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Figure 3-1 The components
of a protein. A protein
consists of a polypeptide
backbone with attached sioe
chains. Each type of protein
dif fers in i ts sequence and
number of amino acids;
therefore, it is the sequence
of the chemical ly dif ferent
side chains that makes each
protein dist inct. The two ends
of a polypeptide chain are
chemical ly dif ferent: the end
carrying the free amino group
(NH3+, also writ ten NH2) is the
amino terminus, or
N-terminus, and that carrying
the free carboxyl group
(COO-, also written COOH) is
the carboxyl terminus or
C-terminus. The amino acid
sequence of a protein is
always presented in the
N-to-C direct ion, reading
from left to rioht.

I I

(  ) t  l

H H O
^ t t t l

Hei- i -3r lH l
( H ,
I

( - H ,
I
5

( H ,

o v
amino  t e rm inus
or N-terminus C

\ o

oono

SCHEMATIC

SEQU ENCE Met Asp

As discussed in chapter 2, atoms behave almost as if they were hard spheres
with a definite radius (their uan derwaals radius). The requirement that no two
atoms overlap limits greatly the possible bond angles in a pollpeptide chain
(Figure 3-3). This constraint and other steric interactions severely restrict the
possible three-dimensional arrangements of atoms (or conformaflons). Never-
theless, a long flexible chain, such as a protein, can still fold in an enormous
number of ways.
- The folding of a protein chain is, however, further constrained by many dif-
ferent sets of weak noncoualent bonds that form between one part of the chain
and another. These involve atoms in the polypeptide backbone, as well as atoms
in the amino acid side chains. There are three tlpes of weak bonds: hydrogen
bonds, electrostatic attractions, and uan der waals .tttractions, as explained in
chapter 2 (see p. 54). Individual noncovalent bonds are 30-300 times weaker
than the tlpical covalent bonds that create biological molecules. But manyweak
bonds acting in parallel can hold two regions of a polypeptide chain tightly
together. In this way, the combined strength of large numbers of such noncova-
lent bonds determines the stability of each folded shape (Figure 3-4).

Tyr

polypept ide backbone
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g lu tam ic  ac i d

electrostatic
attractions
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Figure 3-4 Three types of noncovalent
bonds help proteins fold. Although a
single one of these bonds is quite weak,
many of them often form together to
create a strong bonding arrangement, as
in the example shown. As in the previous
figure, R is used as a general designation
for an amino acid side chain.

Figure 3-5 How a protein folds into a
compact conformation, The polar amino
acid side chains tend to gather on the
outside of the protein, where they can
interact with water; the nonpolar amino
acid side chains are buried on the inside
to form a tightly packed hydrophobic
core of atoms that are hidden from water.
In this schematic drawing, the protein
contains only about 30 amino acids.
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Proteins Fold into a Conformation of Lowest Energy
As a result of all of these interactions, most proteins have a particular three-
dimensional structure, which is determined by the order of the amino acids in its
chain. The final folded structure, or conformation, of any polypeptide chain is
generally the one that minimizes its free energy. Biologists have studied protein
folding in a test tube by using highly purified proteins. Treatment with certain

sequence contains all the information needed for specifying the three-dimen-
sional shape of a protein, which is a critical point for understanding cell function.

Each protein normally folds up into a single stable conformation. However,
the conformation changes slightly when the protein interacts with other
molecules in the cell. This change in shape is often crucial to the function of the
protein, as we see later.

Although a protein chain can fold into its correct conformation without out-
side help, in a living cell special proteins called. molecular chaperones often assist
in protein folding. Molecular chaperones bind to partly folded polypeptide
chains and help them progress along the most energetically ravoriute-rolaing
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amino acid
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Figure 3-7 The regular conformation of the polypeptide backbone in the cr helix and the p sheet. <GTAG> <TGCT>
(A, B, and C) The o helix. The N-H of every peptide bond is hydrogen-bonded to the C=O of i neighboring peptide bond
located four peptide bonds away in the same chain. Note that al l  of the N-H groups point up in this diagIm and that al l  of
the C=O groups point down (toward the C-terminus); this gives a polari ty to the hel ix, with the C-terminus having a part ial
negative and the N-terminus a part ial  posit ive charge. (D, E, and F) The F sheet. In this example, adjacent peptide chains
run in opposite (antiparal lel) direct ions. Hydrogen-bonding between peptide bonds in dif ferent strands holds tne
individual polypeptide chains (strands) together in a B sheet, and the amino acid side chains in each strand alternatety
project above and below the plane ofthe sheet. (A) and (D) show al l  the atoms in the polypeptide backbone, but the
amino acid side chains are truncated and denoted by R. In contrast, (B) and (E) show the backbone atoms only, while (C)
and (F) display the shorthand symbols that are used to represent the s hel ix and the B sheet in r ibbon drawings of proteins
(see Panel 3-28).
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(D) Space-filling: Provides contour map of the protein; gives a feel for the
shaoe of  the protein and shows which amino acid s ide chains are exposed
on its surface. Shows how the protein might look to a small molecule,
such as water, or to another protein.

(C) Wire:  Highl ights s ide chains and their  re lat ive proximit ies;  useful  for
predict ing which amino acids might  be involved in a protein 's act iv i ty ,
part icular ly  i f  the protein is  an enzyme.
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Diagrama de Ribbon
Representação de 

Proteínas em em 3D
✴representação mais comum
✴organização do caminho

✴espinha dorsal da proteína
✴α-helices (ribbons mola)
✴β-strands (setas)
✴metais (esferas) 

http://www.rcsb.org/pdb/home/home.do

http://www.rcsb.org/pdb/home/home.do
http://www.rcsb.org/pdb/home/home.do
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Il l
e lectrochemical

qradient-  i t

Figure 1 I -7 Three ways of driving active
transport.  The actively transported
molecule is shown in yel low, and the
energy source is shown in red.

Figure 1 I -8 Three types of transporter-
mediated movement. <ACCC> This
schematic diagram shows transporters
functioning as uniporters, symporters,
and antiporters.

COUPLED
TRANSPORTER

ATP-DRIVEN
PUMP

LIGHT-DRIVEN
PUMP

Active Transport Can Be Driven by lon Gradients

same direction, performed by symporters (also called co-transporters), or the
transfer of a second solute in the opposite direction, performed by antiporters
(also called exchangers) (Figure ll-8).

The tight coupling between the transfer of two solutes allows these coupled

gradient of which provides a large driving force for the active transport of a sec-
ond molecule. The Na+ that enters the cell during transport is subsequently
pumped out by an ArP-driven Na+ pump in the plasma membrane (as we dis-
cuss later), which, by maintaining the Na+ gradient, indirectly drives the trans-
port. (For this reason ion-driven carriers are said to mediate second.ary actiue
transport, whereas ArP-driven carriers are said to mediate primary actiue trans-
port.)

Intestinal and kidney epithelial cells, for example, contain a variety of sym-
porters that are driven by the Na+ gradient across the plasma membrane. E'ach
Na*-driven symporter is specific for importing a small group of related sugars or
amino acids into the cell, and the solute and Na* bind to different sites on the
transporter. Because the Na+ tends to move into the cell down its electrochemi-
cal gradient, the sugar or amino acid is, in a sense, "dragged" into the cell with it.
The greater the electrochemical gradient for Na+, the gieater the rate of solute

transported molecule co-t ransported ion

, / \

\
I

ANTIPORT

-l 
,,0,0

I uitaver
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ond molecule. The Na+ that enters the cell during transport is subsequently
pumped out by an ArP-driven Na+ pump in the plasma membrane (as we dis-
cuss later), which, by maintaining the Na+ gradient, indirectly drives the trans-
port. (For this reason ion-driven carriers are said to mediate second.ary actiue
transport, whereas ArP-driven carriers are said to mediate primary actiue trans-
port.)

Intestinal and kidney epithelial cells, for example, contain a variety of sym-
porters that are driven by the Na+ gradient across the plasma membrane. E'ach
Na*-driven symporter is specific for importing a small group of related sugars or
amino acids into the cell, and the solute and Na* bind to different sites on the
transporter. Because the Na+ tends to move into the cell down its electrochemi-
cal gradient, the sugar or amino acid is, in a sense, "dragged" into the cell with it.
The greater the electrochemical gradient for Na+, the gieater the rate of solute
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entry; conversely, if the Na+ concentration in the extracellular fluid is reduced,
solute transport decreases (Figure ll-9).

In bacteria and yeasts, as well as in many membrane-enclosed organelles of
animal cells, most active transport systems driven by ion gradients depend on
H+ rather than Na* gradients, reflecting the predominance of H+ pumps and the
virtual absence of Na+ pumps in these membranes. The electrochemical H+ gra-
dient drives the active transport of many sugars and amino acids across the
plasma membrane and into bacterial cells. One well-studied H+-driven sym-
porter is lactose permease, which transports lactose across the plasma mem-
brane of E. coli. Structural and biophysical studies of the permease, as well as
extensive analyses of mutant forms of the protein, have led to a detailed model
of how the symporter works. The permease consists of 12 loosely packed trans-
membrane cr helices. During the transport cycle, some of the helices undergo
sliding motions that cause them to tilt. These motions alternately open and
close a crevice between the helices, exposing the binding sites for lactose and
H*, first on one side of the membrane and then on the other (Figure ll-10).

Transporters in the Plasma Membrane Regulate Cytosolic pH

Most proteins operate optimally at a particular pH. Lysosomal enzymes, for
example, function best at the low pH (-5) found in lysosomes, whereas cltoso-
lic enzymes function best at the close to neutral pH (-7.2) found in the cytosol.
It is therefore crucial that cells control the pH of their intracellular compart-
ments.

Most cells have one or more tlpes of Na+-driven antiporters in their plasma
membrane that help to maintain the cltosolic pH at about 7.2. These trans-
porters use the energy stored in the Na+ gradient to pump out excess H+, which
either leaks in or is produced in the cell by acid-forming reactions. TWo mecha-
nisms are used: either H+ is directly transported out of the cell or HCO3- is
brought into the cell to neutralize H+ in the cytosol (according to the reaction
HCOa- + H+ -+ HzO + COz). One of the antiporters that uses the first mechanism
is a Na+ -H+ exchanger,which couples an influx of Na+ to an efflux of H+. Another,
which uses a combination of the two mechanisms , is a Nd -driuen Ct-HCOs-
exchangerthat couples an influx of Na* and HCOS- to an efflux of Cl- and H* (so

+ + f u q h  U l
EXTRACELLULAR SPACE

+ + +  + +

u q b @
Figure 11-9 One way in which a glucose transporter can be driven by a Na+ gradient. As in the model
shown in Figure 11-5, the transporter osci l lates between two alternate states, A and B. In the A state, the
protein is open to the extracel lular space; in the B state, i t  is open to the cytosol. Binding of Na* and
glucose is cooperative-that is, the binding of either l igand induces a conformational change that
incr"ur", the protein's aff ini ty for the other l igand. Since the Na+ concentrat ion is much higher in the
extracel lular space than in the cytosol, glucose is more l ikely to bind to the transporter in the A state.
Therefore, both Na+ and glucose enter the cel l  (via an A -+ B transit ion) much more often than they leave i t
(via a B -+ A transit ion). The overal l  result is the net transport of both Na+ and glucose into the cel l .  Note
that, because the binding is cooperative, i f  one of the two solutes is missing, the other fai ls to bind to the
transporter. Thus, the transporter undergoes a conformational switch between the two states only i f  both
solutes or neither are bound.
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(A)

Figure 1 1 -10 The molecular mechanism
ofthe bacterial lactose permease
suggested from its crystal structure.
(A) The 12 transmembrane hel ices of the
permease are clustered into two lobes,
shown in two shades of green. The loops
that connect the hel ices on either side of
the membrane are omitted for clari ty.
During transport,  the hel ices sl ide and t i l t
in the membrane, exposing binding sites
for the disaccharide lactose (yellow) and
H+ to either side of the membrane. (B) In
one conformational state, the H+- and
lactose-binding sites are accessible to the
extracellular space (top row); in the other,
they are exposed to the cytosol (bottom
row). Loading the solutes on the
extracel lular side is favored because
arginine (R) 144 forms a bond with
glutamic acid (E) 126, leaving E269 free to
accept H+. Unloading the solutes on the
cytosolic side is favored because R1 44
forms a bond with E269, which
destabi l izes the bound H+. In addit ion,
the lactose-binding site is part ial ly
disrupted due to the rearrangement of
the hel ices. Because the transit ion
between the two protonated states
(middle) is forbidden, H+ can only be
transported when a lactose is also
transported. In this way, the
electrochemical H+ gradient drives
lactose import. (Adapted from
J. Abramson et al. ,Sclence 301:
610-615, 2003. With permission from
AAAS.)
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An Asymmetric Distribution of Transporters in Epithelialcells
Underlies the Transcellular Transport of Solutes
In epithelial cells, such as those that absorb nutrients from the gut, trans-
porters are distributed n_onuniformly in the plasma membrane and thereby
contribute to the transcellular transport of absorbed solutes. By the action of
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Figure2-46 Floating ball analogies for
enzyme catalysis. <TAAA> (A) A barrier
dam is lowered to represent enzyme
catalysis. The green ball represents a
potential reactant (compound Y) that is
bouncing up and down in energy level
due to constant encounters with waves
(an analogy for the thermal
bombardment of the reactant molecule
with the surrounding water molecules).
When the barrier (act ivat ion energy) is
lowered signif icantly, i t  al lows the
energetical ly favorable movement of the
ball  ( the reactant) downhil l .  (B) The four
walls of the box reoresent the activation
energy barriers for four dif ferent chemical
reactions that are al l  energetical ly
favorable, in the sense that the products
are at lower energy levels than the
reactants. ln the left-hand box, none of
these reactions occurs because even the
largest waves are not large enough to
surmount any of the energy barriers. In
the right-hand box, enzyme catalysis
lowers the activation energy for reaction
number 1 only; now the jost l ing of the
waves al lows passage ofthe reactant
molecule over this energy banier,
inducing reaction 1. (C) A branching r iver
with a set of barrier dams (yellow boxes)
serves to i l lustrate how a series of
enzyme-catalyzed reactions determines
the exact reaction pathway followed by
each molecule inside the cel l .

Figure 2-47 How enzymes work. Each
enzyme has an active site to which one
or more substrote molecules bind,
forming an enzyme-substrate complex.
A reaction occurs at the active site,
producing an enzyme-product complex.
fhe product is then released, al lowing the
enzyme to bind further substrate
m n l a r r  r l a <

(*- .U
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How Enzymes Find Their Substrates: The Enormous Rapidity
of Molecular Motions
An enzyme will often catalyze the reaction of thousands of substrate molecules
every second. This means that it must be able to bind a new substrate molecule
in a fraction of a millisecond. But both enzl'rnes and their substrates are present
in relatively small numbers in a cell. How do they find each other so fast? Rapid
binding is possible because the motions caused by heat energy are enormously
fast at the molecular level. These molecular motions can be classified broadly
into three kinds: (1) the movement of a molecule from one place to another
(translational motion), (2) the rapid back-and-forth movement of covalently
linked atoms with respect to one another (vibrations), and (3) rotations. All of
these motions help to bring the surfaces of interacting molecules together.

The rates of molecular motions can be measured by a variety of spectro-
scopic techniques. A large globular protein is constantly tumbling, rotating about
its axis about a million times per second. Molecules are also in constant transla-
tional motion, which causes them to explore the space inside the cell very effi-
ciently by wandering through it-a process called diffusion. In this way, every
molecule in a cell collides with a huge number of other molecules each second.
As the molecules in a liquid collide and bounce off one another, an individual
molecule moves first one way and then another, its path constituting a random
walk (Figure 2-48). In such a walk, the average net distance that each molecule
travels (as the crow flies) from its starting point is proportional to the square root
of the time involved: that is, if it takes a molecule I second on average to travel
1 pm, it takes 4 seconds to travel 2 pm, 100 seconds to travel 10 pm, and so on.

The inside of a cell is very crowded (Figure 2-49). Nevertheless, experiments
in which fluorescent dyes and other labeled molecules are injected into cells
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(substrate)

enzyme-
su bstrate
comolex

enzyme-
product
comolex

molecu le  B
(product)

Metabolismo
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X Y

UNCATALYZED REACTION

X Y

E NZYME-CATALYZED REACTION

Figure 2-53 Enzymes cannot change
the equil ibr ium point for reactions,
Enzymes, l ike al l  catalysts, speed up the
forward and backward rates of a reaction
by the same factor. Therefore, for both
the catalyzed and the uncatalyzed
reactions shown here, the number of
molecules undergoing the transit ion
X -+ Y is eoual to the number of
molecules undergoing the transit ion
Y -+ X when the rat io of Y molecules to X
molecules is 3.5 to 1. In other words, the
two reactions reach eouil ibr ium at
exactly the same point.

Figure 2-54 How an energetical ly
unfavorable reaction can be driven by a
second, following reaction. (A) At
equil ibr ium, there are twice as many
X molecules as Y molecules, because X is
of lower energy than Y. (B) At equi l ibr ium,
there are 25 t imes more Z molecules than
Y molecules, because Z is of much lower
energy than Y. (C) l f  the reactions in (A)
and (B) are coupled, nearly al l  of the X
molecules wil l  be converted to Z
molecules. as shown.

several of the reactions in the long pathway that converts sugars into CO2 and
H2O would be energetically unfavorable if considered on their or,rm. But the
pathway nevertheless proceeds because the total AG for the series of sequential
reactions has a large negative value.

But forming a sequential pathway is not adequate for many purposes. Often
the desired pathway is simply X -+ Y without further conversion of Y to some
other product. Fortunately, there are other more general ways of using enzymes
to couple reactions together. How these work is the topic we discuss next.

Activated Carrier Molecules Are Essential for Biosynthesis
The energy released by the oxidation of food molecules must be stored tem-
porarily before it can be channeled into the construction of the many other
molecules needed by the cell. In most cases, the energy is stored as chemical
bond energy in a small set of activated "carrier molecules," which contain one or
more energy-rich covalent bonds. These molecules diffuse rapidly throughout
the cell and thereby carry their bond energy from sites of energy generation to the
sites where energy is used for bioslnthesis and other cell activities (Figure 2-55).

The activated carriers store energy in an easily exchangeable form, either as
a readily transferable chemical group or as high-energy electrons, and they can
serve a dual role as a source of both energy and chemical groups in biosynthetic
reactions. For historical reasons, these molecules are also sometimes referred to
as coenzymes. The most important of the activated carrier molecules are ATP
and two molecules that are closely related to each other, NADH and NADPH-
as we discuss in detail shortly. We shall see that cells use activated carrier
molecules like money to pay for reactions that otherwise could not take place.

equi l ibr ium point  for
X*Y react ion alone

<- --
X

z
equi l ibr ium point  for
Y*Z reaction alone

z
equi l ibr ium point  for  sequent ia l  react ions X +Y +Z

(c)
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Figure 2-34 How a set ofenzyme-catalyzed reactions generates a metabolic pathway. Each enzyme
catalyzes a part icular chemical reaction, leaving the enzyme unchanged. In this example, a set of enzymes
acting in series converts molecule A to molecule F, forming a metabolic pathway.

Cell Metabolism ls Organized by Enzymes
The chemical reactions that a cell carries out would normally occur only at
much higher temperatures than those existing inside cells. For this reason, each
reaction requires a specific boost in chemical reactivity. This requirement is cru-
cial, because it allows the cell to control each reaction. The control is exerted
through the specialized proteins called enzymes, each of which accelerates, or
catalyzes, just one of the many possible kinds of reactions that a particular
molecule might undergo. Enzyme-catalyzed reactions are usually connected in
series, so that the product of one reaction becomes the starting material, or sub-
strate, for the next (Figure 2-34). These long linear reaction pathways are in turn
linked to one another, forming a maze of interconnected reactions that enable
the cell to survive, grow, and reproduce (Figure 2-35).

TWo opposing streams of chemical reactions occur in cells: (l) Ihe catabolic
pathways break down foodstuffs into smaller molecules, thereby generating
both a useful form of energy for the cell and some of the small molecules that the
cell needs as building blocks, and (2) the anabolic, or biosynthellq pathways use
the energy harnessed by catabolism to drive the synthesis of the many other
molecules that form the cell. Together these two sets of reactions constitute the
metabolism of the cell (Figure 2-36).

Many of the details of cell metabolism form the traditional subject of bio-
chemistry and need not concern us here. But the general principles by which
cells obtain energy from their environment and use it to create order are central
to cell biology. We begin with a discussion of why a constant input of energy is
needed to sustain l iving organisms.

Biological Order ls Made Possible by the Release of Heat Energy
from Cells
The universal tendency of things to become disordered is a fundamental law of
physics-the second law of thermodynamics-which states that in the universe,
or in any isolated system (a collection of matter that is completely isolated from
the rest of the universe), the degree of disorder only increases. This law has such
profound implications for all living things that we restate it in several ways.

For example, we can present the second law in terms of probability and state
that systems will change spontaneously toward those arrangements that have
the greatest probability. If we consider, for example, a box of 100 coins all lying
heads up, a series of accidents that disturbs the box will tend to move the
arrangement toward a mixture of 50 heads and 50 tails. The reason is simple:
there is a huge number of possible arrangements of the individual coins in the
mixture that can achieve the 50-50 result, but only one possible arrangement
that keeps all of the coins oriented heads up. Because the 50-50 mixture is there-
fore the most probable, we say that it is more "disordered." For the same reason,

Figure 2-35 Some of the metabolic pathways and their interconnections
in a typical cel l ,  About 500 common metabolic reactions are shown
diagrammatical ly, with each molecule in a metabolic pathway represented
by a f i l led circle, as in the yel/ow box in Figure 2-34. The pathway that is
highl ighted in this diagram with larger circles and connecting l ines is the
central pathway of sugar metabolism, which wil l  be discussed short ly.
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Figure 2-34 How a set ofenzyme-catalyzed reactions generates a metabolic pathway. Each enzyme
catalyzes a part icular chemical reaction, leaving the enzyme unchanged. In this example, a set of enzymes
acting in series converts molecule A to molecule F, forming a metabolic pathway.

Cell Metabolism ls Organized by Enzymes
The chemical reactions that a cell carries out would normally occur only at
much higher temperatures than those existing inside cells. For this reason, each
reaction requires a specific boost in chemical reactivity. This requirement is cru-
cial, because it allows the cell to control each reaction. The control is exerted
through the specialized proteins called enzymes, each of which accelerates, or
catalyzes, just one of the many possible kinds of reactions that a particular
molecule might undergo. Enzyme-catalyzed reactions are usually connected in
series, so that the product of one reaction becomes the starting material, or sub-
strate, for the next (Figure 2-34). These long linear reaction pathways are in turn
linked to one another, forming a maze of interconnected reactions that enable
the cell to survive, grow, and reproduce (Figure 2-35).

TWo opposing streams of chemical reactions occur in cells: (l) Ihe catabolic
pathways break down foodstuffs into smaller molecules, thereby generating
both a useful form of energy for the cell and some of the small molecules that the
cell needs as building blocks, and (2) the anabolic, or biosynthellq pathways use
the energy harnessed by catabolism to drive the synthesis of the many other
molecules that form the cell. Together these two sets of reactions constitute the
metabolism of the cell (Figure 2-36).

Many of the details of cell metabolism form the traditional subject of bio-
chemistry and need not concern us here. But the general principles by which
cells obtain energy from their environment and use it to create order are central
to cell biology. We begin with a discussion of why a constant input of energy is
needed to sustain l iving organisms.

Biological Order ls Made Possible by the Release of Heat Energy
from Cells
The universal tendency of things to become disordered is a fundamental law of
physics-the second law of thermodynamics-which states that in the universe,
or in any isolated system (a collection of matter that is completely isolated from
the rest of the universe), the degree of disorder only increases. This law has such
profound implications for all living things that we restate it in several ways.

For example, we can present the second law in terms of probability and state
that systems will change spontaneously toward those arrangements that have
the greatest probability. If we consider, for example, a box of 100 coins all lying
heads up, a series of accidents that disturbs the box will tend to move the
arrangement toward a mixture of 50 heads and 50 tails. The reason is simple:
there is a huge number of possible arrangements of the individual coins in the
mixture that can achieve the 50-50 result, but only one possible arrangement
that keeps all of the coins oriented heads up. Because the 50-50 mixture is there-
fore the most probable, we say that it is more "disordered." For the same reason,

Figure 2-35 Some of the metabolic pathways and their interconnections
in a typical cel l ,  About 500 common metabolic reactions are shown
diagrammatical ly, with each molecule in a metabolic pathway represented
by a f i l led circle, as in the yel/ow box in Figure 2-34. The pathway that is
highl ighted in this diagram with larger circles and connecting l ines is the
central pathway of sugar metabolism, which wil l  be discussed short ly.
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818 Chapter 14: Energy Conversion: Mitochondria and Chloroplasts

Matrix. This large internal space contains a highly concentrated
mixture of hundreds of enzymes, including those required for the
oxidation of pyruvate and fatty acids and for the citr ic acid cycle. The
matrix also contains several identical copies of the mitochondrial DNA
genome, special mitochondrial r ibosomes, tRNAs, and various enzymes
required for expression of the mitochondrial genes.
Inner membrane. The inner membrane is folded into numerous crrstae.

charged molecu les .
Outer membrane. Because i t  contains a large channel-forming protein
(a porin, VDAC), the outer membrane is permeable to al l  molecules of
5000 da l tons  or  less .  Other  p ro te ins  in  t f r i s  membrane inc lude enzymes
invo lved in  mi tochondr ia l  l i p id  syn thes is  and enzymes tha t  conve i t
l ipid substrates into forms that are subsequently metabolized in the
matrix, import receptors for mitochondrial proteins, and enzymatic
mach inery  fo r  d iv is ion  and fus ion  o f  the  organe l le .
Intermembrane space. This space contains several enzymes that use
the ATP passing out of the matrix to phosphorylate ofher nucleotides.

rob nfr
Figure 1 4-8 The structure of a
mitochondrion. <CGAT> In the l iver, an
estimated 670lo of the total
mitochondrial protein is located in the
matrix,2lo/o is located in the lnner
membrane,60lo in the outer membrane,
and 60/o in the intermembrane soace. As
indicated below, each of these four
regions contains a special set of proteins
that mediate dist inct functions. (Large
micrograph courtesy of Daniel S. Friend;
small  micrograph and three-dimensional
reconstruction from T.G. Frey,
C.W. Renken and G.A. Perkins, Biochim.
Biophys. Acta 1555:196-203, 2002. With
permission from Elsevier.)300 
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consumed. Nearly all the energy available from burning carbohydrates, fats, and
other foodstuffs in the earlier stages of their oxidation is initially saved in the
form of high-energy electrons removed from substrates by NAD+ and FAD. These
electrons, carried by NADH and FADH2, then combine with 02 by means of the

two electrons to electron-+ Transport  chatn In membrane

Figure 14-9 How NADH donates electrons. In this diagram, the high-energy electrons are shown as two reddots on a
yel lowhydrogen atom. A hydride ion (H-, a hydrogen atom with an extra electron) is removed from NADH and is converted
into a proton and two high-energy electrons: H- -+ H+ + 2e-. Only the r ing that carr ies the electrons in a high-energy
l inkage is shown; for the complete structure and the conversion of NAD+ back to NADH, see the structure of the closely
related NADPH in Figure 2-60. Electrons are also carr ied in a similar way by FADH2, whose structure is shown in Figure 2-83.
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66 Chapter 2: Cell Chemistry and Biosynthesis

o t e c u le molecule molecule molecule morecure motecute ABBREVIATED A5
o -o -o -a -a -o-

catalys is by
enzyme 1 enzyme 2 enzyme 3 enzyme 4 enzyme 5

Figure 2-34 How a set ofenzyme-catalyzed reactions generates a metabolic pathway. Each enzyme
catalyzes a part icular chemical reaction, leaving the enzyme unchanged. In this example, a set of enzymes
acting in series converts molecule A to molecule F, forming a metabolic pathway.

Cell Metabolism ls Organized by Enzymes
The chemical reactions that a cell carries out would normally occur only at
much higher temperatures than those existing inside cells. For this reason, each
reaction requires a specific boost in chemical reactivity. This requirement is cru-
cial, because it allows the cell to control each reaction. The control is exerted
through the specialized proteins called enzymes, each of which accelerates, or
catalyzes, just one of the many possible kinds of reactions that a particular
molecule might undergo. Enzyme-catalyzed reactions are usually connected in
series, so that the product of one reaction becomes the starting material, or sub-
strate, for the next (Figure 2-34). These long linear reaction pathways are in turn
linked to one another, forming a maze of interconnected reactions that enable
the cell to survive, grow, and reproduce (Figure 2-35).

TWo opposing streams of chemical reactions occur in cells: (l) Ihe catabolic
pathways break down foodstuffs into smaller molecules, thereby generating
both a useful form of energy for the cell and some of the small molecules that the
cell needs as building blocks, and (2) the anabolic, or biosynthellq pathways use
the energy harnessed by catabolism to drive the synthesis of the many other
molecules that form the cell. Together these two sets of reactions constitute the
metabolism of the cell (Figure 2-36).

Many of the details of cell metabolism form the traditional subject of bio-
chemistry and need not concern us here. But the general principles by which
cells obtain energy from their environment and use it to create order are central
to cell biology. We begin with a discussion of why a constant input of energy is
needed to sustain l iving organisms.

Biological Order ls Made Possible by the Release of Heat Energy
from Cells
The universal tendency of things to become disordered is a fundamental law of
physics-the second law of thermodynamics-which states that in the universe,
or in any isolated system (a collection of matter that is completely isolated from
the rest of the universe), the degree of disorder only increases. This law has such
profound implications for all living things that we restate it in several ways.

For example, we can present the second law in terms of probability and state
that systems will change spontaneously toward those arrangements that have
the greatest probability. If we consider, for example, a box of 100 coins all lying
heads up, a series of accidents that disturbs the box will tend to move the
arrangement toward a mixture of 50 heads and 50 tails. The reason is simple:
there is a huge number of possible arrangements of the individual coins in the
mixture that can achieve the 50-50 result, but only one possible arrangement
that keeps all of the coins oriented heads up. Because the 50-50 mixture is there-
fore the most probable, we say that it is more "disordered." For the same reason,

Figure 2-35 Some of the metabolic pathways and their interconnections
in a typical cel l ,  About 500 common metabolic reactions are shown
diagrammatical ly, with each molecule in a metabolic pathway represented
by a f i l led circle, as in the yel/ow box in Figure 2-34. The pathway that is
highl ighted in this diagram with larger circles and connecting l ines is the
central pathway of sugar metabolism, which wil l  be discussed short ly.
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1.Mitocondria são organelas atípicas
2.São nosso gerador de energia
3.Elas se duplicam independentemente das células 

que residem (seres unicelulares procarionte) 
4.Acredita-se que houve uma simbiose em um 

passado remoto. Nesse caso, a célula invasora se 
protege dentro da hospedeira que passa a 
contar com uma fonte de energia 

http://www.nature.com/scitable/topicpage/mitochondria-14053590
Capitulo 14 do Livro de Molecular Biology,  Alberts

http://www.nature.com/scitable/topicpage/mitochondria-14053590
http://www.nature.com/scitable/topicpage/mitochondria-14053590
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Membrana externa
Membrana interna

Cristas

grandes poros de proteínas 
(permite a passagem de íons e 
moléculas grandes)

* menos poroso, mais próximo a 
membrana plasmática
* proteínas para transporte de 
elétrons e síntese de ATP
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88 Chapter 2: Cell Chemistry and Biosynthesis

HOW CELLS OBTAIN ENERGY FROM FOOD
The constant supply of energy that cells need to generate and maintain the bio-
logical order that keeps them alive comes from the chemical bond energy in
food molecules, which thereby serve as fuel for cells.

The proteins, lipids, and polysaccharides that make up most of the food we
eat must be broken down into smaller molecules before our cells can use them-
either as a source of energy or as building blocks for other molecules. EnzFnatic
digestion breaks down the large polymeric molecules in food into their
monomer subunits-proteins into amino acids, polysaccharides into sugars,
and fats into fatty acids and glycerol. After d^igestion, the small orginic
molecules derived from food enter the cltosol of cells, where their gradual oxi-
dation begins.

Sugars are particularly important fuel molecules, and they are oxidized in
small controlled steps to carbon dioxide (coz) and water (Figure 2-69). In this
section we trace the major steps in the breakdor.tm, or catabolism, of sugars and
show how they produce ATB NADH, and other activated carrier molecules in
animal cells. A very similar pathway also operates in plants, fungi, and many
bacteria. As we shall see, the oxidation of fatty acids is equally important for
cells. other molecules, such as proteins, can also serve as energy sources when
they are funneled through appropriate enzymatic pathways.

Glycolysis ls a Central ATP-Producing Pathway
The major process for oxidizing sugars is the sequence of reactions known as

verted into two molecules of pyruuate, each of which contains three carbon
atoms. For each glucose molecule, two molecules of ATp are hydrolyzed to pro-
vide energy to drive the early steps, but four molecules of Arp are produced in
the later steps. At the end of glycolysis, there is consequently a nef gain of two
molecules of AIP for each glucose molecule broken down.

The glycolltic pathway is outlined in Figure 2-zo and shown in more detail
in Panel 2-8 (pp. I?}-IZL). Glycolysis involves a sequence of l0 separate reac_
tions, each producing a different sugar intermediate and each caialvzed bv a

(A) stepwise oxidation of sugar in cells (B) d i rect  burning of  sugar

smal l  act ivat ion energies
overcome at  body
temperature owing to the
presence of  enzymes

SUGAR + O,I
a
q
o
E

activated
ca rner
molecules
store
energy

al l  f ree
energy rs
reteaSed
as heat;
none rs
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Figure 2-69 Schematic representation
of the controlled stepwise oxidation of
sugar in a cel l ,  compared with ordinary
burning, (A) In the cel l ,  enzymes catalyze
oxidation via a series of small  steos in
which free energy is transferred in
conveniently sized packets to carr ier
molecules-most often ATP and NADH.
At each step, an enzyme controls the
reaction by reducing the activation
energy barrier that has to be surmounted
before the specific reaction can occur.
The total free energy released is exactly
the same in (A) and (B). But i f  the sugar
were instead oxidized to CO2 and H2O in
a single step, as in (B), i t  would release an
amount of energy much larger than
could be captured for useful purposes.
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eventually focused on the oxidation ofpyruvate and led in 1937 to the discovery
of the citric acid cycle, also knoum as the tricarboxylic acid cycle or the Krebs
cycle.The citric acid cycle accounts for about two-thirds of the total oxidation of
carbon compounds in most cells, and its major end products are CO2 and high-
energy electrons in the form of NADH. The CO2 is released as a waste product,
while the high-energy electrons from NADH are passed to a membrane-bound
electron-transport chain (discussed in Chapter 14), eventually combining with
02 to produce H2O. Although the citric acid cycle itself does not use 02, it
requires 02 in order to proceed because there is no other efficient way for the
NADH to get rid of its electrons and thus regenerate the NAD+ that is needed to
keep the cycle going.

The citric acid cycle takes place inside mitochondria in eucaryotic cells. It
results in the complete oxidation of the carbon atoms of the acetyl groups in
acetyl CoA, converting them into CO2. But the acetyl group is not oxidized
directly. Instead, this group is transferred from acetyl CoA to a larger, four-car-
bon molecule, oxaloacetate, to form the six-carbon tricarboxylic acid, citric acid,
for which the subsequent cycle of reactions is named. The citric acid molecule is
then gradually oxidized, allowing the energy of this oxidation to be harnessed to
produce energy-rich activated carrier molecules. The chain of eight reactions
forms a cycle because at the end the oxaloacetate is regenerated and enters a
new turn of the cycle, as shown in outline in Figure 2-82.

we have thus far discussed only one of the three types of activated carrier
molecules that are produced by the citric acid cycle, the NAD+-NADH pair (see
Figure 2-60). In addition to three molecules of NADH, each turn of the cycle also
produces one molecule of FADH2 (reduced flavin adenine dinucleotide) from
FAD and one molecule of the ribonucleotide GTP (guanosine triphosphate)
from GDP The structures of these two activated carrier molecules are illustrated
in Figure 2-83. GTP is a close relative of ATB and the transfer of its terminal
phosphate group to ADP produces one ATP molecule in each cycle. Like NADH,
FADHz is a carrier of high-energy electrons and hydrogen. As we discuss shortly,
the energy that is stored in the readily transferred high-energy electrons of
NADH and FADH2 will be utilized subsequently for Arp production through the
process of oxidatiue phosphorylation, the only step in the oxidative catabolism
of foodstuffs that directly requires gaseous oxygen (oz) from the atmosphere.

Panel 2-9 (pp. 122-123) presents the complete citric acid cycle. Water, rather
than molecular oxygen, supplies the extra oxygen atoms required to make co2
from the acetyl groups entering the citric acid cycle. As illustrated in the panel,

o
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o x d  t o a c e l a l e ./
4C STEP 1
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+ H *  V
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NET RESULT ONE TURN OF THE CYCLE PRODUCES THREE NADH, ONE GTB AND
ONE FADH2, AND RELEASES TWO MOLECULES OF COI

Figure 2-82 Simple overview of the
citric acid cycle. <TAGT> The reaction of
acetyl coA with oxaloacetate starts the
cycle by producing citrate (citr ic acid). In
each turn of the cycle, two molecules of
CO2 are produced as waste products, plus
three molecules of NADH, one molecule
of GTP, and one molecule of FADH2. The
number of carbon atoms in each
intermediate is shown in a yellow box.
For details, see Panel 2-9 (pp. 122-123).
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Electron Transport Drives the Synthesis of the Majority of the ATP
in Most Cells
Most chemical energy is released in the last step in the degradation of a food
molecule. In this final process the electron carriers NADH and FADH2 transfer
the electrons that they have gained when oxidizing other molecules to the elec-
tron-transport chain, which is embedded in the inner membrane of the mito-
chondrion (see Figure 14-10). As the electrons pass along this long chain of spe-
cialized electron acceptor and donor molecules, they fall to successively lower
energy states. The energy that the electrons release in this process pumps H+
ions (protons) across the membrane-from the inner mitochondrial compart-
ment to the outside-generating a gradient of H+ ions (Figure 2-85). This gradi-
ent serves as a source of energy, being tapped like a battery to drive a variety of
energy-requiring reactions. The most prominent of these reactions is the gener-
ation of ATP by the phosphorylation of ADP

At the end of this series of electron transfers, the electrons are passed to
molecules of oxygen gas (Oz) that have diffused into the mitochondrion, which
simultaneously combine with protons (H*) from the surrounding solution to
produce water molecules. The electrons have now reached their lowest energy
Ievel, and therefore all the available energy has been extracted from the oxidized
food molecule. This process, termed oxidative phosphorylation (Figure 2-86),
also occurs in the plasma membrane of bacteria. As one of the most remarkable
achievements of cell evolution, it is a central topic of Chapter 14.

In total, the complete oxidation of a molecule of glucose to H2O and CO2 is
used by the cell to produce about 30 molecules of ATP In contrast, only 2
molecules of ATP are produced per molecule of glucose by glycolysis alone.

Amino Acids and Nucleotides Are Part of the Nitrogen Cycle
So far we have concentrated mainly on carbohydrate metabolism and have not
yet considered the metabolism of nitrogen or sulfur. These two elements are
important constituents of biological macromolecules. Nitrogen and sulfur
atoms pass from compound to compound and between organisms and their
environment in a series of reversible cycles.

Although molecular nitrogen is abundant in the Earth's atmosphere, nitro-
gen is chemically unreactive as a gas. Only a few living species are able to incor-
porate it into organic molecules, a process called nitrogen fixation. Nitrogen
fixation occurs in certain microorganisms and by some geophysical processes,
such as lightning discharge. It is essential to the biosphere as a whole, for with-
out it life could not exist on this planet. Only a small fraction of the nitrogenous
compounds in today's organisms, however, is due to fresh products of nitrogen
fixation from the atmosphere. Most organic nitrogen has been in circulation for

pyruvate from
g lycolysis

I

NADH from
glycolysis

I
Oz
I

Coz
I

Figure 2-85 The generation of an
H+ gradient across a membrane by
electron-transport reactions.
A high-energy electron (derived, for
example, from the oxidation of a
metaboli te) is passed sequential ly by
carriers A, B, and C to a lower energy
state. In this diagram carrier B is arranged
in the membrane in such a way that i t
takes up H+ from one side and releases i t
to the other as the electron passes. The
result is an H+ gradient. As discussed in
Chapter 14, this gradient is an important
form of energy that is harnessed by other
membrane oroteins to drive the
formation of ATP.

Figure 2-86 The f inal stages of oxidation
of food molecules. Molecules of NADH
and FADH2 (FADHz is not shown) are
produced by the citr ic acid cycle. These
activated carr iers donate high-energy
electrons that are eventual ly used to
reduce oxygen gas to water.
A major port ion of the energy released
during the transfer of these electrons
along an electron-transfer chain in the
mitochondrial inner membrane (or in the
plasma membrane of bacteria) is
harnessed to drive the synthesis of ATP-
hence the name oxidative
phosphorylat ion (discussed in Chapter 14).
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1.Mitocondrias precisam de produtos manipulados 
pelo gene da célula (a maioria de suas proteínas)

2.Duplicação similar a duplicação assexuada de 
bactérias  

3.Células que necessitam mais energia tem mais 
mitocondrias, e elas se multiplicam dependendo 
da necessidade da célula 

4.Glicolise anaeróbia (nosso recurso do nosso 
DNA) produz aproveita 1/15 da energia do 
açúcar, obtido pela mitocondria.


