CARBON SKELETONS

Carbon has a unique role in the cell because of its
ability to form strong covalent bonds with ather

carbon atoms. Thus carbon atoms can join to form or branched trees or rings
chains.
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alsa written as W

also written as >—<

also written as CO

COVALENT BONDS

HYDROCARBONS

A covalent bond forms when two atoms come very close
together and share one or more of their electrons. In a single
bond ane electron from each of the two atoms is shared; in
a double bond a total of four electrons are shared.

Each atom forms a fixed number of covalent bonds in a
defined spatial arrangement. For example, carbon forms four
single bonds arranged tetrahedrally, whereas nitrogen forms
three single bonds and oxygen forms two single bonds arranged
as shown below.

Carbeon and hydrogen combine
together to make stable
compounds {or chemical groups)
called hydrocarbons. Thase are
nonpolar, do not farm

hydrogen bonds, and are
generally insoluble in water.

Atoms joined by two

or more covalent bonds T

cannot rotate freely H— —H H—( —
around the bond axis. | |
This restriction is a H H
major influence on the
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Double bonds exist and have a different spatial arrangement.

three-dimensional shape Mmthens methy! group
of many macromolecules.
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ALTERNATING DOUBLE BONDS KCHE

The carbon chain can include double
bonds. If these are on alternate carbon
atoms, the bonding electrons move
within the molecule, stabilizing the

Alternating double bonds in a ring
can generate a very stable structure.
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structure by a phanomanon called H H
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part of the hydrocarbon “tail”
of a fatty acid molecula




C-0 CHEMICAL GROUPS

Many biological compounds contain a carbon
bonded to an oxygen. For example,

alcohol H
¢ H The =0OH is called a
. | — hydrosxyl group.
H
aldehyde .ﬁl’i } ]
H The C=0 is called a
ketone 'xc - carbonyl group.
“N
C=0
it
T |
carboxylic acid o The =COOH is called a
— carboxyl group. In water
OH this loses an H® ion to
become -COO™.
astars Esters are formed by combining an

acid and an alcohol.

O (]
I
_é—cf + HO—C— — —{|:—Ef | + H,0
| OH | | \U—tlz—
acid alcohol aster
PHOSPHATES

Inorganic phosphate is a stable ion formed from
phosphoric acid, H;PO,. It is often written as P,

0

C-N CHEMICAL GROUPS

Amines and amides are two important examples of
compounds containing a carbon linked to a nitrogen.

Armines in water com bing with an H* lon to become
positively charged.
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Amides are formed by combining an acid and an
amine. Unlike amines, amides are uncharged in water.
An example is the peptide bond that joins amino acids
in a protein.
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Nitrogen also occurs in several ring compounds, including
important constituents of nucleic acids: purines and pyrimidines.
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cytosine (a pyrimidine)
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Phosphate esters can form between a phosphate and a free hydroxyl group.
Phosphate groups are often attached to protains in this way.
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The combination of a phosphate and a carboxyl group, or two or mare phosphate groups, gives an acid anhydride.
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WATER

Two atoms, connected by a covalent bond, may exert different attractions for
the electrons of the bond. In such cases the bond is polar, with one end
slightly negatively charged (5~) and the other slightly positively charged (5%).

electropositive
ragian

electronegative
region

Although a water molecule has an overall neutral charge {having the same
number of electrons and protons), the electrons are asymmetrically distributed,
which makes the molaecule polar. The oxygen nucleus draws electrons away
from the hydrogen nuclei, leaving these nuclai with a small nat positive charge.
The excess of electron density on the oxygen atom creates weakly negative
ragions at the other two cornars of an imaginary tetrahadron.

HYDROGEN BONDS

Becausa they are polarized, two &
adjacent H;O molecules can form

a linkage known as a hydrogen

bond. Hydrogen bonds have

only about 1/20 the strength

of a covalent bond.

Hydrogen bonds are strongest when hydrogen bond

the three atoms lie in a straight line. o

HYDROPHILIC MOLECULES

Substancas that dissolve readily in water are termed hydrophilic. They are
composed of ions or polar molacules that attract water molecules through
alectrical charge effects. Water molecules surround each ion or polar molecule
on the surface of a solid substance and carry it into solution.
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lonic substances such as sodium chloride ,-fDx,
dissolve because water molecules are H H
attracted to the positive (Na™) or negative Polar substances such as urea
(CI) charge of each ion. dissolve because their molecules
form hydrogen bonds with the

surrounding water molecules.

WATER STRUCTURE

Molecules of water join together transiently
in a hydrogen-bonded lattice. Even at 37°C,
15% of the water molecules are joined to

four others in a short-lived assembly known
as a "flickering cluster.”

The cohesive nature of water is
responsible for many of its unusual
properties, such as high surface tension,
specific heat, and heat of vaporization.

bond lengths

hydrogen bond
H 0.27 nm
I 1
\\D mimmmm H — O —
d . |
H 0.10 nm

covalent bond

HYDROPHOBIC MOLECULES

Maolecules that contain a preponderance of non-
polar bonds are usually insoluble in water and
are termed hydrophobic. This is true, especially,
of hydrocarbons, which contain many C-H
bonds. Water molecules are not attracted to
such molecules and so have little tendency to
surround them and carry them into solution.
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WATER AS A SOLVENT

Many substances, such as household sugar, dissolve in water. That is, their
molecules separate from eaach other, each becoming surrounded by water moleculas.
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gD g @ (5 5] L J T When a substance dissolves in a
o a 0 a 0 a- g _q
l-'. & .'- l". @& & ',-.l- .. ..' P & liguid, the mixture is termed a solution.
[ .l-i ba .l- TH" a Bbpmo P .l' The dissolved substance (in this case
q... g a2 '.."- disgndvias @ a® ad .:.. et sugar] is the sclute, and the liquid that
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‘l. - I-. : oa a9, . :. .. aa is the solvent. Water is an excellent
<] a9 .'-.. @- allgs .;y' solvent for many substances because
o e D LB 3 I S of its polar bonds.
sugar crystal sugar molacule
ACIDS HYDROGEN ION EXCHANGE

Positively charged hydrogen ions {H') can spontanecusly
move from one water molecule to another, thereby creating
two ionic species,

Substances that release hydrogen ions into solution
are called acids.

HCI H* + Cl H H H H
hydrochloric acid hydrogen ion chloride ion oY / v ™ GV
(strong acid) OminH — O — f(#j— H 4+ O

H H
hydronium ion  hydroxyl ion
(water acting as (water acting as
a8 weak base) 8 weak acid)

Many of the acids important in the cell are only partially
dissociated, and they are therefore weak acids—for example,
the carboxyl group (-COOH), which dissociates to give a
hydrogen ion in solution

O L]
—i —_— H* + -
“ . N
OH ]
[weak acid)
Mote that this is a reversible reaction.
pH
Hf
COonc. [IH
. molesliter
The acidity of a _
solution is defined 107"
by the concentration 107
+ . L
of H* ions it possesses. & 10
For conveniance we 3 107
use the pH scale, where 105
108
pH = —logglH] -
? — 107
10 8
- 0% ]
For pure water Z 10-"0 10
T 1" 11
+1 = 107 :
[H] = 1077 moles/liter ; 1012 .
™ 14

often writtenas: H,0 —=— H' 4+ OH
hydrogen hydr oyl
ion ion

Since the process is rapidly reversible, hydrogen ions are
continually shuttling between water maolecules. Pure water
contains a steady-state concentration of hydrogen ions and
hydroxyl ions (both 1077 M),

BASES

Substances that reduce the number of hydrogen ions in
solution are called bases. Some bases, such as ammonia,
combine directly with hydrogen ions.

+ H @& —
hydrogen ion

MNH,
ammania

MH,*
AR G

Other bases, such as sodium hydroxide, reduce the number of
H* iens indirectly, by making OH ™ ions that then combine
directly with H® ions to make H;0.

NaOH ———= Na" + OH
sodium hydroxide sodium hiydroseyl
(strong base) ion )

Many bases found in cells are partially dissociated and are termed
weak bases. This is true of compounds that contain an amino

group (—NH,), which has a weak tendency to reversibly accept an

H® ion from water, increasing the quantity of free OH™ jons.
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WEAK CHEMICAL BONDS

Organic molecules can interact with other molecules
through short-range noncovalent forces.

Weak chemical bonds have less than 1/20 the strength of a strong
covalant bond. Thay are strong enough to provide tight binding

only when many of them are formed simultansously.

HYDROGEN BONDS

As already described for water (see Panel 2-2)
hydrogen bonds form when a hydrogen atom is
“sandwiched” between two electron-attracting atoms
{usually oxygen or nitrogen).

Hydrogen bonds are strongest when the three atoms are
in a straight line:
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Examples in macromolecules:
Amino acids in polypeaptide chains hydrogen-bonded

together.
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Two bases, G and C, hydrogen-bonded in DNA or RNA.
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VAN DER WAALS ATTRACTIONS

If two atoms are too close together they repel each other
very strongly. For this reason, an atom can often be
treated as a sphere with a fixed radius. The characteristic
“gize” for each atom is specified by a unique van der
Waals radius. The contact distance between any two non-
covalently bonded atoms is the sum of their van der

Waals radii.
0.12 mm 0.2 mi 0.15 nm 0.4 i
raciug radius radius radiws

At very short distances any two atoms show a weak
bonding interaction due to their fluctuating electrical
charges. The two atoms will be attracted to aach other
in this way until the distance between their nuclei is
approximately equal to the sum of their van der Waals
radii. Although they are individually very weak, van der
Waals attractions can become important when two
macromolecular surfaces fit very close together,
because many atoms are involved.

Mote that when two atoms form a covalent bond, the
centers of the two atoms (the two atomic nuclei) are
much closer together than the sum of the two van der
Waals radii. Thus,

o0 O O

0.4 nm 0.15 nm 0.13 mm
two non-bonded single-bonded double-banded
carbon atoms carbons carbons

HYDROGEN BONDS IN WATER

Any molecules that can form hydrogen bonds to each other
can alternatively form hydrogen bonds to water molecules.
Because of this com petition with water molecules, the
hydrogen bonds formed batwean two maolecules dissolved
in water are relatively weak.
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HYDROPHOEIC FORCES
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IONIC BONDS

lonic interactions occur either between
fully charged groups (ionic bond) or
between partially charged groups.

4:&'” i[}f@

The force of attraction between the two
charges, 4" and &, falls off rapidly as the
distance batwean the charges increases.

In the absence of water, ionic forces
are very strong. They are responsible
for the strength of such minerals as
marble and agate.

Water forces hydrophobic groups together,
because doing so minimizes their disruptive
effects on the hydrogen-bonded water
network. Hydrophobic groups held

together in this way are sometimes said

to be held together by “hydrophabic
bonds,” even though the attraction is
actually caused by a repulsion from the
water.

IONIC BONDS IN AQUEOUS SOLUTIONS

Charged groups are shielded by their
interactions with water molecules.
lonic bonds are therefore quite weak

in water.
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Similarly, other ions in solution can cluster around
charged groups and further weaken ionic bonds.
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Despite being weakened by water and
salt, ionic bonds are very important
in biological systems; an enzyme that
binds a positively charged substrate
will often have a nagatively charged

aminog acid side chain at the
appropriate place.




MONOSACCHARIDES

Monosaccharides usually have the general formula (CH;0) ., where ncan be 3, 4, 5, 6, 7, or 8, and have two or more hydroxyl groups.
They either contain an aldehyde group {—fﬂ } and are called aldoses or a ketone group | ::ﬁ-ﬁ:l and are called ketoses.

3-carbon (TRIOSES) S-carbon (PENTOSES) 6-carbon (HEXOSES)

v

—C—0OH
B
I

OH

glyceraldehyde

H—C—0OH
H
dihydroxyacetona ribulosa

RING FORMATION ISOMERS

In agueous solution, the aldehyde or ketone group of a sugar

Many monosaccharides differ only in the spatial arrangement
molecule tends to react with a hydroxyl group of the same

of atoms—that is, they are isomers. For example, glucose,

molecule, thereby closing the molecule into a ring. galactose, and mannose have the same formula (CgH,,04) but
H CH,OH differ in the arrangement of groups around one or two carbon
~"‘c“?‘n b atoms.
[
i
H—C—OH | CH,OH
. glucose :
H’D—EII._'—H
H " II: —{H
H—:|C —{H H OH
h(]jH;,DH
H O
S
1 $§ ribose
H_E'F —OH mannose
H=C=0H ﬁH OH These small differences make only minor changes in the
H—.E—DH chemical properties of the sugars. But they are recognized by
4 Note that each carbon atom enzymes and other proteins and therefore can have important

I
LH20H has a number. biological effects.



a AND f LINKS SUGAR DERIVATIVES

The hydroxyl group on the carbon that carries the The hydroxyl groups of a simple CH,OH
aldehyde or ketone can rapidly change from one monosaccharide can be replaced 9} OH
position to the other. These two positions are by other groups. For example,
: OH H
called a and . CH,OH HE)
&) .
CH N
HO H H glucosamineg
B hydroxyl a hydrosyl N-acetylglucosaming E—ﬂ glucuranic acid
As soon as one sugar is linked to another, the « or J:l-l3
i form is frozen. — OH
DISACCHARIDES ix glucoss fi fructose
The carbon that carries the aldehyde HOCH; O
or the ketone can react with any +
hydroxyl group on a second sugar RN
molecule to form a disaccharide. HO H{J CH,OH
The linkage is called a glycosidic OH

bond.

Three common disaccharides are
{}CH 4
maltose (glucose + glucose}
lactose (galactose + glucosea)
sucrose (glucose + fructose) CH,OH

The reaction forming sucrose is
shown here. BUCTOSE

OLIGOSACCHARIDES AND POLYSACCHARIDES

Large linear and branched molecules can be made from simple repeating sugar
subunits. Short chains are called oligosaccharides, while long chains are called
polysaccharides. Glycogen, for example, is a polysaccharide made entirely of
glucose units joined together.

branch points glycogen

COMPLEX OLIGOSACCHARIDES H,OH
)
In many cases a sugar sequance
is nonrepetitive. Many differant
maolecules are possible. Such U».h
complex oligosaccharides are T
usually linked to proteins or to lipids,
as is this oligosaccharide, which is r:'IH
part of a cell-surface molecule I:IZ =)
CHy

that defines a particular blood group.

OH



COMMON FATTY TRIACYLGLYCEROLS  Fatty acids are stored as an energy reserve (fats and

ACIDS = oils) through an ester linkage to glycerol to form
F 4 tri I lso k trigl ides.
These are carboxylio acids T iacylglycerols, also known as triglycerides
with long hydrocarbon tails. HC _Uf‘tma%w
oC & H,C—OH
COOH COO0OH COOH I |
| I I e o o N o N N N o Ok
CH, CH, CH, HC = |
I | | 0 H,C=—OH
(H, CH; CH, I
| I | H,C—0" T gt
t'llH;, :i‘H;. l'i"H.‘, 2k
CH, l:'i‘HI ?Hz
CH; CH; CH; Hundreds of different kinds of fatty acids exist. Some have one or more double bonds in their
J}I {er [I:H hydrocarbon tail and are said to be unsaturated. Fatty acids with no double bonds are saturated.
3 2 2 i =
I | | 0 O ,ﬁ'
CH, CH;  CH; - ™
| [ <'E
CH, CH, CH
I I I 7
¢H, CH, CH g
CI"J {!“Hl {!:Hl This double bond {
| I I is rigid and creates S
CH, CH, CH4 KH kink in the chain. ¢
| | | The rest of the chain Sierk
"l-Hi* "i_H:' "i_Hr is free to rotate s
CH CH CH ﬂbﬂl.lt the other l:—':
| 3 I 2 I 2 bonds. {>
e >
':lj]'l_] EH]_ CHI le->
palrmitic ,
erJ acid {itH‘! >
(Cagl
_H CH
& ?' 2 . space-filling model carbon skeleton
] |
ul:?g 1E-EJ gc?dciﬂ1ui UNSATURATED SATURATED
Phospholipid th j nstituent
CARBOXYL GROUP PHOSPHOLIPIGS e e

of cell membranes.

If free, the carboxyl group of a
fatty acid will be ionized.

)
ch
.
O
But more usually it is linked to
other groups to form either esters
0

&
NN N NN

|
O—0C
| hydrophaobic
fatty acid tails

or amides. g. space-filling model of
0 (§=47 the phospholipid
E_f A phosphatidylcholine
W HN— In phospholipids two of the -OH groups in glycerol are
| linked to fatty acids, while the third -OH group is linked
H general structure 1o phosphoric acid. The phosphate is further linked to

of a phospholipid  one of a variety of small polar groups (alcohols).



LIPID AGGREGATES

Fatty acids have a hydrophilic head W

and a hydrophobic tail.
QTJ" e+ miicelle
I

In watar thay can form a surface film
or form small micelles.

Their derivatives can form larger aggregates held together by hydrophobic forces:

Triglycerides can form large spherical Fhospholipids and glycolipids form self-sealing lipid
fat droplets in the cell cytoplasm. bilavers that are the basis for all cell membranes.
200 nm
oF ore

4

OTHER LIPIDS Lipids are l:lleﬁned as the WEIEF-IHEIEIIU ble : CH,
maolecules in cells that are soluble in organic ey
solvents. Two other common types of lipids € —CH==CH,
are steroids and polyisoprenoids. Both are leli

. ; isoprens
made from isoprene units.

STEROIDS Steroids have a common multiple-ring structure,

cholesterol—found in many membranes testosterone—male steroid hormoneg

GLYCOLIPIDS

Like phospholipids, these compounds are composed of a hydrophobic
region, containing two long hydrocarbon tails, and a polar region,
which, however, contains one or more sugar residues and no phosphate.

H OH o

| | H I
C C. | _CH sugar
N e N e e TN B [ ~c 2 residua
| H
H
N e e N i i
L | C—NH a simple

! | iy
hydrocarbon tails 0 glycolipid

POLYISOPRENOIDS

long-chain polymers of isoprens

%
CI=T|"—D‘
(8]

dolichal phosphate—used
to carry activated sugars

in the membrane-associated
synthesis of glycoproteins
and some polysaccharides



NUCLEOTIDES PHOSPHATES BASIC SUGAR

A nucleotide consists of a nitrogen-containing The phosphates are normally joined to LINKAGE

base, a five-carbon sugar, and one or more the C& hydroxyl of the ribose or
phosphate groups. deoxyribose sugar (designated 5'). Mono-,
di-, and triphosphates are common.

Nucleotides e faet s e ol e The base is linked to
are the R SR M the same carban (C1)
subunits of o R B used in sugar-sugar
the nucleic acids. The phosphate makes a nucleotide bonds.

negatively charged.

The bases are nitrogen-containing ring
compounds, either pyrimidines or purines.

HOC OH
H: ()
fi-o-ribose
uged in ribonucleic acid
PENTOSE h " o
OH OH

a five-carbon sugar two kinds are used

fi-p-2-deoxyribose
Each numbered carbon on the sugar of a nucleotide is used in dmwﬂhununhin acid
followed by a prime mark; therefore, one speaks of the
"B-prime carbon,” ete.




NOMENCLATURE  The names can be confusing, but the abbreviations are clear.

e T e e
three capital letters. Some examples

adenine adenosine A follow:

i ) BASE + SUGAR = NUCLEOSIDE

guanine guanosing AMFP = adenosine monophosphate

dAMP = deoxyadenosine monophosphate

cytosine cytidine UDP = uridine diphosphate

ATP = adenosine triphosphate

uracil uridine

thymine thymidine

BASE + SUGAR + PHOSPHATE = NUCLEOTIDE

NUCLEIC ACIDS NUCLEOTIDES HAVE MANY OTHER FUNCTIONS
Mucleotides are joined together by a
phosphodiester linkage between 5" and . They carry chemical energy in their easily hydrolyzed phosphoanhydride bonds.

3’ carbon atoms to form nucleic acids.

The linear sequence of nucleotides in a

nucleie acid chain is commonly phosphoanhydride bonds
abbreviated by a one-letter code, l—'—| 4
A—G—L—T—T—A—L—A, with the 5’

end of the chain at the left.

0— T—U—II’—U—II’—G—CHE o

‘i’ ol of Lo
_D_T“G_EH?
B example: ATF {or LU |
O . They combine with other groups to form coenzymes.
|
_ﬂ—ll?—-El—EH;.- o
o H H O H H O H CHyH 0
M e e |
HS—C —C —=N—C —C —C =N—C = —=C —( =0—P—0—
||| [ .l, | | |
H H H H H H H CHy H o

O 5 and of chain example: coenzyme A (CoA)

| 5
_D— P —[] _CHI |
| O o
o .I They are used as specific signaling molecules in the cell.
shosphod) ¥ example: cyclic AMP (cAMP)
linkage
example: DNA

3 OH

3 end of chain



THE IMPORTANCE OF FREE ENERGY FOR CELLS

Life is possible because of the complex network of interacting
chemical reactions occurring in avery cell. In viewing the
metabolic pathways that comprise this network, one might
suspect that the cell has had the ability to evolve an enzyme to
carry out any reaction that it neads. But this is not so. Although
enzymes are powerful catalysts, they can speed up only those
reactions that are thermodynamically possible; other reactions
proceed in cells only because they are coupled to very favorable
reactions that drive them. The question of whether a reaction

can occur spontaneously, or instead needs to be coupled to
another reaction, is cantral to cell biology. The answaer is
obtained by reference to a quantity called the free energy: the
total change in free energy during a set of reactions determines
whather or not the entire reaction sequance can occur. In this
panel we shall explain some of the fundamental ideas—derived
from a special branch of chemistry and physics called thermo-
dynamics—that are required for understanding what free energy
is and why it is so important to cells.

ENERGY RELEASED BY CHANGES IN CHEMICAL BONDING IS CONVERTED INTO HEAT

BOX

CS)

' UNIVERSE !

SEA

An enclosed system is defined as a collection of molecules that
does not exchange matter with the rest of the universe (for
example, the “cell in a box” shown above). Any such system will
contain molecules with a total energy E. This energy will be
distributed in a variety of ways: some as the translational energy
of the molecules, some as their vibrational and rotational energies,
but most as the bonding energies between the individual atoms
that make up the molecules. Suppose that a reaction occurs in
the system. The first law of thermodynamics places a constraint
an what types of reactions are possible: it states that "in any
process, the total energy of the universe remains constant.”

For example, suppose that reaction A— B occurs somawhere in
the box and releases a great deal of chemical bond energy. This
energy will initially increase the intensity of molecular motions
(translational, vibrational, and rotational) in the system, which

is equivalent to raising its temperature. However, these increased
motions will soon be transferred out of the system by a series

THE SECOND LAW OF THERMODYNAMICS

Consider a container in which 1000 coins are all lying heads up.

If the container is shaken vigorously, subjecting the coins to

the types of random maotions that all molecules experience due

to their frequent collisions with other maolecules, one will end

up with about half the coins oriented heads down. The

reason for this reorientation is that there is only a single way in
which the original orderly state of the coins can be reinstated
{every coin must lie heads up), whereas there are many different
ways (about 10°*} to achieve a disorderly state in which there is
an equal mixture of heads and tails; in fact, there are more ways to

of molecular collisions that heat up first the walls of the box
and then the outside world (represented by the sea in
our example}. In the end, the system returns to its initial
temperature, by which time all the chemical bond energy
released in the box has been converted into heat energy and
transferred out of the box to the surroundings. According to the
first law, the change in the energy in the box (AE,,, which we
shall denote as AE) must be equal and opposite to the amount
of heat energy transferrad, which we shall designate as M
that is, AE = =h. Thus, the energy in the box (E} decreases
when heat leaves the system.

E also can change during a reaction due to work baing
done on the outside world. For example, suppose that there is
a small increase in the volume (AV) of the box during a reaction.
Since the walls of the box must push against the constant
pressure (P} in the surroundings in order to expand, this does
work on the outside world and requires energy. The energy
used is PIAV], which according to the first law must decrease
the energy in the box (E} by the same amount. In most reactions
chemical bond energy is converted into both work and heat.
Enthalpy (H) is a composite function that includes hoth of these
{H= E + PV). To be rigorous, it is the change in enthalpy
{AH} in an enclosed system and not the change in energy that
is equal to the heat transferred to the outside world during a
reaction. Reactions in which H decreases release heat to the
surroundings and are said to be "exothermic,” while reactions
in which Hincreases absorb heat from the surroundings and
are said to be "endothermic.” Thus, =h = AH. However, the
volume change is negligible in most biclogical reactions, so to
a good approximation

achieve a 50-50 state than to achieve any other state. Each state
has a probability of occurrence that is proportional to the
number of ways it can be realized. The second law of thaermo-
dynamics states that “systems will change spontansously from
states of lower probability to states of higher probability.”

Since states of lower probability are more “ordered” than states
of high probability, the second law can be restated:

“the universe constantly changes so as to become more
disordered.”



THE ENTROPY, S

The second law (but not the first law] allows one to predict the
direction of a particular reaction. But to make it useful for this
purpose, ong needs a convenient measure of the probability or,
equivalently, the degree of disorder of a state. The entropy (5)
is such a measure. It is a logarithmic function of the probability
such that the change in entropy (A 5) that occurs when the
reaction A — B converts one mole of A into one mole of B is

AS=RInpglon

where p, and pg are the probabilities of the two states A and B,
Ris the gas constant (2 cal deg™' mole™), and AS is measured
in entropy units (eu). In our initial example of 1000 coins, the
relative probability of all heads (state A) versus half heads and
half tails (state B} is equal to the ratio of the number of different
ways that the two results can be obtained. One can calculate
that ps = 1 and pg = 10001{500! x 5001) = 10°E, Therefore,

the entropy change for the reorientation of the coins when their

THE GIBBS FREE ENERGY, G

When dealing with an enclosed biological systemn, one would
like to have a simple way of predicting whether a given reaction
will or will not occur spontanaously in the system. We have
geen that the crucial question is whether the entropy change for
the universe is positive or negative when that reaction occurs,

In our idealized system, the cell in a box, there are two separate
components to the entropy change of the universe—the entropy
change for the system enclosed in the box and the entropy
change for the surrounding “sea”—and both must be added

together before any prediction can be made. For example, it is
possible for a reaction to absorb heat and thereby decrease the
entropy of the sea (A5, < 0) and at the same time to cause
such a large degree of disordering inside the box (A5, > 0
that the total A5, amse = ASgas + ASy,, I8 greater than 0. In this
case the reaction will occur spontanaously, even though the
sea gives up heat to the box during the reaction. An example of
such a reaction is the dissolving of sodium chloride in a beaker
containing water (the “box"), which is a spontaneous process
even through the temperature of the water drops as the salt
goes into solution.

Chemists have found it useful to define a number of new
“composite functions® that describe combinations of physical
properties of a system. The properties that can be combined
include the temperature (T), pressure ( F), volume ( V), energy
{ E), and entropy (S]. The enthalpy {H) is one such compaosite
function. But by far the most useful composite function for
biologists is the Gibbs free energy. G. It serves as an accounting
device that allows ona to deduce the entropy change of the
universe resulting from a chemical reaction in the box, while
avoiding any separate consideration of the entropy change in
the sea. The definition of G is

G=H-TS

where, for a box of volume V, H is the enthalpy described above
(E + PV}, Tis the absolute temperature, and 5 is the entropy.
Each of these quantities applies to the inside of the box only. The
change in free energy during a reaction in the box {the G of the
products minus the G of the starting materials) is denoted as AG
and, as we shall now demonstrate, it is a direct measure of the
amount of disorder that is created in the universe when the
reaction Occurs.

container is vigorously shaken and an equal mixture of heads
and tails is obtained is A In (10%®®), or about 1370 eu per mole of
such containers (6 x 10%% containers). We see that, because AS
defined above is positive for the transition from state A to
state B (pg /py = 1), reactions with a large increase in 5 (that is,
far which AS = 0) are favored and will occur spontaneously.

As discussed in Chapter 2, haat energy causas the random
commotion of molecules. Because the transfer of heat from an
enclosed system to its surroundings increases the number of
different arrangements that the molecules in the outside warld
can have, it increases their entropy. It can be shown that the
release of a fixed quantity of heat energy has a greater disor-
dering effect at low temperature than at high temperature and
that the value of AS for the surroundings, as defined above
(AS;.,). is precisely equal to the amount of heat transferred to
the surroundings from the system (h) divided by the absolute
temperature (T ):

 AS., = h/T

At constant temperature the change in free energy (AG)
during a reaction equals AH - TAS. Remembering that AH =
—h, the heat absorbed from the sea, we have

But h/T is equal to the entropy change of the sea (AS,), and
the AS in the above equation is ASy,,. Therefore

We conclude that the fres-energy change is a direct measure

of the entropy change of the universe. A reaction will proceed
in the direction that causes the change in the free energy (AG)
to be less than zero, because in this case there will be a positive
entropy change in the universe when the reaction occurs.

For a complex set of coupled reactions involving many
different molecules, the total free-energy change can be com-
puted simply by adding up the free energies of all the different
molecular species after the reaction and comparing this value
to the sum of free energies before the reaction; for common
substances the required free-energy values can be found from
published tables. In this way one can predict the direction of
a reaction and thereby readily check the feasibility of any proposed
mechanism. Thus, for example, from the observed values for the
rmagnitude of the electrochemical proton gradient across the
inner mitochondrial membrane and the AG for ATP hydrolysis
inside the mitochondrion, one can be certain that ATP synthase
requires the passage of more than one proton for each molecule
of ATP that it synthesizes.

The value of AG for a reaction is a direct measure of how far
the reaction is from equilibrium. The large negative value for ATP
hydrolysis in a cell merely reflects the fact that cells keep the
ATP hydrolysis reaction as much as 10 orders of magnitude
away from equilibrium. If a reaction reaches equilibrium,

AG = 0, the reaction then proceeds at precisely equal rates
in the forward and backward direction. For ATP hydrolysis,
equilibrium is reached when the vast majority of the ATP
has been hydrolyzed, as occurs in a dead cell.



STEP1  Glucose is
phosphorylated by ATP to
form a sugar phosphate,
The negative charge of the
phosphate prevents
passage of the sugar
phosphate through the

For each step, the part of the molecule that undergoes a change is shadowed in  blua,
and the name of the enzyme that catalyzes the reaction is in a yallow box.

cH,0F)
hexokinase ]

¢ m—

+ [soF] + WHF

HO OH

plasma membrane, OH
trapping glucose inside
the cell. glucose glucose 6-phosphate
STEFZ A readily Q% /}‘l
reversible rearrange-
ment of the & CHyO(P) 'fl—'i T?"]ﬂH
chemical structure H—C —0H C =0
lisormarization) | Fhl?mnl:ﬂﬂﬂ 2 i
moves the ! I

HO—C —H HO—C —H
carbonyl oxygen — 3 ol 3
from carbon 1to — - |
carbon 2, forming H—'Cd—UH H—dC —OH
a ketose from an | _ |
aldose sugar, (See H—C —0OH H—C —iH CH
Panel 2-4.) |5 E'I ina 4

(ring form) 5 CH ﬂ)@ £ CH 3;_}@ {ring farm)
(open chain form) {open chain form)
glucose 6-phosphate fructose 6-phosphate

STEF3  The new hydroxyl
group on carbon 1 is
phosphorylated by ATP, in
preparation for the formation
of two three-carbon sugar
phosphates. The entry of
sugars into glycolysis is
contralled at this stap, through
regulation of the enzyme
phosphofructokinase.

STEF 4  The six-
carbon sugar is
chraved to produce
twwo three-carbon
molecules, Only the
glyceraldehyde
F-phosphate can
procead immediately
through glycolysis.

STEFP & Tha athear
product of step 4,
dihydraxyacetons
phosphate, is
isomerized to form
glyceraldehyde
I-phosphate.

(FIOH.C . CH,OH

(8]

phosphofructokinase ®{]H3E

HO + BC - + + H
O OH
OH OH
fructose 6-phosphate fructose 1,6-bisphosphate
0@ 0@
!|Z = {|Z={J
(BloH,C o CHy HO—C—H aldolase HO—C —H oD
-+ H—C—0OH = H |
O | H—C —(H
OH H— tl“ —H |
(ring form) C H:.U@ -Hzf)":_'_’j
{open chain form) dihydroxyacetone glyceraldehyde
fructosa 1,6-bisphosphata phaosphatea J-phosphatea
H 0
.
?-IIDH tricse phosphate isomerase Eﬁ
O - |
s - H—C—OH

I
cH;0(B) {lejn@

dihydroxyacetone phosphate glyceraldehyde 3-phosphate



STEPE  The two molecules 0 /H o, op)
of glyceraldehyde 3-phosphate , ghyceraldehyde 3-phosphate Y o

are oxidized. The energy C dehydrogenase C *
generation phase of glycolysis | frydrogan | + m + H
begins, as NADH and a new H—C—0OH 4 + @ - ¥ H—C—OH

high-energy anhydride linkagea ]

to phosphate are formed (see ':.'Hzf:'@} Hsl }@

Figure 2-73). glyceraldahyde 3-phasphate 1.3-bisphosphoglycerate

STEFT  The transfer Dﬁ% l_,afﬂ@ q\xﬁ ‘,.-'ﬂ_

ta ADP of the high- [ phosphoglycerate kinase C

energy phosphate | - | +
group that was H— —(H + - H—{ —{H

generated in step 6

forms ATP. clH JO(P) I!|:H-‘.U®

1.3-bisphosphoglycerate 3-phosphoglycerata
- i o ) Y
STEF8  The remaining Yo A o F
phosphate ester linkage in 3- 1'E phosphoglycarate mutasa C
phosphoglycerate, which has a | - |
relatively low free energy of H—C—OH - H—C —0O(p)
hydrolysis, is moved from : |
carbon 3 to carbon 2 to form II_'H{)@ CH.OH
2-phosphoglycerate. - B
3-phosphoglycerate 2-phosphoglycerate
) o L8] o
STEFS  The removal of % L
water from 2-phosphoglycerate c enolase C
creates a high-energy enol -
phosphate linkage. R — U‘@ - '_":"® + H0
H;OH H
2-phosphoglycerate phosphognolpyruvate
o o
STEF 10 The transfer to U% & ) U‘h o
ADP of the high-energy C pyruvate kinase C
phosphate group that was | + @ + H* - | + [h
generated in step 9 forms C— C=0
ATP, complating glycolysis. (!H éH
| 3
phosphoano pyruvate pyruvate
MNET RESULT OF GLYCOLYSIS ) o
K-

CH,OH

NADH CH,
OH )
- (]

41 Okr -

& ATP

|

C=0
|
CHy

In addition to the pyruvate, the net products are two miolecules
glucose two molecules of ATP and two molecules of NADH of pyruvate



lﬁ{D F

pyTuvate

+H'
\q—rHS—EnA
o Beetyl CoA (20)

The complete citric acid cycle. The two
carbons from acetyl CoA that enter this

Coa turn of the cycle {shadowed in[§8#) will
CO; be converted to CO, in subsequent turns
of the cycle: it is the two carbons
: R shadowed in blue that are converted to
@+, s-Con hadowed in biiig th rted
CO. in this cycle.
next cycle

Step 2
citrate (6C) isocitrate (6C)
HC = CO0™
H=g—H oxaloacetate (4C) HO— &H
CH; mal )
T2 _I'l'l ate (4C) ﬁ
coo CITRIC ACID CYCLE |
u-ketoglutarate (5C)
. succinyl CoA (4C)
_ succinate (4C) _
| H.0 ::n
— 3
,  Steps &,
{70
(Gpp| S5-CoA

Details of the eight steps are shown below. For each step, the part of the molecule that undergoes a change is shadowed in blue,

STEFP1 After the enzyme
removes a proton from the
CH; group on acetyl CoA,
the negatively charged
CH,~ forms a bond to &
carbonyl carbon of
oxaloacetate. Tha
subsequent loss by
hydrolysis of the coenzyme
A (Cod) drives the reaction
strangly forward,

STEF 2  An isomerization
reaction, in which water is
first ramoved and then
added back, moves the
hydroxyl group fram ana

carbon atom to its neighbor,

and the name of the enzyme that catalyzes the reaction is in a yellow box.

?rﬂ_ citrate e 0ot | HO
thase
O=C—5-CoA C=0 L Hy L | H,
M ! -— HO— C—CO0™ HO— C—CO0™
CH; -:IZH;. | |
COO™ CHy '-[Hz
cCoo Coo
acietyl CoA oxaloacetate S-citryl-Cod intermediate citrate
CcOO™ - 0o~ |
Hy O
H—C —H H—C —H

é_cm— .:mnit-ln I

HO— | o
ol R -
I H,0
CO0™ COy
citrate cis-aconitate imtermediata

+ H5-CoA + H'

COC

H—C —H

Hel= g

COO™

isocitrate



STEP 3 In the first of
four oxidation steps in the
cycle, the carbon carmying
the hiydroxyl growp is
converted to a carbomyl
group. The immediate
product is unstable, logsing
COy while still bound to
the anzyme.

STEP 4 The w-ketoglutarate
dehydrogenase complex closely
resembles tha large anzyme
complex that converts pyruvate
to acetyl Co& (pyruvate
dehydroganasel. It likewise
catalyzes an oxidation that
produces NADH, CO,, and a
high-energy thioester bond to
coenzyma A (Coll.

STEFS A phosphate
molecule from solution
displaces the CoA, forming a
high-energy phosphate
linkage to succinate. This
phosphate is then passed to
GDP to form GTP. {In bacteria
and plants, ATP is formed
instead.)

STEF&  In the third
oxidation step in the cycla,
FAD removes two hydrogen
atoms from succinate.

STEFT  The addition of
water to fumarate places a

hydroxyl group naxt to a
carbonyl carbomn.

STEFE  Inthe last of four
oxidation steps in the cycle,
the carbon carrying the
hydroxyl group is converted
to a carbonyl group,
regenerating the oxaloacetate
neaded for step 1.

COo™ B COO™ i
| isocitrate |
H—C—H dehydrogenase H—C —H
H—¢ —coo” ™ g ™
HO—C—H C=0
j naDH Bl | H'
welen i coo~ |
isocitrate oxalosuccinate intermediate
COoo
I
H_':l: —H w-ketoglutarate dehydrogenase complex
H—T—H + HS-CoA -
C=0
S = - v
co,
i-ketoglutarate
COy COy
H—A—H succinyl-CoA synthetase H—\l—H

7

7Y
® [coF]

H—é—H

coO™
0

succinate
CO™

succinate dehydrogenase é
- i

AN -
toor
fumarate

s coo”
- HO—C —H

4 =
H,O COO™
malate

CO0y

malate dehydrogenase |
- *I:-U'
SR
doo"

oo
H —é —H
Hed i
d—o
door

-katoglutarate

=LA
succinyl-Cos

+ H5=-CoA



THE AMINO ACID OPTICAL ISOMERS  The a-carbon atom is asymmetric, which
allows for two mirror image (or stereo-)
isomers, L and 0.

The ganearal formula of an amino acid is

H /,,,.« ce-carbon atom

amino carboxyl
group HEH¥CmH group

'hduhain group

R is commonly one of 20 different side chains.
At pH 7 both the armino and carboxyl groups
are ionizad.

H

E]HJM cme'

Proteins consist exclusively of L-amino acids.

FAMILIES OF BASIC SIDE CHAINS

kit oy  ysine arginine. histidine.
The common amino acids (Lys, or K} (Arg, or R) {His, or H)
are grouped according to
whether their side chains H O H O H O
o | | |
ByE B L
acidic H CH, H CH, H (H;
basic | | J
uncharged polar El.rll {lii i
nonpalar CH, This group is CH, H CH
These 20 amino acids tl:H. m::f:i PLH HC B
are given both three-letter x | *, positive charge | These nitrogens have a
. and one-letter abbreviations. NHy i atabilized by P (‘R relatively weak affinity for an
: resonance. H-N MH. H" and are only partly positive
Thus: alanine = Ala = A i at neutral pH.
PEPTIDE BONDS
Amino acids are commaonly joined together by an amide linkage, Paptide bond: The four atoms in each gray box form a rigid
called a peptide bond. planar unit. There is no rotation around the C-N bond.
H,O
H R
H 0 H O
e o R
N—C—C -+ MN—C—C
& | e s | ,
H i OH H H OH
arming- or
Proteins are long polymers N-terminus H
of amino acids linked by G H_é
peptide bonds, and they 3

are always written with the CH,
M-terminus toward the left. fiiis
The sequence of this tripeptide
is histidine-cysteine-valine.

"“‘t:” These two single bonds allow rotation, so that long chains of
v, (NS amino acids are very flexible.



ACIDIC SIDE CHAINS

Glu, or E)
H
_T_.Ti_é_

H CH,

|
CH,

UNCHARGED FOLAR SIDE CHAINS

(Asn, ar N) (GIn, or Q)

H O

I
_?_ _c_
H

Altho the amide N is not charged at

ne pH, it is polar.

The -0OH group is polar.

NONPOLAR SIDE CHAINS

s
CHy CHy

{Pro, or P)

H O
b=
—N—C—C—

(Gly, or G)
H O
el
oo

{lle, or I

H O
ol
N
CH, ?HE

CH;

{Cys, or C)
H O
.
BV
H H;
SH

Disulfide bonds can form between two cysteine side chains in proteins.

— —CH;—5—5 —CH,— —




(B) Ribbon

(A) Backbone



(D} Space-filling




WHY ANALYZE THE KINETICS OF ENZYMES?

Enzymes are the most selective and powerful catalysts
known. An understanding of their detailed mechanisms
provides a critical tool for the discovery of new drugs, for the
large-scale industrial synthesis of useful chemicals, and for

appreciating the chemistry of cells and organisms. A detailed
study of the rates of the chemical reactions that are catalyzed
by a purified enzyme—more specifically how these rates
change with changes in conditions such as the
concentrations of substrates, products, inhibitors, and

regulatory ligands—allows biochemists to figure out exactly
how each enzyme works. For example, this is the way that
the ATP-producing reactions of glycolysis, shown previously
in Figure 2-73, were deciphered—allowing us to appreciate
the rationale for this critical enzymatic pathway.

In this Panel, we introduce the important field of enzyme
kinetics, which has been indispensible for deriving much of
the detailed knowledge that we now have about cellular
chamistry.

STEADY STATE ENZYME KINETICS

Many enzymes have only one substrate, which they bind and
then process to produce products according to the schame
outlinad in Figure 3-50A. In this case, the reaction is written as

kq K car
E+5 o—— ES —» E+P
k_y

Here we have assumed that the reverse reaction, in which E + P
recombine to form EP and then ES, occurs so rarely that we can
ignore it. In this case, we can express the rate of the reaction—
known as its velocity, V, as

V= kg [ES]

where [ES] is the concentration of the enzyme substrate
complex, and k., is the turnover number: a rate constant that is
aqual to the number of substrate molecules processed pear
enzyme molecule each second.

But how does the value of [ES] relate to the concentrations that
we know directly, which are the total concentration of the
enzyme, [E,], and the concentration of the substrate, [S]7 When
enzyme and substrate are first mixed, the concentration [ES] will
rise rapidly from zero to a so-called steady state level, as
illustrated below

‘E“ [S] P
.%
E
&
:
[E,l
[ES]
[E]
0 time —
L : I
pre-steady steady state:
state: ES almost constant

ES forming

At this steady state, [ES] is nearly constant, so that

rate of ES formation
k, [E]IS]

rate of ES breakdown
k_i [ES] + k_; [ES]

or, since the concentration of the free enzyme, [E], is equal to
[E,] - [ES]

Ky Ky
[E5] = |——][[ElI5] = |——||[E;]-I[ES]}ISI]
K+ Ky ky+k,

Rearranging, and defining the constant K, as
K_g+ Kog
ki
we get
[E,lIS]
Ky + [S]

[ES] =

or, remembering that V= k., [ES], we obtain the famous
Michaelis-Menten equation

ko [EIS]
K., +[5]

As [S] is increased to higher and higher levels, essentially all of
the enzyme will be bound to substrate at steady state; at this
point, a maximum rate of reaction, V., . will be reached where
V= Viae = ke [Eg) Thus, it is convenient to rewrite the
Michaelis-Menten equation as

Vinax 5]
Ken + (5]



THE DOUELE RECIPROCAL PLOT THE SIGNIFICANCE OF K, kot and k4 /K,

A typical plot of Vversus [S] for an enzyme that follows As described in the text, K, is an approximate measure of
Mifhaﬂliﬁ—hﬂﬂﬂtﬂ“ kinatics is ﬂhﬂWﬁI bf'lﬂw- Fl"i""'" this plot, substrate affinity for the enzyme: it is numerically equal to
neither the value of V.. nor of K, is immediately clear. the concentration of [S] at V=05 V... In general, a lower

value of K,, means tighter substrate binding.

We have sean that k., is the turnover numbar for tha
enzyme. At very low substrate concentrations, where
[S] =< K,,,, most of the enzyme is free. Thus we can think of
[E] = [E,), so that the Michaelis-Menten aquation becomes
V= k /K., [EIIS]. Thus, the ratio k /K, is equivalent to
the rate constant for the reaction between free enzyme
and free substrate.

A comparison of k_J/K_ for the same enzyme with

-]
&
s
g8
2 g ! : i
= E differant substrates, or for two enzymes with their
> . ' '
& -E-‘ different substrates, is widely used as a measure of
= L 40 enzyme effectiveness.
S E
2 E
£ 20
¥
= p - i . .
'E o For simplicity, in this Panel we have discussed enzymes that
e 2 4 B g have only one substrate, such as the lysozyme enzyme
(5] mmole/liter described in the text (see p. 167). Most enzymaes have two

substrates, one of which is often an active carrier
molecule—such as NADH or ATP.

A similar, but more complex analysis is used to determine
the kinetics of such enzymes—allowing the order of substrate
binding and the presence of covalent intermediates along the

: : pathway to be revealed (see, for example, Figure 2-73).
To obtain V... and K., from such data, 8 double-reciprocal

plot is often used, in which the Michaelis-Menten equation
has meraly been rearranged, so that 1/V can be plotted
versus 1/[S].

SOME ENZYMES ARE DIFFUSION LIMITED

W = K 1 + UV The values of k ., K, and k., /K, for some selected
Vinax f {151 anzymes ara given balow:

0.04

they can react, k. /K, has a8 maximum possible value that
is limited by collision rates. If every collision forms an

enzyme-substrate complex, one can calculate from
diffusion theory that k_,, /K, will be between 10® and 10%
Vo sec 'M™!, in the case where all subsequent steps proceed
= immediately. Thus, it is claimed that enzymes like

- ' lehalin r nd fum re “ nzymes”
e T'Mﬁ - oin 05 g % acetylcholinesterase and fumarase are “perfect enzymes”,

Because an enzyme and its substrate must collide before
% 0.03
=

1 : '
= litarfmmole each enzyme having evolved to the point where nearly

F ] every collision with its substrate converts the substrate to a
51 ~ K product.



GENES AND PHENOTYPES

Gena: a functional unit of inheritance, usually corresponding
to the segment of DNA coding for a single protein.

Genome: an organism’s set of genes.

locus: the site of the gene in the genome

alleles: alternative forms of a gene

GEMOTYFE: the specific set of
alleles forming the genome of
an individual

FHEMOTYPFE: the visible
character of the individual

CHROMOSOMES

Wild-type: the normal,
naturally occurring type

homozygous AJA

heterozygous a/A

SU Sy

Mutant: differing from the
wild-type bacause of a genatic
change (a mutation)

homozygous a/a

= == ==

‘« SU Yy

allele A is dominant (relative to a); allele a is recessive (relative to A)

In the example above, the phenotype of the heterozygote is the same as that of one of the
homozygotes; in cases where it is different from both, the two alleles are said to be co-dominant.

a chromosome at the beginning of the call

cycle, in G, phase; the single long bar

cantromeng

represents one long double helix of DNA

short “p" arm

lang “g" arm

a chromosomae at the end of the cell cycle, in
metaphase; it is duplicated and condensed, consisting of
two identical sister chromatids (each containing one
DNA double helix) joined at the centromere.

short harg
"p" arm "q" arm

pair of
autosomes

maternal 1

::g paternal 3

maternal 3

e

patermal 1

MEIOSIS AND GENETIC RECOMBINATION

maternal chromaosome

A B

paternal chromosomea

T TP & ]

a b

diploid germ cell

AB
genotype o

A normal diploid chromosome set, as
seen in a metaphase spread,
prepared by bursting open a cell at
metaphase and staining the scattered
chromosomes. In the example shown
schematically here, there are three
pairs of autosomes (chromosomes
inherited symmetrically from

both parents, regardless of sax) and
two sax chromosomes—an X from
the mother and a Y from the father.
The numbers and types of sax
chromosomes and their role in sex
determination are variable from one
class of organisms to another, as is
the number of pairs of autosomes.

s chromosomies

THE HAPLOID-DIPLOID CYCLE OF
SEXUAL REPRODUCTION

z AN

=
mother

| DIPLOID |
MEIOSIS |

0 =

| SEH.I..IAL FUSION I:I-‘EHTI.IEATIDHJ' |

maternal
chromosome

patarnal
chramosame

For simplicity, the cycle is shown for only one
chromosome/chromosome pair.

Thea greater the distance

ganotypa Ab between two loci on a single
- _ chromosome, the greater is the
chance that they will be
MEIOSIS AND separated by crossing-over
RECOMBINATION site of crossing-over occurring at a site between

genotype aB

haploid gametes (8ggs or Sperm)

them. If two genes are thus
reassortad in x% of gametes,
they are said to be separated on
a chromosome by a genatic map
distance of x map units (or

X centimorgans).



TYPES OF MUTATIONS

i

FOINT MUTATION: maps to a single site in the genome,
corresponding to a single nucleotide pair or a very
amall part of a single gene

INVERSION: inverts a segment of a chromosome

lethal mutation: causes the developing organism to die
prematurely.

conditional mutation: produces its phenotypic effect only
under certain conditions, called the restrictive conditions.
Under other conditions—the permissive conditions—tha
effect is not seen. For a femperature-sensitive mutation, the
restrictive condition typically is high temperature, while the
parmissive condition is low temperature.

loss-of-function mutation: either reduces or abolishes the
activity of the gene. These are the commonest class of
mutations. Loss-of-function mutations are usually
recessive—the organism can usually function normally as
long as it retains at least one normal copy of the affected
gene,

null mutation: a loss-of-function mutation that completely
abolishes the activity of the gene.

TWO GENES OR ONE?

Given two mutations that produce the same phenotype, how can
we tell whether they are mutations in the same gene? If the
mutations are recessive (as they most often arel, the answer can
be found by a complementation test.

COMPLEMENTATION:

 MUTATIONS IN TWO DIFFERENT GENES

homozygous mutant mother homozygous mutant father

H

DELETION: deletes a segment of a chromosome

|

TRANSLOCATION: breaks off a segment from one chromosome
and attaches it to another

gain-of-function mutation: increases the activity of the gene
or makes it active in inappropriate circumstances; thesa
mutations are usually dominant.

dominant negative mutation: dominant-acting mutation that
blocks gene activity, causing a loss-of-function phenotype
aven in the presence of a normal copy of the gena. This
phenomenon occurs when the mutant gene product
interferes with the function of the normal gene product.
supprassor mutation: suppresses the phenotypic affect of
another mutation, so that the double mutant seems normal.
An intragenic suppressor mutation lies within the gene
affected by the first mutation; an extragenic suppressor
mutation lies in a second gene—often one whose product
interacts directly with the product of the first.

In the simplest type of complementation test, an individual who is
homozygous for one mutation is mated with an individual who is
homozygous for the other. The phenotype of the offspring gives the
answer to the question.

NONCOMPLEMENTATION:
- TWO INDEPENDENT MUTATIONS IN THE SAME GENE

homoeygous mutant mother homozygous mutant father
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hybrid offspring shows normal phenotypa:
one normal copy of each gene is present

S

hybrid offspring shows mutant phanotype:
no normal copies of the mutated gene are presant



SOURCES OF INTRACELLULAR OSMOLARITY
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Macromolecules themselves contribute Asg the result of active transport and The osmolarity of the extracellular fluid is usually
very little to the osmolarity of the cell metabolic processes, the cell containg  due mainly to small inorganic ions. These leak
interior since, despite their large size, each  a high concentration of small organic slowly across the plasma membrane into the cell.
one counts only as a single molecule and molecules, such as sugars, amino acids, If they were not pumped out, and if there were no
there are relatively few of them compared  and nucleotides, to which its plasma other molecules inside the cell that interacted with
to the number of small molecules in the cell. membrane is impermeable. Because them so as to influence their distribution, they

However, most biological macromolecules  most of these metabolites are charged, would eventually come to equilibrium with equal
are highly charged, and thay attract many they also attract counterions. Both the  concentrations inside and outside the cell.
inorganic ions of opposite charge. Because small metabolites and their counterions However, the presence of charged

of their large numbers, these counterions make a further major contribution to macromolecules and metabolites in the cell that
make a major contribution to intracellular intracellular csmolarity. attract these ions gives risa to the Donnan effect:
osmolarity. it causes the total concentration of inorganic

ions (and therefore their contribution to the
osmolarity) to be graater inside than outside the

THE PROEBLEM cell at equilibrium,

Because of the above factors, a cell that

does nothing to control its osmolarity

will have a highar concentration of

solutes inside than outside. As a result, &
water will be higher in concentration

outside the cell than inside. This difference

in water concentration across the plasma (&)
membrane will cause water to move
continuously into the cell by osmosis,

causing it to rupture.

THE SOLUTION

Animal cells and bacteria control their Flant cells are prevented from swalling by Many protozoa avoid becoming
intracellular osmolarity by actively their rigid walls and so can tolerate an swollen with water, despite an csmotic
pumping out inorganic ions, such as Na®, osmotic difference across their plasma difference across the plasma membrane,
so that their cytoplasm contains a lower membranes: an internal turgor pressure is by periodically extruding water from
total concentration of inorganic ions than built up, which at equilibrium forces out as special contractile vacuoles.

the axtracellular fluid, thereby compensating  much water as enters.
for their excess of organic solutes.



THE NERNST EQUATION AND ION FLOW

The flow of any ion through a membrane channel protein is
driven by the electrochemical gradient for that ion. This
gradient represents the combination of two influences: the
voltage gradient and the concentration gradient of the ion
across the membrane. When these two influences just
balance each other the electrochemical gradient for the ion

is zero and there is no net flow of the ion through the
channel. The voltage gradient (membrane potential) at
which this equilibrium is reached is called the equilibrium
potential for the ion. It can be calculated from an equation
that will be derived below, called the Nernst equation.

The Nernst equation is

VL4
i

where

C
G

V= the equilibrium potential in volts

{internal potential minus external

potential)

C, and C, = outside and inside concentrations of
the ion, respectively

A = the gas constant (2 cal mol™ K7')
T = the absolute temperature (K)
F = Faraday's constant (2.3 x 10* cal V'

mol)

7 = the valence (charge) of the ion

In = logarithm to the base e

The Mernst equation is derived as follows:

A molecule in solution (a solute) tends to move from a
region of high concentration to a region of low concentration
simply due to the random movement of molecules, which
results in their equilibrium. Consequently, movement down a
concentration gradient is accompanied by a favorable free-energy
change (AG < 0), whereas movement up a concentration gradient
is accompanied by an unfavorable free-energy change (AG = 0).
(Free energy is introduced and discussed in Panel 14-1, p. 784.)
The free-energy change per mole of solute moved across the
plasma membrane (AG,,..) is equal to =AT In C,/ C,. If the
golute is an ion, moving it into a cell across a membrane
whose inside is at a voltage V' relative to the outside will
cause an additional free-energy change (per mole of solute
moved) of AG,, = 2FV. At the point where the concentration
and voltage gradients just balance, AG . + AG, ;=0
and the ion distribution is at equlibrium across the mem-
branae. Thus,
ZFV-AT In —gﬂ- 0
1

and, therefore,

RT,. C RT C
Ve —In —2=23 —I il |
s G 2o Ci

Faor a univalent ion,

23 % =58 mV at 20°C and 61.5 mV at 37°C

Thus, for such an ion at 37°C, Ve + 815 mV for G,/ C; =
10, whereas V=0for C,/ C;= 1.

The K* equilibrium potential {V), for example, is
61.5 logol[K*1, / [K*];} millivolts (-89 mV for a typical cell
where [K*], =5 mM and [K*]; = 140 mM). At V., there is no
net flow of K* across the membrane. Similarly, when the
membrane potential has a value of 61.5 loggllNa*], INa*];),
the Na™ equilibrium potential (V). there is no net flow of Na™.

For any particular membrane potential, Vy,, the net
force tending to drive a particular type of ion out of the cell, is
proportional to the difference between Vy, and the equilibrium
potential for the ion: hence, for K* it is V- Vi and for Na* it
is Wiy = Viys-

The number of ions that go to form the layer of charge
adjacent to the membrane is minute compared with the total
number inside the cell. For example, the movement of 6000 Na®
ions across 1 um? of membrane will carry sufficient charge to
shift the membrane potential by about 100 mV. Because there
are about 3 x 10" Na* ions in a typical cell {1 um? of bulk
cytoplasmy), such a movement of charge will generally have a
negligible effect on the ion concentration gradients across
the membrane.



1. Action potentials are recorded with an intracellular electrode

The squid giant axon is about 0.5-1 mm in diameter and several centimeters
long. An electrode in the form of a glass capillary tube containing a conducting
solution can be thrust down the axis of the axon so that its tip lies deep in the
cytoplasm. With its help, one can measure the voltage difference between the
inside and the outside of the axon—that is, the membrane potential—as an
action potantial sweeps past the electrode. The action potantial is triggered by

intracellular
glactrode

plasma
membrana

40 action potential

= i

a brief electrical stimulus to one end of the axon. It does not matber which

end, because the excitation can travel in either direction; and it does not
matter how big the stimulus is, as long as it exceeds a certain threshold:
the action potential is all or none.

2. Action potentials depend only on the neuronal plasma
membrane and on gradients of Na* and K* across it

The three most plentiful ions, both inside and outside the axon, are
Na*, K*, and CI". As in other cells, the Na*-K* pump maintains a
concentration gradient: the concentration of Na* is about 9 times
lower inside the axon than outside, while the concentration of K' is
about 20 times higher inside than outside. Which ions are important
for the action potential?

The squid giant axon is so large and robust that it is possible to
extrude the cytoplasm from it, like toothpaste from a tube, and then

rubbar

mllar

cannula for perfusion  giant axon axoplasm

rubber mat

3. At rest, the membrane is chiefly parmeable to K*; during the
action potential, it becomas transiently permeable to Na*

At rest the membrane potential is close to the equilibrium potential
for K*. When the external concentration of K is changed, the resting
potential changes roughly in accordance with the Mernst equation for
K* isea Panel 11-2). At rest, therefore, the mambrane is chiefly
permeable to K*: K* leak channels provide the main ion pathway
through the membrane.

If the external concentration of Na® is varied, there is no effect on the
resting potential. However, the height of the peak of the action potential

varies roughly in accordance with the Nernst equation for Na®. During the
action potential, therefore, the membrane appears to be chiefly permeable

to Na*: Na' channels have opened. In the aftermath of the action
potential, the membrane potential reverts to a negative value that

4. Voltage clamping reveals how the membrane potential
controls opening and closing of ion channels

The membrane potential can be held constant {"voltage clamped”™)
throughout the axon by passing a suitable currant through a bare
metal wire inserted along the axis of the axon while monitaring

the membrane potential with another intracellular electrade. When
the membrane is abruptly shifted from the resting potential and held
in a depolarized state (A), Na® channels rapidly open until the Na*
parmeability of the membrane is much greatar than the K*
permeability; they then close again spontaneously, even though

the membrane potential is clamped and unchanging. K* channels
also open but with a delay, so that the K* permeability increases as the
Ma* permeability falls (B). If the experiment is now very promptly
rapaated, by returning the mambrana briefly to the resting potential
and then quickly depolarizing it again, the response is different:
prolonged depolarization has caused the Na® channels to enter an
inactivated state, so that the second depolarization fails to cause a
rise and fall similar to the first. Recovery from this state requires

=40

#x0n

to perfuse it internally with pure artificial solutions of Na®, K*,

and CI-or 50,4. Remarkably, if (and only if} the concentrations

of Ma* and K* inside and outside approximate those found
naturally, the axon will still propagate action potentials of the
narmal form. The important part of the cell for electrical signaling,
therafore, must be the plasma membrane; the important ions are
Na* and K*; and a sufficient source of free energy to power the
action potential must be provided by their concentration gradients
across the meambrana, because all other sources of metabolic
enargy have presumably been removed by the perfusion.

perfusion fluid stream of perfusion fluid

N
T ,.-'“HJ J *ﬂ'

membrane of giant axon

cannula

depends on the external concentration of K* and is even closer to
the K* equilibrium potential than the resting potential is: the
membrane has lost most of its permeability to Na* and has
become even more permeable to K* than before—that is, Na*
channels have closed, and additional K' channels have opened.

40 100%

50%, The form of the action
o potential when the

33% external medium contains
100%, 50%, or 33% of the
—40 normal concentration
of Ma®.
-
E
1] 1 2 s

a relatively long time—about 10 milliseconds—spent at the
rapolarized (resting) membrane potential.

In @ normal unclamped axon, an inrush of Na* through the
opaned Ma® channels produces the spike of the action potential;
inactivation of Na* channels and opening of K* channels bring
the membrane rapidly back down to the resting potential.
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A TRANSFECTION APPROACH FOR
DEFINING SIGNAL SEQUENCES

One way to show that a signal sequence is required
and sufficient to target a protein to a specific
intracellular compartment is to create a fusion protein
in which the signal sequence is attached by genetic
enginaering techniques to a protein that is normally
ragident in the cytosol. After the cDNA encoding this
protein is transfected into cells, the location of the
fusion protein is determined by immunostaining or by
call fractionation.

signal sequence aorb  gene encoding cytosolic protein

plaamid used to transfact cells

PN

signal sequence a () signal sequence b [N )
directs fusion protein directs fusion protein
to organelle A to organells B

By altering the signal sequence using site-directed
mutagenesis, one can determine which structural
features are important for its function.

GENETIC APPROACHES FOR STUDYING THE
MECHANISM OF PROTEIN TRANSLOCATION

histidine
'I-

histidinal
gtk

anzyme in cytosol:
cell lives without
histiding as nutrient

translocation
apparatus

‘engingered yeast cell

histidinal

o enzyme targeted to
ER: cell dies without
istidine as nutrient

histidine

histidinol
s

mot all enzyme taken
up into ER: cell lives
without histidine as

riutrient

rrutant translocation apparatus

A BIOCHEMICAL APPROACH FOR STUDYING THE
MECHANISM OF PROTEIN TRANSLOCATION

In this approach a labeled protein containing a specific signal sequence is
transported into isolated organelles in vitro. The labeled protein is usually
produced by cell-free translation of a purified mRNA encoding the protein;
radiocactive amino acids are used to label the newly synthesized protein so
that it can be distinguished from the many other proteins that are present
in the i witro translation system.

Three methods are commonly used to test if the labeled protein has been
translocated into the organelle:

1. The labeled protein co-fractionates 2. The signal sequence is removed by
with the organelle during centrifugation. & specific protease that is present
inside the organelle.

F e

»to+t | radioactively
"] labeled protein &J

i protein transported — )
N into isolated organelle radioactive proteins on 505 gel

' Do d |:II|J1:E.B
3. The protein is protected from
digestion when proteases are ‘;
added to the incubation medium

but iz susceptible if & detergent is
first added to disrupt the proten Y,
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By exploiting such in witro assays, one can determine what components
(proteins, ATP, GTP, etc.) are required for the translocation process.

signal saguence
incubated without organealle
o l :Il!EuhHI‘E-I:' with organelle

Yeast cells with mutations in genes that encode components of the
translocation machinery have been useful for studying protein
translocation. Because mutant cells that cannot translocate proteins
across their membranes will die, the trick is to design a strategy that
allows weak mutations that cause only a partial defect in protein
translocation to be isolated.

One way uses genatic engineering to design special yeast cells. The
enzyme histidinol dehydrogenase, for example, normally resides in the
cytosol, where it is required to produce the essential amino acid histidine
from its precursor histidinol. A yeast strain is constructed in which the
histidinol dehydrogenase gene is replaced by a re-engineered gene
encoding a fusion protein with an added signal sequence that misdirects
the enzyme into the endoplasmic reticulum (ER). When such cells are
grown without histiding, they die because all of the histidinol
dehydrogenase is sequestered in the ER, where it is of no use. Cells with
a mutation that partially inactivates the mechanism for translocating
proteins from the cytosol to the ER, however, will survive because
enough of the dehydrogenase will be retained in the cytosol to produce
histidine. Often one obtains a cell in which the mutant protein still
functions partially at normal temperature but is completely inactive at
higher temperature. A cell carrying such a temperatura-sensitive
mutation dies at higher temperature, whether or not histidine is present,
as it cannot transport any protein into the ER. This allows the normal
gena that was disablad by the mutation to be identified by transfecting
the mutant cells with a yveast plasmid vector into which random yeast
genomic DNA fragmeants have been cloned: the specific DNA fragrment
that rescues the mutant cells when they are grown at high temperature
should encode the wild-type version of the mutant gene.



CELL-FREE SYSTEMS FOR STUDYING THE COMPONENTS AND MECHANISM OF VESICULAR TRANSPORT

Vesicular transport can be reconstituted in cell-free systems. This was first achieved for the Golgi stack. When Golgi stacks
are isolated from cells and incubated with cytosol and with ATFP as a source of energy, transport vesicles bud from their rims

and appear to transport proteins between cisternae. By following the progressive processing of the oligosaccharides on a
glycoprotein as it moves from one Golgi compartment to the next, it is possible to follow the process of vesicular transport.

To follow the transport, two distinct populations of Golgi stacks are incubated together. The "donor” population is isolated
from mutant cells that lack the enzyme N-acetylglucosamine (GlcNAc) transferase | and that have been infected with a virus;
because of the mutation, the major viral glycoprotein fails to be modified with GleNAc in the Golgi apparatus of the mutant
calls. The “acceptor” Golgi stacks are isolated from uninfected wild-type cells and thus contain a good copy of GleMNAc
transferase |, but lack the viral glycoprotein. In the mixture of Golgi stacks the viral glycoprotein acquires GlcNAgc, indicating
that it must have been transported between the Golgi stacks—presumably by vesicles that bud from the cis compartment of
the donor Golgi and fuse with the medial compartmant of the acceptor Golgi. This transport-depandent glycosylation is
maonitored by meaasuring the transfer of *H-GlcNAG from UDP-H-GlcNAc to the viral glycoprotein. Transport occurs only
when ATP and cytosol are added. By fractionating the cytosol, a number of specific cytosolic proteins have been identified
that are required for the budding and fusion of transport vesicles.

INCUBATE TOGETHER + CYTOSOL + ATP + H-GleMAg
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Similar cell-free systems have been used to study transport from the medial to the trans Golgi network, from the trans Golgi
network to the plasma membrane, from endosomes to lysosomes, and from the trans Golgi network to late endosomes.

GENETIC APPROACHES FOR STUDYING VESICULAR TRANSPORT

Genetic studies of mutant yeast cells defective for secretion at high temperature have identified more than 25 genes that are
involved in the secretory pathway. Many of the mutant genes encode temperature-sensitive proteins. These function
normally at 26°C, but when the mutant cells are shifted to 36°C, some of them fail to transport proteins from the ER to the
Golgi apparatus, others from one Golgi cisterna to another, and still others from the Golgi apparatus to the vacuole (the yeast
Ilysosome) or to the plasma membrane.

Once a protein required for secretion has been identified in this way, one can identify genes that encode proteins that interact
with it by making use of a phenomenon called multicopy suppression. A temperatura-sensitive mutant protein at high
temperature often has too low an affinity for the proteins it normally interacts with to bind to them. If the interacting proteins
are produced at much higher concentration than normal, howaver, sufficient binding occurs to cure the defect. For this
raason yeast cells with a temperature-sansitive mutation in a gena involved in vesicular transport are often transfected with a
yaeast plasmid vector into which random yeast genomic DNA fragments have been cloned. Because this plasmid is
maintained in cells at high copy number, those that carry intact genes will overproduce the normal gene product, allowing
rare calls to survive at the high temperature. The relevant DNA fragments, which presumably encode proteins that interact
with the original mutant protein, can then be isolated from the surviving cell clones.

The genetic and biochemical approaches complement each other, and many of the proteins involved in vesicular transport
have been identified independently by biochemical studies of mammalian cell-free systems and by genetic studies in yeast.



GFP-FUSION PROTEINS HAVE REVOLUTIONIZED THE STUDY OF INTRACELLULAR TRANSPORT

One way to follow the whereabouts of a protein in living
cells is to construct fusion proteins, in which green
fluorescent protein {GFP) is attached by genetic
engineering technigques to the protein of interest. When
a cDMNA encoding such a fusion protein is expressad ina
cell, the protein is readily visible in a fluorescent
microscope, 50 that it can ba followed in living cells in
raal time. Fortunately, for most proteins studied the
addition of GFP to a protein does not perturh the
protein's function.

GFP fusion proteins are widely used to study the
location and movement of proteins in cellz. GFP fused to
proteins that shuttle in and out of the nucleus, for
example, is used to study nuclear transport events and
their regulation. GFP fused to mitochondrial or Golgi
proteins is used to study the behavior of these
organelles. GFP fused to plasma membrane proteins is
used to measure the kinetics of their mavement from the
ER through the secretory pathway. Dramatic examples
of such experiments can be seen as movies on the CD
that accompanies this book,

Tha study of GFP fusion proteins is often combined with
FRAP and FLIP technigues (discussad in Chapter 10}, in
which the GFP in selected regions of the cell is bleached
by strong laser light, The rate of diffusion of unbleached
GFP fusion proteins into that area can then be
determined to provide measurement of the protein's
diffusion or transport in the cell. In this way, for
example, it was determined that many Golgi enzymes
recycle between Golgi apparatus and the ER.

(&=D right, courtesy of Jennifer Lippincott-Schwartz Lab.}
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{A) In this experiment, GFP fused to the vesicular
stomatitis virus coat protein was expressed in cultured
cells. The viral protein is an integral membrane protein
that normally mowves through the secretory pathway from
the ER to the cell surface, where the virus would be
assambled if cells also exprassed the other viral
components. The viral protein contains a mutation that
allows export from the ER only at a low temperature.
Thus, at the high temperature shown, the fusion protein
labels the ER.

(B) As the temperature is lowered, the GFP fusion
protein rapidly accumulates at ER exit sites.

{D) Finally, the fusion protein is deliverad to thae plasma
membrane. From such studies the kinetics of each
step in the pathway can be determined.



HOW REDOX POTENTIALS ARE MEASURED

wvoltmeter
—(—
- .~ salt bridge =
b ey R—
Auucod A0 Ay iiong 1M H" and
in equimolar amounts 1 atmosphere H, gas

SOME STANDARD REDOX POTENTIALS AT pH7

By convention, the redox potential for a redox pair is
designated E. For the standard state, with all reactants

at a concentration of 1 M, including H”, one can determine
a standard redox potential, designated E;. Since biclogical
reactions occur at pH 7, biologists use a different standard
state in which A cq = Aoidizeg and H' = 107" M. This
standard redox potential is designated Ej. A few examples
of spacial relevance to oxidative phosphorylation are given
here.

CALCULATION OF AG"FROM
REDOX POTENTIALS

AEG = +350 mV

121 mixpure of 121 mixture of oxidized
MADH and NAD" and reduced ubiquinomna
AG"= -8 kcal/mole

AG"= =n{0.023) AE},, where n is the number of
electrons transferred across a redox potential
change of AE} millivolts (mV)

Exarmple: The transfer of one electron from NADH to
ubiquinone has a favorable AG"of -B.0 keal/mole,
whereas the transfer of one electron from
ubiquinone to oxygen has an aven mora favorable
AG"of —18.2 kealimole. The AG"value for the transfer
of one electron from NADH to oxygen is the sum of
these two values, -26.2 kcal/maole.

One beaker |leff contains substance A, with an equimolar mixture
of the reduced (A4 ,..q) and oxidized (A, 64 Members of its
redox pair. The other beaker contains the hydrogen reference
standard (2H" + 2= Hs), whose redox potential is arbitrarily
assigned as zero by international agreemant. (A salt bridge formed
from a concentrated KCl solution allows the ions K' and CI™ to
move between the two beakers, as required to neutralize the
charges in each beaker when electrons flow between them.) The
metal wire (red) provides a resistance-free path for electrons, and a
voltmeter then measures the redox potential of substance A. If
electrons flow from A, .4 10 H', as indicated here, the redox pair

formed by substance A is said to have a negative redox

potential. If

they instead flow from Hy t0 Agggi:eq- the redox pair is said to have

a positive redox potential.

NMADH = NAD" +H" + 2¢

reduced _. oxidized
ubiquinone ™ ubiguinone +2H' +2¢

reduced o oxidized

cytochromec * cytochromec 8 *230m

HO ™ 150, + 2H' + 20  sm0mv

THE EFFECT OF CONCENTRATION CHANGES

The actual free-anergy change for a reaction, AG, depends on the
concentration of the reactants and generally is different from the

standard free-energy change, AG®. The standard redox

potentials are for @ 1:1 mixtura of the redox pair. For axampla,
the standard redox potential of =320 mV is for a 1:1 mixture of
NADH and NAD", But when there is an excess of NADH aver
MAD", electron transfer from NADH to an electron acceptor
becomes more favorable. This is reflected by a more negative
redox potential and a more negative AG for electron transfer.

excess NADH standard 1:1 excess NAD'
- - -\| mixiure - -
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AETIN FILAMENTS

—)
25 nm

Actin filarments (also known as microfilaments) are two-stranded helical
polymers of the protein actin. They appear a8 flexible structures, with a
diameter of 5-3 nm, and they are organized into a variety of linear bundles,
two-dimensional networks, and three-dimensional gels. Although actin
filaments are dispersed throughout the cell, they are most highly
concentrated in the corfex, just benaath the plasma membranea.

Microtubules are long, hollow cylinders made of the protein tubulin. With an
outer diameter of 25 nm, they are much more rigid than actin filaments.
Microtubules are long and straight and typically have one end attached to a
single microtubule-organizing center (MTOC) called a centrosome, as shown
hera,

Micrographs courtesy of Richard 'Wade i); D, T. Woodrow and BW, Linck diil; David Shima Giil; 8. Desai (iv).

[NTEHMEDIATE FILAMENTS

| I

25 nm
Intermediate fillaments are ropelike fibers with a diameter of around
10 nm; they are made of intermediate filament proteins, which constitute a
large and heterogeneous family. One type of intermediate filament forms a
mieshwork called the nuclear lamina just beneath the inner nuclear
mambrane. Other types extend across the cytoplasm, giving calls mechanical
stremgth. In an epithelial tissue, they span the cytoplasm from one cell-cell
junction to another, thereby strengthening the entire epithelium.

Micrographs courtesy of Roy Quinlan fil; Mancy L. Kedersha {iil; Mary Oshorn {iid}; Ueli Asbi (iv].




ON RATES AND OFF RATES

A linear polymer of protein molecules, such
as an actin filament or a microtubule,
assembles (polymerizes) and disassembles
(depolymerizes) by the addition and removal
of subunits at the ends of the polymer. The
rate of addition of these subunits (called
monomers) is given by the rate constant k,,,,
which has units of M~ sec™. The rate of loss
is given by kyy (units of sec™').

subumnit

+ [l

polymer {with n +1 subunits)

polymer (with n subunits)

i
-'fu-.l ki

THE CRITICAL CONCENTRATION

The number of monomers that add to the
palymer (actin filament or microtubula) per
second will be proportional to the
concentration of the free subunit (k,,C), but
the subunits will leave the polymer end at a
constant rate (k) that does not depend on C.
As the polymer grows, subunits are used up,
and Cis observed to drop until it reaches a
constant value, called the critical concentration
{C.). At this concentration the rate of subunit
addition equals the rate of subunit loss.

At this equilibrium,

kl:ll'l C= ‘lf-:lff

s0 that
C = *!'nl'l __1
£ k. K

)]

{where K is the equilibrium constant for
subunit addition; see Figure 3-d44).

PLUS AND MINUS ENDS

The two ends of an actin filament or microtubule polymerize
at different rates. The fast-growing end is called the plus end,
whereas the slow-growing end is called the minus end. The
difference in the rates of growth at the two ends is made
possible by changes in the conformation of each subunit as

it enters the polymer.

———
s ok

This conformational change affects the rates at which subunits add to

the two ends.

Even though k., and ks will have different values for the plus and
minus ends of the polymer, their ratio k 4k, —and hence { —must be
the same at both ends for a simple polymerization reaction (no ATP or
GTP hydrolysis). This is because axactly the same subunit interactions
are broken when a subunit is lost at either end, and the final state of

subunit in

polymer

NUCLEATION A helical polymer is stabilized by multiple contacts between
adjacent subunits. In the case of actin, two actin molecules bind relatively weakly to
each other, but addition of a third actin monomer to form a trimer makes tha antire

group more stable,

Mmonomer dimer trimer

Further monomer addition can take place onto this trimer, which therefore acts as a
nucleus for polymerization. For tubulin, the nucleus is larger and has a more
complicated structure (possibly a ring of 13 or more tubulin molecules}—but the
principle is the same.

The assembly of a nucleus is relatively slow, which explains the lag phase
seen during polymerization. The lag phase can be reduced or abolished
entirely if premade nuclei, such as fragments of already polymerized microtubules
or actin filaments, are added.

TIME COURSE OF POLYMERIZATION
The assembly of a protein into a long helical polymer such as a cytoskeletal filament
or a bacterial flagellum typically shows the following time course:
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The lag phase corresponds to time taken for nucleation, me —*

The growth phase occurs as monomers add to the exposed ends of the
growing filament, causing filament elongation.

The equilibrium phase, or steady state, is reached when the growth of the polymer
due to monomer addition is precisely balanced by the shrinkage of the polymer due
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the subunit after dissociation is identical. Therefore, the AG for subunit
loss, which determines the equilibrium constant for its association with
the and, is identical at both ands: if the plus end grows four timas faster
than the minus end, it must also shrink four times faster. Thus, for C=> C,
both ends grow; for C< C,., both ends shrink.

The nucleoside triphosphate hydrolysis that accompanies actin and
tubulin polymerization removes this constraint.



NUCLEOTIDE HYDROLYSIS

Each actin molecule carries a tightly bound ATP molecule that is hydrolyzed to a
tightly bound ADP molecule soon after its assembly into polymer. Similarly, each
tubulin molacule carries a tightly bound GTP that is convertad to a tightly bound
GDP molecule soon after the molecule assembles into the polymer.

{T = monomaear carrying ATF

— @& — & gor
. L =y - ﬁ ———— |} = monomer carrying ADP

free monomer subunit in polymer or GDF)

Hydrolysis of the bound nucleotide reduces the binding affinity of the subunit for
neighboring subunits and makes it more likely to dissociate from each end of the
filament (see Figure 16-11 for a possible mechanism). It is usually the - form
that adds to the filament and the form that leaves.

Considering events at the plus end only:
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As before, the polymer will grow until C= C.. For illustrative purposes, we can ignore
k':',;,n and .i.'T,:,.f since they are usually very small, so that polymer growth ceases when
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This is a steady state and not a true equilibrium, because the ATP or GTP that is
hydrolyzed must be replenished by a nucleotide exchange reaction of the
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TREADMILLING

One consequence of the nucleotide hydrolysis that accompanies polymer
formation is to change the critical concentration at the two ends of the
polymer. Since k° 4 and k', refer to different reactions, their ratio
.IFWT.F:TD" need not be the same at both ends of the polymer, so that:

C. {minus end) = C. (plus end)

Thus, if both ends of a polymer are exposed, polymerization proceads
until the concentration of free monomer reaches a value that

is above C, for the plus end but below C. for the minus and. At this
steady state, subunits undergo a net assembly at the plus end and a
net disassembly at the minus end at an identical rate. The polymer
maintains a constant length, even though there is a net flux of subunits
through the polymer, known as treadmilling.

DYNAMIC INSTABILITY

Microtubules depolymerize about 100 times faster from an end containing GDP
tubulin than from one containing GTP tubulin. A GTP cap favors growth,
but if it is lost, then depolymerization ensues.

GTP cap
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ATP CAPS AND GTP CAPS

The rate of addition of subunits to a
growing actin filament or microtubule
can be faster than the rate at which thair
bound nucleatide is hydrolyzed. Under
such conditions, the end has a "cap”

of subunits containing the nucleoside
triphosphate—an ATP cap on an actin
filament or a GTP cap on a microtubule.

ATP or GTP cap

DYMNAMIC INSTABILITY and
TREADMILLING are two behaviors
observed in cytoskeletal polymers. Both

are associated with nucleoside triphosphate
hydrolysis. Dynamic instability is believed
to predominate in microtubules, whereas
treadmilling may predominate in

actin filaments.

Individual microtubules can therefore alternate between a period of slow growth and
a period of rapid disassembly, a phenomenon called dynamic instability.
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CELL DIVISION AND THE CELL CYCLE

INTERPHASE
5
Gy Gz,
8! CYTOKINESIS I PROPHASE
CELL
CYCLE

'8 TELOPHASE 2 PROMETAPHASE

W& ANAPHASE 18 METAPHASE

M PHASE

The division of a cell into two daughtars occurs in the M
phase of the cell cycle. M phase consists of nuclear
division {mitosis) and cytoplasmic division {cytokinesis),
In this figure, the M phase has heen expanded for clarity.
Mitosis is itself divided into five stages, and these,
together with cytokinesis, are described in this panel,

INTERPHASE

duplicated centrosome

g

microtubules

nuclear
envelopa

decondensed
chromosomaeas
in nucleus

plasma /

membrang

During interphase, the cell increases in size. The
DMA of the chromosomes is replicated, and the
centrosome is duplicated.

The light micrographs shown in this panal are of a
living cell from the lung epithalium of a newt. The
sama call has been photographed when viewed by
differential-interference-contrast microscopy at
diffarent times during its division into two daughtar
cells. (Courtesy of Canly L. Rieder.)

L
M PROPHASE  centrosome
intact forming
nuclear mitotic
envidape spindle
kinetochore

condensing replicated chromasome, consisting of
two sister chromatids held together along their length

12' PROMETAPHASE

fragments of
centrosomea

nuclear envelopa

kinetochore
microtubule

chromosome in active motion

At prophase, the replicated
chromosomes, each consisting
of two closely associated sister
chromatids, condanse. Outside
the nucleus, the mitotic spindle
assembles between the two
centrosomes, which have repli-
cated and moved apart. For
simplicity, only three
chromosomes are shown. In
diploid cells, there would be two
copies of each chromosome
present.

Prametaphase starts
abruptly with the
breakdown of the nuclear
envelope. Chromosomes
can now attach to spindle
microtubules via their
kinetochores and undergo
active movament,

s B Sl
time = 79 min




'8 METAPHASE

centrosome at spindle pole

kinetochore
microtubule

B ANAPHASE

daughter chromosomes

<

shortening
kinetochore

spindle pole
microtubule

moving oubward

8! TELOPHASE
set of daughter chromosomes
at spindle pole

contractile ring
starting to form

overlap CENTOS0ME

microtubules

At metaphase, the
chromosomes are aligned
at the equator of the
spindle, midway between
the spindie poles. The
kinetochore microtubules
attach sister chromatids to
opposite poles of the
spindle,

At anaphase, the sister
chromatids synchronously
separate to form two
daughter chromosomes,
and each is pulled slowly
toward the spindle pole it
faces. The kinetochore
microtubules gat shorter,
and the spindle poles also
move apart; both
processes contribute to
chromosome separation.

During telophase, the two
sets of daughter chromo-
somes arrive at the poles of
the spindle and decondense.
A new nuclear envelope
reassembles around each
set, completing the formation
of two nuclei and marking
the end of mitosis. The
division of the cytoplasm
begins with the assembly of
the contractile ring.

*nuclear envelope reassambling

around individual chromosomes

8 CYTOKINESIS

completed nuclear envelope
surrounds decondensing
chromosomes

contractile ring
creating cleavage
furrow

During cytokinesis, the
cytoplasm is divided in two
by a contractile ring of
actin and myosin
filaments, which pinches
the cell in two to create
two daughters, each with
one nucleus.

re-formation of interphase
array of microtubules nucleated
by the centrosome




THE FLOWER

Flowers, which contain the reproductive cells of higher
plants, arise from vegetative shoot apical meristerms
(see Figures 21-115 and 21-122). They terminate further
vagetative growth from that meristermn. Environmental
factors, often the rhythms of day length and
temperatura, trigger the switch from vegetative to

floral development. The germ cells thus arise late

in plant development from somatic cells rather

than from a germ cell line, as in animals.

i (.5 mm ———
sapal

petal
slarmen

carpel young
flower bud

Flower structure is both varied and species-specific but
generally comprises four concentrically arranged sets of

structures that may each be regarded as modified leaves.

THE SEED

A seed contains a dormant
ambryo, a food store, and
a sead coat. By the and of
its development a seed's
water content can drop
from 90% to 5%. The seed
is usually protected in a
fruit whose tissues are of
maternal origin.

ermbryo

THE EMBRYO

Petal: distinctive leaflike structures, usually brightly colored,
facilitate pollination via, for example, attracted insects.

Stamen: an organ containing cells that

stigma undergo meiosis and form haploid pollen

grains, each of which contains

two male sperm cells. Pollen

transferred to a stigma g'r::'i:"
germinates, and the pollen tube

delivers the two nonmaotile sperm SpeT

calls
to the ovary. ol
en
tubea

Carpel: an organ containing one or
P g g nucleus

more ovaries, each of which contains
ovules. Each ovule houses cells that undergo

meiosis and form an embryo sac containing the female
egg cell. At fertilization, one sperm cell fuses with the
egg cell and will form the future diploid embryo, while
the other fuses with two cells in the embryo sac to form

h '; 1'.'".:“,”!';“ the triploid endosperm tissue.

Sepals: leaflike structures that form a protective
covering during early flower development.
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The fertilized egg within the ovule will grow to

form an embryo using nutrients transported from

the endosperm by the suspensor. A complex series

of cell divisions, illustrated here for the commaon weed

called shepherd’s purse, produces an embryo with a root !

apical meristermn, a shoot apical meristem, and either one

{monocots) or two (dicots) seed leaves, called cotyledons.
Development is arrested at this stage, and the ovule,

seed containing the embryo, now becomes a seed,

laavas _
{food store) adapted for dispersal and survival.

| ladons)
seed coat ey

GERMINATION

For the embryo to resume its growth the seed must
germinate, a process dependent upon both internal
factors (dormancy) and environmental factors including
water, temperature, and oxygen. The food reserves for
the early phase of germination may either be the
endosperm {maize] or the cotyledons (pea and bean).

The primary root usually emerges first from the seed
to ensure an early water supply for the seedling. The

garden bean
germination

cotyledon(s) may appear above the ground, as in the
garden bean shown here, or they may remain in the
soil, as in peas. In both cases the cotyledons eventually
wither away.

The apical meristerm can now show its capacity for
continuous growth, producing a typical pattern of
nodes, internodes, and buds (see Figure 21-1086).

withered
cotyledon

saad coat cotyledons

ya)

root lataral roots




THE THREE TISSUE SYSTEMS THE PLANT

Cell division, growth, and differentiation give rise to
tissue systems with specialized functions.

upper epidermis  midrib

ghoot apical meristem

DERMAL TISSUE (mmm): This is the plant's protective
outer covering in contact with the anvironment. It
facilitates water and ion uptake in roots and regulates
gas exchange in leaves and stems.

VASCULAR TISSUE: Together the phloam (0} and
the xylem (BN form a continuous vascular system
throughout the plant. This tissue conducts water and
solutas between organs and also provides
mechanical support.

GROUND TISSUE (C3): This packing and supportive
tissue accounts for much of the bulk of the young
plant. It also functions in food manufacture and
storage.

masophyll
[parenchymal
collenchyma

stomata
in lower
epidermis

vascular bundle

The young flowering plant shown on the right is constructed
from three main types of organs: leaves, stemns, and roots.
Each plant organ in turn is made from three tissue systems:
ground (C3J), dermal (EEM), and vascular (EE),

All three tissue systemns derive ultimately from the cell
proliferative activity of the shoot or root apical meristems,
and each contains a relatively small number of specialized
cell types. These three commaon tissue systems, and the
cells that comprise them, are described in this panel.

endodermis pericycle

root apical meristem

GROUND TISSUE The ground tissue system contains lench - _
three mein cell types called parenchyrma, Collenchyma are living cells similar to parenchyma cells

collenchyma, and sclerenchyma. ::ﬁaﬂ ﬁl;a;:ﬁr:::ﬂ;‘:;:nh thicker
Farenchyma cells are found in all tissue systems. They are living flmm;nrﬂﬂhﬂ:ﬁr': ELTSE
cells, generally capable of further division, and have a thin of stretching and provide
primary cell wall. These cells have a variety of functions. The mechanical support in the ground
apical and lateral meristematic cells of shoots and roots provide tissue system of the elongating
the new cells required for growth. Food production and storage regions of the plant. Collenchyma
occur in the photosynthetic cells of the leaf and stem (called aslla ars sspeclally sommon In
mesophyll cells); storage parenchyma cells form the bulk of most fruits subepidermal regians of stems.
and vegetables. Because of their proliferative capacity, parenchyma
calls also serve as stem cells for wound healing and regenearation. typical locations of _
L 1
30 pm

supporting groups
of cells in a stem
sclerenchyma fibers

vascular bundle
collenchyma

Sclerenchyma, like collenchyma, have strengthening and
supporting functions. However, thay

fiber bundle are usually dead cells with thick,
: | | lignified secondary cell walls that
W - " 50 um prevent them from stretching as the
cells . B ; plant grows. Two common types are
fibers, which often form long bundles,
A transfer cell, a specialized form of and sclereids, which are shorter branched
e the parenchyma cell, is readily cells found in seed coats and fruit.
g identified by elaborate ingrowths of
o n the primary cell wall. The increase sclereid
s in the area of the plasma membrane
beneath these walls facilitates the
rransfr call rapid transport of solutes to and [ 5T |

from cells of the vascular system. 10 pm



DERMAL TISSUE

The epidermis is the primary outer
protective covering of the plant body. Cells
of the epidermis are also modified to form
stomata and hairs of various kinds.

Stomata

guard cealls
L)

Hairs {or trichomeas) are appendages derived
from epidermal cells. They exist in a variety
of forms and are commonly found in all
plant parts. Hairs function in protection,
absorption, and secretion; for example,

Epidermis

Il LR b T e
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Stomata are openings in the epidermis,
mainly on the lower surface of the leaf, that
ragulate gas exchange in the plant. They are
formed by two specialized epidermal cells
called guard cells, which regulate the diameter
of the pore. Stomata are distributed in a
distinct species-specific pattern within

each epidermis.

The epidermis (usually one layer of cells
deep) covers the entire stemn, leaf, and root
of the young plant. The cells are living,
have thick primary cell walls, and are
covered on their outer surface by a special
cuticle with an outer waxy layer. The cells
are tightly interlocked in different patterns.

.eﬁ:
2.

Vascular bundles

i Roots usually have a single vascular
bundle, but stems have several
bundlas. These are arranged with
strict radial symmetry in dicots, but
they are more irregularly dispersed
in Mmonocots.

upper epidernmis epidermis of shaath of
of a leaf a stem sclerenchyma
phloam
VASCULAR TISSUE wylem
The phloem and the xylem together form a parenchyma
continuous vascular system throughout the
plant. In young plants they are usually L1
associated with a variety of other cell types 50 pm

in vascular bundles. Both phloem and
xylem are complex tissues. Their conducting
elements are associated with parenchyma
cells that maintain the elements and
exchange materials with them. In addition,
groups of collenchyma and sclerenchyma cells provide mechanical support.

Phloem siave
pore

a typical vascular bundle from
the young stem of a buttercup

plasma

small vessal
membrang

element in

cell root tip

simve-tube element
in cross-saction

pxternal view of
sieve-tube element

Phloem is involved in the transport of organic solutes in the plant.
The main conducting cells (elements) are aligned to form tubes
called sieve tubes. The sieve-tube elements at maturity are living
cells, intarconnected by perforations in their end walls formed
from enlarged and modified plasmodesmata (sieve plates). These
cells retain their plasma membrane, but they have lost their nuclei
and much of their cytoplasm; they therefore rely on associated
companion cells for their maintenance. These companion cells
have the additional function of actively transporting soluble food
maolecules into and out of sieve-tube elements through porous sieve
areas in the wall.

: | I |

epidermis hair 100 prm
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young, single-celled hairs in the
epidermis of the cotton seed. When
these grow, the walls will be
secondarily thickened with cellulose
to form cotton fibars.

a multicellular
secretory hair from hawve an important function

Single-celled root hairs

a geranium leaf in water and ion uptake.

Aylem

Xylemn carries water and dissolved ions
in the plant. The main conducting cells
are the vessel elements shown hera,
which are dead cells at maturity that lack
a plasma membrane. The cell wall has
been sacondarily
thickened and heavily
| lignified. As shown
3| below, its end wall is
| largely remaoved,
| enabling very long,
| continuous tubes to
= | be formed.

large, maturs
vessel element

The vessel elements are closely
associated with xylem parenchyma
cells, which actively transport

| selected solutes into and out of the
elements across the parenchyma

) cell plasma membrane.

> wylem parenchyma cells
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