of Apoptosis Depends on Mitochondria 
Cells can also activate their apoptosis program from inside the cell, often in 
response to stresses, such as DNA damage, or in response to developmen-
tal signals. In vertebrate cells, these responses are governed by the intrinsic, or  
mitochondrial, pathway of apoptosis, which depends on the release into the cyto-
sol of mitochondrial proteins that normally reside in the intermembrane space 
of these organelles (see Figure 12–19). Some of the released proteins activate a 
caspase proteolytic cascade in the cytoplasm, leading to apoptosis.

A key protein in the intrinsic pathway is cytochrome c, a water-soluble com-
ponent of the mitochondrial electron-transport chain. When released into the 
cytosol (Figure 18–6), it takes on a new function: it binds to an adaptor protein 
called Apaf1 (apoptotic protease activating factor-1), causing the Apaf1 to oligo-
merize into a wheel-like heptamer called an apoptosome. !e Apaf1 proteins in 
the apoptosome then recruit initiator caspase-9 proteins, which are thought to 
be activated by proximity in the apoptosome, just as caspase-8 is activated in the 
DISC. !e activated caspase-9 molecules then activate downstream executioner 
caspases to induce apoptosis (Figure 18–7).

Bcl2 Proteins Regulate the Intrinsic Pathway of Apoptosis 
!e intrinsic pathway of apoptosis is tightly regulated to ensure that cells kill 
themselves only when it is appropriate. A major class of intracellular regulators of 
the intrinsic pathway is the Bcl2 family of proteins, which, like the caspase family, 
has been conserved in evolution from worms to humans; a human Bcl2 protein, 
for example, can suppress apoptosis when expressed in the worm Caenorhabditis 
elegans.
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Figure 18–5 The extrinsic pathway of 
apoptosis activated through Fas death 
receptors. Trimeric Fas ligands on the 
surface of a killer lymphocyte interact with 
trimeric Fas receptors on the surface of the 
target cell, leading to clustering of several 
ligand-bound receptor trimers (only one 
trimer is shown here for clarity). Receptor 
clustering activates death domains on the 
receptor tails, which interact with similar 
domains on the adaptor protein FADD 
(FADD stands for Fas-associated death 
domain). Each FADD protein then recruits 
an initiator caspase (caspase-8) via a 
death effector domain on both FADD and 
the caspase, forming a death-inducing 
signaling complex (DISC). Within the DISC, 
two adjacent initiator caspases interact and 
cleave one another to form an activated 
protease dimer, which then cleaves itself 
in the region linking the protease to the 
death effector domain. This stabilizes and 
releases the active caspase dimer into 
the cytosol, where it activates executioner 
caspases by cleaving them.
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Figure 18–5 The extrinsic pathway of 
apoptosis activated through Fas death 
receptors. Trimeric Fas ligands on the 
surface of a killer lymphocyte interact with 
trimeric Fas receptors on the surface of the 
target cell, leading to clustering of several 
ligand-bound receptor trimers (only one 
trimer is shown here for clarity). Receptor 
clustering activates death domains on the 
receptor tails, which interact with similar 
domains on the adaptor protein FADD 
(FADD stands for Fas-associated death 
domain). Each FADD protein then recruits 
an initiator caspase (caspase-8) via a 
death effector domain on both FADD and 
the caspase, forming a death-inducing 
signaling complex (DISC). Within the DISC, 
two adjacent initiator caspases interact and 
cleave one another to form an activated 
protease dimer, which then cleaves itself 
in the region linking the protease to the 
death effector domain. This stabilizes and 
releases the active caspase dimer into 
the cytosol, where it activates executioner 
caspases by cleaving them.
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Mammalian Bcl2 family proteins regulate the intrinsic pathway of apopto-
sis mainly by controlling the release of cytochrome c and other intermembrane 
mitochondrial proteins into the cytosol. Some Bcl2 family proteins are pro-apop-
totic and promote apoptosis by enhancing the release, whereas others are anti-
apoptotic and inhibit apoptosis by blocking the release. !e pro-apoptotic and 
anti-apoptotic proteins can bind to each other in various combinations to form 
heterodimers in which the two proteins inhibit each other’s function. !e bal-
ance between the activities of these two functional classes of Bcl2 family proteins 
largely determines whether a mammalian cell lives or dies by the intrinsic path-
way of apoptosis.

As illustrated in Figure 18–8, the anti-apoptotic Bcl2 family proteins, including 
Bcl2 itself (the founding member of the Bcl2 family) and BclXL, share four distinc-
tive Bcl2 homology (BH) domains (BH1–4). !e pro-apoptotic Bcl2 family proteins 
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(A) CONTROL CELLS (B) UV-TREATED CELLS Figure 18–6 Release of cytochrome 
c from mitochondria in the intrinsic 
pathway of apoptosis. Fluorescence 
micrographs of human cancer cells 
in culture. (A) The control cells were 
transfected with a gene encoding a fusion 
protein consisting of cytochrome c linked to 
green fluorescent protein (cytochrome- 
c-GFP); they were also treated with a red 
dye that accumulates in mitochondria.  
The overlapping distribution of the green 
and red indicates that the cytochrome- 
c-GFP is located in mitochondria.  
(B) Cells expressing cytochrome-c-GFP 
were irradiated with ultraviolet (UV) light to 
induce the intrinsic pathway of apoptosis 
and were photographed 5 hours later. 
The six cells in the bottom half of this 
micrograph have released their cytochrome 
c from mitochondria into the cytosol, 
whereas the cells in the upper half of the 
micrograph have not yet done so  
(Movie 18.1). (From J.C. Goldstein et al., 
Nat. Cell Biol. 2:156–162, 2000. With 
permission from Macmillan Publishers Ltd.)

Figure 18–7 The intrinsic pathway of apoptosis. Intracellular apoptotic stimuli cause mitochondria to release cytochrome c, which interacts  
with Apaf1. The binding of cytochrome c causes Apaf1 to unfold partly, exposing a domain that interacts with the same domain in other activated 
Apaf1 molecules. Seven activated Apaf1 proteins form a large ring complex called the apoptosome. Each Apaf1 protein contains a caspase 
recruitment domain (CARD), and these are clustered above the central hub of the apoptosome. The CARDs bind similar domains in multiple 
caspase-9 molecules, which are thereby recruited into the apoptosome and activated. The mechanism of caspase-9 activation is not clear: it 
probably results from dimerization and cleavage of adjacent caspase-9 proteins, but it might also depend on interactions between caspase-9 and 
Apaf1. Once activated, caspase-9 cleaves and thereby activates downstream executioner caspases. Note that the CARD is related in structure  
and function to the death effector domain of caspase-8 (see Figure 18–5). Some scientists use the term “apoptosome” to refer to the complex 
containing caspase-9.
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The three classes of Bcl2 family proteins   1027

consist of two subfamilies—the e!ector Bcl2 family proteins and the BH3-only pro-
teins. !e main e"ector proteins are Bax and Bak, which are structurally similar to 
Bcl2 but lack the BH4 domain. !e BH3-only proteins share sequence homology 
with Bcl2 in only the BH3 domain.

When an apoptotic stimulus triggers the intrinsic pathway, the pro-apoptotic 
e!ector Bcl2 family proteins become activated and aggregate to form oligomers 
in the mitochondrial outer membrane, inducing the release of cytochrome c and 
other intermembrane proteins by an unknown mechanism (Figure 18–9). In 
mammalian cells, Bax and Bak are the main e"ector Bcl2 family proteins, and 
at least one of them is required for the intrinsic pathway of apoptosis to operate: 
mutant mouse cells that lack both proteins are resistant to all pro-apoptotic sig-
nals that normally activate this pathway. Whereas Bak is bound to the mitochon-
drial outer membrane even in the absence of an apoptotic signal, Bax is mainly 
located in the cytosol and translocates to the mitochondria only after an apop-
totic signal activates it. As we discuss below, the activation of Bax and Bak usually 
depends on activated pro-apoptotic BH3-only proteins. 

!e anti-apoptotic Bcl2 family proteins such as Bcl2 itself and BclXL are also 
located on the cytosolic surface of the outer mitochondrial membrane, where 
they help prevent inappropriate release of intermembrane proteins. !e anti-
apoptotic Bcl2 family proteins inhibit apoptosis mainly by binding to and inhibit-
ing pro-apoptotic Bcl2 family proteins—either on the mitochondrial membrane 
or in the cytosol. On the outer mitochondrial membrane, for example, they bind 
to Bak and prevent it from oligomerizing, thereby inhibiting the release of cyto-
chrome c and other intermembrane proteins. !ere are at least #ve mammalian 
anti-apoptotic Bcl2 family proteins, and every mammalian cell requires at least 
one to survive. Moreover, a number of these proteins must be inhibited for the 
intrinsic pathway to induce apoptosis; the BH3-only proteins mediate the inhibi-
tion.

!e BH3-only proteins are the largest subclass of Bcl2 family proteins. !e cell 
either produces or activates them in response to an apoptotic stimulus, and they 
are thought to promote apoptosis mainly by inhibiting anti-apoptotic Bcl2 family 
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Figure 18–8 The three classes of Bcl2 
family proteins. Note that the BH3 domain 
is the only BH domain shared by all Bcl2 
family members; it mediates the direct 
interactions between pro-apoptotic and 
anti-apoptotic family members.

Figure 18–9 The role of pro-apoptotic 
effector Bcl2 family proteins (mainly Bax 
and Bak) in the release of mitochondrial 
intermembrane proteins in the intrinsic 
pathway of apoptosis. When activated 
by an apoptotic stimulus, the effector Bcl2 
family proteins aggregate on the outer 
mitochondrial membrane and release 
cytochrome c and other proteins from the 
intermembrane space into the cytosol by 
an unknown mechanism.
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Figure 18–8 The three classes of Bcl2 
family proteins. Note that the BH3 domain 
is the only BH domain shared by all Bcl2 
family members; it mediates the direct 
interactions between pro-apoptotic and 
anti-apoptotic family members.

Figure 18–9 The role of pro-apoptotic 
effector Bcl2 family proteins (mainly Bax 
and Bak) in the release of mitochondrial 
intermembrane proteins in the intrinsic 
pathway of apoptosis. When activated 
by an apoptotic stimulus, the effector Bcl2 
family proteins aggregate on the outer 
mitochondrial membrane and release 
cytochrome c and other proteins from the 
intermembrane space into the cytosol by 
an unknown mechanism.
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proteins. !eir BH3 domain binds to a long hydrophobic groove on anti-apop-
totic Bcl2 family proteins, neutralizing their activity. !is binding and inhibition 
enables the aggregation of Bax and Bak on the surface of mitochondria, which 
triggers the release of the intermembrane mitochondrial proteins that induce 
apoptosis (Figure 18–10). Some BH3-only proteins may bind directly to Bax and 
Bak to help stimulate their aggregation. 

BH3-only proteins provide the crucial link between apoptotic stimuli and the 
intrinsic pathway of apoptosis, with di"erent stimuli activating di"erent BH3-
only proteins. Some extracellular survival signals, for example, block apopto-
sis by inhibiting the synthesis or activity of certain BH3-only proteins (see Fig-
ure 18–12B). Similarly, in response to DNA damage that cannot be repaired, the 
tumor suppressor protein p53 accumulates (discussed in Chapters 17 and 20) and 
activates the transcription of genes that encode the BH3-only proteins Puma and 
Noxa. !ese BH3-only proteins then trigger the intrinsic pathway, thereby elimi-
nating a potentially dangerous cell that could otherwise become cancerous.

As mentioned earlier, in some cells the extrinsic apoptotic pathway recruits 
the intrinsic pathway to amplify the caspase cascade to kill the cell. !e BH3-only 
protein Bid is the link between the two pathways. Bid is normally inactive. How-
ever, when death receptors activate the extrinsic pathway in some cells, the initia-
tor caspase, caspase-8, cleaves Bid, producing an active form of Bid that trans-
locates to the outer mitochondrial membrane and inhibits anti-apoptotic Bcl2 
family proteins, thereby amplifying the death signal.
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Figure 18–10 How pro-apoptotic BH3-
only and anti-apoptotic Bcl2 family 
proteins regulate the intrinsic pathway 
of apoptosis. (A) In the absence of 
an apoptotic stimulus, anti-apoptotic 
Bcl2 family proteins bind to and inhibit 
the effector Bcl2 family proteins on the 
mitochondrial outer membrane (and in the 
cytosol—not shown). (B) In the presence of 
an apoptotic stimulus, BH3-only proteins 
are activated and bind to the anti-apoptotic 
Bcl2 family proteins so that they can 
no longer inhibit the effector Bcl2 family 
proteins; the latter then become activated, 
aggregate in the outer mitochondrial 
membrane, and promote the release of 
intermembrane mitochondrial proteins 
into the cytosol. Some activated BH3-
only proteins may stimulate mitochondrial 
protein release more directly by binding 
to and activating the effector Bcl2 family 
proteins. Although not shown, the anti-
apoptotic Bcl2 family proteins are bound to 
the mitochondrial surface.
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Survival factors usually bind to cell-surface receptors, which activate intracel-
lular signaling pathways that suppress the apoptotic program, often by regulating 
members of the Bcl2 family of proteins. Some survival factors, for example, stimu-
late the synthesis of anti-apoptotic Bcl2 family proteins such as Bcl2 itself or BclXL 
(Figure 18–12A). Others act by inhibiting the function of pro-apoptotic BH3-only 
proteins such as Bad (Figure M18–12B). In Drosophila, some survival factors 
act by phosphorylating and inactivating anti-IAP proteins such as Hid, thereby 
enabling IAP proteins to suppress apoptosis (Figure 18–12C). Some develop-
ing neurons, like those illustrated in Figure 18–11, use an ingenious alternative 
approach: survival-factor receptors stimulate apoptosis—by an unknown mecha-
nism—when they are not occupied, and then stop promoting death when survival 
factor binds. !e end result in all these cases is the same: cell survival depends on 
survival factor binding.

Phagocytes Remove the Apoptotic Cell
Apoptotic cell death is a remarkably tidy process: the apoptotic cell and its frag-
ments do not break open and release their contents, but instead remain intact 
as they are e"ciently eaten—or phagocytosed—by neighboring cells, leaving no 
trace and therefore triggering no in#ammatory response (see Figure 18–1B and 
Movie 13.5). !is engulfment process depends on chemical changes on the sur-
face of the apoptotic cell, which displays signals that recruit phagocytic cells. An 
especially important change occurs in the distribution of the negatively charged 
phospholipid phosphatidylserine on the cell surface. !is phospholipid is nor-
mally located exclusively in the inner lea#et of the lipid bilayer of the plasma 
membrane (see Figure 10–15), but it #ips to the outer lea#et in apoptotic cells. !e 
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Figure 18–11 The role of survival factors 
and cell death in adjusting the number 
of developing nerve cells to the amount 
of target tissue. More nerve cells are 
produced than can be supported by the 
limited amount of survival factors released 
by the target cells. Therefore, some nerve 
cells receive an insufficient amount of 
survival factors to avoid apoptosis. This 
strategy of overproduction followed by 
culling helps ensure that all target cells are 
contacted by nerve cells and that the extra 
nerve cells are automatically eliminated.
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Figure 18–12 Three ways that 
extracellular survival factors can inhibit 
apoptosis. (A) Some survival factors 
suppress apoptosis by stimulating the 
transcription of genes that encode anti-
apoptotic Bcl2 family proteins such as Bcl2 
itself or BclXL. (B) Many others activate the 
serine/threonine protein kinase Akt, which, 
among many other targets, phosphorylates 
and inactivates the pro-apoptotic BH3-only 
protein Bad (see Figure 15–53). When not 
phosphorylated, Bad promotes apoptosis 
by binding to and inhibiting Bcl2; once 
phosphorylated, Bad dissociates, freeing 
Bcl2 to suppress apoptosis. Akt also 
suppresses apoptosis by phosphorylating 
and inactivating transcription regulatory 
proteins that stimulate the transcription 
of genes encoding proteins that promote 
apoptosis (not shown). (C) In Drosophila, 
some survival factors inhibit apoptosis by 
stimulating the phosphorylation of the anti-
IAP protein Hid. When not phosphorylated, 
Hid promotes cell death by inhibiting 
IAPs. Once phosphorylated, Hid no longer 
inhibits IAPs, which become active and 
block apoptosis. MAP kinase, mitogen-
activated protein kinase.
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transcription of genes that encode anti-
apoptotic Bcl2 family proteins such as Bcl2 
itself or BclXL. (B) Many others activate the 
serine/threonine protein kinase Akt, which, 
among many other targets, phosphorylates 
and inactivates the pro-apoptotic BH3-only 
protein Bad (see Figure 15–53). When not 
phosphorylated, Bad promotes apoptosis 
by binding to and inhibiting Bcl2; once 
phosphorylated, Bad dissociates, freeing 
Bcl2 to suppress apoptosis. Akt also 
suppresses apoptosis by phosphorylating 
and inactivating transcription regulatory 
proteins that stimulate the transcription 
of genes encoding proteins that promote 
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transcription of genes that encode anti-
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serine/threonine protein kinase Akt, which, 
among many other targets, phosphorylates 
and inactivates the pro-apoptotic BH3-only 
protein Bad (see Figure 15–53). When not 
phosphorylated, Bad promotes apoptosis 
by binding to and inhibiting Bcl2; once 
phosphorylated, Bad dissociates, freeing 
Bcl2 to suppress apoptosis. Akt also 
suppresses apoptosis by phosphorylating 
and inactivating transcription regulatory 
proteins that stimulate the transcription 
of genes encoding proteins that promote 
apoptosis (not shown). (C) In Drosophila, 
some survival factors inhibit apoptosis by 
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inhibits IAPs, which become active and 
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transcription of genes that encode anti-
apoptotic Bcl2 family proteins such as Bcl2 
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among many other targets, phosphorylates 
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protein Bad (see Figure 15–53). When not 
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their behavior, including a decreased ability to adhere to the extracellular matrix 
and to one another at specialized cell–cell junctions. In the next chapter, we dis-
cuss the remarkable structures and functions of the extracellular matrix and cell 
junctions.

Summary
Animal cells can activate an intracellular death program and kill themselves in 
a controlled way when they are irreversibly damaged, no longer needed, or are 
a threat to the organism. In most cases, these deaths occur by apoptosis: the cells 
shrink, condense, and frequently fragment, and neighboring cells or macrophages 
rapidly phagocytose the cells or fragments before there is any leakage of cytoplas-
mic contents. Apoptosis is mediated by proteolytic enzymes called caspases, which 
cleave speci!c intracellular proteins to help kill the cell. Caspases are present in 
all nucleated animal cells as inactive precursors. Initiator caspases are activated 
when brought into proximity in activation complexes: once activated, they cleave 
and thereby activate downstream executioner caspases, which then cleave various 
target proteins in the cell, producing an amplifying, irreversible proteolytic cascade. 

Cells use at least two distinct pathways to activate initiator caspases and trig-
ger a caspase cascade leading to apoptosis: the extrinsic pathway is activated by 
extracellular ligands binding to cell-surface death receptors; the intrinsic pathway 
is activated by intracellular signals generated when cells are stressed. Each path-
way uses its own initiator caspases, which are activated in distinct activation com-
plexes: in the extrinsic pathway, the death receptors recruit caspase-8 via adaptor 
proteins to form the DISC; in the intrinsic pathway, cytochrome c released from the 
intermembrane space of mitochondria activates Apaf1, which assembles into an 
apoptosome and recruits and activates caspase-9. 

Intracellular Bcl2 family proteins and IAP proteins tightly regulate the apoptotic 
program to ensure that cells kill themselves only when it bene!ts the animal. Both 
anti-apoptotic and pro-apoptotic Bcl2 family proteins regulate the intrinsic path-
way by controlling the release of mitochondrial intermembrane proteins, while IAP 
proteins inhibit activated caspases and promote their degradation.

Figure 18–13 How the chemical ABT-
737 inhibits anti-apoptotic Bcl2 family 
proteins. As shown in Figure 18–10B, 
an apoptotic signal results in activation of 
BH3-only proteins, which interact with a 
long hydrophobic groove in anti-apoptotic 
Bcl2 family proteins, thereby preventing 
them from blocking apoptosis. Using 
the crystal structure of the groove, the 
drug shown in (A), called ABT-737, was 
designed and synthesized to bind tightly in 
the groove, as shown for the anti-apoptotic 
Bcl2 family protein, BclXL, in (B). By 
inhibiting the activity of these proteins, the 
drug promotes apoptosis in any cell that 
depends on them for survival. (PDB code: 
2YXJ.)
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WHAT WE DON’T KNOW

• How many forms of programmed 
cell death exist? What are the 
underlying mechanisms and benefits 
of each?

• Thousands of caspase substrates 
have been identified. Which ones 
are the critical proteins that must 
be cleaved to trigger the major 
cell remodeling events underlying 
apoptosis?

• How did the intrinsic pathway of 
apoptosis evolve, and what is the 
advantage of having mitochondria 
play such a central role in regulating 
apoptosis?

• How are “don’t eat me” signals 
eliminated or inactivated during 
apoptosis to allow the cells to be 
phagocytosed?

1032 Chapter 18:  Cell Death

their behavior, including a decreased ability to adhere to the extracellular matrix 
and to one another at specialized cell–cell junctions. In the next chapter, we dis-
cuss the remarkable structures and functions of the extracellular matrix and cell 
junctions.

Summary
Animal cells can activate an intracellular death program and kill themselves in 
a controlled way when they are irreversibly damaged, no longer needed, or are 
a threat to the organism. In most cases, these deaths occur by apoptosis: the cells 
shrink, condense, and frequently fragment, and neighboring cells or macrophages 
rapidly phagocytose the cells or fragments before there is any leakage of cytoplas-
mic contents. Apoptosis is mediated by proteolytic enzymes called caspases, which 
cleave speci!c intracellular proteins to help kill the cell. Caspases are present in 
all nucleated animal cells as inactive precursors. Initiator caspases are activated 
when brought into proximity in activation complexes: once activated, they cleave 
and thereby activate downstream executioner caspases, which then cleave various 
target proteins in the cell, producing an amplifying, irreversible proteolytic cascade. 

Cells use at least two distinct pathways to activate initiator caspases and trig-
ger a caspase cascade leading to apoptosis: the extrinsic pathway is activated by 
extracellular ligands binding to cell-surface death receptors; the intrinsic pathway 
is activated by intracellular signals generated when cells are stressed. Each path-
way uses its own initiator caspases, which are activated in distinct activation com-
plexes: in the extrinsic pathway, the death receptors recruit caspase-8 via adaptor 
proteins to form the DISC; in the intrinsic pathway, cytochrome c released from the 
intermembrane space of mitochondria activates Apaf1, which assembles into an 
apoptosome and recruits and activates caspase-9. 

Intracellular Bcl2 family proteins and IAP proteins tightly regulate the apoptotic 
program to ensure that cells kill themselves only when it bene!ts the animal. Both 
anti-apoptotic and pro-apoptotic Bcl2 family proteins regulate the intrinsic path-
way by controlling the release of mitochondrial intermembrane proteins, while IAP 
proteins inhibit activated caspases and promote their degradation.

Figure 18–13 How the chemical ABT-
737 inhibits anti-apoptotic Bcl2 family 
proteins. As shown in Figure 18–10B, 
an apoptotic signal results in activation of 
BH3-only proteins, which interact with a 
long hydrophobic groove in anti-apoptotic 
Bcl2 family proteins, thereby preventing 
them from blocking apoptosis. Using 
the crystal structure of the groove, the 
drug shown in (A), called ABT-737, was 
designed and synthesized to bind tightly in 
the groove, as shown for the anti-apoptotic 
Bcl2 family protein, BclXL, in (B). By 
inhibiting the activity of these proteins, the 
drug promotes apoptosis in any cell that 
depends on them for survival. (PDB code: 
2YXJ.)
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WHAT WE DON’T KNOW

• How many forms of programmed 
cell death exist? What are the 
underlying mechanisms and benefits 
of each?

• Thousands of caspase substrates 
have been identified. Which ones 
are the critical proteins that must 
be cleaved to trigger the major 
cell remodeling events underlying 
apoptosis?

• How did the intrinsic pathway of 
apoptosis evolve, and what is the 
advantage of having mitochondria 
play such a central role in regulating 
apoptosis?

• How are “don’t eat me” signals 
eliminated or inactivated during 
apoptosis to allow the cells to be 
phagocytosed?





Identifying apoptotic cells

- Cytochrome C release from the mitochondria to the cytoplasm
- Transmission electron microscopy
- DNA fragmentation : laddering
- Caspase activity assays: cleavage of targets, colorimetric assays 
- Recognition of phosphatidylserine 
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Phosphatidylserine (PS): a marker of apoptotic cells

PS is translocated to the outer membrane during 
apoptosis

Externalisation of PS from the inner to the outer 
plasma membrane can be detected by annexin V 
that specifically binds PS

annexin V

Viable 
cell

Apoptotic 
cell

outside

inside

outside

inside 23



Apoptosis detection by flow cytometry

Fluorescent labeling of 
annexin V enables the 
detection of apoptotic cells by 
flow cytometry 

24   Annexin V-FITC                 



Why is PS externalized during apoptosis? 

External PS is an 
“eat-me” signal

Phagocytosis of apoptotic 
cells prevents inflammation 
and autoimmunity 

Poon et al., Apoptotic cell clearance: basic biology and therapeutic potential, volume 14, pages166–180(2014)
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• Several varieties of cell death
• Cell death is regulated by both extrinsic as intrinsic factors
• Apoptosis is the most common and most studied variation
• Apoptosis is important during development
• Apoptosis is tightly regulated 

• Extrinsic: Caspases
• Intrinsic: by BH domain containing proteins

• Apoptosis evasion is common in cancer

Cell death


