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Hypothesis: All wavelengths of light are equally effective in

promoting photosynthesis.

Prediction: Illuminating plant cells with light broken into different 

wavelengths by a prism will produce the same amount of O2  for

all wavelengths.

Test: A filament of algae immobilized on a slide is illuminated by light 

that has passed through a prism. Motile bacteria that require O2 for 

growth are added to the slide.

Result: The bacteria move to regions of high O2  , or regions of most active 

photosynthesis. This is in the purple/blue and red regions of the spectrum.

Conclusion: All wavelengths are not equally effective at promoting 

photosynthesis. The most effective constitute the action spectrum

for photosynthesis.

Further Experiments: How does the action spectrum relate to the 

various absorption spectra in figure 8.5?

 

 

 

 

S C I E N T I F I C  T H I N K I N G

Oak leaf
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Oak leaf 
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 Photons excite electrons in the porphyrin ring, which are 
then channeled away through the alternating carbon single- 
and double-bond system. Different small side groups attached 
to the outside of the ring alter the absorption properties of the 
molecule in the different kinds of chlorophyll (see figure 8.6). 
The precise absorption spectrum is also influenced by the local 
microenvironment created by the association of chlorophyll 
with different proteins.
 The action spectrum of photosynthesis—that is, the 
relative effectiveness of different wavelengths of light in pro-
moting photosynthesis—corresponds to the absorption spec-
trum for chlorophylls. This is demonstrated in the experiment 
in figure 8.7.  All plants, algae, and cyanobacteria use chloro-
phyll a as their primary pigments.
 It is reasonable to ask why these photosynthetic organ-
isms do not use a pigment like retinal (the pigment in our eyes), 
which has a broad absorption spectrum that covers the range of 
500 to 600 nm. The most likely hypothesis involves  photo-
efficiency. Although retinal absorbs a broad range of wavelengths, 
it does so with relatively low efficiency. Chlorophyll, in con-
trast, absorbs in only two narrow bands, but does so with high 
efficiency. Therefore, plants and most other photosynthetic or-
ganisms achieve far higher overall energy capture rates with 
chlorophyll than with other pigments.

Carotenoids and other accessory pigments
Carotenoids consist of carbon rings linked to chains with al-
ternating single and double bonds. They can absorb photons 

Figure 8.7  Determination of an action spectrum for 
photosynthesis.

with a wide range of energies, although they are not always 
highly efficient in transferring this energy. Carotenoids assist in 
photosynthesis by capturing energy from light composed of 
wavelengths that are not efficiently absorbed by chlorophylls 
(figure 8.5; see also figure 8.8). 
 Carotenoids also perform a valuable role in scavenging 
free radicals. The oxidation –reduction reactions that occur in 
the chloroplast can generate destructive free radicals. Carote-
noids can act as general-purpose antioxidants to lessen damage. 
Thus carotenoids have a protective role in addition to their role 
as light-absorbing molecules. This protective role is not sur-
prising, because unlike the chlorophylls, carotenoids are found 
in many different kinds of organisms, including members of all 
three domains of life.
 A typical carotenoid is β-carotene, which contains two 
carbon rings connected by a chain of 18 carbon atoms with 
alternating single and double bonds. Splitting a molecule of 
β-carotene into equal halves produces two molecules of 
vitamin A. Oxidation of vitamin A produces retinal, the 

Figure 8.8  Fall colors are produced by carotenoids and 
other accessory pigments. During the spring and summer, 
chlorophyll in leaves masks the presence of carotenoids and other 
accessory pigments. When cool fall temperatures cause leaves to 
cease manufacturing chlorophyll, the chlorophyll is no longer 
present to refl ect green light, and the leaves refl ect the orange and 
yellow light that carotenoids and other pigments do not absorb.
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Figure 8.9  Saturation of photosynthesis. When 
photosynthetic saturation is achieved, further increases in intensity 
cause no increase in output. This saturation occurs far below the level 
expected for the number of individual chlorophyll molecules present. 
This led to the idea of organized photosystems, each containing many 
chlorophyll molecules. These photosystems saturate at a lower O2 yield 
than that expected for the number of individual chlorophyll molecules.

Inquiry question

? Under what experimental conditions would you expect the 
saturation levels for a given number of chlorophyll molecules 
to be higher?

pigment used in vertebrate vision. This connection explains 
why eating carrots, which are rich in β-carotene, may en-
hance vision.

Phycobiloproteins are accessory pigments found in cy-
anobacteria and some algae. These pigments are composed of 
proteins attached to a tetrapyrrole group. These pyrrole rings 
contain a system of alternating double bonds similar to those 
found in other pigments and molecules that transfer electrons. 
Phycobiloproteins can be organized into complexes called phy-
cobilisomes to form another light-harvesting complex that can 
absorb green light, which is typically reflected by chlorophyll. 
These complexes are probably ecologically important to cy-
anobacteria, helping them to exist in low-light situations in 
oceans. In this habitat, green light remains because red and blue 
light has been absorbed by green algae closer to the surface.

Learning Outcomes Review 8.3
A pigment is a molecule that can absorb light energy; its absorption 
spectrum shows the wavelengths at which it absorbs energy most 
effi  ciently. A pigment’s color results from the wavelengths it does not 
absorb, which we then see. The main photosynthetic pigment is chlorophyll, 
which exists in several forms with slightly diff erent absorption spectra. 
Many photosynthetic organisms have accessory pigments with absorption 
spectra diff erent from chlorophyll; these increase light capture.

■ What is the difference between an action spectrum 
and an absorption spectrum?

Using the unicellular algae Chlorella, investigators could obtain these 
values. Illuminating a Chlorella culture with pulses of light with in-
creasing intensity should increase the yield of O2 per pulse until the 
system becomes saturated. Then O2 production can be compared 
with the number of chlorophyll molecules present in the culture.
 The observed level of O2 per chlorophyll molecule at satura-
tion, however, turned out to be only one molecule of O2 per 2500 
chlorophyll molecules (figure 8.9).  This result was very different 
from what was expected, and it led to the idea that light is absorbed 
not by independent pigment molecules, but rather by clusters of 
chlorophyll and accessory pigment molecules (photosystems). Light 
is absorbed by any one of hundreds of pigment molecules in a 
 photo system, and each pigment molecule transfers its excitation en-
ergy to a single molecule with a lower energy level than the others.

A generalized photosystem contains 
an antenna complex and a reaction center
In chloroplasts and all but one class of photosynthetic prokaryotes, 
light is captured by photosystems. Each photosystem is a network 
of chlorophyll a molecules, accessory pigments, and associated 
proteins held within a protein matrix on the surface of the photo-
synthetic membrane. Like a magnifying glass focusing light on a 
precise point, a photosystem channels the excitation energy gath-
ered by any one of its pigment molecules to a specific molecule, 
the reaction center chlorophyll. This molecule then passes the en-
ergy out of the photosystem as excited electrons that are put to 
work driving the synthesis of ATP and organic molecules.
 A photosystem thus consists of two closely linked compo-
nents: (1) an antenna complex of hundreds of pigment molecules 
that gather photons and feed the captured light energy to the 

8.4 Photosystem Organization

Learning Outcomes
Describe the nature of photosystems.1. 
Understand what happens in the reaction center.2. 

One way to study the role that pigments play in photosynthesis 
is to measure the correlation between the output of photosyn-
thesis and the intensity of illumination—that is, how much 
photosynthesis is produced by how much light. Experiments on 
plants show that the output of photosynthesis increases linearly 
at low light intensities, but finally becomes saturated (no fur-
ther increase) at high-intensity light. Saturation occurs because 
all of the light-absorbing capacity of the plant is in use.

Production of one O2 molecule requires 
many chlorophyll molecules
Given the saturation observed with increasing light intensity, 
the next question is how many chlorophyll molecules have ac-
tually absorbed a photon. The question can be phrased this 
way: “Does saturation occur when all chlorophyll molecules 
have absorbed photons?” Finding an answer required being 
able to measure both photosynthetic output (on the basis of O2
production) and the number of chlorophyll molecules present.
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Figure 8.10 How the antenna complex works. When 
light of the proper wavelength strikes any pigment molecule within 
a photosystem, the light is absorbed by that pigment molecule. The 
excitation energy is then transferred from one molecule to another 
within the cluster of pigment molecules until it encounters the 
reaction center chlorophyll a. When excitation energy reaches the 
reaction center chlorophyll, electron transfer is initiated.

absorbed from photons to move away from the chlorophylls, 
and it is the key conversion of light into chemical energy.
 Figure 8.11  shows the transfer of excited electrons from 
the reaction center to the primary electron acceptor. By ener-
gizing an electron of the reaction center chlorophyll, light cre-
ates a strong electron donor where none existed before. The 
chlorophyll transfers the energized electron to the primary ac-
ceptor (a molecule of quinone), reducing the quinone and con-
verting it to a strong electron donor. A nearby weak electron 
donor then passes a low-energy electron to the chlorophyll, re-
storing it to its original condition. The quinone transfers its 
electrons to another acceptor, and the process is repeated.
 In plant chloroplasts, water serves as this weak electron 
donor. When water is oxidized in this way, oxygen is released 
along with two protons (H+).

Learning Outcomes Review 8.4
Chlorophylls and accessory pigments are organized into photosystems 
found in the thylakoid membrane. The photosystem can be subdivided into 
an antenna complex, which is involved in light harvesting, and a reaction 
center, where the photochemical reactions occur. In the reaction center, an 
excited electron is passed to an acceptor; this transfers energy away from 
the chlorophylls and is key to the conversion of light into chemical energy.

■ Why were photosystems an unexpected finding?

reaction center; and (2) a reaction center consisting of one or more 
chlorophyll a molecules in a matrix of protein, that passes excited 
electrons out of the photosystem.

The antenna complex
The antenna complex is also called a light-harvesting com-
plex, which accurately describes its role. This light-harvesting 
complex captures photons from sunlight (figure 8.10)  and chan-
nels them to the reaction center chlorophylls.
 In chloroplasts, light-harvesting complexes consist of a 
web of chlorophyll molecules linked together and held tightly 
in the thylakoid membrane by a matrix of proteins. Varying 
amounts of carotenoid accessory pigments may also be present. 
The protein matrix holds individual pigment molecules in ori-
entations that are optimal for energy transfer.
 The excitation energy resulting from the absorption of a 
photon passes from one pigment molecule to an adjacent mol-
ecule on its way to the reaction center. After the transfer, the 
excited electron in each molecule returns to the low-energy 
level it had before the photon was absorbed. Consequently, it is 
energy, not the excited electrons themselves, that passes from 
one pigment molecule to the next. The antenna complex fun-
nels the energy from many electrons to the reaction center.

The reaction center
The reaction center is a transmembrane protein–pigment 
complex.  The  reaction center of purple photosynthetic bacte-
ria is simpler than the one in chloroplasts but better under-
stood. A pair of bacteriochlorophyll a molecules acts as a trap 
for photon energy, passing an excited electron to an acceptor 
precisely positioned as its neighbor. Note that here in the re-
action center, the excited electron itself is transferred, and not 
just the energy, as was the case in the pigment–pigment trans-
fers of the antenna complex. This difference allows the energy 

Figure 8.11 Converting light to chemical energy. When a 
chlorophyll in the reaction center absorbs a photon of light, an 
electron is excited to a higher energy level. This light-energized 
electron can be transferred to the primary electron acceptor, 
reducing it. The oxidized chlorophyll then fi lls its electron “hole” by 
oxidizing a donor molecule. The source of this donor varies with the 
photosystem as discussed in the text.
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 Figure 8.12 The path of an electron in purple nonsulfur 
bacteria. When a light-energized electron is ejected from the 
photosystem reaction center (P870)   it returns to the photosystem via 
a cyclic path that produces ATP but not NADPH.

8.5 The Light-Dependent 
Reactions

Learning Outcomes
Compare the function of the two photosystems in 1. 
green plants.
Explain how the light reactions generate ATP 2. 
and NADPH.

As you have seen, the light-dependent reactions of photosyn-
thesis occur in membranes. In photosynthetic bacteria, the 
plasma membrane itself is the photosynthetic membrane. In 
many bacteria, the plasma membrane folds in on itself repeat-
edly   to produce an increased surface area. In plants and algae, 
photosynthesis is carried out by chloroplasts, which are thought 
to be the evolutionary descendants of photosynthetic bacteria.
 The internal thylakoid membrane is highly organized and 
contains the structures involved in the light-dependent reactions. 
For this reason, the reactions are also referred to as the thylakoid 
reactions. The thylakoid reactions take place in four stages:

Primary photoevent.1.  A photon of light is captured by a 
pigment. This primary photoevent excites an electron 
within the pigment.
Charge separation.2.  This excitation energy is 
 transferred to the reaction center, which transfers an 
 energetic electron to an acceptor molecule, initiating 
electron transport.
Electron transport.3.  The excited electrons are shuttled 
along a series of electron carrier molecules embedded 
within the photosynthetic membrane. Several of them 
react by transporting protons across the membrane, 
generating a proton gradient. Eventually the electrons 
are used to reduce a fi nal acceptor, NADPH.
Chemiosmosis.4.  The protons that accumulate on one 
side of the membrane now fl ow back across the 
 membrane through ATP synthase where chemiosmotic 
synthesis of ATP takes place, just as it does in aerobic 
respiration (see chapter 7 ). 

 These four processes make up the two stages of the light-
dependent reactions mentioned at the beginning of this chapter. 
Steps 1 through 3 represent the stage of capturing energy from 
light; step 4 is the stage of producing ATP (and, as you’ll see, 
NADPH). In the rest of this section we discuss the evolution of 
photosystems and the details of photosystem function in the 
light-dependent reactions.

Some bacteria use a single photosystem
Photosynthetic pigment arrays are thought to have evolved more 
than 2 bya in bacteria similar to the purple and green bacteria 
alive today. In these bacteria, a single photosystem is used that 
generates ATP via electron transport. This process then returns 
the electrons to the reaction center. For this reason, it is called 

cyclic photophosphorylation. These systems do not evolve oxy-
gen and are thus referred to as anoxygenic photosynthesis.
 In the purple nonsulfur bacteria, peak absorption occurs at 
a wavelength of 870 nm (near infrared, not visible to the human 
eye), and thus the reaction center pigment is called P870. Absorp-
tion of a photon by chlorophyll  P870  does not raise an electron to 
a high enough level to be passed to NADP, thus they must gener-
ate reducing power in a different way.
 When the P870 reaction center absorbs a photon, the ex-
cited electron is passed to an electron transport chain that 
passes the electrons back to the reaction center, generating a 
proton gradient for ATP synthesis (figure 8.12).  The proteins 
in the purple bacterial photosystem appear to be homologous 
to the proteins in the modern photosystem II.
 In the green sulfur bacteria, peak absorption occurs at a 
wavelength of 840 nm (near infrared, not visible to the human 
eye), and thus the reaction center pigment is called P840. Excited 
electrons from this photosystem can be passed to NADPH , or 
returned to the chlorophyll by an electron transport chain similar 
to the purple bacteria. To replace electrons passed to NADPH, 
hydrogen sulfide is used as an electron donor. The proteins in the 
green sulfur bacterial photosystem appear to be homologous to 
the proteins in the modern photosystem I.
 Neither of these systems generate sufficient oxidizing 
power to oxidize H2O. They are thus anoxygenic and take place 
under anaerobic conditions. The linked photosystems of cy-
anobacteria and plant chloroplasts generate the oxidizing 
power necessary to oxidize H2O, allowing it to serve as a source 
of both electrons and protons.

Chloroplasts have two connected photosystems
In contrast to the sulfur bacteria, plants have two linked photo-
systems. This overcomes the limitations of cyclic photophos-
phorylation by providing an alternative source of electrons 
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passed to photosystem I to drive the production of  NADPH. 
For every pair of electrons obtained from a molecule of water, 
one molecule of   NADPH and slightly more than one molecule 
of ATP are produced.

Photosystem II
The reaction center of photosystem II closely resembles the 
reaction center of purple bacteria. It consists of a core of 10 
transmembrane protein subunits with electron transfer compo-
nents and two P680 chlorophyll molecules arranged around this 
core. The light-harvesting antenna complex consists of mole-
cules of chlorophyll a and accessory pigments bound to several 
protein chains. The reaction center of photosystem II differs 
from the reaction center of the purple bacteria in that it also 
contains four manganese atoms. These manganese atoms are 
essential for the oxidation of water.
 Although the chemical details of the oxidation of water are 
not entirely clear, the outline is emerging. Four manganese atoms 
are bound in a cluster to reaction center proteins. Two water mol-
ecules are also bound to this cluster of manganese atoms. When 
the reaction center of photosystem II absorbs a photon, an elec-
tron in a P680 chlorophyll molecule is excited, which transfers this 
electron to an acceptor. The oxidized P680 then removes an elec-
tron from a manganese atom. The oxidized manganese atoms, 
with the aid of reaction center proteins, remove electrons from 
oxygen atoms in the two water molecules. This process requires 
the reaction center to absorb four photons to complete the oxida-
tion of two water molecules, producing one O2 in the process.

The role of the b6-f complex
The primary electron acceptor for the light-energized electrons 
leaving photosystem II is a quinone molecule. The reduced 

from the oxidation of water. The oxidation of water also gener-
ates O2, thus oxygenic photosynthesis. The noncyclic transfer 
of electrons also produces NADPH, which can be used in the 
biosynthesis of carbohydrates.
 One photosystem, called photosystem I  ,   has an absorption 
peak of 700 nm, so its reaction center pigment is called P700. This 
photosystem functions in a way analogous to the photosystem found 
in the sulfur bacteria discussed earlier. The other photosystem, 
called photosystem II,   has an absorption peak of 680 nm, so its 
reaction center pigment is called P680. This photosystem can gener-
ate an oxidation potential high enough to oxidize water. Working 
together, the two photosystems carry out a noncyclic transfer of 
electrons that is used to generate both ATP and NADPH.
 The photosystems were named I and II in the order of 
their discovery, and not in the order in which they operate in the 
light-dependent reactions. In plants and algae, the two  photo-
systems are specialized for different roles in the overall process of 
oxygenic photosynthesis. Photosystem I transfers electrons ulti-
mately to NADP+, producing NADPH. The electrons lost from 
photosystem I are replaced by electrons from photosystem II. 
Photosystem II with its high oxidation potential can oxidize wa-
ter to replace the electrons transferred to photosystem I. Thus 
there is an overall flow of electrons from water to NADPH.
 These two photosystems are connected by a complex of 
electron carriers called the cytochrome/b6-f complex (explained 
shortly). This complex can use the energy from the passage of 
electrons to move protons across the thylakoid membrane to gen-
erate the proton gradient used by an ATP synthase enzyme.

The two photosystems work together 
in noncyclic photophosphorylation
Evidence for the action of two photosystems came from experi-
ments that measured the rate of photosynthesis using two light 
beams of different wavelengths: one red and the other far-red. Us-
ing both beams produced a rate greater than the sum of the rates 
using individual beams of these wavelengths (figure 8.13).  This 
surprising result, called the enhancement effect,    can be explained by 
a mechanism involving two photosystems acting in series (that is, 
one after the other), one photosystem absorbs preferentially in the 
red, the other in the far-red.
 Plants use photosystems II and I in series, first one and 
then the other, to produce both ATP and NADPH. This two-
stage process is called noncyclic photophosphorylation be-
cause the path of the electrons is not a circle—the electrons 
ejected from the photosystems do not return to them, but rather 
end up in NADPH. The photosystems are replenished with 
electrons obtained by splitting water.
 The scheme shown in figure 8.14,  called a Z diagram, illus-
trates the two electron-energizing steps, one catalyzed by each 
photosystem. The horizontal axis shows the progress of the light 
reactions and the relative positions of the complexes, and the verti-
cal axis shows relative energy levels of electrons. The electrons 
originate from water, which holds onto its electrons very tightly 
(redox potential = +820 mV), and end up in NADPH, which holds 
its electrons much more loosely (redox potential = –320 mV).
 Photosystem II acts first. High-energy electrons gener-
ated by photosystem II are used to synthesize ATP and are then 

Figure 8.13  The enhancement eff ect. The rate of 
photosynthesis when red and far-red light are provided together is 
greater than the sum of the rates when each wavelength is provided 
individually. This result baffl ed researchers in the 1950s. Today, it 
provides key evidence that photosynthesis is carried out by two 
photochemical systems that act in series. One absorbs maximally in 
the far red, the other in the red portion of the spectrum.

Inquiry question

? What would you conclude if “both lights on” did not change 
the relative rate of photosynthesis?
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center absorb two photons. This excites 
two electrons that are passed to 
NADP;, reducing it to NADPH. 
Electron transport from photosystem II 
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1. A pair of chlorophylls in the reaction center absorb 
two photons of light. This excites two electrons that 
are transferred to plastoquinone (PQ). Loss of 
electrons from the reaction center produces an 
oxidation potential capable of oxidizing water.
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two molecules of reduced ferredoxin, are then donated to a mol-
ecule of NADP+ to form NADPH. The reaction is catalyzed by 
the membrane-bound enzyme NADP reductase.
 Because the reaction occurs on the stromal side of the mem-
brane and involves the uptake of a proton in forming  NADPH, it 
contributes further to the proton gradient established during 
 photo synthetic electron transport. The function of the two photo-
systems is summarized in figure 8.15.

ATP is generated by chemiosmosis
Protons are pumped from the stroma into the thylakoid com-
partment by the b6-f complex. The splitting of water also pro-
duces added protons that contribute to the gradient. The 
thylakoid membrane is impermeable to protons, so this creates 
an electrochemical gradient that can be used to synthesize ATP.

ATP synthase
The chloroplast has ATP synthase enzymes in the thylakoid 
membrane that form a channel, allowing protons to cross back 
out into the stroma. These channels protrude like knobs on the 
external surface of the thylakoid membrane. As protons pass 
out of the thylakoid through the ATP synthase channel, ADP is 
phosphorylated to ATP and released into the stroma (see 
figure 8.15). The stroma contains the enzymes that catalyze the 
reactions of carbon fixation—the Calvin cycle reactions.
 This mechanism is the same as that seen in the mitochon-
drial ATP synthase, and, in fact, the two enzymes are evolution-
arily related. This similarity in generating a proton gradient by 

quinone that results from accepting a pair of electrons (plasto-
quinone )  is a strong electron donor; it passes the excited electron 
pair to a proton pump called the b6-f complex embedded within 
the thylakoid membrane  (figure 8.15).  This complex closely re-
sembles the bc1 complex in the respiratory electron transport 
chain of mitochondria, discussed in chapter 7 . 
 Arrival of the energetic electron pair causes the b6-f complex 
to pump a proton into the thylakoid space. A small, copper -
containing protein called plastocyanin then carries the electron pair 
to photosystem I.

Photosystem I
The reaction center of photosystem I consists of a core trans-
membrane complex consisting of 12 to 14 protein subunits with 
two bound P700 chlorophyll molecules. Energy is fed to it by an 
antenna complex consisting of chlorophyll a and accessory pig-
ment molecules.
 Photosystem I accepts an electron from plastocyanin into 
the “hole” created by the exit of a light-energized electron. The 
absorption of a photon by photosystem I boosts the electron 
leaving the reaction center to a very high energy level. The elec-
trons are passed to an iron–sulfur protein called ferredoxin. Un-
like photosystem II and the bacterial photosystem, the plant 
photosystem I does not rely on quinones as electron acceptors.

Making NADPH
Photosystem I passes electrons to ferredoxin on the stromal side 
of the membrane (outside the thylakoid). The reduced ferredoxin 
carries an electron with very high potential. Two of them, from 

Figure 8.14       Z diagram of photosystems I and II. Two photosystems work 
sequentially and have different roles. Photosystem II passes energetic electrons to 
photosystem I via an electron transport chain. The electrons lost are replaced by 
oxidizing water. Photosystem I uses energetic electrons to reduce NADP+ to NADPH. 
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receives electrons 
from PQ and passes 
them to plastocyanin 
(PC). This provides 
energy for the b6-f 
complex to pump 
protons into the 
thylakoid.

3. Photosystem I 
absorbs photons, 
exciting electrons that 
are passed through a 
carrier to reduce 
NADP;           to NADPH. 
These electrons are 
replaced by electron 
transport from 
photosystem II.
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Hypothesis: Photophosphorylation is coupled to electron transport by a proton gradient.

Prediction: If a proton gradient can be formed artificially, then isolated chloroplasts will phosphorylate ADP in the dark.

Test: Isolated chloroplasts are incubated in acid medium, then transferred in the dark to a basic medium to create an artificial proton gradient.

Result: Isolated chloroplasts can phosphorylate ADP in the dark as assayed by the incorporation of radioactive PO4 into ATP.

Conclusion: The energy from electron transport in the chloroplast is coupled to the phosphorylation of ADP by a proton gradient.

Further Experiments: If an agent that makes membranes permeable to protons were included in this experiment, what would be the 

outcome? Would this argue for or against the hypothesis?

 

 

 

 

S C I E N T I F I C  T H I N K I N G

Spinach leaf

Dark conditions

Add
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phosphorylation was actually discovered  earlier  (figure 8.16) 
and formed the background for experiments using the mito-
chondrial ATP synthase. 

electron transport and ATP by chemiosmosis illustrates the 
similarities in structure and function in mitochondria and chlo-
roplasts. Evidence for this chemiosmotic mechanism for photo-

Figure 8.15  The photosynthetic electron transport system and ATP synthase. The two photosystems are arranged in the 
thylakoid membrane joined by an electron transport system that includes the b6-f complex. These function together to create a proton gradient 
that is used by ATP synthase to synthesize ATP.

Figure 8.16  
The Jagendorf 
acid bath 
experiment.
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Photosystem I

Cytochrome b6-f

ATP synthase

Grana Stoma lamella

Figure 8.17  Model for the arrangement of complexes 
within the thylakoid. The arrangement of the two kinds of 
photosystems and the other complexes involved in photosynthesis is 
not random. Photosystem II is concentrated within grana, especially 
in stacked areas. Photosystem I and ATP synthase are concentrated 
in stroma lamella and the edges of grana. The cytochrome b6-f 
complex is in the margins between grana and stroma lamella. This is 
one possible model for this arrangement.

8.6 Carbon Fixation: 
The Calvin Cycle

Learning Outcomes
Describe carbon fixation.1. 
Explain how the Calvin cycle produces glucose.2. 

Carbohydrates contain many C–H bonds and are highly re-
duced compared with CO2. To build carbohydrates, cells use 
energy and a source of electrons produced by the   light-dependent 
reactions of the thylakoids:

Energy.1.  ATP (provided by cyclic and noncyclic 
 photophosphorylation) drives the endergonic reactions.
Reduction potential.2.  NADPH (provided by 
 photosystem I) provides a source of protons and the 
energetic electrons needed to bind them to carbon atoms. 
Much of the light energy captured in photosynthesis ends 
up invested in the energy-rich C–H bonds of sugars.

Calvin cycle reactions convert inorganic 
carbon into organic molecules
Because early research showed temperature dependence, photo-
synthesis was predicted to involve enzyme-catalyzed reactions. 
These reactions form a cycle of enzyme-catalyzed steps much 
like the Krebs cycle of respiration. Unlike the Krebs cycle, 

The production of additional ATP
The passage of an electron pair from water to 
  NADPH in noncyclic photophosphorylation gener-
ates one molecule of  NADPH and slightly more than 
one molecule of ATP. But as you will learn later in this 
chapter, building organic molecules takes more energy 
than that—it takes 1.5 ATP molecules per NADPH mole-
cule to fix carbon.
 To produce the extra ATP, many plant species are 
capable of short-circuiting photosystem I, switching photo-
synthesis into a cyclic photophosphorylation mode, so that the 
light-excited electron leaving photosystem I is used to make 
ATP instead of NADPH. The energetic electrons are simply 
passed back to the b6-f complex, rather than passing on to 
NADP+. The b6-f complex pumps protons into the thylakoid 
space, adding to the proton gradient that drives the chemios-
motic synthesis of ATP. The relative proportions of cyclic and 
noncyclic photophosphorylation in these plants determine 
the relative amounts of ATP and NADPH available for build-
ing organic molecules.

Thylakoid structure reveals 
components’ locations
The four complexes responsible for the light-dependent 
reactions—namely photosystems I and II, cytochrome b6-f, and 
ATP synthase—are not randomly arranged in the thylakoid. 
Researchers are beginning to image these complexes with the 
atomic force microscope, which can resolve nanometer scale 
structures ,  and a picture is emerging in which photosystem II is 
found primarily in the grana, whereas photosystem I and ATP 
synthase are found primarily in the stroma lamella.  Photo-
system I and ATP synthase may also be found in the edges of 
the grana that are not stacked. The cytochrome b6-f complex is 
found in the borders between grana and stroma lamella. One 
possible model for the arrangement of the complexes is shown 
in figure 8.17.
 The thylakoid itself is no longer thought of only as stacked 
disks. Some models of the thylakoid, based on electron micros-
copy and other imaging, depict the grana as folds of the inter-
connecting stroma lamella. This kind of arrangement is more 
similar to the folds seen in bacterial photosynthesis, and it 
would therefore allow for more flexibility in how the various 
complexes are arranged relative to one another.

 Learning Outcomes Review 8.5
The chloroplast has two photosystems located in the thylakoid membrane 
that are connected by an electron transport chain. Photosystem I passes an 
electron to NADPH. This electron is replaced by one from photosystem  II. 
Photosystem II can oxidize water to replace the electron it has lost. A proton 
gradient is built up in the thylakoid space, and this gradient is used to 
generate ATP as protons pass through the ATP synthase enzyme.

 ■ If the thylakoid membrane were leaky to protons, 
would ATP still be produced? Would NADPH?
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carbon 3-phosphoglycerate (PGA). This overall reaction is called 
the carbon fixation reaction because inorganic carbon (CO2) has 
been incorporated into an organic form: the acid PGA. The en-
zyme that carries out this reaction, ribulose bisphosphate 
carboxylase/oxygenase (usually abbreviated rubisco) is a large, 
16-subunit enzyme found in the chloroplast stroma.

Carbon is transferred through cycle 
intermediates, eventually producing glucose
We will consider how the Calvin cycle can produce one molecule 
of glucose, although this glucose is not produced directly by the 
cycle (figure 8.18).  In a series of reactions, six molecules of CO2 
are bound to six RuBP by rubisco to produce 12 molecules of 

however, carbon fixation is geared toward producing new com-
pounds, so the nature of the cycles is quite different.
 The cycle of reactions that allow carbon fixation is called the 
Calvin cycle, after its discoverer, Melvin Calvin (1911–1997). Be-
cause the first intermediate of the cycle, phosphoglycerate, contains 
three carbon atoms, this process is also called C3 photosynthesis.
 The key step in this process—the event that makes the 
reduction of CO2 possible—is the attachment of CO2 to a 
highly specialized organic molecule. Photosynthetic cells pro-
duce this molecule by reassembling the bonds of two interme-
diates in  glycolysis—fructose 6-phosphate and glyceraldehyde 
3-phosphate (G3P)—to form the energy-rich 5-carbon sugar 
ribulose 1,5-bisphosphate (RuBP).
 CO2 reacts with RuBP to form a transient 6-carbon inter-
mediate that immediately splits into two molecules of the three-

Figure 8.18  The 
Calvin cycle. The Calvin 
cycle accomplishes carbon 
fi xation: converting 
inorganic carbon in the 
form of CO2 into organic 
carbon in the form of 
carbohydrates. The cycle 
can be broken down into 
three phases: (1) carbon 
fi xation, (2) reduction, and 
(3) regeneration of RuBP. 
For every six CO2 
molecules fi xed by the 
cycle, a molecule of glucose 
can be synthesized from the 
products of the reduction 
reactions, G3P. The cycle 
uses the ATP and 
NADPH produced by 
the light reactions.
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Figure 8.19  Chloroplasts and 
mitochondria: completing an 
energy cycle. Water and O2 cycle 
between chloroplasts and 
mitochondria within a plant cell, as 
do glucose and CO2. Cells with 
chloroplasts require an outside 
source of CO2 and H2O and generate 
glucose and O2. Cells without 
chloroplasts, such as animal cells, 
require an outside source of glucose 
and O2 and generate CO2 and H2O.

around the cycle incorporate enough carbon to produce a new 
molecule of G3P, and six turns incorporate enough carbon to 
synthesize one glucose molecule.
 We now know that light is required indirectly for different 
segments of the CO2 reduction reactions. Five of the Calvin 
cycle enzymes—including rubisco—are light-activated; that is, 
they become functional or operate more efficiently in the pres-
ence of light. Light also promotes transport of required 
  3-carbon intermediates across chloroplast membranes. And fi-
nally, light promotes the influx of Mg2+ into the chloroplast 
stroma, which further activates the enzyme rubisco.

Output of the Calvin cycle
Glyceraldehyde 3-phosphate is a 3-carbon sugar, a key intermedi-
ate in glycolysis. Much of it is transported out of the chloroplast to 
the cytoplasm of the cell, where the reversal of several reactions in 
glycolysis allows it to be converted to fructose 6-phosphate and 
glucose 1-phosphate. These products can then be used to form 
sucrose, a major transport sugar in plants. (Sucrose, table sugar, is 
a disaccharide made of fructose and glucose.)
 In times of intensive photosynthesis, G3P levels rise in the 
stroma of the chloroplast. As a consequence, some G3P in the chlo-
roplast is converted to glucose 1-phosphate. This takes place in a set 
of reactions analogous to those occurring in the cytoplasm, by re-
versing several reactions similar to those of glycolysis. The glucose 
1-phosphate is then combined into an insoluble polymer, forming 
long chains of starch stored as bulky starch grains in the cytoplasm. 
These starch grains represent stored glucose for later use.

PGA (containing 12 × 3 = 36 carbon atoms in all, 6 from CO2 
and 30 from RuBP). The 36 carbon atoms then undergo a cycle 
of reactions that regenerates the six molecules of RuBP used in 
the initial step (containing 6 × 5 = 30 carbon atoms). This leaves 
two molecules of glyceraldehyde 3-phosphate (G3P) (each with 
three carbon atoms) as the net gain. (You may recall G3P as also 
being the product of the first half of glycolysis, described in 
chapter 7.  ) These two molecules of G3P can then be used to 
make one molecule of glucose.
 The net equation of the Calvin cycle is:

6 CO2 + 18 ATP + 12 NADPH + water → 
2 glyceraldehyde 3-phosphate + 16 Pi + 18 ADP + 12 NADP+

With six full turns of the cycle, six molecules of carbon dioxide 
enter, two molecules of G3P are produced, and six molecules of 
RuBP are regenerated. Thus six turns of the cycle produce two 
G3P that can be used to make a single glucose molecule. The 
six turns of the cycle also incorporated six CO2 molecules, pro-
viding enough carbon to synthesize glucose, although the six 
carbon atoms do not all end up in this molecule of glucose.

Phases of the cycle
The Calvin cycle can be thought of as divided into three 
phases: (1) carbon fixation, (2) reduction, and (3) regeneration 
of RuBP. The carbon fixation reaction generates two mole-
cules of the 3- carbon acid PGA; PGA is then reduced to G3P 
by reactions that are essentially a reverse of part of glycolysis; 
finally, the PGA is used to regenerate RuBP. Three turns 
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Under hot, arid conditions, leaves lose water by 
evaporation through openings in the leaves 
called stomata. 

The stomata close to conserve water but as a 
result, O2 builds up inside the leaves, and CO2  
cannot enter the leaves. 
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Figure 8.20  Stoma. A closed stoma in the leaf of a tobacco 
plant. Each stoma is formed from two guard cells whose shape 
changes with turgor pressure to open and close. Under dry 
conditions plants close their stomata to conserve water.

Figure 8.21  Conditions 
favoring photorespiration. In 
hot, arid environments, stomata 
close to conserve water, which also 
prevents CO2 from entering and O2 
from exiting the leaf. The high-O2/
low-CO2 conditions favor 
photorespiration.

tures that already exist. Photosynthesis is no exception. Rubisco, 
the enzyme that catalyzes the key carbon-fixing reaction of 
 photo synthesis, provides a decidedly suboptimal solution. This 
enzyme has a second enzymatic activity that interferes with car-
bon fixation, namely that of oxidizing RuBP. In this process, called 
photorespiration, O2 is incorporated into RuBP, which under-
goes additional reactions that actually release CO2. Hence,  photo-
respiration releases CO2, essentially undoing carbon fixation.

Photorespiration reduces 
the yield of photosynthesis
The carboxylation and oxidation of RuBP are catalyzed at the 
same active site on rubisco, and CO2 and O2 compete with each 
other at this site. Under normal conditions at 25°C, the rate of 
the carboxylation reaction is four times that of the oxidation 
reaction, meaning that 20% of photosynthetically fixed carbon 
is lost to photorespiration.
 This loss rises substantially as temperature increases, be-
cause under hot, arid conditions, specialized openings in the 
leaf called stomata (singular, stoma) (figure 8.20)  close to con-
serve water. This closing also cuts off the supply of CO2 enter-
ing the leaf and does not allow O2 to exit (figure 8.21).  As a 
result, the low-CO2 and high-O2 conditions within the leaf 
 favor photorespiration.

The energy cycle
The energy-capturing metabolisms of the chloroplasts studied 
in this chapter and the mitochondria studied in chapter 7 are 
intimately related (figure 8.19).  Photosynthesis uses the prod-
ucts of respiration as starting substrates, and respiration uses 
the products of photosynthesis as starting substrates. The pro-
duction of glucose from G3P even uses part of the ancient gly-
colytic pathway, run in reverse. Also, the principal proteins 
involved in electron transport and ATP production in plants 
are evolutionarily related to those in mitochondria.
 Photosynthesis is but one aspect of plant biology, although 
it is an important one. In chapters 36 through 42   , we examine 
plants in more detail. We have discussed photosynthesis as a part 
of cell biology because photosynthesis arose long before plants 
did, and because most organisms depend directly or indirectly on 
photosynthesis for the energy that powers their lives.

Learning Outcomes Review 8.6
Carbon fi xation takes place in the stroma of the chloroplast, where inorganic 
CO2 is incorporated into an organic molecule. The key intermediate is the 
5-carbon sugar RuBP that combines with CO2 in a reaction catalyzed by the 
enzyme rubisco. The cycle can be broken down into three stages: carbon 
fi xation, reduction, and regeneration of RuBP. ATP and NADPH from the light 
reactions provide energy and electrons for the reduction reactions, which 
produce G3P. Glucose is synthesized when two molecules of G3P are combined.

■ How does the Calvin cycle compare with glycolysis?

8.7 Photorespiration

Learning Outcomes
Explain the action of rubisco in oxidizing RuBP.1. 
Compare the function of carbon fixation in the C2. 3, C4, and 
CAM pathways.

Evolution does not necessarily result in optimum solutions. 
Rather, it favors workable solutions that can be derived from fea-
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Figure 8.22  
Comparison of C3 and 
C4 pathways of carbon 
fi xation. a. The C3 
pathway uses the Calvin 
cycle to fi x carbon. All 
reactions occur in 
mesophyll cells using CO2 
that diffuses in through 
stomata. b. The C4 
pathway incorporates CO2 
into a 4-carbon molecule 
of malate in mesophyll 
cells. This is transported 
to the bundle sheath cells 
where it is converted back 
into CO2 and pyruvate, 
creating a high level of 
CO2. This allows effi cient 
carbon fi xation by the 
Calvin cycle.

 Plants that fix carbon using only C3 photosynthesis 
(the Calvin cycle) are called  C3 plants   (figure 8.22a).  Other 
plants add CO2 to phosphoenolpyruvate (PEP) to form a 
4- carbon molecule. This reaction is catalyzed by the enzyme 
PEP carboxylase. This enzyme has two advantages over rubis-
co: it has a much greater affinity for CO2 than rubisco, and 
it does not have oxidase activity.
 The 4-carbon compound produced by PEP carboxy-
lase undergoes further modification, only to be eventually 
decarboxylated. The CO2 released by this decarboxylation is 
then used by rubisco in the Calvin cycle. This allows CO2 to 
be pumped directly to the site of rubisco, which increases 
the local concentration of CO2 relative to O2, minimizing 
photorespiration. The 4-carbon compound produced by 
PEP carboxylase allows CO2 to be stored in an organic form, 
to then be released in a different cell, or at a different time 
to keep the level of CO2 high relative to O2.
 The reduction in the yield of carbohydrate as a result 
of photorespiration is not trivial. C3 plants lose between 
25% and 50% of their photosynthetically fixed carbon in 
this way. The rate depends largely on temperature. In tropi-
cal climates, especially those in which the temperature is of-
ten above 28°C, the problem is severe, and it has a major 
effect on tropical agriculture.
 The two main groups of plants that initially capture 
CO2 using PEP carboxylase differ in how they maintain high 

levels of CO2 relative to O2. In  C4 plants   (figure 8.22b), the 
capture of CO2 occurs in one cell and the decarboxylation 
occurs in an adjacent cell. This represents a spatial solution 
to the problem of photorespiration. The second group, 
CAM plants,   perform both reactions in the same cell, but 
capture CO2 using PEP carboxylase at night, then decarboxy-
late during the day. CAM stands for crassulacean acid 
metabolism, after the plant family Crassulaceae (the 
stonecrops, or hens-and-chicks), in which it was first discov-
ered. This mechanism represents a temporal solution to the 
photorespiration problem.

C4 plants have evolved 
to minimize photorespiration
The C4 plants include corn, sugarcane, sorghum, and a 
number of other grasses. These plants initially fix carbon 
using PEP carboxylase in mesophyll cells. This reaction 
produces the organic acid oxaloacetate, which is converted 
to malate and transported to  bundle-sheath cells that 
surround the leaf veins. Within the  bundle-sheath cells, 
malate is decarboxylated to produce pyruvate and CO2 
(figure 8.23).  Because the bundle-sheath cells are imper-
meable to CO2, the local level of CO2 is high and carbon 
fixation by rubisco and the Calvin cycle is efficient. The 
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The Crassulacean acid pathway splits 
photosynthesis into night and day
A second strategy to decrease photorespiration in hot regions 
has been adopted by the CAM plants. These include many suc-
culent (water-storing) plants, such as cacti, pineapples, and 
some members of about two dozen other plant groups.
 In these plants, the stomata open during the night and 
close during the day (figure 8.24).  This pattern of stomatal open-
ing and closing is the reverse of that in most plants. CAM plants 
initially fix CO2 using PEP carboxylase to produce oxaloacetate. 
The oxaloacetate is often converted into other organic acids, de-
pending on the particular CAM plant. These organic compounds 
accumulate during the night and are stored in the vacuole. Then 
during the day, when the stomata are closed, the organic acids are 
decarboxylated to yield high levels of CO2. These high levels of 
CO2 drive the Calvin cycle and minimize photorespiration.
 Like C4 plants, CAM plants use both C3 and C4 pathways. 
They differ in that they use both of these pathways in the same 
cell: the C4 pathway at night and the C3 pathway during the 
day. In C4 plants the two pathways occur in different cells.

Learning Outcomes Review 8.7
Rubisco can also oxidize RuBP under conditions of high O2 and low CO2. In 
plants that use only C3 metabolism (Calvin cycle), up to 20% of fi xed carbon 
is lost to this photorespiration. Plants adapted to hot, dry environments 
are capable of storing CO2 as a 4-carbon molecule and avoiding some of this 
loss; they are called C4 plants. In CAM plants, CO2 is fi xed at night into a C4 
organic compound; in the daytime, this compound is used as a source of CO2 
C3 metabolism when stomata are closed to prevent water loss.

 ■ How do C4 plants and CAM plants differ?

pyruvate produced by decarboxylation is transported back 
to the mesophyll cells, where it is converted back to PEP, 
thereby completing the cycle.
 The C4 pathway, although it overcomes the problems of 
photorespiration, does have a cost. The conversion of pyru-
vate back to PEP requires breaking two high-energy bonds in 
ATP. Thus each CO2 transported into the bundle-sheath cells 
cost the equivalent of two ATP. To produce a single glucose, 
this requires 12 additional ATP compared with the Calvin 
cycle alone. Despite this additional cost, C4 photosynthesis is 
advantageous in hot dry climates where photorespiration 
would remove more than half of the carbon fixed by the usual 
C3 pathway alone.

Figure 8.23  Carbon fi xation in C4 plants. This process is 
called the C4 pathway because the fi rst molecule formed, 
oxaloacetate, contains four carbons. The oxaloacetate is converted 
to malate, which moves into bundle-sheath cells where it is 
decarboxylated back to CO2 and pyruvate. This produces a high 
level of CO2 in the bundle-sheath cells that can be fi xed by the usual 
C3 Calvin cycle with little photorespiration. The pyruvate diffuses 
back into the mesophyll cells, where it is converted back to PEP to 
be used in another C4 fi xation reaction.

Figure 8.24  Carbon fi xation in CAM plants. CAM plants 
also use both C4 and C3 pathways to fi x carbon and minimize 
photorespiration. In CAM plants, the two pathways occur in the 
same cell but are separated in time: The C4 pathway is utilized to fi x 
carbon at night, then CO2 is released from these accumulated stores 
during the day to drive the C3 pathway. This achieves the same 
effect of minimizing photorespiration while also minimizing loss of 
water by opening stomata at night when temperatures are lower.
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energy to the reaction center. The reaction center is composed of 
two chlorophyll a molecules in a protein matrix that pass an excited 
electron to an electron acceptor.

8.5 The Light-Dependent Reactions
The light reactions can be broken down into four processes: primary 
photoevent, charge separation, electron transport, and chemiosmosis.

Some bacteria use a single photosystem (fi gure 8.12 ) .
An excited electron moves along a transport chain and eventually 
returns to the photosystem. This cyclic process is used to generate a 
proton gradient. In some bacteria, this can also produce NADPH.

Chloroplasts have two connected photosystems.
Photosystem I transfers electrons to NADP+, reducing it to NADPH. 
Photosystem II replaces electrons lost by photosystem I. Electrons 
lost from photosystem II are replaced by electrons from oxidation of 
water, which also produces O2.

The two photosystems work together in noncyclic 
photophosphorylation.
Photosystem II and photosystem I are linked by an electron transport 
chain; the b6-f complex in this chain pumps protons into the 
thylakoid space.

ATP is generated by chemiosmosis  .
ATP synthase is a channel enzyme; as protons fl ow through the 
channel down their gradient, ADP is phosphorylated producing 
ATP, similar to the mechanism in mitochondria. Plants can make 
additional ATP by cyclic photophosphorylation.

Thylakoid structure reveals components’ locations.
Imaging studies suggest that photosystem II is primarily found in the 
grana, while photosystem I and ATP synthase are found in the 
stroma lamella.

8.6 Carbon Fixation: The Calvin Cycle (see fi gure 8.18 ) 

 Calvin cycle reactions convert inorganic carbon into organic molecules.
The Calvin cycle, also known as C3 photosynthesis, uses CO2, ATP, 
and NADPH to build simple sugars.

Carbon is transferred through cycle intermediates, eventually 
producing glucose.
The Calvin cycle occurs in three stages: carbon fi xation via the enzyme 
rubisco’s action on RuBP and CO2; reduction of the resulting 3-carbon 
PGA to G3P, generating ATP and NADPH; and regeneration of RuBP. 
Six turns of the cycle fi x enough carbon to produce two excess G3Ps 
used to make one molecule of glucose.

8.7 Photorespiration
Photorespiration reduces the yield of photosynthesis.
Rubisco can catalyze the oxidation of RuBP, reversing carbon 
fi xation. Dry, hot conditions tend to increase this reaction.

C4 plants have evolved to minimize photorespiration.
C4 plants fi x carbon by adding CO2 to a 3-carbon molecule, forming 
oxaloacetate. Carbon is fi xed in one cell by the C4 pathway, then CO2 
is released in another cell for the Calvin cycle (see fi gure 8.23 ).  

The Crassulacean acid pathway splits photosynthesis 
into night and day.
CAM plants use the C4 pathway during the day when stomata are 
closed, and the Calvin cycle at night in the same cell.

8.1 Overview of Photosynthesis
Photosynthesis is the conversion of light energy into chemical energy 
(see fi gure 8.2  ).

Photosynthesis combines CO2 and H2O, producing glucose and O2.
Photosynthesis has three stages: absorbing light energy, using this energy 
to synthesize ATP and NADPH, and using the ATP and NADPH to 
convert CO2 to organic molecules. The fi rst two stages consist of light-
dependent reactions, and the third stage of light-independent reactions.

In plants, photosynthesis takes place in chloroplasts.
Chloroplasts contain internal thylakoid membranes and a fl uid 
matrix called stroma. The photosystems involved in energy capture 
are found in the thylakoid membranes, and enzymes for assembling 
organic molecules are in the stroma.

8.2 The Discovery of Photosynthetic Processes

Plants do not increase mass from soil and water alone.
Early investigations revealed that plants produce O2 from carbon 
dioxide and water in the presence of light.

Photosynthesis includes both light-dependent 
and light-independent reactions.
The light-dependent reactions require light; the light-
independent reactions occur in both daylight and darkness. The 
rate of photosynthesis depends on the amount of light, the CO2
concentration, and temperature.

O2 comes from water, not from CO2.
The use of isotopes revealed the individual origins and fates of 
different molecules in photosynthetic reactions.

ATP and NADPH from light-dependent reactions reduce 
CO2 to make sugars.
Carbon fi xation requires ATP and NADPH, which are products of 
the light-dependent reactions. As long as these are available, CO2 is 
reduced by enzymes in the stroma to form simple sugars.

8.3 Pigments

Light is a form of energy.
Light exists both as a wave and as a particle (photon). Light can 
remove electrons from some metals by the photoelectric effect, and 
in photosynthesis, chloroplasts act as photoelectric devices.

Each pigment has a characteristic absorption spectrum.
Chlorophyll a is the only pigment that can convert light energy into 
chemical energy. Chlorophyll b is an accessory pigment that increases 
the harvest of photons for photosynthesis.
Carotenoids and other accessory pigments further increase a plant’s 
ability to harvest photons.

8.4 Photosystem Organization (see fi gure 8.10 )

Production of one O2 molecule requires many chlorophyll molecules.
Measurement of O2 output led to the idea of photosystems—  clusters 
of pigment molecules that channel energy to a reaction center.

A generalized photosystem contains an antenna complex 
and a reaction center.
A photosystem is a network of chlorophyll a, accessory pigments, 
and proteins embedded in the thylakoid membrane. Pigment 
molecules of the antenna complex harvest photons and feed light 
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c. In the intermembrane space
d. In the antenna complex

 3. How does the reaction center of photosystem I regain 
an electron during noncyclic photosynthesis?
a. The electron is recycled directly back to the reaction 

center pigment.
b. The electron is donated from H2O.
c. The electron is donated from photosystem II.
d. The electron is donated from NADPH.

 4. If the Calvin cycle runs through six turns
a. all of the fi xed carbon will end up in the same 

glucose molecule.
b. 12 carbons will be fi xed by the process.
c. enough carbon will be fi xed to make one glucose, but they 

will not all be in the same molecule.
d. one glucose will be converted into six CO2.

 5. Which of the following are similarities between the structure 
and function of mitochondria and chloroplasts?
a. They both create internal proton gradients by 

electron transport.
b. They both generate CO2 by oxidation reactions.
c. They both have an outer membrane and an inner 

membrane system.
d. Both a and c are correct.

 6. Carbon fi xation by the C4 pathway produces
a. the same product as is produced by the Calvin cycle.
b. an organic acid, but a 4-carbon one not a 3-carbon.
c. a 3-carbon organic acid that is converted to the 

4-carbon malate.
d. RuBP.

 7. If the thylakoid membrane became leaky to ions, what would 
you predict to be the result on the light reactions?
a. It would stop ATP production.
b. It would stop NADPH production.
c. It would stop the oxidation of H2O.
d. All of the above are correct.

 8. The overall process of photosynthesis
a. results in the reduction of CO2 and the oxidation of H2O.
b. results in the reduction of H2O and the oxidation of CO2.
c. consumes O2 and produces CO2.
d. produces O2 from CO2.

S Y N T H E S I Z E
 1. Compare and contrast the fi xation of carbon in C3, C4, and 

CAM plants.

 2. Diagram the relationship between the reactants and products of 
photosynthesis and respiration.

 3. Do plant cells need mitochondria? Explain your answer.

U N D E R S T A N D
 1. The light-dependent reactions of photosynthesis are responsible 

for the production of
a. glucose. c. ATP and NADPH.
b. CO2. d. H2O.

 2. Which region of a chloroplast is associated with the capture 
of light energy?
a. Thylakoid membrane c. Stroma
b. Outer membrane d. Both a and c

 3. The colors of light that are most effective for photosynthesis are
a. red, blue, and violet.
b. green, yellow, and orange.
c. infrared and ultraviolet.
d. All colors of light are equally effective.

 4. During noncyclic photosynthesis, photosystem I functions to 
___________, and photosystem II functions to ______________.
a. synthesize ATP; produce O2

b. reduce NADP+; oxidize H2O
c. reduce CO2; oxidize NADPH
d. restore an electron to its reaction center; gain an electron 

from water
 5. How is a reaction center pigment in a photosystem different 

from a pigment in the antenna complex?
a. The reaction center pigment is a chlorophyll molecule.
b. The antenna complex pigment can only refl ect light.
c. The reaction center pigment loses an electron when 

it absorbs light energy.
d. The antenna complex pigments are not attached to proteins.

 6. The ATP and NADPH from the light reactions are used
a. in glycolysis in roots.
b. directly in most biochemical reactions in the cell.
c. during the reactions of the Calvin cycle to produce glucose.
d. to synthesize chlorophyll.

 7. The carbon fi xation reaction converts
a. inorganic carbon into an organic acid.
b. CO2 into glucose.
c. inactive rubisco into active rubisco.
d. an organic acid into CO2.

 8. C4 plants initially fi x carbon by 
a. the same pathway as C3 plants, but they modify this 

product.
b. incorporating CO2 into oxaloacetate, which is converted 

to malate.
c. incorporating CO2 into citrate via the Krebs cycle.
d. incorporating CO2 into glucose via reverse glycolysis.

A P P L Y
 1. The overall fl ow of electrons in the light reactions is from

a. antenna pigments to the reaction center.
b. H2O to CO2.
c. photosystem I to photosystem II.
d. H2O to NADPH.

 2. Where in a chloroplast would you fi nd the highest 
concentration of protons?
a. In the stroma
b. In the lumen of the thylakoid

Review Questions
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Chapter 9
Cell Communication 

Chapter Outline

9.1 Overview of Cell Communication

9.2 Receptor Types

9.3 Intracellular Receptors

9.4 Signal Transduction Through Receptor Kinases

9.5 Signal Transduction Through G Protein-
Coupled Receptors

Introduction

Springtime is a time of rebirth and renewal. Trees that have appeared dead produce new leaves and buds, and fl owers sprout 

from the ground. For suff erers of seasonal allergy, this is not quite such a pleasant time. The pollen in the micrograph and other 

 allergens produced stimulate the immune system to produce the molecule histamine and other molecules that form cellular 

signals. These signals cause infl ammation, mucus secretion, vasodilation, and other responses that together cause the runny nose, 

itching watery eyes, and other symptoms that make up the allergic reaction. We treat allergy symptoms by using drugs called 

 antihistamines that interfere with this cellular signaling. The popular drug loratadine (better known as Claritin), for example, acts 

by  blocking the receptor for histamine, thus preventing its action.

 We will begin this chapter with a general overview of signaling, and the kinds of receptors cells use to respond to 

signals. Then we will look in more detail at how these different types of receptors can elicit a response from cells, and finally, 

how cells make connections with one another.

 9.1 Overview of Cell 
Communication

Learning Outcomes
Explain the different ways that cells communicate.1.  
Describe how cells use signal transduction pathways.  2. 

Communication between cells is common in nature. Cell sig-
naling occurs in all multicellular organisms, providing an indis-
pensable mechanism for cells to influence one another. Effective 
signaling requires a signaling molecule, called a ligand, and a 
molecule to which the signal binds, called a receptor protein.
The interaction of these two components initiates the process of 
signal transduction, which converts the information in the signal 
into a cellular response (figure 9.1). 
 The cells of multicellular organisms use a variety of mol-
ecules as signals, including but not limited to, peptides, large 
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 Figure 9.1 Overview 
of cell signaling. Cell 
signaling involves a signal 
molecule called a ligand, 
a receptor, and a signal 
transduction pathway 
that produces a cellular 
response. The location 
of the receptor can either 
be intracellular, for 
hydrophobic ligands that 
can cross the membrane, or 
in the plasma membrane, 
for hydrophilic ligands that 
cannot cross 
the membrane.

proteins, individual amino acids, nucleotides, and steroids and 
other lipids. Even dissolved gases such as NO (nitric oxide) are 
used as signals.
 Any cell of a multicellular organism is exposed to a con-
stant stream of signals. At any time, hundreds of different 
chemical signals may be present in the environment surround-
ing the cell. Each cell responds only to certain signals, however, 
and ignores the rest, like a person following the conversation of 
one or two individuals in a noisy, crowded room.
 How does a cell “choose” which signals to respond 
to? The number and kind of receptor molecules determine 
this. When a ligand approaches a receptor protein that has 
a complementary shape, the two can bind, forming a com-
plex. This binding induces a change in the receptor pro-
tein’s shape, ultimately producing a response in the cell via 
a signal transduction pathway. In this way, a given cell re-

sponds to the signaling molecules that fit the particular set 
of receptor proteins it possesses and ignores those for which 
it lacks receptors.

Signaling is defi ned by the distance 
from source to receptor
Cells can communicate through any of four basic mechanisms, 
depending primarily on the distance between the signaling and 
responding cells (figure 9.2). These mechanisms are (1) direct 
contact, (2) paracrine signaling, (3) endocrine signaling, and 
(4) synaptic signaling.
 In addition to using these four basic mechanisms, some 
cells actually send signals to themselves, secreting signals that 
bind to specific receptors on their own plasma membranes. 
This process, called autocrine signaling, is thought to play an 

Figure 9.2  Four kinds of cell signaling. Cells communicate in several ways. a. Two cells in direct contact with each other may 
send signals across gap junctions. b. In paracrine signaling, secretions from one cell have an effect only on cells in the immediate area. c. In 
endocrine signaling, hormones are released into the organism’s circulatory system, which carries them to the target cells. d. Chemical synapse 
signaling involves transmission of signal molecules, called neurotransmitters, from a neuron over a small synaptic gap to the target cell.
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transduction. These events form discrete pathways that lead 
to a cellular response to the signal received by receptors. 
Knowledge of these signal transduction pathways has exploded 
in recent years and indicates a high degree of complexity that 
explains how in some cases different cell types can have the 
same response to different signals, and in other cases different 
cell types can have a different response to the same signal.
 For example, a variety of cell types respond to the hor-
mone glucagon by mobilizing glucose as part of the body’s 
mechanism to control blood glucose (chapter 46) . This involves 
breaking down stored glycogen into glucose and turning on the 
genes that encode the enzymes necessary to synthesize glucose. 
In contrast, the hormone epinephrine has diverse effects on dif-
ferent cell types. We have all been startled or frightened by a 
sudden event. Your heart beats faster, you feel more alert, and 
you can even feel the hairs on your skin stand up. All of this is 
due in part to your body releasing the hormone epinephrine 
(also called adrenaline) into the bloodstream. This leads to the 
heightened state of alertness and increased heart rate and en-
ergy that prepare us to respond to extreme situations.
 These differing effects of epinephrine depend on the dif-
ferent cell types with receptors for this hormone. In the liver,  
cells are stimulated to mobilize glucose while in the heart mus-
cle cells contract more forcefully to increase blood flow. In ad-
dition, blood vessels respond by expanding in some areas and 
contracting in others to redirect blood flow to the liver, heart, 
and skeletal muscles. These different reactions depend on the 
fact that each cell type has a receptor for epinephrine, but dif-
ferent sets of proteins that respond to this signal.

Phosphorylation is key in control 
of protein function
The function of a signal transduction pathway is to change the 
behavior or nature of a cell. This action may require changing the 
composition of proteins that make up a cell or altering the activ-
ity of cellular proteins. Many proteins are inactive or nonfunc-
tional as they are initially synthesized and require modification 
after synthesis for activation. In other cases, a protein may re-
quire modification for deactivation. A major source of control for 
protein function is the addition or removal of phosphate groups, 
called phosphorylation or dephosphorylation, respectively. 
 As you learned in preceding chapters, the end result of the 
metabolic pathways of cellular respiration and photosynthesis 
was the phosphorylation of ADP to ATP. The ATP synthesized 
by these processes can donate phosphate groups to proteins. 
The phosphorylation of proteins alters their function, which 
allows them to transmit information from an extracellular sig-
nal through a signal transduction pathway.

Protein kinases
The class of enzyme that adds phosphate groups from ATP to 
proteins is called a protein kinase. These phosphate groups can 
be added to the three amino acids that have an OH as part 
of their R group, namely serine, threonine, and tyrosine. We 
categorize protein kinases based on which of these three sub-
strates they alter (figure 9.3). Most cytoplasmic protein kinases 
fall into the serine/threonine kinase class.

important role in reinforcing developmental changes, and it is 
an important component of signaling in the immune system 
(chapter 52) .

Direct contact
As you saw in chapter 5, the surface of a eukaryotic cell is richly 
populated with proteins, carbohydrates, and lipids attached to 
and extending outward from the plasma membrane. When cells 
are very close to one another, some of the molecules on the 
plasma membrane of one cell can be recognized by receptors 
on the plasma membrane of an adjacent cell. Many of the im-
portant interactions between cells in early development occur 
by means of direct contact between cell surfaces. Cells also sig-
nal through gap junctions (figure 9.2a). We’ll examine contact-
dependent interactions more closely later in this chapter.

Paracrine signaling
Signal molecules released by cells can diffuse through the extra-
cellular fluid to other cells. If those molecules are taken up 
by neighboring cells, destroyed by extracellular enzymes, or 
quickly removed from the extracellular fluid in some other way, 
their influence is restricted to cells in the immediate vicinity of 
the releasing cell. Signals with such short-lived, local effects are 
called paracrine signals (figure 9.2b).
 Like direct contact, paracrine signaling plays an important 
role in early development, coordinating the activities of clusters 
of neighboring cells. The immune response in vertebrates also 
involves paracrine signaling between immune cells (chapter 52) .

Endocrine signaling 
A released signal molecule that remains in the extracellular fluid  
may enter the organism’s circulatory system and travel widely 
throughout the body. These longer-lived signal molecules, 
which may affect cells very distant from the releasing cell, are 
called hormones, and this type of intercellular communication 
is known as endocrine signaling    (figure 9.2c). Chapter 46  dis-
cusses endocrine signaling in detail. Both animals and plants 
use this signaling mechanism extensively.

Synaptic signaling
In animals, the cells of the nervous system provide rapid commu-
nication with distant cells. Their signal molecules, neurotrans-
mitters, do not travel to the distant cells through the circulatory 
system as hormones do. Rather, the long, fiberlike extensions of 
nerve cells release neurotransmitters from their tips very close to 
the target cells (figure 9.2d  ). The association of a neuron and its 
target cell is called a chemical synapse, and this type of inter-
cellular communication is called synaptic signaling.    Whereas 
paracrine signals move through the fluid between cells, neuro-
transmitters cross the synaptic gap and persist only briefly. We 
will examine synaptic signaling more fully in chapter 44. 

Signal transduction pathways
lead to cellular responses
The types of signaling outlined earlier are descriptive and say 
nothing about how cells respond to signals. The events that 
occur within the cell on receipt of a signal are called signal 
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plementary shape with another molecule. This interaction causes 
subtle changes in the structure of the receptor, thereby activating it. 
This is the beginning of any signal transduction pathway.

Receptors are defi ned by location
The nature of these receptor molecules depends on their lo-
cation and on the kind of ligands they bind. Intracellular re-
ceptors bind hydro-phobic ligands, which can easily cross the 
membrane, inside the cell. In contrast, cell surface or mem-
brane receptors bind hydrophilic ligands, which cannot easily 
cross the membrane, outside the cell (figure 9.1). Membrane 
receptors consist of transmembrane proteins that are in con-
tact with both the cytoplasm and the extracellular environment. 
Table 9.1 summarizes the types of receptors and communica-
tion mechanisms discussed in this chapter.

Membrane receptors include three subclasses
When a receptor is a transmembrane protein, the ligand binds 
to the receptor outside of the cell and never actually crosses 
the plasma membrane. In this case, the receptor itself, and not 
the signaling molecule is responsible for information crossing 
the membrane. Membrane receptors can be categorized based 
on their structure and function.

Channel-linked receptors
Chemically gated ion channels are receptor proteins that al-
low the passage of ions (figure 9.4a). The receptor proteins that 
bind many neurotransmitters have the same basic structure. 
Each is a membrane protein with multiple transmembrane do-
mains, meaning that the chain of amino acids threads back and 
forth across the plasma membrane several times. In the center 
of the protein is a pore that connects the extracellular fluid with 
the cytoplasm. The pore is big enough for ions to pass through, 
so the protein functions as an ion channel.   

Phosphatases
Part of the reason for the versatility of phosphorylation as a form 
of protein modification is that it is reversible. Another class of en-
zymes called phosphatases removes phosphate groups, reversing 
the action of kinases (see figure 9.3). Thus, a protein activated by 
a kinase can be deactivated by a phosphatase, or the reverse.

Learning Outcomes Review 9.1
Cell communication involves chemical signals, or ligands, that bind 
to cellular receptors. Binding of ligand to receptor initiates signal 
transduction pathways that lead to a cellular response. Diff erent cells 
may have the same response to one signal and the same signal can 
also elicit diff erent responses in diff erent cells. The phosphorylation–
dephosphorylation of proteins is a common mechanism of controlling 
protein function found in signaling pathways.

■ How are receptor ligand interactions similar to enzyme 
substrate interactions?

Figure 9.3  Phosphorylation 
of proteins. Many proteins are 
controlled by their phosphorylation 
state: that is, they are activated by 
phosphorylation and deactivated by 
dephosphorylation or the reverse. The 
enzymes that add phosphate groups 
are called kinases. These form two 
classes depending on the amino acid 
the phosphate is added to, either serine/
threonine kinases or tyrosine kinases. 
The action of kinases is reversed by 
protein phosphatase enzymes.

 9.2 Receptor Types

Learning Outcome
Contrast the different types of receptors.1.  

The first step in understanding cell signaling is to consider the re-
ceptors themselves. Cells must have a specific receptor to be able 
to respond to a particular signaling molecule. The interaction of a 
receptor and its ligand is an example of molecular recognition, a 
process in which one molecule fits specifically based on its com-
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 The channel is said to be chemically gated because it 
opens only when a chemical (the neurotransmitter) binds to it. 
The type of ion that flows across the membrane when a chemi-
cally gated ion channel opens depends on the shape and charge 
structure of the channel. Sodium, potassium, calcium, and chlo-
ride ions all have specific ion channels.
 The acetylcholine receptor found in muscle cell membranes 
functions as an Na+ channel. When the receptor binds to its ligand, 

T A B L E  9 . 1 Receptors Involved in Cell Signaling
Receptor Type Structure Function Example

Intracellular Receptors No extracellular signal-binding site Receives signals from lipid-soluble or 

noncharged, nonpolar small molecules

Receptors for NO, steroid hormone, vitamin D, 

and thyroid hormone

Cell Surface Receptors

Chemically gated ion channels Multipass transmembrane protein forming a 

central pore

Molecular “gates” triggered chemically to 

open or close

Neurons

Enzymatic receptors Single-pass transmembrane protein Binds signal extracellularly; catalyzes 

response intracellularly

Phosphorylation of protein kinases

G protein-coupled receptors Seven-pass transmembrane protein with 

cytoplasmic binding site for G protein

Binding of signal to receptor causes GTP to 

bind a G protein; G protein, with attached GTP, 

detaches to deliver the signal inside the cell

Peptide hormones, rod cells in the eyes

the neurotransmitter acetylcholine, the channel opens allowing Na+ 
to flow into the muscle cell. This is a critical step linking the signal 
from a motor neuron to muscle cell contraction (chapter 44) .

Enzymatic receptors
Many cell surface receptors either act as enzymes or are di-
rectly linked to enzymes (figure 9.4b). When a signal molecule 
binds to the receptor, it activates the enzyme. In almost all 

Figure 9.4  Cell surface receptors. a. Chemically gated ion channels form a pore in the plasma membrane that can be opened or 
closed by chemical signals. They are usually selective, allowing the passage of only one type of ion. b. Enzymatic receptors bind to ligands on 
the extracellular surface. A catalytic region on their cytoplasmic portion transmits the signal across the membrane by acting as an enzyme in 
the cytoplasm. c. G protein-coupled receptors (GPCR) bind to ligands outside the cell and to G proteins inside the cell. The G protein then 
activates an enzyme or ion channel, transmitting signals from the cell’s surface to its interior.
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  cases, these enzymes are protein kinases, enzymes that add 
phosphate groups to proteins. We discuss these receptors in de-
tail in a later section of this chapter.

G Protein-coupled receptors
A third class of cell surface receptors acts indirectly on enzymes 
or ion channels in the plasma membrane with the aid of an 
assisting protein, called a G protein. The G protein, which is 
so named because it binds the nucleotide guanosine triphosphate
(GTP), can be thought of as being inserted between the recep-
tors and the enzyme (effector). That is, the ligand binds to the 
receptor, activating it, which activates the G protein, which in 
turn activates the effector protein (figure 9.4c). These receptors 
are also discussed in detail later on.

Membrane receptors can generate 
second messengers
Some enzymatic receptors and most G protein-coupled receptors 
utilize other substances to relay the message within the cytoplasm. 
These other substances, small molecules or ions called second 
messengers, alter the behavior of cellular proteins by binding 
to them and changing their shape. (The original signal molecule 
is considered the “first messenger.”) Two common second mes-
sengers are cyclic adenosine monophosphate  (cyclic-AMP, or 
cAMP) and calcium ions. The role of these second messengers 
will be explored in more detail in a later section.

Learning Outcome Review 9.2
Receptors may be internal (intracellular receptors) or external 
(membrane receptors). Membrane receptors include channel-linked 
receptors, enzymatic receptors, and G protein-coupled receptors. Signal 
transduction through membrane receptors often involves the production 
of a second signaling molecule, or second messenger, inside the cell.

 ■ Would a hydrophobic molecule be expected to have an 
internal or membrane receptor?

 9.3 Intracellular Receptors

Learning Outcomes
Identify the chemical nature of ligands for intracellular 1. 
receptors. 
Describe the action of intracellular receptors. 2. 

Many cell signals are lipid-soluble or very small molecules that 
can readily pass through the plasma membrane of the target 
cell and into the cell, where they interact with an intracellular 
receptor. Some of these ligands bind to protein receptors located 
in the cytoplasm, others pass across the nuclear membrane as 
well and bind to receptors within the nucleus.

Steroid hormone receptors aff ect 
gene expression
Of all of the receptor types discussed in this chapter, the action of 
the steroid hormone receptors is the simplest and most direct.
 Steroid hormones form a large class of compounds, in-
cluding cortisol, estrogen, progesterone, and testosterone, that 
share a common nonpolar structure. Estrogen, progesterone, 
and testosterone are involved in sexual development and be-
havior (chapter 53) . Other steroid hormones, such as cortisol, 
also have varied effects depending on the target tissue,   rang-
ing from the mobilization of glucose to the inhibition of white 
blood cells to control inflammation. Their anti-inflammatory 
action is the basis of their use in medicine.
 The nonpolar structure allows these hormones to cross 
the membrane and bind to intracellular receptors. The loca-
tion of steroid hormone receptors prior to hormone binding is 
cytoplasmic, but their primary site of action is in the nucleus. 
Binding of the hormone to the receptor causes the complex 
to shift from the cytoplasm to the nucleus (figure 9.5). As the 

Figure 9.5  Intracellular receptors regulate gene 
transcription. Hydrophobic signaling molecules can cross the plasma 
membrane and bind to intracellular receptors. This starts a signal 
transduction pathway that produces changes in gene expression.
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Other intracellular receptors act as enzymes
A very interesting example of a receptor acting as an enzyme is 
found in the receptor for nitric oxide (NO). This small gas mol-
ecule diffuses readily out of the cells where it is produced and 
passes  directly into neighboring cells, where it binds to the enzyme 
guanylyl cyclase. Binding of NO activates this enzyme, enabling it 
to catalyze the synthesis of cyclic guanosine monophosphate (cGMP),   
 an intracellular messenger molecule that produces cell-specific re-
sponses such as the relaxation of smooth muscle cells.
 When the brain sends a nerve signal to relax the smooth 
muscle cells lining the walls of vertebrate blood vessels, acetyl-
choline released by the nerve cell binds to receptors on epithelial 
cells. This causes an increase in intracellular Ca2+ in the epithe-
lial cell that stimulates nitric oxide synthase to produce NO. The 
NO diffuses into the smooth muscle, where it increases the level 
of cGMP, leading to relaxation. This relaxation allows the vessel 
to expand and thereby increases blood flow. This explains the use 
of nitroglycerin to treat the pain of angina caused by constricted 
blood vessels to the heart. The nitroglycerin is converted by cells 
to NO, which then acts to relax the blood vessels.
 The drug sildenafil (better known as Viagra) also func-
tions via this signal transduction pathway by binding to and 
inhibiting the enzyme cGMP phosphodiesterase, which breaks 
down cGMP. This keeps levels of cGMP high, thereby stimu-
lating production of NO. The reason for Viagra’s selective ef-
fect is that it binds to a form of cGMP phosphodiesterase found 
in cells in the penis. This allows relaxation of smooth muscle in 
erectile tissue, thereby increasing blood flow.

Learning Outcomes Review 9.3
Hydrophobic signaling molecules can cross the membrane and bind to 
intracellular receptors. The steroid hormone receptors act by directly 
infl uencing gene expression. On binding hormone, the hormone–
receptor moves into the nucleus to turn on (or sometimes turn off ) gene 
expression. This also requires another protein called a coactivator that 
functions with the hormone–receptor. Thus, the cell’s response to a 
hormone depends on the presence of a receptor and coactivators as well.

■ Would these types of intracellular receptors be fast 
acting, or have effects of longer duration?

ligand–receptor complex makes it all the way to the nucleus of 
the cell, these receptors are often called nuclear receptors.

Steroid receptor action
The primary function of steroid hormone receptors, as well 
as receptors for a number of other small, lipid-soluble signal 
molecules such as vitamin D and thyroid hormone, is to act as 
regulators of gene expression (see chapter 16).
 All of these receptors have similar structures; the genes 
that code for them appear to be the evolutionary descendants 
of a single ancestral gene. Because of their structural similari-
ties, they are all part of the nuclear receptor superfamily.
 Each of these receptors has three functional domains—

1. a hormone-binding domain,
2. a DNA-binding domain, and
3. a domain that can interact with coactivators to affect 

the level of gene transcription.

 In its inactive state, the receptor typically cannot 
bind to DNA because an inhibitor protein occupies the 
DNA-binding site. When the signal molecule binds to the 
  hormone-binding site, the conformation of the receptor 
changes, releasing the inhibitor and exposing the DNA-
binding site, allowing the receptor to attach to specific nu-
cleotide sequences on the DNA (see figure 9.5). This binding 
activates (or, in a few instances, suppresses) particular genes, 
usually located adjacent to the hormone-binding sequences. 
In the case of cortisol, which is a glucocorticoid hormone 
that can increase levels of glucose in cells, a number of dif-
ferent genes involved in the synthesis of glucose have bind-
ing sites for the hormone receptor complex.
 The lipid-soluble ligands that intracellular receptors rec-
ognize tend to persist in the blood far longer than water-soluble 
signals. Most water-soluble hormones break down within min-
utes, and neurotransmitters break down within seconds or even 
milliseconds. In contrast, a steroid hormone such as cortisol or 
estrogen persists for hours.

Specificity and the role 
of coactivators
The target cell’s response to a lipid-soluble cell signal can vary 
enormously, depending on the nature of the cell. This charac-
teristic is true even when different target cells have the same 
intracellular receptor. Given that the receptor proteins bind to 
specific DNA sequences, which are the same in all cells, this 
may seem puzzling. It is explained in part by the fact that the 
receptors act in concert with coactivators, and the number and 
nature of these molecules can differ from cell to cell. Thus, a 
cell’s response depends on not only the receptors but also the 
coactivators present.
 The hormone estrogen has different effects in uterine 
tissue than in mammary tissue. This differential response is 
mediated by coactivators and not by the presence or absence 
of a receptor in the two tissues. In mammary tissue, a criti-
cal coactivator is lacking and the hormone–receptor complex 
instead interacts with another protein that acts to reduce gene 
expression. In uterine tissue, the coactivator is present, and the 
expression of genes that encode proteins involved in preparing 
the uterus for pregnancy are turned on.

 9.4 Signal Transduction Through 
Receptor Kinases

Learning Outcomes
Compare the function of RTKs to steroid hormone receptors.1.  
Describe how information crosses the membrane in RTKs. 2. 
Explain the significance of kinase cascades.3. 

Earlier you read that protein kinases phosphorylate proteins to 
alter protein function and that the most common kinases act on 
the amino acids serine, threonine, and tyrosine. The receptor 

174 part II Biology of the Cell

rav32223_ch09_168-185.indd   174rav32223_ch09_168-185.indd   174 11/6/09   2:32:57 PM11/6/09   2:32:57 PM

www.as
warp

hy
sic

s.w
ee

bly
.co

m



Apago PDF Enhancer

1. Ligand binds to the receptor.

2. Two receptors associate (dimerize)
  and phosphorylate each other 
  (autophosphorylation).

3. Response proteins bind to phospho-
  tyrosine on receptor. Receptor can 
  phosphorylate other response proteins.

Ligands

Transmembrane RTK proteins

Phosphate
groups

Phosphorylated protein

Cellular
response

Dimerization and
autophosphorylation

Intracellular kinase domain

Extracellular ligand-binding domain

P

P

P

P

P

P

P

PPPPPPPPPPPPPPPPP

P P

P

P

P

P
P

P

P

P

P

tyrosine kinases (RTK) influence the cell cycle, cell migration, 
cell metabolism, and cell proliferation—virtually all aspects of 
the cell are affected by signaling through these receptors. Altera-
tions to the function of these receptors and their signaling path-
ways can lead to cancers in humans and other animals.
 Some of the earliest examples of cancer-causing genes, or 
oncogenes, involve RTK function (discussed in chapter 10). The 
cancer-causing simian sarcoma virus carries a gene for platelet-
derived growth factor. When the virus infects a cell, the cell over-
produces and secretes platelet-derived growth factor, causing 
overgrowth of the surrounding cells. Another virus, avian eryth-
roblastosis virus, carries an altered form of the epidermal growth 
factor receptor that lacks most of its extracellular domain. When 
this virus infects a cell the altered receptors produced are stuck in 
the “on” state. The continuous signaling from this receptor leads 
to cells that have lost the normal controls over growth.
 Receptor tyrosine kinases recognize hydrophilic ligands 
and form a large class of membrane receptors in animal cells. 
Plants possess receptors with a similar overall structure and 
function, but they are serine–threonine kinases. These plant 
receptors have been named plant receptor kinases.
 Because these receptors are performing similar functions in 
plant and animal cells but differ in their substrates, the duplication 

Figure 9.6  Activation of a receptor tyrosine kinase (RTK). These membrane receptors bind hormones or growth factors that are 
hydrophilic and cannot cross the membrane. The receptor is a transmembrane protein with an extracellular ligand binding domain and an 
intracellular kinase domain. Signal transduction pathways begin with response proteins binding to phosphotyrosine on receptor, and by 
receptor phosphorylation of response proteins.

and divergence of each kind of receptor kinase probably occurred 
after the plant–animal divergence. The proliferation of these types 
of signaling molecules is thought to be coincident with the inde-
pendent evolution of multicellularity in each group.
 In this section, we will concentrate on the RTK family 
of receptors that has been extensively studied in a variety of 
animal cells.

RTKs are activated by autophosphorylation
Receptor tyrosine kinases have a relatively simple structure 
consisting of a single transmembrane domain that anchors 
them in the membrane, an extracellular ligand-binding do-
main, and an intracellular kinase domain. This kinase domain 
contains the catalytic site of the receptor, which acts as a pro-
tein kinase that adds phosphate groups to tyrosines. On ligand 
binding to a specific receptor, two of these receptor–ligand 
complexes associate together (often referred to as dimeriza-
tion) and phosphorylate each other, a process called autophos-
phorylation (figure 9.6).
 The autophosphorylation event transmits across the 
membrane the signal that began with the binding of the ligand 
to the receptor. The next step, propagation of the signal in the 
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 One function of a kinase cascade is to amplify the original 
signal. Because each step in the cascade is an enzyme, it can act 
on a number of substrate molecules. With each enzyme in the 
cascade acting on many substrates this produces a large amount 
of the final product (see figure 9.8). This allows a small number 
of initial signaling molecules to produce a large response.
 The cellular response to this cascade in any particular cell 
depends on the targets of the MAP kinase, but usually involves 
phosphorylating transcription factors that then activate gene 
expression (chapter 16). An example of this kind of signaling 

cytoplasm, can take a variety of different forms. These forms 
include activation of the tyrosine kinase domain to phosphory-
late other intracellular targets or interaction of other proteins 
with the phosphorylated receptor.
 The cellular response after activation depends on the pos-
sible response proteins in the cell. Two different cells can have 
the same receptor yet a different response, depending on what 
response proteins are present in the cytoplasm. For example 
fibroblast growth factor stimulates cell division in fibroblasts 
but stimulates nerve cells to differentiate rather than to divide.

Phosphotyrosine domains mediate 
protein–protein interactions
One way that the signal from the receptor can be propagated 
in the cytoplasm is via proteins that bind specifically to phos-
phorylated tyrosines in the receptor. When the receptor is 
activated, regions of the protein outside of the catalytic site 
are phosphorylated. This creates “docking” sites for proteins 
that bind specifically to phosphotyrosine. The proteins that 
bind to these phosphorylated tyrosines can initiate intracellu-
lar events to convert the signal from the ligand into a response 
(see figure 9.6).

The insulin receptor
The use of docking proteins is illustrated by the insulin recep-
tor. The hormone insulin is part of the body’s control system to 
maintain a constant level of blood glucose. The role of insulin is 
to lower blood glucose, acting by binding to an RTK. Another 
protein called the insulin response protein binds to the phospho-
rylated receptor and is itself phosphorylated. The insulin re-
sponse protein passes the signal on by binding to additional 
proteins that lead to the activation of the enzyme glycogen syn-
thase, which converts glucose to glycogen (figure 9.7), thereby 
lowering blood glucose. Other proteins activated by the insu-
lin receptor act to inhibit the synthesis of enzymes involved in 
making glucose, and to increase the number of glucose trans-
porter proteins in the plasma membrane.

Adapter proteins
Another class of proteins, adapter proteins, can also bind to 
phosphotyrosines. These proteins themselves do not partici-
pate in signal transduction but act as a link between the recep-
tor and proteins that initiate downstream signaling events. For 
example, the Ras protein discussed later, is activated by adapter 
proteins binding to a receptor.

Protein kinase cascades can amplify a signal
One important class of cytoplasmic kinases are mitogen-
activated protein (MAP) kinases. A mitogen is a chemical 
that stimulates cell division by activating the normal path-
ways that control division. The MAP kinases are activated 
by a signaling module called a phosphorylation cascade or a 
kinase cascade. This module is a series of protein kinases 
that phosphorylate each other in succession. The final step 
in the cascade is the activation by phosphorylation of MAP 
kinase itself (figure 9.8).

Figure 9.7  The insulin receptor. The insulin receptor is a 
receptor tyrosine kinase that initiates a variety of cellular responses 
related to glucose metabolism. One signal transduction pathway 
that this receptor mediates leads to the activation of the enzyme 
glycogen synthase. This enzyme converts glucose to glycogen.
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 The best studied example of a scaffold protein comes 
from mating behavior in budding yeast. Yeast cells respond to 
mating pheromones with changes in cell morphology and gene 
expression, mediated by a protein kinase cascade. A protein 
called Ste5 was originally identified as a protein required for 
mating behavior, but no enzymatic activity could be detected 
for this protein. It has now been shown that this protein inter-
acts with all of the members of the kinase cascade and acts as a 
scaffold protein that organizes the cascade and insulates it from 
other signaling pathways.

through growth factor receptors is provided in chapter 10 and 
illustrates how signal transduction initiated by a growth factor 
can control the process of cell division through a kinase cascade.

Scaff old proteins organize kinase cascades
The proteins in a kinase cascade need to act sequentially to 
be effective. One way the efficiency of this process can be in-
creased is to organize them in the cytoplasm. Proteins called 
scaffold proteins    are thought to organize the components of a 
kinase cascade into a single protein complex, the ultimate in a 
signaling module. The scaffold protein binds to each individual 
kinase such that they are spatially organized for optimal func-
tion (figure 9.9).
 The advantages of this kind of organization are many. A 
physically arranged sequence is clearly more efficient than one 
that depends on diffusion to produce the appropriate order of 
events. This organization also allows the segregation of signal-
ing modules in different cytoplasmic locations.
 The disadvantage of this kind of organization is that it 
reduces the amplification effect of the kinase cascade. Enzymes 
held in one place are not free to find new substrate molecules, 
but must rely on substrates being nearby.

Figure 9.8   MAP kinase cascade leads to signal 
amplifi cation. a. Phosphorylation cascade is shown as a 
fl owchart on the left. The corresponding cellular events are shown 
on the right, beginning with the receptor in the plasma membrane. 
Each kinase is named starting with the last, the MAP kinase (MK), 
which is phosphorylated by a MAP kinase kinase (MKK), which is 
in turn phosphorylated by a MAP kinase kinase kinase (MKKK). 
The cascade is linked to the receptor protein by an activator 
protein. b. At each step the enzymatic action of the kinase on 
multiple substrates leads to amplifi cation of the signal.

Figure 9.9  Kinase cascade 
can be organized by scaff old 
proteins. The scaffold protein 
binds to each kinase in the 
cascade, organizing them so each 
substrate is next to its enzyme. 
This organization also sequesters 
the kinases from other signaling 
pathways in the cytoplasm.
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unable to respond to other signals or to respond  inappro-
priately to a signal that is no longer relevant. Consequently, 
 inactivation is as important for the control of signaling as ac-
tivation. Receptor tyrosine kinases can be inactivated by two 
basic mechanisms—dephosphorylation and internalization. 
Internalization is by endocytosis, in which the receptor is 
taken up into the cytoplasm in a vesicle where it can be de-
graded or recycled.
 The enzymes in the kinase cascade are all controlled by 
dephosphorylation by phosphatase enzymes. This leads to ter-
mination of the response at both the level of the receptor and 
the response proteins.

Learning Outcomes Review 9.4
Receptor tyrosine kinases (RTK) are membrane receptors that can 
phosphorylate tyrosine. When activated, they autophosphorylate, 
creating binding domains for other proteins. These proteins transmit 
the signal inside the cell. One form of signaling pathway involves the 
MAP kinase cascade, a series of kinases that each activate the next in the 
series. This ends with a MAP kinase that activates transcription factors to 
alter gene expression.

■ Ras protein is mutated in many human cancers. What 
are possible reasons for this?

Ras proteins link receptors 
with kinase cascades
The link between the RTK and the MAP kinase cascade is a small 
GTP-binding protein (G protein) called Ras.    The Ras protein is 
mutated in many human tumors, indicative of its central role in 
linking growth factor receptors to their cellular response.
 The Ras protein is active when bound to GTP and inac-
tive when bound to GDP. When an RTK, such as a growth 
factor receptor, is activated, it binds to adapter proteins that 
then act on Ras to stimulate the exchange of GDP for GTP, 
activating Ras. The Ras protein then activates the first kinase in 
the MAP kinase cascade (figure 9.10).
 One key to signaling through this pathway is that Ras can 
regulate itself. The Ras protein has intrinsic GTPase activity, 
hydrolyzing GTP to GDP and Pi, leaving the GDP bound to 
Ras, which is now inactivated. The action of the RTK turns on 
Ras, which can be thought of as a switch that can turn itself off. 
This is one reason that stimulation of cell division by growth 
factors is short-lived.

RTKs are inactivated by internalization
It is important to cells that signaling pathways are only acti-
vated transiently. Continued activation could render the cell 

Figure 9.10  Ras protein links receptor tyrosine kinases to MAP kinase cascade. Growth factor receptors often are linked to 
a MAP kinase cascade by the Ras protein. The fi gure shows the activation of the MAP kinase called extracellular regulated kinase (ERK). 
Activated ERK phosphorylates a number of response proteins that can act in the cytoplasm and transcription factors that move into the 
nucleus to turn on the genes needed for cell cycle progression.  
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fector proteins that produce cellular responses. The G protein 
functions as a switch that is turned on by the receptor. In its 
“on” state, the G protein activates effector proteins to cause a 
cellular response.
 All G proteins are active when bound to GTP and inac-
tive when bound to GDP. The main difference between the G 
proteins in GPCRs and the Ras protein described earlier is that 
these G proteins are composed of three subunits, called α, β, and 
γ. As a result, they are often called heterotrimeric G proteins.    When 
a ligand binds to a GPCR and activates its associated G protein, 
the G protein exchanges GDP for GTP and dissociates into two 
parts consisting of the Gα subunit bound to GTP, and the Gβ 
and Gγ subunits together (Gβγ). The signal can then be propa-
gated by either the Gα or the Gβγ components, thereby acting to 
turn on effector proteins. The hydrolysis of bound GTP to GDP 
by Gα causes reassociation of the heterotrimer and restores the 
“off ” state of the system (figure 9.11).
 The effector proteins are usually enzymes. An effector 
protein might be a protein kinase that phosphorylates proteins 
to directly propagate the signal, or it may produce a second 
messenger to initiate a signal transduction pathway.

Eff ector proteins produce multiple 
second messengers
Often, the effector proteins activated by G proteins produce a 
second messenger. Two of the most common effectors are ad-
enylyl cyclase and phospholipase C, which produce cAMP and IP3 
plus DAG, respectively.

Cyclic-AMP
All animal cells studied thus far use cAMP as a second messenger 
(chapter 46) . When a signaling molecule binds to a GPCR that 
uses the enzyme adenylyl cyclase as an effector, a large amount of 

 9.5 Signal Transduction Through 
G Protein-Coupled Receptors

Learning Outcomes
Contrast signaling through GPCRs and RTKs.1.  
Relate the function of second messengers to signal 2. 
transduction pathways. 

The single largest category of receptor type in animal cells is 
G protein-coupled receptors (GPCRs), so named because the 
receptors act by coupling with a G protein. G proteins are proteins 
that bind guanosine nucleotides, such as Ras discussed previously.
 The latest count of genes encoding GPCRs in the human 
genome is 799 with about half of these encoding odorant recep-
tors involved in the sense of taste and smell. In the mouse, over 
1000 different odorant receptors are involved in the sense of 
smell. The family of GPCRs has been subdivided into 5 groups: 
Rhodopsin, Secretin, Adhesion, Glutamate, and Frizzled/
Taste 2 based on structure and function. The names refer to the 
first discovered member of each group; for example, Rhodop-
sin is the GPCR involved in light sensing in mammals. In this 
section, we will concentrate on the basic mechanism of activa-
tion and some of the possible signal transduction pathways.

G proteins link receptors  
with eff ector proteins
The function of the G protein in signaling by GPCRs is to 
provide a link between a receptor that receives signals and ef-

Figure 9.11 The action of 
G protein-coupled receptors. 
G protein-coupled receptors act 
through a heterotrimeric G protein 
that links the receptor to an effector 
protein. When ligand binds to the 
receptor, it activates an associated 
G protein, exchanging GDP for 
GTP. The active G protein complex 
dissociates into Gα and Gβγ. The Gα 
subunit (bound to GTP) is shown 
activating an effector protein. The 
effector protein may act directly 
on cellular proteins or produce 
a second messenger to cause a 
cellular response. Gα can hydrolyze 
GTP inactivating the system, then 
reassociate with Gβγ.
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cAMP is produced within the cell (figure 9.12a). The cAMP then 
binds to and activates the enzyme protein kinase A (PKA), which 
adds phosphates to specific proteins in the cell (figure 9.13).
 The effect of this phosphorylation on cell function depends 
on the identity of the cell and the proteins that are  phospho-
rylated. In muscle cells, for example, PKA activates an enzyme 
necessary to break down glycogen and inhibits another enzyme 
necessary to synthesize glycogen. This leads to an increase in 
glucose available to the muscle. By contrast, in the kidney the 
action of PKA leads to the production of water channels that 
can increase the permeability of tubule cells to water.
 Disruption of cAMP signaling can have a variety of ef-
fects. The symptoms of the disease cholera are due to altered 
cAMP levels in cells in the gut. The bacterium Vibrio chol-
erae produces a toxin that binds to a GPCR in the epithelium 
of the gut, causing it to be locked into an “on” state. This 
causes a large increase in intracellular cAMP that, in these 
cells, causes Cl– ions to be transported out of the cell. Water 
follows the Cl–, leading to diarrhea and dehydration charac-
teristic of the disease.
 The molecule cAMP is also an extracellular signal. In 
the slime mold Dictyostelium discoideum,   secreted cAMP acts 
as a signal for aggregation under conditions of starvation. 

 Figure 9.12  Production of 
second messengers. Second 
messengers are signaling molecules 
produced within the cell. a. The 
nucleotide ATP is converted by the 
enzyme adenylyl cyclase into cyclic 
AMP, or cAMP, and pyrophosphate 
(PPi) . b. The inositol phospholipid 
PIP2  is composed of two lipids and a 
phosphate attached to glycerol. The 
phosphate is also attached to the 
sugar inositol. This molecule can be 
cleaved by the enzyme phospholipase 
C to produce two different second 
messengers: DAG, made up of the 
glycerol with the two lipids, and IP3,  
inositol triphosphate. 

Figure 9.13  cAMP signaling pathway. Extracellular signal 
binds to a GPCR, activating a G protein. The G protein then 
activates the effector protein adenylyl cyclase, which catalyzes the 
conversion of ATP to cAMP. The cAMP then activates protein 
kinase A (PKA), which phosphorylates target proteins to cause a 
cellular response.
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Question:  What is the receptor for cAMP?

Hypothesis: A previously identified G protein-coupled receptor is the 

cAMP receptor.

Prediction: If the function of the cAMP receptor is removed, then cells will 

not respond to starvation by aggregating.

Test: Use G protein-coupled receptor gene to direct synthesis of 

antisense RNA complementary to the normal mRNA. This will eliminate 

gene expression by the cellular copy of the G protein-coupled receptor.

Result: Cells transformed with the antisense construct do not

aggregate normally.

Conclusion: Previously identified G protein-coupled receptor is the cAMP 

receptor, which controls the aggregation response.

Further Experiments: How can this kind of experiment be used to 

unravel other aspects of this signaling system?
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 Both of these compounds then act as second messengers 
with a variety of cellular effects. DAG, like cAMP, can activate 
a protein kinase, in this case protein kinase C (PKC).

Calcium
Calcium ions (Ca2+) serve widely as second messengers. Ca2+ 
levels inside the cytoplasm are normally very low (less than 
 10–7 M), whereas outside the cell and in the endoplasmic re-
ticulum, Ca2+ levels are quite high (about 10–3 M). The endo-
plasmic reticulum has receptor proteins that act as ion channels 
to release Ca2+. One of the most common of these receptors 
can bind the second messenger IP3 to release Ca2+, linking 
signaling through inositol phosphates with signaling by Ca2+ 
(figure 9.15).   
 The result of the outflow of Ca2+ from the endoplasmic 
reticulum depends on the cell type. For example, in skeletal 
muscle cells Ca2+ stimulates muscle contraction but in endo-
crine cells it stimulates the secretion of hormones.
 Ca2+ initiates some cellular responses by binding to  cal-
mod u lin, a 148-amino-acid cytoplasmic protein that contains 
four binding sites for Ca2+ (figure 9.16).    When four Ca2+ ions 
are bound to calmodulin, the calmodulin/Ca2+ complex is able to 
bind to other proteins to activate them. These proteins  include 

  Experiments have shown that the receptor for this signal is also 
a GPCR   (figure 9.14).

Inositol phosphates
A common second messenger is produced from the molecules 
called inositol phospholipids. These are inserted into the 
plasma membrane by their lipid ends and have the inositol phos-
phate    portion protruding into the cytoplasm. The most common 
inositol phospholipid is phosphatidylinositol-4,5-bisphosphate 
(PIP2). This molecule is a substrate of the effector protein phos-
pholipase C, which cleaves PIP2 to yield diacylglycerol (DAG) 
and inositol-1,4,5-trisphosphate (IP3)    (see figure 9.12b).

Figure 9.14 The receptor for cAMP in D. discoideum  is 
a GPCR.

Figure 9.15  Inositol phospholipid and Ca2+ signaling.
Extracellular signal binds to a GPCR activating a G protein. The 
G protein activates the effector protein phospholipase C, which 
converts PIP2 to DAG and IP3. IP3 is then bound to a channel-
linked receptor on the endoplasmic reticular (ER) membrane, 
causing the ER to release stored Ca2+ into the cytoplasm. The Ca2+ 
then binds to Ca2+-binding proteins such as calmodulin and PKC 
to cause a cellular response.
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protein kinases, ion channels, receptor proteins, and cyclic 
nucleotide phosphodiesterases. These many uses of Ca2+ make 
it one of the most versatile second messengers in cells.

Diff erent receptors can produce the same 
second messengers
As mentioned previously, the two hormones glucagon and epi-
nephrine can both stimulate liver cells to mobilize glucose. The 
reason that these different signals have the same effect is that 
they both act by the same signal transduction pathway to stim-
ulate the breakdown and inhibit the synthesis of glycogen.
 The binding of either hormone to its receptor activates a G 
protein that simulates adenylyl cyclase. The production of cAMP 
leads to the activation of PKA, which in turn activates another 
protein kinase called phosphorylase kinase. Activated phosphory-
lase kinase then activates glycogen phosphorylase, which cleaves 
off units of glucose-6-phosphate from the glycogen polymer 
(figure 9.17).   The action of multiple kinases again leads to amplifi-
cation such that a few signaling molecules result in a large number 
of glucose molecules being released.
 At the same time, PKA also phosphorylates the enzyme 
  glycogen synthase, but in this case it inhibits the enzyme, thus pre-
venting the synthesis of glycogen. In addition, PKA phosphory-
lates other proteins that activate the expression of genes encoding 
the enzymes needed to synthesize glucose. This convergence of 
signal transduction pathways from different receptors leads to the 
same result—glucose  is mobilized.

Receptor subtypes can lead to diff erent  
eff ects in diff erent cells
We also saw earlier how a single signaling molecule, epineph-
rine, can have different effects in different cells. One way this 
happens is through the existence of multiple forms of the same 

receptor. The receptor for epinephrine actually has nine differ-
ent subtypes, or isoforms. These are encoded by different genes 
and are actually different receptor molecules. The sequences of 
these proteins are very similar, especially in the ligand-binding 
domain, which allows them to bind epinephrine. They differ 
mainly in their cytoplasmic domains, which interact with G pro-
teins. This leads to different isoforms activating different G pro-
teins, thereby leading to different signal transduction pathways.
 Thus, in the heart, muscle cells have one isoform of 
the receptor that, when bound to epinephrine, activates a 
G protein that activates adenylyl cyclase, leading to increased 
cAMP. This increases the rate and force of contraction. In the 
intestine, smooth muscle cells have a different isoform of the 
receptor that, when bound to epinephrine, activates a different 
G protein that inhibits adenylyl cyclase, which decreases cAMP. 
This has the result of relaxing the muscle.

G protein-coupled receptors and receptor 
tyrosine kinases can activate the same pathways
Different receptor types can affect the same signaling module. For 
example, RTKs were shown to activate the MAP kinase cascade, 

Figure 9.16   Calmodulin. a. Calmodulin is a protein 
containing 148 amino acid residues that mediates Ca2+ function. 
b. When four Ca2+ are bound to the calmodulin molecule, it 
undergoes a conformational change that allows it to bind to other 
cytoplasmic proteins and effect cellular responses.

  Figu re 9.17 Diff erent receptors can activate the same 
signaling pathway. The hormones glucagon and epinephrine 
both act through GPCRs. Each of these receptors acts via a 
G protein that activates adenylyl cyclase, producing cAMP. 
The activation of PKA begins a kinase cascade that leads to the 
breakdown of glycogen.
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but GPCRs can also activate this same cascade. Similarly, the ac-
tivation of phospholipase C was mentioned previously in the con-
text of GPCR signaling, but it can also be activated by RTKs.
 This cross-reactivity may appear to introduce complica-
tions into cell function, but in fact it provides the cell with an  
incredible amount of flexibility. Cells have a large, but limited 
number of intracellular signaling modules, which can be turned 
on and off by different kinds of membrane receptors. This leads 
to signaling networks that interconnect possible cellular effec-
tors with multiple incoming signals.
 The Internet represents an example of a network in which 
many different kinds of computers are connected globally. This 
network can be broken down into subnetworks that are  connected 
to the overall network. Because of the nature of the connections, 
when you send an e-mail message across the Internet, it can reach 
its destination through many different pathways. Likewise, the cell 
has interconnected networks of signaling pathways in which many 
different signals, receptors, and response proteins are intercon-
nected. Specific pathways like the MAP kinase cascade, or signal-

ing through second messengers like cAMP and   Ca2+, represent 
subnetworks within the global signaling network. A specific signal 
can activate different pathways in different cells, or different sig-
nals can activate the same pathway. We do not yet understand the 
cell at this level, but the field of systems biology is moving toward 
such global understanding of cell function.

Learning Outcomes Review 9.5
Signaling through GPCRs uses a three-part system—a receptor, a 
G protein, and an eff ector protein. G proteins are active when bound to 
GTP and inactive when bound to GDP. A ligand binding to the receptor 
activates the G protein, which then activates the eff ector protein. 
Eff ector proteins include adenylyl cyclase, which produces the second 
messenger cAMP. Another eff ector protein, phospholipase C, cleaves the 
inositol phosphates and results in the release of Ca2+  from the ER.

■ There are far more GPCRs than any other receptor type. 
What is a possible explanation for this?

Membrane receptors include three subclasses.
Channel-linked receptors are chemically gated ion channels that 
allow specifi c ions to pass through a central pore.
Enzymatic receptors are enzymes activated by binding a ligand; these 
enzymes are usually protein kinases.
G protein-coupled receptors interact with G proteins that control 
the function of effector proteins: enzymes or ion channels.

Membrane receptors can generate second messengers.
Some enzymatic and most G protein-coupled receptors produce 
second messengers, to relay messages in the cytoplasm.

9.3 Intracellular Receptors (fi gure 9.5)

Many cell signals are lipid-soluble and readily pass through the 
plasma membrane and bind to receptors in the cytoplasm 
or nucleus.

Steroid hormone receptors aff ect gene expression.
Steroid hormones bind cytoplasmic receptors then are transported to 
the nucleus. Thus, they are called nuclear receptors. These can directly 
affect gene expression, usually activating transcription of the genes 
they control.
Nuclear receptors have three functional domains: hormone-binding, 
DNA-binding, and transcription-activating domains.
Ligand binding changes receptor shape, releasing an inhibitor 
occupying the DNA-binding site.
A cell’s response to a lipid-soluble signal depends on the hormone–
receptor complex and the other protein coactivators present.

Other intracellular receptors act as enzymes.

 Chapter Review

9.1 Overview of Cell Communication (fi gure 9.1)

Cell communication requires signal molecules, called ligands, 
binding to specifi c receptor proteins producing a cellular response.

Signaling is defi ned by the distance from source to receptor (fi gure 9.2).
Direct contact—molecules on the plasma membrane of one cell 
contact the receptor molecules on an adjacent cell.
Paracrine signaling—short-lived signal molecules are released into 
the extracellular fl uid and infl uence neighboring cells.
Endocrine signaling—long-lived hormones enter the circulatory 
system and are carried to target cells some distance away. 
Synaptic signaling—short-lived neurotransmitters are released by 
neurons into the gap, called a synapse, between nerves and 
target cells.

Signal transduction pathways lead to cellular responses.
Intracellular events initiated by a signaling event are called 
signal transduction.

Phosphorylation is key in control of protein function.
Proteins can be controlled by phosphate added by kinase and 
removed by phosphatase enzymes.

9.2 Receptor Types (fi gure 9.4)

Receptors are defi ned by location.
Receptors are broadly defi ned as intracellular or cell-surface 
receptors (membrane receptors).
Membrane receptors are transmembrane proteins that transfer 
information across the membrane, but not the signal molecule.
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9.4 Signal Transduction Through 
Receptor Kinases

Receptor kinases in plants and animals recognize hydrophilic ligands 
and infl uence the cell cycle, cell migration, cell metabolism, and 
cell proliferation. 
Because they are involved in growth control, alterations of receptor 
kinases and their signaling pathways can lead to cancer.

RTKs are activated by autophosphorylation.
The activated receptor can also phosphorylate other 
intracellular proteins.

Phosphotyrosine domains mediate protein–protein interactions.
Adapter proteins can bind to phosphotryrosine and act as links 
between the receptors and downstream signaling events.

Protein kinase cascades can amplify a signal.

Scaff old proteins organize kinase cascades.
Scaffold proteins and protein kinases form a single complex where 
the enzymes act sequentially and are optimally functional. 
Internalized receptors are degraded or recycled.  

Ras proteins link receptors with kinase cascades.

RTKs are inactivated by internalization.  

9.5 Signal Transduction Through 
G Protein-Coupled Receptors (fi gure 9.11)

G protein-coupled receptors function through activation of 
G proteins.

G proteins link receptors with eff ector proteins.
G proteins are active bound to GTP and inactive bound to GDP. 
Receptors promote exchange of GDP for GTP.
The activated G protein dissociates into two parts, Gα and Gβγ, each 
of which can act on effector proteins.
Gα also hydrolyzes GTP to GDP to inactivate the G protein.

Eff ector proteins produce multiple second messengers. 
Two common effector proteins are adenylyl cyclase and 
phospholipase C, which produce second messengers known as cAMP, 
and DAG and IP3, respectively.
Ca2+ is also a second messenger. Ca2+ release is triggered by IP3 
binding to channel-linked receptors in the ER. 
Ca2+ can bind to a cytoplasmic protein calmodulin, which in turn 
activates other proteins, producing a variety of responses.

Diff erent receptors can produce the same second messengers.
  Different GPCR receptors can converge to activate the same 
effector enzyme and thus produce the same second messenger.

Receptor subtypes can lead to diff erent eff ects in diff erent cells.
Epinephrine causes increased contraction in heart muscle but 
relaxation in smooth muscle.

G protein-coupled receptors and receptor tyrosine kinases can activate 
the same pathways.
Both RTKs and GPCRs can activate MAP   kinase cascades.

 4. Which of the following receptor types is not a membrane 
receptor?
a. Channel-linked receptor
b. Enzymatic receptor
c. G protein-coupled receptor
d. Steroid hormone receptors

 5. How does the function of an intracellular receptor differ from 
that of a membrane receptor?
a. The intracellular receptor binds a ligand.
b. The intracellular receptor binds DNA.
c. The intracellular receptor activates a kinase.
d. The intracellular receptor functions as a 

second messenger.

 6. Signaling through receptor tyrosine kinases often
a. leads to the production of the second 

messenger cAMP.
b. leads to the production of the second messenger IP3 .
c. stimulates gene expression directly.
d. leads to the activation of a cascade of 

kinase enzymes.

Review Questions

U N D E R S T A N D
 1. Paracrine signaling is characterized by ligands that are

a. produced by the cell itself.
b. secreted by neighboring cells.
c. present on the plasma membrane of neighboring cells.
d. secreted by distant cells.

 2. Signal transduction pathways
a. are necessary for signals to cross the membrane.
b. include the intracellular events stimulated by an 

extracellular signal.
c. include the extracellular events stimulated by an 

intracellular signal.
d. are only found in cases where the signal can cross 

the membrane.
 3. The function of a ________ is to add phosphates to proteins, 

whereas a _________ functions to remove the phosphates. 
a. tyrosine; serine
b. protein phosphatase; protein dephosphatase
c. protein kinase; protein phosphatase
d. receptor; ligand
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 7. What is the function of Ras during tyrosine kinase cell signaling?
a. It activates the opening of channel-linked receptors.
b. It is an enzyme that synthesizes second messengers.
c. It links the receptor protein to the MAP kinase pathway.
d. It phosphorylates other enzymes as part of a pathway.

 8. Which of the following best describes the immediate effect of 
ligand binding to a G protein-coupled receptor?
a. The G protein trimer releases a GDP and binds a GTP.
b. The G protein trimer dissociates from the receptor.
c. The G protein trimer interacts with an effector protein.
d. The α subunit of the G protein becomes phosphorylated.

A P P L Y
 1. The action of steroid hormone receptors

a. stimulates a cascade of phosphorylation reactions.
b. leads to a direct affect on gene expression.
c. stimulates a second messenger that activates. 

gene expression.
d. activates a G protein that stimulates gene expression.

 2. The ion Ca++   can act as a second messenger because it is
a. produced by the enzyme calcium synthase.
b. normally at a high level in the cytoplasm.
c. normally at a low level in the cytoplasm.
d. stored in the cytoplasm.

 3. The response to signaling through G protein-coupled receptors 
can vary in different cells because
a. all receptors act through the same G protein.
b. different isoforms of a receptor bind the same ligand but 

activate different effectors.
c. the amount of receptor in the membrane differs in 

different cell types.
d. different receptors can activate the same effector.

 4. Signaling through G proteins is self-limiting because G proteins  
a. are degraded, shutting the pathway off.
b. only bind to GDP and not GTP.
c. are internalized, shutting the pathway off.
d. hydrolyze GTP to GDP inactivating themselves.

 5. The same signal can have different effects in different cells 
because there
a. are different receptor subtypes that initiate different signal 

transduction pathways.
b. may be different coactivators in different cells.

c. may be different target proteins in different cells’ signal 
transduction pathways.

d. all of the above.
 6. The receptors for steroid hormones and peptide hormones are 

fundamentally different because
a. of the great difference in size of the molecule.
b. peptides are one of the four major polymers and steroids 

are simple ringed structures.
c. peptides are hydrophilic and steroids are hydrophobic.
d. peptides are hydrophobic and steroids are hydrophilic.

S Y N T H E S I Z E
 1. Describe the common features found in all examples of 

cellular signaling discussed in this chapter. Provide examples to 
illustrate your answer.

 2. The sheet of cells that form the gut epithelium folds into peaks 
called villi and valleys called crypts. The cells within the crypt 
region secrete a protein, Netrin-1, that becomes concentrated 
within the crypts. Netrin-1 is the ligand for a receptor protein 
that is found on the surface of all gut epithelial cells. Netrin-1 
binding triggers a signal pathway that promotes cell growth. 
Gut epithelial cells undergo apoptosis (cell death) in the 
absence of Netrin-1 ligand binding. 
a. How would you characterize the type of signaling 

(autocrine, paracrine, endocrine) found in this system?
b. Predict where the greatest amount of cell growth and cell 

death would occur in the epithelium. 
c. The loss of the Netrin-1 receptor is associated with some 

types of colon cancer. Suggest an explanation for the link 
between this signaling pathway and tumor formation. 
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Chapter 10
How Cells Divide  

Chapter Outline 

10.1 Bacterial Cell Division

10.2 Eukaryotic Chromosomes

10.3 Overview of the Eukaryotic Cell Cycle

10.4 Interphase: Preparation for Mitosis

10.5 M Phase: Chromosome Segregation and
the Division of Cytoplasmic Contents  

10.6 Control of the Cell Cycle

Introduction

All species of organisms—bacteria, alligators, the weeds in a lawn—grow and reproduce. From the smallest creature to the 
largest, all species produce offspring like themselves and pass on the hereditary information that makes them what they 
are. In this chapter, we examine how cells, like the white blood cell shown in the figure, divide and reproduce. Cell division 
is necessary for the growth of organisms, for wound healing, and to replace cells that are lost regularly, such as those in 
your skin and in the lining of your gut. The mechanism of cell reproduction and its biological consequences have changed 
significantly during the evolution of life on Earth. The process is complex in eukaryotes, involving both the replication of 
chromosomes and their separation into daughter cells. Much of what we are learning about the causes of cancer relates 
to how cells control this process, and in particular their tendency to divide, a mechanism that in broad outline remains the 
same in all eukaryotes.
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