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121 The mechanism for the transfer of genetic
*_information is highly conserved
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1.22° The discovery of retroviruses showed that
information stored in RNA can be transferred
to DNA .
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10.6  The chemical potentials of the reactants and

products are balanced at equilibrium
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at equilibrium define the equilibrium
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bases act as buffers

The charges on biclogical macromolecules
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altered by interactions in the folded protein
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chain can be estimated by counting the number

of low-energy torsional isomers
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if the entropy of water molecules is not
considered

Protein folding is driven by an increase in
water entropy
Calorimetric measurements allow the

experimental determination of the free energy
of protein folding
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unfolded molecules, and on the energy
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The temperature dependence of the eguilibrium

The free-energy change opposes protein folding

The heat capacity of a protein solution depends
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An electrical potential difference across the
membrane is essential for the functioning

of all cells

The sodium-potassium pump hydrolyzes ATP
to move Na* ions out of the cell with the
coupled movement of K* ions into the cell
Sodium and potassium channels allow ions
to move quickly acrass the membrane
Sodium and potassium channels contain

a conserved tetrameric pore domain

A large vestibule within the channel reduces
the distance over which ions have to move
without associated water molecules
Carbonyl groups in the selectivity fitter provide
specificity for K* ions by substituting for the
inner-sphere waters

Rapid transit of K* ions through the channel
is facilitated by hopping between isoenergetic
binding sites

THE TRANSMISSION OF ACTION
POTENTIALS IN NEURONS

The asymmetric distribution of ions across

" the cell membrane generates an equilibrium

membrane potential

The Nernst equation relates the equilibrium
membrane potential to the concentrations
of ions inside and outside the cell

Cell membranes act as electrical capacitors

The depolarization of the membrane is a
key step in initiating a neuronal signal
Membrane potentials are altered by the
movement of relatively few ions, enabling
rapid axonal transmission

The propagation of voltage changes can be
understood by treating the axon as an
electrical circuit

The propagation of changes in membrane
potential in the axon are described by the
cable equation

The resting membrane potential is determined
by a combination of the basal conductances
of potassium and sodium channels

The propagation of a voltage spike withourt
triggering voltage-gated ion channels is known
as passive spread

If membrane currents are neglected, then the
cable equation is analogous to a diffusion
equation

Leakage through open ion channels limits

the spread of a voltage perturbation

The time taken to develop a membrane
potential is determined by the conductance
of the membrane and its capacitance

Myelination of mammalian neurons facilitates
the transmission of action potentials

Action potentials are regenerated pericdically
as they travel down the axon

A positively charged sensor in voltage-gated
ion channels moves across the membrane
upon depolarization
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11.39 The structures of voltage-gated K* channels
show that the voltage sensors form paddle-like
structures that surround the core of the
channel

11.40 The crystal structure of a voltage-gated
K* channel suggests how the voltage sensor
opens and closes the channel
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PART IV: MOLECULAR INTERACTIONS

Chapter 12 Molecular Recognition:

The Thermodynamics of Binding <
A.  THERMODYNAMICS OF MOLECULAR
INTERACTIONS

12.1  The affinity of a protein for a ligand is
characterized by the dissociation constant, Kp

12.2 The value of Kp corresponds to the
concentration of free ligand at which the
protein is half saturated

12,3 The dissociation constant is a dimensionless
number, but is commaenly referred to in
concentration units

12.4 Dissociation constants are determined
experimentally using binding assays

12.5 Binding isotherms plotted with logarithmic
axes are commonly used to determine the
dissociation constant

126 When the ligand is in great excess over the
protein, the free ligand concentration, [L), is
essentially equal to the total ligand
concentration

12.7 Scatchard analysis makes it possible to
estimate the value of Kp when the
concentration of the receptor is unknown

12.8 Scatchard analysis can be applied to
unpurified proteins

12.9 Saturable binding is a hallmark of specific
binding interactions

12.10 The value of the dissociation constant, Kp,
defines the ligand concentration range aver
which the protein switches from unbound
to bound

12.11 The dissociation constant for a physiological
ligand is usually close to the natural
concentration of the ligand

B. DRUG BINDING BY PROTEINS

12.12 Most drugs are developed by optimizing the
inhibition of protein targets

12.13 Signaling molecules are protein targets in
cancer drug development

12.14 Most small molecule drugs work by displacing
a natural ligand for a protein

12.15 The binding of drugs to their target proteins

often results in conformational changes in the
protein
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Induced-fit binding occurs through selection
by the ligand of one among many preexisting
conformations of the protein 557

12.17 Conformational changes in the protein
underlie the specificity of a cancer drug
known as imatinib 559
12.18 Conformational changes in the target protein
can weaken the affinity of an inhibitor 560
12.19 The strength of noncovalent interactions usually
correlates with hydrophobic interactions 562
12.20 Cholesterol-lowering drugs known as statins
take advantage of hydrophobic interactions
to block their target enzyme 563
12.21 The apparent affinity of a competitive inhibitor
for a protein is reduced by the presence of
the natural ligand 566
12.22 Entropy lost by drug molecules upan hinding is
regained through the hydrophobic effect and
the release of protein-bound water molecules 549
12.23 |sothermal titration calorimetry allows us to
determine the enthalpic and entropic
components of the binding free energy 573
. summary 576
T Key Concepts 578
Problems 578
Further Reading ' 580
Chapter 13 Specificity of
Macromolecular Recognition 581
A AFFINITY AND SPECIFICITY 581
13.1  Both affinity and specificity are important in
intermolecular interactions 581
13.2  Proteins often have to choose between
several closely related targets 582
13.3 Specificity is defined in terms of ratios of
dissociation constants 584
13.4 The specificity of binding depends on the
concentration of ligand 585
13.5 Fractional occupancy and specificity are
important for activities resulting from binding 587
13.6  Most macromolecular interactions are a
compromise between affinity and specificity 587
13.7 Fibroblast growth factors vary considerably
in their affinities for receptors 588
13.8 The recognition of DNA by transcription factors
involves discrimination between a very large
numbers of off-target binding sites 590
13.9 Lowering the affinity of lac repressor for the
operator switchas on transcription 591
B. PROTEIN-PROTEIN INTERACTIONS 593
13.10 Protein-protein complexes involve interfaces
between two folded domains or between
a domain and a peptide segment 593
13.11 5H2 domains are specific for peptides
containing phosphotyrosine 595
13.12 Individual SH2 domains cannot discriminate
sharply between different phosphotyrosine-
containing sequences 5%6
13.13 Combinations of peptide recognition domains
have higher specificity than individual domains 597
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16.12 Substrate-dependent noncompetitive inhibitors

only bind to the enzyme when the substrate is

present 741
16.13 Some noncompetitive inhibitars are linked

irreversibly to the enzyme 742
16.14 In a ping-pong mechanism the enzyme becomes

modified tamporarily during the reaction 744
16,15 For a reaction with multiple substrates, the

order of binding can be random or sequential 744
16.16 Enzymes with multiple binding sites can

display allosteric (cooperative) behavior 746
16.17 Product inhibition is a mechanism for

regulating metabolite levels in cells 749
C. PROTEIN ENZYMES 749
16.18 Enzymes can accelerate reactions by large

amounts 750
16.19 Transition state stabilization is a major "

contributor to rate enhancement by enzymes 751
16.20 Enzymes can act as acids or bases to

enhance reaction rates 754
16.21 Proximity effects are important for many

reactions 756
16.22 The serine proteases are a large family of

enzymes that contain a conserved Ser-His-Asp

catalytic triad 758
16.23 Sidechain recognition positions the catalytic

triad next to the peptide bond that is cleaved 758
16.24 The specificities of serine proteases vary

considerably, but the catalytic triad is

conserved 760
16.25 Peptide cleavage in serine proteases proceeds

via a ping-pong mechanism 761
16.26 Angiotensin-converting enzyme is a zinc-

containing protease that is an impoartant

drug target 763
16.27 Creatine kinase catalyzes phosphate transfer

by stabilizing a planar phosphate intermediate 7464
16.28 Some enzymes work by populating disfavored

conformations 766
16.29 Antibodies that bind transition state analogs

can have catalytic activity 768
D. RMNA ENZYMES 769
16.30 Small self-cleaving ribozymes and ribonuclease

proteins catalyze the same reaction 769
16,37 Self-cleaving ribozymes use nucleotide bases

for catalysis, even though these do not have

pKg values well suited for proton transfer 769
16.32 Hairpin ribozymes optimize hydrogen bonds

to the transition state rather than to the initial

ar final states Ty
16.33 There are at least two possible mechanisms

for bond cleavage by the hairpin ribozyme 773
16.34 The splicing reaction catalyzed by group |

introns occurs in two steps 774
16.35 Metal ions facilitate catalysis by group | introns 777
16.36 Substitution of oxygen by sulfur in RMNA helps

identify metals that participate in catalysis 777
Summary 780
Key Concepts 781
Problems 782

Further Reading 785
Chapter 17 Diffusion and Transport 787
A, RANDOM WALKS 787
171 Microscopic motion is well described by

trajectories called random walks 787
17.2  The analysis of bacterial movement is simplified

by considering one-dimensional random walks

with uniform step lengths and time intervals 788
17.3  The probability distribution for the number of

moves in one direction is given by a Gaussian

function 789
17.4  The probability of moving a certain distance

in a one-dimensional random walk is also given

by a Gaussian function 7N
17.5 The width of the distribution of displacements

increases with the square root of time for

random walks 794
17.6 Random walks in two dimensions can be

analyzed by combining two orthogonal one-
& dimensional random walks 794
177 A two-dimensional random walk is described

by two one-dimensional walks, but the effective

step size for each is smaller by a factor of 2 798
17.8  The assumption of uniform step lengths along

each axis means that the random walk occurs

on a grid 798
17.9 A three-dimensional random walk is described

by three orthogonal one-dimensional walks,

and the effective step size for each is smaller

by a factor of /3 a0
17.10 The movement of bacteria in the presence

of attractants or repellents is described by

biased random walks 801
B. MACROSCOPIC DESCRIPTION OF

DIFFUSION 802
17.11 Fick's first law states that the flux of molecules

is proportional to the concentration gradient 802
17.12 Fick's second law describes the rate of change

in concentration with time a04
17.13 Integration of the diffusion equation allows us to

calculate the change in concentration with time 805
17.14 The diffusion constant is related to the mean

square displacement of molecules BO7
17.15 Diffusion constants depend on molecular

properties such as size and shape 509
17.16 The diffusion constant is inversely related to

the friction factor 310
17.17 Viscosity is a measure of the resistance to flow 811
17.18 Liguids with strong interactions between

molecules have high viscosity 812
17.19 The Stokes-Einstein equation allows us to

calculate the diffusion coefficients of molecules 812
17.20 The diffusion constants for nonspherical molecules

are only slightly different from those calculated

from the spherical approximation 814
17.21 Diffusion-limited reaction rate constants can

be calculated from the diffusion constants

of molecules 815
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17.22

17.23

17.24

17.25

One-dimensional searches on DNA increase
the rate at which transcription factors find
their targets 817

Restricting diffusion to two-dimensional
membranes can slow down the rate of

encounter but still speed up reactions 819
Concentration gradients determine the
outcomes of many biological processes 822

Cells use motor proteins to transport cargo
over long distances and to specific locations 823

17.26 Vesicles are transported by kinesin motors

that move along microtubule tracks 823
17.27 ATP hydrolysis provides a powerful driving

force for kinesin movement 825
C. EXPERIMENTAL MEASUREMENT OF

DIFFUSION . 826
17.28 Diffusion constants can be measured

experimentally in several ways B26
17.29 Movement of molecules in solution can be

driven by centrifugal forces 827
17.30 Equilibrium centrifugation can be used to

determine molecular weights 829
17.31 Electrophoresis provides an alternative method

for driving molecular motion B30
17.32 The electrophoretic mobility of nucleic acids

decreases with size 831
17.33 Gel electrophoresis analysis of proteins is

useful for size determination 83z
summary 833
Key Concepts 834
Problems 835
Further Reading 836
PART VI: ASSEMBLY AND ACTIVITIY 838
Chapter 18 Folding 839
A HOW PROTEINS FOLD 840
18.1 Protein folding is governed by thermodynamics 840
18.2  The reversibility of protein folding can also

be demonstrated by manipulating single

molecules am
183 Unfolded states of proteins correspond to

wide distributions of different conformations 842
18.4 Protein folding cannot be explained by an

exhaustive search of conformational space 844
18.5  Many small proteins populate anly fully

unfolded and fully folded states 844
18.6 The order in which secondary and tertiary

interactions form can vary in different

proteins E45
18.7 Faolding rates are faster when residues close

in sequence end up close together in the

folded structure B44
18.8 The folding of some proteins involves the

formation of transiently stable intermediates 847
18.9 Folding pathways can have multiple

intermediates 850

18.10

18.11

18.12

DETAILED CONTENTS  XXi

Changes in the sequence of a protein at certain
positions can affect folding rates substantially 850
The nature of the transition state can be

identified by mapping the effect of mutations

on the folding and unfolding rates B52
The process of protein folding can be described

as funneled movement on a multidimensional
free-energy landscape 856

B. CHAPERONES FOR FROTEIN FOLDING 857
18.13 Many proteins tend to aggregate rather
than fold B57
18.14 The high concentration of macromolecules
inside the cell makes the problem of
aggregation particularly acute 858
18.15 Proteins inside the cell usually fold into a
functional form rapidly 860
18.16 Some proteins form irreversible aggregates
that are toxic to cells 861
18.17 Molecular chaperones are proteins that
prevent protein aggregation 863
18.18 Hsp70 recognizes short peptides with
sequences that are characteristic of the
" interior segments of proteins 866
18.19 Hsp70 binds and releases protein chains
in a cycle that is coupled to ATP binding and
hydrolysis 866
18.20 The GroEL chaperonin forms a hollow
double-ring structure within which protein
molecules can fold 868
18.21 GroEL works like a two-stroke engine, binding
and releasing proteins 870
18.22 GroEL-GroES can accelerate the folding of
proteins through passive and active
mechanisms 872
c. RMA FOLDING 872
18.23 The electrostatic field around RNA leads to
the diffuse localization of metal ions 873
18.24 RNA folding can be driven by increasing the
concentration of metal ions 874
18.25 RMAs form stable secondary structural
elements, which increases their tendency
to misfold 875
18.26 RNA folding is hierarchical with multiple stable
intermediates 877
18.27 Collapse is an early event in the folding of RNA 878
18.28 RNA folding landscapes are highly rugged 880
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Chapter 19 Fidelity in DNA and Protein

Synthesis

A,

19.1

887

MEASURING THE STABILITY OF DNA
DUPLEXES 888

The difference in free energy between matched
and mismatched base pairs can be determined
by measuring the melting temperature of DNA 888
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DMNA melting can be studied by UV absorption
spectroscopy 889
The changes in enthalpy and entropy associated

with DMNA melting can be determined from the
concentration dependence of melting curves 890

DNA duplexes containing a mismatched base
pair at one end are only marginally less stable

than duplexes with matched bases g9z
The entropy of each DNA chain is reduced

upon forming a duplex 594
The stability of DNA depends on the pattern

on base stacks in the duplex E95

Base stacking is more important than hydrogen
banding in determining the stability of DNA
helices B97

FIDELITY IN DNA REPLICATION 898
The process of DNA replication is very accurate 898
The energy of DNA base-pairing cannot

explain the accuracy of DNA replication 900
The averall process of DNA synthesis can be
described as a series of kinetic steps a0z

Primer elongation by polymerase is quite rapid 904

The rate-limiting step in the DNA synthesis
reaction is a conformational change in DNA
polymerase 905
Determination of the values of Vi and K

for the incorporation of correct and incorrect
base pairs provides insights into fidelity 907

DNA polymerase has a nuclease activity that
can remove bases from the 3" end of a DNA

strand 208
The structure of DNA polymerase has fingers,
palm, and thumb subdomains 909
DNA polymerase binds DNA using the “palm”
and nearly encircles it 910

The active site of polymerase contains two
metals ions that catalyze nucleotide addition 911

A conformational change in DNA polymerase
upan binding dNTP contributes to replication
fidelity 913

19.1% DNA polymerases recognize DNA using the
backbone and minor groove

19.20 DNA polymerases sense the shapes of
correctly paired bases

19.21 The shape of a nucleotide is more important
for its being incorporated into DNA than its
ability to form hydrogen bonds

19.22 The growing DNA strand can shuttle between
the polymerase and exonuclease active sites

C HOW RIBOSOMES ACHIEVE FIDELITY

19.23 The ribosome has two subunits, each of which
is a large complex of RNA and proteins

19.24 Protein synthesis on the ribosome occurs
as a repeated series of steps of tRNA and
protein binding, with conformational changes
in the ribosome

19.25 Selection of the correct A-site tRNA by
base-pairing alone cannot explain ribosome
fidelity

19.26 A ribosome-induced bend in the EF-TustRNA
complex plays an important role in generating

- specificity
. ¥9.27 The ribosome undergoes conformational

changes during the process of tRNA selection

19.28 Tight interactions in the decoding center
can only occur for correct codon-anticodon
pairs

19.29 Coupling of the decoding center and the
GTPase active site of EF-Tu involves multiple
conformational rearrangements

19.30 The active site of EF-Tu needs only a small
rearrangement to be activated

19.31 Release of EF-Tu allows the aminoacyl
group of the A-site tRNA to move to the
peptidyl transfer center

19.32 The ribosome catalyzes peptidyl transfer
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