ais drawing of a generalized plant cell reveals the similarites and type of plastid is the chloroplast, which carries out photosyndhesis.
{fferences berween an animal cell and a plant cell. 1n addidon o Many plant cells have a large central vecuole; some may have one or
i ost of the features seen in an animal cell, a plant cell has more smaller vacuoles. Ourside a plant cels plasma membrane is a
; embrane-enclosed organelles called plastids. The most important thick cell wall, perforated by channels called plasmodesmarz.
i o
|
|
! g Mucdear envelone |, If you preview the rest of the chaptar now, you'll ses Figure
ICLETUS < Mucieolus |\ R - 5.9 repeated in miniature as orienistion diagrams. In each
‘ hucieaius ‘\\ case, 3 particular organelle is highlighted, color-codad to its
; Chrometin |\, N\ : appearance in Figure 6.9. As we take a closer look st
‘ AN + . - . . - 3 -
NN Aough individual organefles, the orientation diagrams will halp you
‘ \ \ endoalasmic place those structures in the context of the whole cell.
} reticulum
} tizted; lacks centrioles Smooth
‘ slant cells endoplasmic
\ reticulum
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Ribosomes {small brown dois)

Ceniral vacuoie: prominent organelle

in older plant cells; functions include storage,

breakdown of waste products, hydrolysis of
macromolecules; enlargement of vacuole is 3
major mechanism of plant growzh

Tonoplast membrane endlosing the central
vacuole

MicroTilaments

intermediate

i ‘ DSKELETON
filaments CYTOSKELETON

Microtubulas

Plasma membrane

: Zell wall: outer layer that maintains

ceil's shape and protects cell from
hanical damage; made of cellulose,
other polysaccharides, and protein

Piasmodesmata: channels
through cell walls that
connect the cytoplasms of
adjacent cells

Wall of adjacant cell |

Chioraplast: photosynthetic
organelie; converts energy o
sunlight to chemical energy
stored in sugar molecules

In piant ceils but not animal celis:
Chloroplasts

Central vacuole and tonoplast
Cell wall

Plasmodesmata
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1. After carefully reviewing Figure 6.9, briefly describe
the structure and function of each of the following
organelles: nucleus, mitochondrion, chloroplast,
central vacuole, endoplasmic reticulum, and Golgi
apparatus.

For suggested answers, see Appendix A.

cell’s QLLVT'S%
are housed in il
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the first stop of our detailed tour of the cell, lets look at two
¢ .anelles involved in the genetic control of the cell: the nu-
. 25, which houses most of the cells DNA, and the ribosomes,
. ich use information from the DNA to make proteins.

12 Nucleus: Gemetic Library of the Celi

i » nucleus contains most of the genes in the eukaryotic cell
me genes are located in mitochondria and .chloroplasts). It
renerally the most conspicuous organelle in a eukaryotic
, averaging about 5 pm in diameter. The nuclear envelope
loses the nucleus {Figure 5.98), separating its contents

| nthe cytoplasm.

The nuclear envelope is a double membrane. The two mem-

- nes, each a lipid bilayer with associated proteins, are sepa-

. :d by a space of 20-40 nm. The envelope is perforated by

es that are about 100 nm in-diameter. At the lip of each

e, the inner and outer membranes of the nuclear envelope

continuous. An intricate protein structure called a pore

i plex lines each pore and regulates the entry and exit of cer-

| vlarge macromolecules and particles. Except at the pores,

nuclear side of the envelope is lined by the nuclear lamina,

:tlike array of protein filaments that maintains the shape of

nucleus by mechanically supporting the nuclear envelope.

re is also much evidence for a muclear matrix, a framework
fibers extending throughout the nuclear interior. (In
ipter 19, we will examine possible functions of the nuclear

{ Ina and matrix in organizing the genetic material.)

Hithin the nucleus, the DNA is organized into discrete

i s called chromosomes, structures that carry the genetic in-

| nation. Each chromosome is made up of a material called

omatin, a complex of proteins and DNA. Stained chro-
in usually appears through both light microscopes and
Lroil microscopes as a diffuse mass. As a cell prepares w0

UNiF-Two~, The Cell
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divide, however, the thin chromarin 5Bers coil 1 up {conidense),
bECOTIL’lU thick enough to be distinguished as the familiar sep-
arate structures we know as chromosomes. Each eukaryoric
species has a characteristic number of chromosomes. A typical
human cell, for example, has 46 chromosomes in its nucleus:
the exceptons are-the sex cells (eggs and sperm), which have
only 23 chromosomes in humans. A fruit fly cell has § chro-
mosomes in most cells, with 4 in the sex cells.

A prominent structure within the nondividing nucleus is the
nucieolus (plural, nucleoli), which appears through the electron
microscope as a mass of densely stained granules and fibers ad-
joining part of the chromatin. Here a special type of RNA called
ribosomal RNA (TRMNA) is synthesized from instructons in the
DNA. Also, proteins imported from the cytoplasim are assembled
with TRNA into large and small ribosomnal subunits in the nucle-
olus. These subunits then exit the nucleus through the nuclear
pores to the cytoplasm, where a large and a small subunit can as-
semble into a ribosome. Sometimes there are two or more nu-
cleoli; the number depends on the species and the stage in the
cells reproductive cycle. Recent studies have suggested that the
nucleolus may perform additional funictions as well.

As we saw in Figure 5.25, the nucleus directs protein syn-
thesis by synthesizing messenger RNA (mRNA) according to
instructions provided by the DNA. The mRNA is then trans-
ported to the cytoplasm via the nuclear pores. Once an mRNA
molecule reaches the cytoplasm, ribosomes translate the
mRNA’s genetic message into the primary structure of a spe-
cific polypeptide. This process of transcribing and translating
genetic information is described in detail in Chapter 17.

Ribosomes: ?rotem Factories in the Cell

Ribosomes, particles made of ribosomal RNA and-protein, are
the organelles that carry out protein synthesis {Figure 5.13).

Cells that have high rates of protein synthesis have a particu-

larly large number of ribosomes. For example, a human pan-
creas cell has a few million ribosornes. Not surprisingly, cells

"active in protein synthesis also have prominent nucleoli.

(Keep in mind that both nuclecli and ribosomes, unlike most
other organelles, are not enclosed in membrane.)

Ribosomes build proteins in'two cytoplasmic locales (see -

Figare 6.11). Free ribosomes are suspended in the cytosol,
while bound ribosomes ate attached to the outside of the endo-
plasmic reticulum or nuclear envelope. Most of the proteins
made on free ribosomes function within the cytosol; examples
ate enzymes that catalyze the first steps of sugar breakdown.
Bound ribosomes generally make proteins that are destined
either for insertion into membranes, for packaging within
certain organelles such as lysosomes (see Figure 6.9), or for
export from the cell (secretion). Cells that specialize in protein
secretion—for instance, the cells of the pancreas thar secrere
digestive enzymes—Irequently have a high proportion of
bound ribosomes. Bound and iree ribosomes are structurally
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2 Figurs 5.90 The nudeus and its envelope. Within the nudeus are the chromosomes, which
appear as a mass of chromatin (DNA and associated proteins), and one or more nu;leoh (singular,
nucleolus), which function in ribosome synthesis. The nuclear envelope, which consisis of two

membranes separated by a narrow space, is perforated with pores and lined by the nuciear lamina.
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:ntical and can alternate between the two roles: the cell ad-
s the relative numbers of each as mewbolic changes alter
> types of proteins that must be synthesized. You will learn
»Te about ribosome structure and funcdon in Chapter 17.

3. What role do the ribosomes play in carrying out the
) genetic instructions?

. Describe the composition of chromarn and of

. nucleoli and the functon(s) of each.

N}

For suggested answers, see Appendix A.

b@ endomemprans sysiem
a’LLﬁE‘a protein é’:i‘,‘,f—‘ and

rfnrms meiab@%s. functons
the cell

- 2y of the different membranes of the eukaryotic cell are
' - of an endomembrane systern, which carries out a vari-
of tasks in the cell. These tasks include synthesis of pro-
s and thelr transport into membranes and organelles or
© of the cell, metabolism and movement of lipids, and detox-
 wtion of poisons. The membranes of this system are related
 er through direct physical continuity or by the tansfer of
.~ nbrane segments as tiny vesicles (sacs made of membrane).
- pite these relationships, the various membranes are not
| iical in structure and funcrion. Moreover, the thickness,
ecular composition, and types of chemical eactions car-
out by proteins in a given membrane are not fixed, but
be modified several times during the membrane’s life.
‘endomembrane systern includes the nuclear envelope,
oplasmic reticulum, Golgi apparatus, lysosomes, various
s of vacuoles, and the plasma membrane (not acrually an
membrane in physical location, but nevertheless telated to
- endoplasmic reticulum and other internal membranes).
_ have already discussed the muclear envelope and will now
s on the endoplasmic reticulum and the other endomem-
s to which the endoplasmic reticulum gives rise.

2 tmﬂopﬂaymc Reticulum:
synthetic Factory

endoplasmic reticnlum (ER) is such an extensive net-

. < of membranes that it accounts for more than hall the

membrane in many eukaryotic cells. (The word endo-

UNIT Two'~

The Ceﬂ*\

plasmic means “within the cytop a_r:.
for *little net.”) The ER consists of a
tubules and sacs called cisternae (from
reservoir for a fiquid). The ER membra;ne separates the in-
ternal compartment of the ER, called the FR lumen (cavizy)
or cisternal space, from the cytosol. And because the ER
membrane is continuous with the nuclear envelope, the
space between the two membranes of the envelope is con-
tinuous with the lumen of the FR {Figur=z 5.92).

- There are two distinct, though connected, regions of ER that
differ in structure and functon: smooth ER and rough ER.

Smooth ER is so named because its outer surface lacks ribo- -

somes. Rough ER has ribosomes that stad the outer surface of
the membrane and thus appears rough through the electron
microscope. As already mentioned, ribosomes are also at-

tached to the cytoplasmic side of the nuclear envelopes outer -

membrane, which is continuous with rough ER.

Functions of Smooth ER

.The smooth ER of various cell types Tunctions in diverse meta-
bolic processes. These processes include synthesis of lipids,
metabolism of carbohydrates, and detoxification of drugs and
poisons.

Enzymes of the smooth ER are important 1o the synthesis
of lipids, including oils, phospholipids, and steroids. Among
the steroids produced by the smooth FR in animal cells are the

sex hormones of vertebrates and the various steroid hormones -

secreted by the adrenal glands. The cells that acrually synthe-
size and secrete these hormones—in the testes and ovaries, for
example—are tich in smooth ER, a structural feature that fits
the function of these cells.

In the smooth ER, other enzymes help detoxify drugs and
poisons, especially in liver cells. Detoxification sually in-

volves adding hydroxyl groups to drugs, making them more -

soluble and easier 1o flush from the body The sedative phe-
nobarbital and other barbiturates are examples of drugs me-
tabolized in this manner by smooth ER in liver cells. In fact,
barbiturates, alcohol, and many other drugs induce the pro-
liferation of smooth ER and its associated detoxification
enzymes, thus increasing the rate of detoxification. This, in
turn, increases toletance to the drugs, meaning that higher
doses are required to achieve a-particular effect, such as
sedation. Also, because some of the detoxification énzymes
have relatively broad action, the proliferation of smooth ER
in response to one drug can increase tolerance to other drugs
as well. Barbiturate abuse, for. example, may decrease the
effectiveness of certain antibiotics and other useful drugs.
The smooth ER also stores calcium ions. In muscle cells,
for example, a specialized smooth ER membrane pumps cal-
cium ions from the cytesol into the ER lumen. When a mus-
cle cell is stimulated by a nerve impulse. caleium ions rush
back across the ER membrane into the cytosol and trigger
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The cells of people with inheriied lysosomal storage dis-

:es lack a functioning hydrolytic enzyme normelly present in

y-Sachs disease, for e¥ample, a lipid-digesting enzyne is
ing or inactive, and the brain becomes impaired by an ac-
mulation of lipids in the cells. Fortunately, lysosomal storage

eases are rare in the general population.

lant or fungzl cell may have one or several vacuoles. While

1
uoles carry out hydrolysis and are thus similar o lyso-
aes, they carry out other [unctions as well. Food vacuoles,
med by phagocytosis, have already been mentioned (see
ure 0.14a). Many freshwater protists have contractile vac-
es that pump excess water out of the cell, thereby main-
ting the appropriate concentration of salts and other mole-
2s (see Figure 7.14). Mature plant cells generally contain a
& central vacuole {Figurs 5.15) enclosed by a membrane
ed the tonoplast. The central vacuole develops by the

Central
vacuole

gur2 515 The plant cell vacuole, The central vacuole is
ly the largest compartment in a plant call; the rest of the
tesm is generally confined to 3 narrow zone betwean the
sar membrane (tonoplast) and the plasma membrane (TEM).
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the seluton inside the wzc-

, differs in composirion from the cytosol.
The plant cells central vacuole is 2 versatile compartment.
it can hold reserves of important crgzanic compounds, such as

the proteins stockpiled in the vacucles of siorage cells in

seeds. i is also the plant cells main repository of inprganic. ‘

ions, such as potassium and chloride. Many plant cells use
their vacuoles as disposal sites for merzbolic by-products that
would endanger the cell if they accumulated in the cyiosol.
Some vacuoles contain pigments that color the celis, such as
tne red and blue pigments of petals that help attract pollinat-
ing inseets 1o flowers. Vacuoles may also help protect the plant
against predators by containing compounds that are poison-
ous or unpalatable Lo animals. The vacuole has a major role in
the growth of plant cells, which enlarge as their vacuoles ab-
sorb water, enabling the cell to become larger with a minimal
investment in new cyloplasm. And because of the large vac-
uole, the cytosol often occupies only a thin layer between the
plasma membrane and the tonoplast, so the ratio of mem-
brane surface 10 cytosolic volume is great, even for a large
plant cell. .

The Endomembrane System: A Review

Figurs 5.15 reviews the endomembrane system, showing the
flow of membrane lipids and proteins through the various
organelles. As the membrane moves fiom the ER 10 the Golgi
and then elsewhere, its molecular composition and metabolic
functions are modified, along with those of its contents. The
endomembrane systern is a complex and dynami€ player in
the cells compartmental organization. ‘

‘We'll continue our tour of the cell with some membranous
organelles that &7e not closely Telared o tlie endomembrandy,

system, but play crucial roles in the energy transformations
carried out by cells.

1. Describe the structural and functonal distinctions
berween rough and smooth ER

2. Imagine a protein that functions in the FR, but
requires modification in the Golgi apparatus before
it can achieve that function. Describe the protein’s
path through the cell, starting with the mRNA mple- —
cule that specifies the protein.

3. How do transport vesicles serve to integrate the
endomembrane system?

For suggested answers, see Appendix A.
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A Figure 5.13 The Golgi apparatus. The
Golgi apparatus consists of stacks of flattened
sacs, or cisternae, which, unlike ER cisternae,
are not physically connected. (The drawing is

a cutaway view.) A Golgi stack receives and
dispatches transport vesicles and the products

Cisternae
£3 Cisternel
maturation:
Golgi cisternae
move in 2 s

to-trans
diraction

z'r;ans face
(“shipping” side of
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they contain. A Golgi stack has a structural and
functional polarity, with a cis face that receives
vasicles containing ER"products and a trans face
that dispaiches vesicles. The cisternal
maturation model suggests that the Golgi
cisternae themselves appear to “mature,”

<}

- TEM b__f'Go'I’gi'app,aratus

.moving rom the ¢is to the trans face while

carrying some proteins along. In addition, some
vesicles recycle enzymes that had been carried
forward, in moving disternae, “backward” 10 a
newer region where their functions are needed
(TEM).

Golgi membrane. The trans face gives rise to vesicles, which
pinch off aud travel to other sites.

Products of the ER are usually modified during their tran-
sit from the cis region to the trans region of the Golgi. Proteins
and phospholipids of membranes may be altered. For exam-
ple, various Golgi enzymes modify the carbohydrate portions
of glycoproteins. Carbohydrates are first added to proteins in
the rough ER, often during the process of polypeptide synthe-
sis. The carbohydrate on the resulting glycoprotein is then
modified as it passes through the rest of the ER and the Golgi.
The Golgi removes some sugar monomers and substirutes
others, producing a large vasiety of carbohydrates.

In addition to its finishing work, the Golgi apparatus man-
ufactures certain macromolecules by itself. Many polysaccha-
rides secreted by cells are Golgi products, including pectins
and certain other non-cellulose polysaccharides made by
plant cells and incorporated along with cellulose into their
cell walls. {Cellulese is made by enzymes located within the
plasma membrane, which directly deposit this polysaccharide

uNiT Two  The Cell

on the outside surface.) Golgi products that will be secrered
depart from the trans face of the Golgi inside transport vesicles
that eventually fuse with the plasma membrane.

. The Golgi manufactures and refines its products in stages,
with different cisternae between the cis and trans regions con-
taining unique teams of enzymes. Until recently, we viewed
the Golgl as a static structure, with products in various stages
of processing transierred from one cisterna to the next by vesi-
cles. While this may occur, recent research has given rise to a
new model of the Golgi as a more dynamic structure. Accord-
ing to the model called the cisternal maturation model, the cis-
ternae of the Golgi actually progress forward from the s to
the trans face of the Golgi, carrying and modifying their pro-
tein cargo as they move. Figure 6.13 shows the details of this
model.

Before a Golgl stack dispatches its products by budding
vesicles from the trans face, it sors these products and targers
them [or various parts of the ceil. Molecular identification tags.
such as phosphate groups thai have been added o the Golgi
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smaller organisms or other food particles, a process calied

s
cumstances. Amoebas and many other Protsis 2at by engulfin

£f505IEES Digesuve L'Jh.lpa‘ BELLS phagocytosis (from the Greek phagein, to eat, and kytos, vessel,

4 lysosome is a membranous sac of hydrolytic enzymes that referring here to the cell). The food vaauole formed in this way

an animal cell uses to digest all kinds of macromolecules. Lyso- then fuses with a lysosome, whose enzymes digest the {ood

somal enzymes work hest in the acidic envirorment found in' . {Figure £.3£z) Digeston producs, including simple sugars,

lvsosomes. If 2 lysosome breaks open or leaks its contents, the amino acids, and other monomers, pass into the cytosol and be-

celeased enzymes are not very active, because the cytosol has a come nurrients for the cell. Some human cells also carry out

nentral pH. However, excessive leakage from 2 large number of phagocytosis. Among them are microphages. a type of white

ly50501NES can destroy a cell by autodigestion. blood cell that helps defend the body by engulfing and destroy- o

' Hydrolytic enzymes and lysosomal membrane are made by ing bacteria and other invaders (see Figure 6.32). |
rough ER and then transferred to the Golgi apparatus for further Lysosomes also use their hydrolytic enzymes 1o recycle the B |
processing. At least some lysosomes probably arise by budding cell’s own organic material, a process called autophagy During |
from the trans face of the Golgi apparatus (see Figure 6.13). autophagy, a damaged organelle or small amount of cytosel :
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i active hydrolytic with lysosome - enzymes digest vesicle containing digest organelle |
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{b) Autophagy: lyscsome breaking dewn damaged organeile

(a) Phagocytosis: iysosome digesting food

i
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i

| 4 Figures 5.14 Lysesomes. Lysosomes _products of digestion within the lysosome lysosome has enguifed two disabled organelles, |
I digest (hydrolyze) materials taken into the cell [TEM). Macrophages ingest bacteria and viruses  a mitochondrion and a peroxisome, in the :
¢ and recycle intraceltular materials. {a) Top In and destroy them using lysosomes. Botiom process of autophagy (TEM). Bottom This
~§ this macrophage (a type of white bloed cel) This diagram shows one lysosorne fusing with @ diagram shows a lysosorne fusing with a vesicie
& from 3 rat, the lysosomes are very dark becsuse  icod vacuole during the procass 5f shagocosis.  containing 2 dermaged mitochondrion.
| of 3 specific stain that reacts with one of the () Tap In the cytoplasm of this rat liver cell, a
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ontraction of the muscle cell. In other cell rypes, calcium ion
slease from the smooth ER can trigger different responses. -

e P, ED
unctions of Xougn £x

fany types of specialized cells secrete proteins produced by
ibosomes attached to rough ER. For example, certain cells in
7€ pancreas secrete the protein insulin, a hormone, into the

Smooth ER

Nuclear -
envelope

,’ - SEE
Cisternae. o

RibOsOmES /

SmoothER " % T FL - Rough ER

Poa Figure 5.12 Endoplasmic reticulam {ER). A membranous
i sysfem of interconnected tubules and flattened sacs called cisternae,
! the ER is also continuous with the nuclear envelope. (The drawing is a

cutaway view.) The membrane of the ER encloses a continuous
compartment called the ER lumen (or cisternal space). Rough ER, which
is studded on its outer surface with ribosomes, can be distinguished
from smooth ER in the electron micrograph (TEM). Transport vesicles
bud off from a region of the rough ER called transitional ER and travel
to the Golgi apparatus and other destinations.

bloodstream. As a polypeptide chain grows from a bourd n-
bosome, it is threaded into the ER lumen through a pore
formed by a protein complex in the ER membrane. As the new
protein enters the ER lumen, it folds imro its nadve conforma-
tion. Most secretory proteins are glycoproieins, proteins that
have carbohydrates covalently bonded to them. The carbohy-
drate is awached to the protein in the IR by specialized mole-
cules built into the ER membrane. '
" Once secretory proteins are formed, the ER membrane
keeps them separate from the proteins, produced by Iree ribo-
somes, that will remain in the cyiosol. Secretory proteins de-
part from the ER wrapped in the membranes of vesicles that
bud like bubbles from a specialized region called transirional
ER (see Figure 6.12). Vesicles in transit from one part of the
cell 10 another are called tramsport vesicles; we will learn
their fate in the next section.

In addition to making secretory proteins, rough ER is a
membrane factory for the cell; it grows in place by adding
membrane proteins and phospholipids 10 its own membrane.

_As polypeptides destined to be membrane proteins grow from

the ribosomes, they are inserted into the ER membrane itself and
ate anchored there by their hydrophobic pordons. The rough ER
also makes its own membrane phospholipids; enzymes built
into the ER membrane assemble phospholipids from precur-
sors in the cytosol. The ER membrane expands and is trans-
ferred in the form of transport vesicles 1o other components of
the endomembrane system.

The Golgi Apparatus: Shipping and
Receiving Centey

After leaving the ER, many transport vesicles travel to the Golgt
apparatus. We can thirik of the Golgi as a center of manufac-
turing, warehousing, sorting, and shipping. Hefe, products of
the ER are modified and stored and then sent to other desti-
nations. Not surprisingly, the Golgi appararus is especially ex-
tensive in cells specialized for secretion.

The Golgi apparatus consists of flattened membranous
sacs—cisternae—looking like a stack of pita bread (Figur= 5.13,
on the next page). A cell may have many or even hundreds of
these stacks. The membrane of each cisterna in a stack sepa-
rates its internal space from the cytosol. Vesicles concentrated
in the vicinity of the Golgi apparatus are engaged in the
transfer of material between the parts of the Golgi and other
structures.

A Golgi stack has a distinct polarity, with the membranes of
cisternae on opposite sides of the stack differing in thickness
and molecular composition. The two poles of a Golgi stack are
referred to as the dis face and the trans face; these act, respec-
tively, as the receiving and shipping departments of the Golgi
apparatus. The cis face is usually located near the ER. Trans-
port vesicles move material from the ER to the Golgl appara-
tus. A vesicle that buds irom the ER can add its membrane
and the contents of its lumen to the cis face by fusing with a
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systam. The red arrows show some of the migration pathways for membranes and the materials
they enclose.

Mitochondria and chloroplasts
change energy from one form
to another

Organisms transform energy they acquire from their sur-
roundings. In eukaryotic cells, mitochondria and chloroplasts
are the organelles that convert energy to forms that cells can
use for work. Mitochondria (singular, mitochondrion) are the
sites of cellular respiration, the metabolic process that gener-
ates ATP by extracting energy from sugars, fats, and other fuels
with the help of oxygen. Chloroplasts, found only in plants

and algae, are the sites of photosymthesis. They convert solar

energy to chemical energy by absorbing sunlight and using it
to drive the synthesis of organic compounds such as sugars

from carbon dioxide and water.

Although mitochondria and chloroplasts are enclosed by
membranes, they are not part of the endomembrane systemn.
In contrast 1o organelles of the endomembrane system, each
of these organelles has at least two membranes separating the
innermost space from the cytosol. Their membrane proteins

are made not by the ER, but by iree ribosomes in the cytosol
and by ribosomes contained within these organelles them-
selves. Not only do these organelles have ribosomes, but they
also contain a small amount of DNA. Itis this DNA that pro-

grams the synthesis of the proteins made on the organelles -

own ribosomes. (Proteins imported from the cytosol—con-
stituting most of the crganelle’s proteins—are programmed
by nuclear DNA.) Mitochondria and chloroplasts are semi-
autonomous organelles that grow and reproduce within the
cell. In Chapters 9 and 10, we will focus on how mitochondria
and chloroplasts function. We will consider the evolution of
these organelles in Chapter 26. Here we are concerned mainly
with the structure of these energy transformers.

In this section, we will also consider the peroxisome, an ox-
idative organelle that is not part of the endomembrane system.
Like mitochondria and chloroplasts, the peroxisome imports its
proteins primarily from the cytosol.

Mitochondria: Chemical Energy Conversion

Mitochendria are found in nearly all eukaryotic cells, includ-
ing those of plants. animals. fungi, and protists. Some cells
have a single large mitochondron, but more ofien a cell has
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hundreds or even thousands of mitochondria; the number is
correlated with the cells level of merabolic activity. For exam-
ple, motile or contractile cells have proportionally more mito-
chondria per volume than less active cells. Mitochondria are
about 1-10 pm long. Time-lapse films of living cells reveal
mitochondria moving around, changing their shapes, and di-
viding in two, unlike the static cylinders seen in electron mi-
crographs of dead cells.

The mitochondrion is enclosed by two membranes, each a
phospholipid bilayer with a unique collection of embedded
oroteins {Figurz2 8.317). The outer membrane is smooth, but
the inner membrane is convoluted, with infoldings called
cristae. The inner membrane divides the mitochondrion into
Wwo internal compartments. The first is the intermembrane
space, the narrow region berween the inner and outer mem-
>ranes. The second compartment, the mitochondrial matrix,
s enclosed by the inner membrane. The matrix contains
nany different enzymes as well as the mitochondrial DNA
nd ribosomes. Some of the metabolic steps of cellular respi-
ation are catalyzed by enzymes in the marrix. QOther proteins
hat function in respiration, including the enzyme that makes
\TF are built into the inner membrane. As highly folded sur-
aces, the cristae give the inner mitochondrial membrane 2
arge surface area for these proteins, thus enhancing the pro-
tuctivity of cellular respiration. This is another example of
tructure htting function.

—hloroplasts: Capiure of Light Funersy

5
=/

. 'he chloroplast is a specizlized member of a family of closely
2lated plant organelles called plastids. Amyloplasts are color-
:ss plastids that store starch (amylose), particularly in roots
nd tubers. Chromoplasts have pigments that give fruits and

Mitochondrion

Intermembrane space
PR Outer.
membrane

ribosomes
in the
mitochondrial
matrix

O

lnner———:&é :

membrane
Cristae

Matrix

Mitochondrial
DNA

flowers their orange and yellow hues. Chlors;
green pigment chlorophyll, slong with enz
molecules that function in the photosynthetic production
sugar. These lens-shaped organelles, measuring abour 2 wn
by 5 pm, are found in leaves ar:d other green organs of planis
and in algae {Figur= 5.78).

The contents of a chloroplast are partitioned from the cy-
tosol by an envelope consisting of at least two membranes

~ separated by a very narrow intermembrane space. Inside the
- chloroplast is another membranous system in the form of fat-

tened, interconnected sacs called thylakeids. In some re-
gions, thylakoids are stacked like poker chips; each stack is
called a granum (plural, grana). The fluid ouiside the thy-
lakoids is the stroma, which contains the chloroplast DN
and ribosomes as well as many enzymes. The membranes of
the chloroplast divide the chloroplast space into three com-
partments: the intermembrane space, the siroma, and the thy-
lakoid space. In Chapter 10, you will learn how this cornpari-
mental organization enables the chloroplast o convert light
energy to chemical energy during photosynthesis.

As with mitochondxia, the static and rigid appearance of
chloroplasts in micrographs or schematic diagrams is not rrue
to their dynamic behavior in the living cell. Their shapes are
changeable, and they grow and occasionally pinch in two, re-
producing themselves. They are mobile and move around the
cell with mitochondria and other organelles along tracks of
the cytoskeleton, a structural nerwork we will consider later
in this chapter.

Peroxisomes: Oxidation

The peroxisome is 2 specialized metabolic compartment
bounded by a single membrane {Figur= 5.13). Peroxisomes

< Figurs 5,17 The mitochondrien, site
of celiular respiration. The inner and
outer membranes of the mitochondrion are
avident in the drawing and micrograph
(TEM). The cristae are infoldings of the inner
membrane. The cutaway drawing shows
the two compartments bounded by the
mermbranes: the intermembrane space and
the mitochondrial matrix. Free ribosomes are
seen in the matrix, along with one 1o several
copies of the mitochondrial genome (DNA).
The DNA molecules are usually circular and
are sttached io the inner mitorhondrial
.membrane.
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omtain enzymes that transfer hydrogen from varicus sub-
rates 10 oxygen, producing hydrogen peroxide (H,O,) as 2
i-product, from which the organelle derives its name. These
actions may have many different functions. Some peroxi-

nes use oxygen to break fatty acids down into smaller
olecules that can then be transported 1o mitochondria,

1um

Figures 6.9 A paroxisomea. Peroxisomes are roughly spherical
1 otten have a granular or crystalfine core that is thought to be a dense
lection of enzyme rmolecules. This peroxisome is in a leaf cell. Notice

© Oroximity o two <hloroplasts and a mitochondrion. These organeiles
perate with peroxisomes in cartain metabolic funcions {TEM).

oma. free nposcmes an
oM surrounds a third <o

mbrane. Interconnecied th
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where they are used as fuel for cellular respiration. Peroxi-
somes in the liver detoxify aleohol and other harmful com-
pounds by transferring hydrogen from the poisons to oxygen.
The H,0O, formed by peroxisome metabolism is itself toxic,
but the organelle contains an enzyme that converts the H; 0,
to water. Enclosing in the same space both the enzymes that
produce hydrogen peroxide and those that dispose of this
toxic compound is another example of how the cells com-
partmental structure is crucial to its functions.

Specialized peroxisomes called glyoxysomes are found in
the fat-storing tissues of plant seeds. These organelles con-
tain enzymes that initiate the conversion of fatty acids to
sugar, which the emerging seedling can use as a source of

energy and carbon until it is able to produce its own sugar

by photosynthesis.

Unlike lysosomes, peroxisomes do not bud from the en-
domembrane system. They grow larger by incorporating pro-
teins made primarily in the cytosol, lipids made in the R, and
lipids synthesized within the peroxisome itself. Peroxisorries
may increase in number by spliting in two when they reach a
certain size.

1. Describe at least two common characteristics of
chloroplasts and mitochondria.

. Explain the characteristics of mitochondria and
chloroplasts that place them in a separate category
from organelles in the endomembrane system.

J

Tor suggesied aswers, see Appendix A,
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n the early days of electron rnicroscopy, biologists thought
hat the organelles of a eukaryotic cell floated freely in the cy-
osol. But improvements in both light microscopy and elec-
ron microscopy have revealed the cytoskeleton, a network of
1bers extending throughout the cytoplasm (Figurs 5.25). The
ytoskeleton, which plays a maj or role in organizing the struc-
ures and activities of the cell, is composed of three types of
nolecular structures: microtubules, microfilaments, and inter-
nediate filaments {Tabiz 5.7).

loles of the Cytoskeleton: Supvort,
Actility, and Regulation

"he most obvious function of the cytoskeleton is 1o give me-
hanical support to the cell and maintain its shape. This is
specially important for animal cells, which lack walls. The
emarkable strength and resilience of the cytoskeleton as a
7hole is based on its architecture. Like a geodesic dome, the
ytoskeleton is stabilized by a balance berween opposing
>rees exerted by its elements. And just as the skeleton of an
mimal helps fix the positions of other body parts, the cy-
>skeleton provides anchorage for many organelles and even
ytosolic enzyme molecules. The cyroskeleton is more dy-
amic than an animal skeleton, however. It can be quickly
ismantled in one part of the cell and reassembled in a new
rcation, changing the shape of the cell.

The cytoskeleton is also mvolved in several types of cell
wotility (movement). The term cell motility encompasses both

Microtubule
R

Microfilaments

Figura €.20 The cyieskzieton. In this TEM, prepared by a
ethod known as deep-etching, the thicker, hollow microtubules and
! e thinner, soli¢ microfilaments are visible. A third component of the
i toskeleton, intermediate filaments, is not avident hara.
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hanges in cell location and me ited movemenis of par

f the cell. Cell morility generally recuires the interaction of
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the cytoskeleton with proteins called motor proteins. Exam-

ples of such cell motility abound. Cyroskeletal elements and
motor proteins work together with plasma membrane mole-
cules 1o allow whole cells to move along fibers outside the
cell. Motor proteins bring about the movements of cilia and
flagella by gripping microtubules within those organelles and
propelling them past each other. A similar mechanism involv-
‘ing microfilaments causes muscle cells to contract. Inside the
cell, vesicles often travel to their destinations along “mono-
rails” provided by the cytoskeleton. For example, this is how
vesicles containing neurotransmitrer molecules migrate to
the tips of axons, the long extensions of nerve cells that re-
lease these molecules as chernical signals to adjacent nerve
cells {Figura £.21). The vesicles that bud off from the ER travel
to the Golgi along tracks built of cytoskeletal elements. 1t is
the cytoskeleton that manipulates the plasma membrane to
form food vacuoles during phagocytosis. Finally, the stream-
ing of cytoplasm that drculates materials within many large
plant cells is yet another kind of cellular movement brought
about by components of the cytoskeleion.

—Receptor for .
mgtor protein -

(&) Motor proteins that attach to receptors on organelles can “walk”"
the organelies along microtubules or, in some cases, microfilaments.

Micro‘:fubule Vesides

{b) Vesicles containing neurotransmitters migrate to the tips of nerve
cell axons via the mechanism in (). In this SEM of a squid giant
axon, Two vesicles can be seen moving along a microtubule. (A
separate part of the experiment provided the evidence that they
were In Tact moving.)

4 Figure 8.21 Meotor proteins and the ortoskaleton,
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Diameter 25 am with 13-nm lurnen

Frowein subunits Tubulin, consisting of

o-tubulini and B-rubulis

One of several differen proteins of the
1 -
| 5

difieren:
kerarin family, depending on cell ype

Main function Maintenance of cell shape

n

Cell moility (as in cilia or flagellz)

Chromosome movements in
cell division

Organelle movemnents

Micrographs of
fibroblasts, a

favorite cell type {or
cell biology studies.

- Each has been
experimentally
treated to
fluorescently tag the -
structure of interest.

Mainienance of cell shape
{compression-resisiing "girders™) (tension-bearing elements)

Changes in cell shape
Muscle contraction

Cyioplasmic streaming

Maintenance of cell shape
{tension-bearing ¢lements)

Anchorage of nuclevs and certain
other orgznelles

Formation of nudlezr lamina

Cell mouliry {as in pseudopodia)

Cell division (cleavage furrow
formation)

10 um
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The most recent addition to the list of possible cytoskeletal
anctions is the regulation of biochemical activities n the cell.
lounting evidence suggests that the cytoskeleton can trans-
ait mechanical forces exerted by extracellular molecules via
urface proteins of the cell 1o its interior—and even into the
ucleus. In one experiment, investigators used a micro-
aznipulation device to pull on certain plasma membrane pro-
:ins atiached to the cytoskeleton. A video microscope captured
Imost instantaneous rearrangements of nucleoli and other

ructures in the nuelens. In this wwav the transmission of

naturally occurring mechanical signals by the cytoskeleton
may help regulate cell functon.

Components of the Cytoskeleion

Now lets look more closely at the three main types of fibers
that make up the cytoskeleton (see Table 6.1). Microtubules
are the thickest of the three types; microfilaments (also called
actin filaments) are the thinnest: and intermediate fillaments

are fibers with diameters in a middle rance.
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Microtubules are found in the cytoplasm of all eukaryotic
cells. They are hollow rods measuring sbout 25 nm in diame-
ter and from 200 nm t0 25 pm in length. The wall of the hol-
low tube is constructed from a globular protein called tubulin.
Each tubulin molecule is a dimer consisting of two slightly
different polypeptide subunits, c-rubulin and B-rubulin. A
microtubule grows in length by adding tubulin dimers to its
ends. Microtubules can be disassembled and their tubulin
ased to build microtubules elsewhere in the cell.
Microtubules shape and support the cell and also serve as
wacks along which organelles equipped with motor proteins
¢an move (see Figure 6.21). For example, microtubules guide
secretory vesicles from the Golgi apparatus to the plasma
membrane. Microtubules are also responsible for the separa-
tion of chromosomes during cell division (see Chapter 12).

Centrosomes and Centrioles. In many cells, microtubules
grow out from a centrosome, a region often located near the
nucleus that is considered to be a “microtubule-organizing
center.” These microtubules function as compression-resisting
girders of the cytoskeleton. Within the centrosome of an anj-
mal cell are a pair of centrioles; each composed of nine sets of
tiplet microtubules arranged in a Ting {Figurs 6.22)..Before a
cell divides, the cenrrioles replicate. Although centrioles may
help organize microtubule assernbly, they are not essential for
this function in all eukaryotes; centrosomes of most plants
lack centrioles, but have well-organized microtubules.

Ciliz and Flageila. In eukaryotes, a specialized arrangement
of mictotubules is responsible for the beating of flagella (singu-
lar, flagellum) and cilia (singular, dlium), locomotor appendages
that protrude from sorme cells: Many unicellular eukaryotic or-
ganisms are propelled through water by cilia or flagella, and the
sperm of animals, algae, and some plants have flagella. When
cilia or flagella extend from cells that are held in place as part of

| a dssue layer, they can move fluid over the surface of the tissue.
| For example, the ciliated lining of the windpipe sweeps mucus
| containing trapped debris out of the lungs (see Figure 6.4). Ina
| womans reproductive tract, the cilia lining the oviducts (fallop-
i an tubes) help move an egg toward the uterus.

Cilia usually occur in large numbers on the cell surface.

! They are about 0.25 yum in diameter and about 2-20 pum in

ength. Flagella are the same diameter but longer than cilia,
neasuring 10-200 pm in length. Also, flagella are usually lim-
" ted to just one or a few per cell.

Flagella and cilia differ in their beatng patterns (Figurs 5.23).
4 flagellum has an undulating motion that generates force in the
ame direction as the flagellum’ axis. In conrast, cilia work

nore like oars, with alternaring power and recovery strokes gen-

' rating force in a direction perpendicular to the ciliums axis.
Though different in length, number per cell, and beating

{ atern, cilia and flagelia share a common ultrastructure. A
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Centrosome

Cross section 7
of the other ceniricle

Lohgitudinal section  Microtubules

of one centriole

A Figurs 8.22 Centrosome COnTAInIng 2 palr of centricles,

" An animal cell has a pair of centrioles wihin its centrosome, the region’

near the nucleus where the cell’s microtubules are initiated. The
centrioles, each about 250 nm (0.25 pm) in diameter, are found at
right angles to each other, and each is made up of nine sats of three
micotubules. The blue portions of the drawing represent nontubulin
proteins that connect the microtubule iriplets (TEM).

cilium or flagellum has a core of microtubules sheathed in an
extension of the plasma membrane {Figure 5.24). Nine dou-
blets of microtubules, the members of each pair sharing part of
their walls, are arranged in a ring. In the center of the ring are
two single microtubules. This arrangement, referred 10 as the
"9 + 27 pattern, is found in nearly all eukaryoric flagella and
cilia. (The flagella of motile prokaryotes, discussed in Chapter
27, do not contain microtubules.) Flexible “wagon wheels” of
cross-linking proteins, evenly spaced along the length of the
cilium or flagellum, connect the outer doublets to each other
(the wheel rim) and to the two cenual microtubules (the wheel
spokes). Each outer doublet also has pairs of side-arms spaced
along its length and reaching toward the neighboring doublet;
these are motor proteins. The microrubule assembly of a cilium
or flagellum is anchored in the cell by a basal body, which is
structurally identical to a centriole. In fact, in many animals
(including humans), the basal body of the fertilizing spermss
flagellum enters the egg and becomes a centriole.

Each motor protein extending from one microtabule doubler
to the next is a large protein called 2

i, which is composed
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(k) Motion of cilia. Cilia have 2 back-
ana-1orth motion that moves the ¢zl
in 2 direction perpendicular to the
215 of the aliumn. A dense nap of cilig,

te of about 40 10
covers this

Ter protozcan

0.1 um Outer microtubule

Dynein arms ~,_

Central
microtubule

Cross-linking
proteins inside
outer doublets

Microtubules

(b) A cross section through the ciliumn shows the "8 + 2"
Plasma arrangernent of microtubules (TEM). The outer microtubule
membrane doublets and the two central microtubules are held together
by aoss-linking proteins (purple in art), including the radial
spokes. The doublets also have attached motor proteins,
the dynein arms (red in art).

=g

{a) A longitudinal section of a cilium shows micro-
tubules running the length of the structure (TEM).

{<) Basal body: The nine outer doublets of a cilium or
flagellum extend into. the basal body, where each

)

C

doublet joins anothér microtubule to form a ring of E\)
nine triplets. Each triplet.is connecied 1o the next /‘)

(«

by nontubulin proteins (blue). The two cantral
microtubules terminate above the basal

body (TEM). Cross section of basai body

Uirastmicture of 3 auicareoiic Aaselium or Hlium,
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- ty, particularly as part of the contractile appa

of several polypeptides. These dynein arms are responsible for
the bending movemenis of cilia and flagella. A dynein amm
performs a complex cycle of movements caused by changes in
the conformation of the protein, with ATP providing the en-
ergy for these changes {Figur= 5.23).

_The mechanics of dynein “walking” are reminiscent of a
cat climbing a tree by attaching irs claws, moving its legs, re-
leasing its front claws, and grabbing again farther up the
tree.. Similarly, the dynein arms of one doublet attach to an
adjacent doublet and pull so that the doublets slide past
each other in opposite directions. The arms then release
from the other doublet and reattach a little farther along its
length. Without any restraints on the movement of the mi-
crotubule doublets, one doublet would continue to “walk”
along and slide past the surface of the other, elongating the
cilium or flagellwin rather than bending it {see Figure 6.23a).
For lateral movement of a cilium or flagellum, the dynein
“walking” must have something to pull against, as when the

. muscles in your leg pull against your bones to move your
- knee. In cilia and flagella, the microtubule doublets seem to
- be held in place by the cross-linking proteins just inside the
.~ outer doublets and by the radial spokes and other structural
- elements. Thus, neighboring doublets cannot slide past each

other very far. Instead, the [crces exerted by the dynein arms
cause the doublets 1o curve, bending the cilium or flagellum
(see Figure 6.25b and c).

~ e
Micohilamenis (Actin Flomnenis)

Microfilaments are solid rods about 7 nm in diameter. They
are also called actin filaments, because they are built from
molecules of actin, a globular protein. A microfilament is a
-wisted double chain of actin subumnits (see Table 6.1). Besides
sccurring as linear filaments, microfilaments can form struc-
cural networks, due to the presence of proteins that bind along
‘he side of an actin filament and allow 2 new filament to
2xtend as a branch. Microfilaments seem to be present in all
:ukaryotic cells.

In contrast to - the compression-resisting role of micro-
wubules, the structural role of microfilamenss in the cytoskeleton
s 1o bear tension (pulling forces). The ability of microfila-
nents 10 form a three-dimensional network just. ifiside the
>lasma membrane helps support the cells shape. This net-
work gives the cortex {outer cytoplasmic layer) of a cell the

* sermisolid consistency of a gel, in contrast with the more fluid

sol) state of the interior cytoplasm. In animal cells specialized
or transporting materials across the plasma membrane, such
15 intestinal cells, bundles of microfilaments make up the core
>f microvilli, the previously mentioned delicate projections
hat increase the cell surface area {Figurs 5.28).
Microfilaments are well known for [hEH role in cell motil-
aratus of muscle
T,
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Microtubule -
doublets-

- Dyn_ein arm

. (a) Dynen w=ﬁkmg " Powered by ATP, Lhe dynem arms of one’
“. microtabule doublet grip the adjacent doublet push it up, -
release and.then grip again. If the two microtubule doubilets
were not srtached they wouild slide relative to each other

- Cross-linking
proteins inside
outer doublets

ation of many
the base of the
e up Many .
Stccessive. bends such asthe. onessho f here 1o + the left and
nght, rault na wavehke mo‘ﬂon In"this diagram, +he two central
. mxcrotubules and the cross=inking proteins aré“not shown.

4 Figurs 5.25 How dynein "walking” moves flageiia and ciiiz.




Whcrotilaments (acun
{ilamaris)

0.25 um

A Figues 8.25 A structural role of microTilamaents. The sunace
area of this hutrient-absorbing intestinal cell is increased by its many
microvilli (stngutar, microvillus), cellular extensions reinforced by bundies
of microfilaments. These actin filaments are anchored to a network of
intermediate filaments (TEM).

cells. Thousands of actin filaments are arranged parallel to
one another along the length of a muscle cell, interdigitated

|with thicker [ilaments made of a protein called myosin

{(Figure 5.27a). Myosin acts as a molor protein by means of
projections (arms) that “walk” along the actin filaments. Con-
traction of the muscle cell results {rom the actin and myosin fil-
aments sliding past one another in this way, shortering the
cell. In other kinds of cells, actin filaments are associated with
myosin in miniature and less elaborate versions of the arrange-
ment in muscle cells. These actin-myosin aggregates are Te-
sponsible for localized contractions of cells. For example, a
contracting belt of microfilaments forms a cleavage furrow that

| pinchesa dividing animal cell into two daughter cells.

Localized-contraction brought about by actin and myosin
also plays a role In amoeboid movement {Figurs 5.27%2}, In
which a cell, such as an amoeba, for example, crawls along a
surface by exwtending and flowing into cellular extensions
called pseudopodia (from the Greek pseudes, false, and pod,

foor). Pseudopodia extend and contract through the reversible

assembly of actin subunits into microfilamnents and of micre-

filaments intoc networks that convert cvioplasm from sol to
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{a) Wiyrosin motors in muscle cell coirraction: The “walking” of
myosin arms drives the parallel myosin and actin filaments past each
other so that the actin filaments approach each other in the middle
{rad arrows). This shortens the muscle cell. Muscle: contracuion
involves the shoriening of many muscle cells i the same time.

Coriex (outer cytoplasm):
gel with actin network \,-\

Inner cytoplasm: sol ~.
with actin subunits :

=T T

Extending T 7 FEEE
pseudopodium T e

{b) Amoeboid moverent. Interaction of actin filaments With myosin
near the cell's traifing end (at right} squeezes the interior fluid
forward {to the left) into the pseudopodium.

. Nonmoving ‘
" cytoplasm (el

cytoplasm cycles
m Ver'acarpet o1 p in filaments. .-
attached 1o organelles in the fiuid cytosol may drive

g by interacting-with the a L

thestream
4 Figure 5.27 Microtilaments and motility. In the three
examples shown in this figure, cell nuciei and most other organelles
have been omitied for darity.

gel. According to a widely accepted model, filaments near the
cells trailing end interact with myosin, causing contraction.
Like squeezing on 2 toothpaste tube, this contraction forces
the interior fluid o the pseudepodium, where the actin net-
work has been weakened. The prendopodiom extends until
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the aclin reassembles into a network.
only cells that move by crawling; so do many cells in the ani-
mal body, including some white blood cells.

In plant cells, both actin-myosin interactions and sol-ge
transformations brought about by actin may be involved in
cytoplasmic streaming, a circular flow of cytoplasm within
cells {Figure 5.27¢). This movement, which is especially com-
mon in large plant cells, speeds the disuiburion of materials
within the cell.

Iniermediate Filmments

Litermediate filaments are named for their diameter, which, at
8-12 nmm, is larger than the diameter of microfilaments but
smaller than that of microtubules (see Table 6.1, p. 113). Spe-
cialized for bearing tension (like microfilaments), intermedi-
ate filaments are a diverse class of cytoskeletzl elements. Each
type is constructed from a different molecular subunit belong-
ing to a famnily of proteins whose members include the keratins.
Microtubules and microfilaments, in conirast, are consistent
in diameter and composition in all eukaryotic cells. - -

Intermediate filaments are more permanent fixtures of
celis than are microfilaments and microtubules, which are
often disassembled and reassembled in various parts of a
- cell. Even after cells die, intermediate filament networks
' often persist; for example, the outer layer of our skin con-
sists of dead skin cells full of keratin proteins. Chemical
treatments that remove microfilaments and micictubules
from the cytoplasm of living cells leave a web of intermediate
filaments that retains its original shape. Such experiments
suggest that intermediate filaments are especially important
in reinforcing the shape of z cell and fixing the position of
certain organelles. For example, the nucleus commonly sits
within a cage made of intermediate filaments, fxed in loca-
tion by branches of the filaments that extend into the cyto-
plasm. Other intermediate filaments make up the nuclear
lamina that lines the interior of the nuclear envelope (see
Figure 6.10). In cases where the shape of the entire cell is
correlated with function, intermediate filaments support
that shape. For instance, the long extensions (axons) of
nerve cells that ransmit impulses are strengthened by one
| class of intermediate filament. Thus, the various kinds of in-
i termediate filaments may function as the framework of the
! entire cytoskeleton.

1.

Describe how the properties of microtubules, micro-
filaments, and inrermediate filaments allow them to
determine cell shape.

. How do cilia and flagella bend?

[

For suggested answers, see Appendix A
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Having crisscrossed the 'mten'or of the cell to explore various
organelles, we complete our tour of the cell by remarning o the

- surface of this microscopic world, where therz are addirional

structures with important functions. The plasma membrane is
usually regarded as the boundary of the living cell, but most
cells synthesize and secrete materials of one kind or another
that are external to the plasma membrane. Although they are
outside the cell, the study of these extracellular structures is
central to cell biology because they are involved n so many
cellular functions.

;.-.&ﬁ = Eavﬂ: o ~ =

~ The cell wall is an extracellular structure of plant cells that

distinguishes them from animal cells. The wall protects the
plant cell, maintains its shape, and prevents excessive uptake
of water. On the level of the whole plant, the strong walls of
specialized cells hold the plant up against the force of gravity
Prokaryotes, fungi, and some protists also have cell walls, but
we will postpone discussion of theiz until Unit Five.

Plant cell walls are much thicker than the plasma mem-
brane, ranging from 0.1 pm to several micrometers. The exact
chemical composition of the wall varies from species to
species and even from one cell type to another in the same
plant, but the basic design of the wall is consistent. Micro-.
fibrils made of the polysaccharide cellulose (see Figure 5.8)
are embedded in a matrix of other polysaccharides and pro-
tein. This combination of materials, strong fibers in a “ground
substance” (martrix), is the same basic architecrural design
found in steel-reinforced concrete and in fiberglass.

A young plant cell first secretes a relatively thin and flexible

~wall called the primary cell wall {Figure 5.28). Berween pri-

mary walls of adjacent cells is the middle lamella, a thin layer

-rich in sticky polysaccharides called pectins. The middle

lamella glues adjacent cells together {pectin is used as a thick-
ening agent in jams and jellies). When the cell matures and
stops growing, it strengthens its wall. Some plant cells do this
simply by secreting hardening substances into the primary
wall. Other cells add a secomndary cell wall berween the
plasma membrane and the primary wall. The secondary wall,
often deposited in several laminated layers, has a strong and
durable marrix that affords the cell protection and support.
Wood, for example, consists mainly of secondary walls. Plant
cell walls are commonly perforated by channels berween
adjacent cells called pl::smoc"‘emnua 'see Figure 6.28), w
will be discussed shortly.
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of cell ECM of most animal cells is collagen, which forms srong

fibers ouzside the cells. In fact, collagen accourts for about
half of the total protein in the human body. The collagen fibers’
are embedded in a network woven from protzoglycans

which are glycoproteins of another class. A proteoglycan mol-
ecule consisis of a small core protein with many carhohydrate

chains covalently atached, so that it may be up 1o 95% car-
bohydrate. Large proizoglycan complexes can form when
hundreds of proteoglycans become noncovalently attached to a
single long polysaccharide molecule, as shown in Figure 6.29.
Some cells are attached 1o the ECM by stull other ECM glyco-
proteins, incuding fibronectin. Fibronectn and other ECM
proteins bind io cell surface receptor proteins called imtegrins
that are buill nto the piasma membrane. Integrins span the
membrane and bind on their cytoplasmic side 1o associated
wa 5.23 Plant celi wails. The orientation drawing shows proteins attached to microfilaments of the cytoskeleton. The w
cells, sach with a large vacuole, a nucleus, and several name integrin is based on the word integrate: Integrins are in '
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Current research on fibronectin, other ECM molecules and

lar ma-

integrins is revealing the influential role of the exiraceila
trix in the lives of cells. By communicating with a cell throngh
integrins, the ECM can regulate a cell’s behavior. For exzmple,
some cells in a developing embryo migrate along specific path-
ways by matching the orientation of their microfilamenrs to the
“grain” of fibers in the extracellular matrix. Researchers are also
learning that the extracellular matrix around a cell can influ-
ence the activity of genes in the nucleus. Information about the
ECM probably reaches the nucleus by a combinadon of me-
chanical and chemical signaling pathways. Mechanical signal-
ing involves fibronectin, integrins, and microfilaments of the
cytoskeleton. Changes in the ¢ytoskeleton may in tarn trigger
chemical signaling pathways inside the cell, leading to changes
in the set of proteins being made by the cell and therefore
changes in the cells function. In this way, the extraceliular ma-
trix of a particular tissue may help coordinate the behavior of all
the cells within that tissue. Direct connections berween cells
also function in this coordination, as we discuss next.

The many cells of an animal or plant are organized into tssues,
organs, and organ systemns. Neighboring cells often adhere, in-
teract, and communicate through special patches of direct
physical contact.

Plants: Flasmodesmgia

It might seem that the nonliving cell walls of plants would iso-
late- cells from one another. But in fact, as shown In Figurs
£.39, plant cell walls are perforated with channels called
plasmodesmata (singular, plasmodesma; from the Greek desmos,
to bind). Cytosol passes through the plasmodesmata and
connects the chernical environments of adjacent cells. These
connections unify most of the plant into one living continuum.
The plasma membranes of adjacent cells line the channel of

each plasmodesma and thus are continuous. Water and small

solutes can pass freely from cell to cell, and recent experiments
have shown that in certain circumstances, specific proteiris and
RNA molecules can also do this. The macromolecules to be

Cell walls

Interior
ol cell

interior
of cell

0.5 um Plasmodesmata  Plasma membranes

A Figur2 6.30 Plasmodesmata betwesn plant cails. The
cvtoplasm of one plant cell is continuous with the oytoplasm of its

neignbors via plasmodesmata, channels through the celi walis (TEV).

UNiT Two  The Cell

In anirnals, there are three main types of intercellular fune-
tions: tight junctions, desmosomes, and gap junctions (which are
most like the plasmodesmata of plants). Al three tvpes zxe es-
pecially common in epithelial tissue, which lines the external
and internal surfaces of the body. Figurs 3.31 uses epithelial
cells of the intestinal lining to illustrate these junctions; please
study this fignre before moving on.

)

. In what ways are the cells of plants and animals
structurally different from single-celled eukaryotes?

. What characreristics of the plant cell wall and animal
cell extracellular matrix allow the cells to exchange
matter and information with their external

»~J

eNVIronment?

For suggested answers, see Appendix A.

From our panoramic view of the cell's overall compartmental
organization to our close-up inspection of each organelles ar-
chitecture, this tour of the cell has provided many opporruri-
tes to correlate smucture with function. (This would be a
good time to review cell structure by returaing to Figure 6.9,
pp. 100 and 101.) But even as we dissect the cell, rememmber
that none of its organelles works alone. As an example of cel-
lular integration, consider the microscopic scene in Figura 3.32.
The large cell is-a macrophage (see Figure £.142). It helps
defend the body against infections by ingesting bacteria (the
smaller cells) into phagocytic vesicles. The macrophage
crawls along a surface and reaches out to the bacteria with
thin pseundopodia (called filopodia). Actin filaments interact
with other elements of the cytoskeleton in these movements.
After the macrophage engulfs the bacteria, they are de-
stroyed by lysosomes. The elaboraté endomembrane system
produces the lyscsomes. The digestive enzymes of the lyso-
somes and the proteins of the cytoskeleton are all made on
ribosomes. And the synthesis of these proteins is pro-
grammed by genetic messages dispatched from the DNA in
the nucleus. All these processes require energy, which mito-
chondria supply in the form of ATP Cellular functions arise
from cellular order: The cell is a living unit greater than the

sum of its parts.




