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The Endomembrane System: A Review
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To smd; cells, biologists use microscopes
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2.5  The cytoskeleton is a network of Abers that
organizes structures and activities in the cell
8.7 Extracellular components and connections

between cells help coordinate cellular
activities

The Importance of Cells

777  he cell s as fundamental to biolﬂry as the atom is to
: chemistry: All organisms are made of cells. 1’1 the hier-
~£- archy of biological organization, the cell i s'the simplest
collection of matter that can live. Indeed, there are diverse forms
of life existing as single-celled organisms. More’ Lomple_x organ-
isms. including plants and animals, are rnuhjc‘éllular; their bad-
les are cooperatives of many kinds of speciah':ed cells that could
not sarvive for long on their own. Hos WeVeT, even w ‘hen they are
arranged into higher levels of QI‘OaIl]_’LUO'l such as tissues and
rgans, cells can be singled out as me organisms basic units of
stuctare and funcien. The eontrdction of muscle cells moves
YOour eyes as you read this :emence when you decide to turn the

R

U
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s S

’1d its skeleton vizwed by A
opy. . ):,x’

next page, nerve cells \\111 transmnit that decision from your brain
o the muscle cells of your hand. Everything an organism does
occurs fundamentally at the cellular level.

The cell is a microcogm that demonstrates most of the themes

introduced in Chapu{r 1. Life at the cellular level arises from
structural order, renforcmo the themes of emergent properdes
and the correlauon be[ween structure and function. For exam-
ple. the movement of an animal cell depends on an intricate
interplay of the structures that make up a cellular skeleton
(green and red in the micrograph in Figure 5.1). Another recur-
ring theme in biology is the interaction of organisms with their
environment. Cells sense and respond to environmental flactu-
ations. And keep in mind the one biological theme that unifies
all others: evolution. All cells are related by their descent from

v_,«"e'lrher cells. However, they have been modified in many differ-

exit ways during the long evolutionary history of life on Earth.
Although cells can differ substandally from each other, they

.. share certain common characteristics. In this chapter, we'll first
“learn about the tools and experimental approaches that have

allowed us to understand subcellular details: then we’ll tour
the cel} and become acquainted with its components.

microscopes and ﬂ1 ools of
bwchumsﬁy

To studs cells, biolo “jaf nse
&

It can be difficult to understand how 2 cell, usually too small
10 be seen by the unaided eye, can be 50 complex. How can
cell biologists possibly investigate the nner workings of such
tiny entites? Before we actually tour Lhe cell, it will be helpful
to learn how cells are studied.

i
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of microscopes in 1590 and their improvement in the 17th
century. Microscopes of various types are stll indispensable

tools for the study of cells. ‘
The microscopes first used by Renaissance scientists, as well
as the mi opes you are likely to use in the laboratory; are all
light microscopes (LMs). Visitle light is passed through the
peamen and then through glass lenses The lenses refract
bend) thelight in such a way that the image of the specimen
is maom‘led as it is projected into the eye, onto photographic
flm or a digital sensor, or onto a video screen. (See the diagram
of microscope structure in Appendix C.)

Two important parameters in microscopy are magnification
and resolving power, or resolution. Magnification in microscopy
is the ratio of an object’s image size 1o its real size. Resolution is a
measure of the clarity of the image; it is the minimum distance
w0 points can be.separated and still be distinguished as two
points. For example, what appears 1o the unaided eye as orie star
in the sky may be resolved as twin stars with a telescope.

Just as the resolving power of the human eye is limited, the
resolution of telescopes and microscopes is limited. Micro-
scopes can be designed to magnify objects as much as desired,
but the light microscope cannot resolve detail finer than about
0.2 micrometer (um), or 200 nanometers (nm), the size of a
small bacterium {Figure 5.2). This resolurion is limited by the
shortest wavelength of light used 1o illuminate the specimen.
Light microscopes can magnify effectively to about 1,000 times
the size of the actual specimen; at greater magnifications, the
image becomes increasingly blurry. Most of the improverments
in light microscopy since the beginning of the 20th century
have involved new methods for enhancing contrast, which clar-
ifies the derails that can be resolved (Figure 5.3, next page). In
addition, scientists have developed methods for staining or la-
beling particular cell components so that they stand out visually.

Although cells were discovered by Robert Hooke in.- 1665,
the geography of the cell was largely uncharted until the 1950s.
Most subcellular structures, or organelles, are too small to be
resolved by the light microscope. Cell biology advanced rap-
idly in the 1950s with the introduction of the electron micro-
scope. Instead of using light, the electron microscope (EM)
focuses a beam of electrons through the specimen or onto its
surface (see Appendix C). Resolution is inversely related to the
wavelength of the radiation a microscope uses for imaging,
and electron beams have wavelengths much shorter than the

wavelengths of visible light. Modern electron microscopes can
theoretically achieve a resolution of about 0.002 nm, but the
practical limit for biological structures is generally only about
2 nim—still a hundredfold improvement over the light micro-
scope. Biologists use the term cell ultrastructure 1o refer w a
ells anatomy as revealed by an electron microscope.

e

—— Human height

Tmt
= Length of some
L nerve and
| muscle cells
01mE
— Chicken egg
Tam E
—— Frog egg
Tmm k -
100 um L
L > Most plant and
animal cells
10 um &
- Nudleus
- > Most bacteria
———Mitochondrion
Tumg S -

100 nm

10 nm

1 nm

0.1 nm

Measurameanis

1 centimeter {cm) = 10~2 meter (m) = 0.4 inch
1 millimeter {mm) = 10> m

1 micrometer (um) =102 mm=10"%m

1 nanometer (nm) = 103 um = 10~ m

4 Figure 5.2 The size range of cails. Most cells are bety
1 and 100 pm in diameter (yellow region of chart) and are then
visible only under a microscope. Notice that the scale 2long the
is logarithmic t0 accommodate the range of sizes shown. Starti
ihe top of the scale with 10 m and going down, each reference
measurement marks a tenfold decrease in diameter or length.
complete table of the metric systern, see Appendix B.
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' ‘a) Brightfield {unstainad

° specimen). Passes light
directly through specimen.
Unless cell is naturally
pigmented or artificially
stained, image has little
contrast. [Parts (a)~(d)
“show a human cheek
epithelial celi]]

o) Brightiield (stained
specimen). Staining with
various dyes enhances
contrast, but most staining
procedures require that cells
be fixed (preserved).

o

Phase-tontrast. Enhances
contrast in unstained cells by
amplifying variations in density
within specimen; especially
useful for examining living,
unpigmented cells.

1) Differential-interference-

;. conirast (Nomarski). Like
phase-contrast microscopy, it
uses optical modifications to
exaggerate differences in
density, making the image
appear almost 3D.

) Fluorescence. Shows the
locations of specific molecules
in the cell by tagging the
molecules with fluorescent
dves or antibodies. These
fluorescent substances absorb

i ultraviolet radiation and amit

¢ visible light, as shown here in

i acell from an artery.

| Confocal. Uses lasers and special
1 optics for “optical sectioning” of
1 Tluorescently-stained specimens.

1 Only a single plane of focus is

! flluminated; out-of-focus

; fluorescence above and below
the plane is subtracted by a

{ cofmputer. A sharp image results,
Y as seen in stained nervous tissue

i (top), where nerve cells are green,
i support cells are red, and regions
of overlap are yellow. A standard
fluorescence micrograph (bottorn)
of this refatively thick tissue is
blurry.

UNIT.IWo  The Cell

{a) Scanning electron micro-
scopy {SEM). Micrographs
taken with & scanning
electron microscope show
a 3D image of the surface
of a specimen. This SEM
shows the surface of a cell
from a rabbit rachea
(windpipe) covered with
motite organelles called
cilia. Beating of the cilia
helps move inhaled debris
upward toward the throat.

{b) Transmission slectron
microscopy (TEM). A
transmission electron ‘
microscope protiles a thin
section of a specimen. Here
we see a section through a
tracheal cell, revealing its
ultrastruciure. in preparing
the TEM; some cilia were cut
along their lengths, creating
longitudinal sections, while
other cilia were cut straight
across, creating cross
sections.

Longitudinal Cross section
sectionof  of cilium

cilium

There are two basic types of electron microscopes: the
scanning electron microscope (SEM) and the iransmission
electron microscope (TEM). The SEM is especially useful for
detailed study of the surface of 2 specimen {Figurs 8.4z} The

electron beam scans the surface of the sample, which is usu-

ally coated with a thin film of gold. The beam excites elecrrons
on the samples surface, and these secondary electrons are de-
tected by a device that translates the partern of electrons into
amrelectronic signal to a video screen. The result is an fmage of
the topography of the specimen. The SEM has great depth of
field, which results in an image that appears three-dimensional.

Cell biologists use the TEM mainly to study the internal ul-
rrastructure of cells {Figurs 5.45). The TEM aims an electron
beam through a very thin section of the specimen, similar to the
way a light microscope transmits light through a slide. The spec-
imen has been stained with atoms of heavy metals, which at-
tach to certain cellular strucrures, thus enhancing the elecon
density of some parts of the cell more than others. The electrons
passing through the specimen are scartered more in the denser
regions, so fewer electrons are rransmitted. The image is created
by the pattern of transmitted electrons. Instead of using glass
lenses, the TEM uses electromagnets as lenses to bend the paths
of the electrons, ultimately focusing the Image onto a screen
for viewing or onto photographic film. Some miCroscopes are
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l hat the meth-

used to prepare the specimen kill the lls %lgo specimen

saration can introduce arufacts, structural leatures seen in
raphs that do not exist in the living cell (as is true for
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raphs are identiied by the rype of microscopy: 1M for

‘rograph, SEM for a scanning electron chrovraph

or a transmission electron m1clorraph

ficrosc op s are the most moon:«m tools ol cytolocrv the
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' ;‘l.le wi l in the cell reveal: hLLe abou[ Lh€1r function. Mod-

z¢il biology developed from an integration of cytology with
1emistry, the study of the molecules and chemical processes
rabolism) of cells. A biochemical approach called cell
‘donaton has been particularly important in cell biology.

lating Organelles by Cell Fractionation

goal of cell fractionation is to ke cells apart and sepa-
the major organelles from one another {Figura 5.5). The
rurnent used to fractionate cells is the centrifuge, which
spin test tbes holding mixtures of disrupted cells at var-
i speeds. The resulting force separates the cell components
size and density. The most powerful machines, called
acentrifuges, can spin as fast as 130,000 revolutions per
ute (rpm) and apply forces on particles of more than
illion times the force of gravity (1,000,000 g).
sell fractionation enables the researcher to prepare specific
ponents of cells in bulk quantity to study their composition
functions. By following this approach, biologists have been
to assign various functions of the cell to the different or-
2lles, a task that would be far more difficult with intact cells.
example, one cellular fraction collected by centrifugation
enzymes that fanction in the metabolic process known as
1lar respiraton. The electron microscope reveals this fraction
e very rich in the organelles called mitochondria. This evi-
ce helped cell biologists determine that mitochondria are the
; of cellular respiration. Cytology and biochemistry comple-
1t each other in correlating cellular structure and function.

.. Which type of microscope would you use to study
(a) the changes in shape of a living white blood cell,
{(b) the details of surface texrure of a hair, and (c¢) the
detailed structure of an organelle?

For suggested answers, see Appendix A.

5n>r techniques). From this point on in the book,

~ . ell fractionation is uszd 1o isolete
(fractionatie) call components, based on size and density.

ETECHNIOH L . )
Mﬁ:‘ﬁ First, cells are homogenized in a biender 1o

break them up. The resulting mixture {cell homogenate) is then
centrifuged &t vanous speeds and durations 1o Tractionste the call
components, forming a series of peliets.

Homogenate

1000 g
(1000 times the
force of gravity) . e L )

10 min /Dl.’.erentla centnfugahon

L F Supematant poured
into next Lube R

“Peliet fich in*
--nucleiand
cellular debns

Pelietich in
: nbosomes B

In the original experiments, the researchers
used mlcroscopy to identify the organelles in each pellet,
establishing a baseline for further experiments. in the next series of
experiments, researchers used biochemical methods to determine
the metabolic functions associated with each type of organelie.
Pesearchers currently use calt fraciicnation 1o isolate particular
organelles in order to study Turther details ot their Tunction. |
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he basic structural and funcrional unit of every organism is
1e- of two types of cells—prokaryotic or eukaryotc. Only
rganisms of the domains Bacteria and Archaea consist of
rokaryotic cells. Prousts, fungl, animals, and plants all con-
st’ of eukaryotic cells. This chapter focuses on generalized
1imal and plant cells, after first comparing them with pro-
aryotic cells.

oinparing Prokaryotic and Evkaryotic Celis
11 cells have several basic features in common: They are all
>unded by a membrane, called a plasma membrane. Within the
embrane is a semifluid substance, cytosol, in which organelles
e found. All cells contain chromosomes, carrying genes in the

mm of DNA. And all cells have ribosomes, tiny organelles that

. zke proteins according to instructions from the genes.

- A major difference between prokaryotic and eukaryotic
:1ls, indicated by their names, is thar the chromosomes of a

ikaryotic cell are located in a membrane-enclosed organelle

dled the nucleus. The word prokaryotic is from the Greek pro,

eaning “before,” and karyon, meaning “kernel,” relerring here
the nucleus. In a prokaryotic cell {Figurs 6.5}, the DNA is

mcentrated in a region called the nucleoid, but no membrane

Bacierial
yOMesome

\_._,L._.ﬁw,‘,m_,r..
4

(a) A typical
: rod-shaped bacterium

Piii: attachment structures on
the surface of some prokaryotes

cell’s DNA is tocated (not

Nucieoid: region where the
4 enciosed by a membrane)

Ribosomes: organelles that
synthesize proteins

Plasma membyrane: membrane
enclosing the cytoplasm

| Cell wall: rigid structure outside

{ the plasma membrane
Capsule: jelly-like outer coating |
':\._ . 1

separates this region frum the rest of the cell. In cémgzast, the
eukaryotic cell (Greek ew, true, and karyor) has 2 e nu-
cleus, bounded by a membrancus nuclear envelope (see
Figure 6.9, pp. 100-101). The enrire region berween the nu-
cleus and the plasma membrane is called the cytoplasm, a
term also used for the interior of a prokaryotic cell. Within the
cytoplasm of a eukaryotc cell, suspended in cytosal, ate a va-
riety of membrane-bounded organelles of specialized form and
functdon. These are absent in prokaryoric cells. Thus, the pres-
ence or absence of a true riucleus is just one example of the dis-
parity in structural complexity berween the two types of cells.

Eukaryotic cells are generally quite a bit bigger than pro-
karyoric cells (see Figure 6.2). Size is a general aspect of cell
structure that relates to function. The logistics of carrying out
cellular metabolism sets limits on cell size. At the lower limit,
the smallest cells known are bacteria called mycoplasmas,
which have diameters berween 0.1 and 1.0 prm. These are per-
haps the smallest packages with enough DNA 1o program me-
tabolism and enough enzymes and other cellular equipment
to carry out the activities necessary for a cell to sustain itself
and reproduce. Most bacteria are 1-10 um in diameter, 2 di-
mension about 1en times greater than that of mycoplasmas.
Eukaryotc cells are typically 10-100 pm in diameter.

Metabolic requirements also impose theoretical upper lim-
its on the size that is pracrical for a single cell. As an object of
a particular shape increases in size, its volume grows propor-
tionately more than its surface area. (Area is proportional 10 2
linear dimension squared, whereas volume is proportional 1o
the linear dimension cubed.) Thus, the smaller the object, the
greater its ratio of surface area to volume {Figurs 5.73.

of many prokaryoies ? ’

P
0.5 um

Flagella: locomotion

organelles of

some bacteria

{5) A thin section through the
bacterium Bacillus coaguians

v

4 Figure 8.3 A prokarvotic c2il Lacking a true nudleus and the other
membrane-enclosed organelles of the eukaryotic cell, the prokaryotic cell
is rauch simpler in structure. Only bacteria and archaea are prokaryotes.
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Total surface ares
{height > width x
nurmber of sides x
nurmber of baxes)

[s)]

150 750

Surfaca-to-volume
ratio
{surface area + volume)

4 Figure 5.7 Geéometric raiationships between surface
arza and voluma. In this diagram, cells are represented as boxes.
Using arbrtrary units of length, we can calculate the cell’s surface area
(in square units), volume (in cubic units), and ratio of surface area 1o
volume. The smaller the cell, the higher the surface-to-volume ratio.
A high surface-to-volume ratio facilitates the exchange of materials
between a cell and its environment.

At the boundary of every cell, the plasma membrane func-
tions as a selective barrier that allows sufficient passage of oxy-
gen, nutrients, and wastes 10 service the entire volume of the
cell {Figurz 5.8). For each square micrometer of membrane,
only so much of a particular substance can cross per second.
Rates of chemical exchange with the extracellular environment
might be inadequate 1o maintain a cell with a very large cyto-
plasm. The need for a surface area sufficiently large to accom-
modate the volume helps explain the microscopic size of most
cells. Larger organisms do not generally have larger cells than
smaller organisms—simply more cells. A sufficiently high rario
of surface area to volume is especially important in cells that
exchange a lot of material with their surroundings, such as

QOutside of cell

volurne.
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P 3 cells 5 il in Chapters 138
and 27 (see Table 27.2 for a comparison of prokaryotes and

eukaryotes), and the possible evolutionary relatonships be-
tween prokaryouc and eukaryouc cefls will be discussed in
Chapter 26. Most of the discussion of cell smucrare that fol-

" lows in this chapter applies to eukarvorc cells.
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In addition 10 the plasma membrane at its outer surface, 2 en-
karyotic cell has extensive and elaborately arranged iniemal
membranes, which partition the cell into comparments—ithe
membranous organelles mendoned earlier. These membranes
also participate directly in the cells metabolisin, because many
enzymes are built right into the membranes. Furthermore, the
cells compartments provide different local environmenis that
facilitate specific metabolic functons, so incompatble processes
can go on simultaneously inside the same cell.

Membranes of various kinds are fundamental 1o the organ-
ization of the cell. In general, biological membranes consist of
a double layer of phospholipids znd other lipids. Embedded
in this lipid bilayer or artached to its surfaces are diverse pro-
teins (see Figure 6.8). However, each rype of membrane has 2
unique composition of lipids and proteins suited 10 that mem-
brane’s specific funcions. For example, enzymes embedded
in the membranes of the organelles called mitochondria func-

" tion in cellular respiration.

Before continuing with this chapier, examine the overviews of
eukaryotic cells in Figure 5.3 on the next two pages. These gen-
eralized cell diagrams introduce the various organelles and pro-
vide a map of the cell for the detailed tour upon which we will
now embark. Figure 6.9 also contrasts animal and plant cells. ‘As
enkaryotic cells, they have much more in common than either

- haswith any prokaryotic cell. As you will see, however, there are

important differences between animal and planr cells.

< Figure 5.8 The plasma membrane.
The plasma membrane and the membranes of
organelles consist of & double layer (bilayer) of

phospholipids with various proteins attached to
or embedded in it. The phospholipid tails in the
interior of a membrane are hydrophobic; the
interior portions of membrane proteins are also
hydrophobic. The phospholipid heads, exterior
proteins, exterior paris of proteins, and
carbohydrate side chains ar2 hydrophilic and in
contact with the aqueous solution on either
side of the membrane. Carbohydrate side
chains are found only on the outer surface of
the plasma membrane. The spedific funcions

o

roteins

Hydrophilic—
region
Inside of cell t——4
. 0.1 um
{2) TEM of a plasma Hyorophobic
membrane. The region
plasma membrane,
here in 5 72d blood Hydrephilic-— Phospholipid
cell, appears as a region L

pair of dark bands
separated by a
light band.
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(%) Structure of the plasma membrane

of a membrane depend on the kinds of
phospholipids and proteins present.

‘cHarTER 5 A Tour of the Cell GS




This drawing of a generalized animal cell incorporates the most com- Most of the cell's metabolic activides occur in the cytoplasm, the

mon structures of animal cells (no cell actually looks just like this). entire region between the nucleus and the plasma membrane. The
As shown by this cutaway view, the cell has a variety of organelles cytoplasm contains many organeHes suspended in a semifuid
(“litrle organs™), many of which are bounded by membranes. The mediurn, the cytosol. Pervading much of the cytoplasm is 2 labyrinth
most prominent organelle in an animal cell is usually the nucleus. . of membranes called the endoplasmic reticulum (ER).

Mudlear snvsiope: double N
membrane =ndosing the
— an i= i ‘nucleus; perforated by
-ENDOPLASMIC RETICULUM {ERY: n_e_twgrk pores; comtinuous with ER
of membranous sacs and tubes; aciive in
membr;ne synthesis and_ other syn::heﬁc Mucleslts: nonmembranous
a?,.d metabth processes; has n;ug. ianc organelle involved in production |
Flagellum: locomotion (ribosome-studded) and smooth regions OF ribosomes; & nudlews hes MUCGLIUS
organelle present in IS N\ /.| one or more nudeoli
some animal cells; Rough ER Smooth £R ey ,,’
cornposed of membrane- Chromadn: material
enclosed microtubules consisting of DNA and
proteins; visibie as
individuzl chromosomes P
Centrosoma: region in a dividing cell

where the cell's
microiubules are
initiated; in an animal
cell, contains a pair of
centrioles (function
unknown) |

Plasma mambrane:
membrans
endosing the cell

ZTON:

rces cell's shape,
nctions in cell movement;
mponenis are made of
tein

"y
<
<
O
(%]
5%
"

—h
=
=h
o]
[P

OE(D,

C
o}

/

=
o]

e g
Microfiltamenis ‘\f

intermediate filamentis

Ribosomes:
nonmembpranous
organelles (small brown
dots} that make proteins;
ree in cytoplasm or
bound 1o rough ER or
nuclear envelope

Microtubules

Microvilii:
projections that
increase the cell’s
surface area
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Gelgi apparsius: organelle active
in synthesis, modification, sorting,
/ and secretion of cell products
Perosisome: organelle
with various specialized
metabolic functions;
produces hydrogen

Lysosoms: digestive

s Mitochondrion: organelle organelle where In animal celis but not plant celis:
peroxias where cellular respiration macromolecules are Lysosomes
occurs and most ATP is hydrolyzed Centrioles

generated Flagella (in some plant sperm)
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