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organized dynamically
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10.6 NUCLEAR IMPORT AND EXPORT
Nucleocytoplasmic transport is mediated by
transport factors
A Ran GTP gradient acts as a cargo pump
Importins interact with cargo directly or via adaptor
molecules
Importins adopt shapes complementary to their
cargoes
The binding of cargo and RanGTP to importins is
mutually exclusive
The mode of RanGTP binding is similar amongst
karyopherins
Cse1 is required for the export of importin α
Xpot and Xpo5 export tRNAs and pre-micro RNAs
Crm1 exports nuclear proteins that carry an export
signal
The karyopherins bind to the FG repeats of the
nuclear pore complex
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10.7 BACTERIAL EXPORT AND SECRETION
COMPLEXES
The Sec system is a general purpose secretion system
in bacteria
The twin-arginine system translocates folded proteins
across bacterial inner membranes
The type 3 secretion system (T3SS) is a bacterial
nanoinjector
The T3SS-associated ATPase is needed for the
recruitment of secretion substrates
The basal complex of T3SS is a stack of variably
sized rings with a modular architecture
Insertion of the T3SS translocon into the host cell
membrane is mediated by the needle and an adaptor
at its tip
The type 4 secretion system transports DNA and/or
proteins across the cell envelope
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The outer membrane core complex of T4SSs spans
both membranes of Gram-negative bacteria but
primarily locates in and near the outer membrane
The inner membrane complex of T4SS is composed of
VirB3, VirB4, VirB6, VirB8, and the VirB10 N termini
The translocation pathway of T4SS switches between
a pilus biogenesis and a DNA transfer mode
The type 5 secretion system (T5SS) is a simple but
diverse family of transporters
Multi-subunit complexes couple the biosynthesis
and the export of capsular polysaccharides
10.8 SUMMARY
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Chapter 11 Connectivity and
Communication
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11.1 INTRODUCTION
The size and shape of a eukaryotic cell are determined
primarily by its cytoskeleton
Eukaryotic cells communicate with each other at
specialized contact regions
Cells secrete macromolecules that allow them to
communicate with other cells and sense their
environment

449

11.2 INTERMEDIATE FILAMENTS
IF proteins have a conserved coiled-coil rod domain,
flanked by highly variable N-terminal heads and
C-terminal tails
Most IF proteins, except lamins, assemble into
nonpolar filaments
IFs have backbones of packed rod domains
surrounded by protruding end domains
IFs organize into higher-order structures that
integrate cells and tissues
Mutations in IF genes underlie numerous human
diseases

451

11.3 TIGHT JUNCTIONS
Tight junctions consist of networks of paired
intramembrane strands
Junctional adhesion molecules (JAMs) serve as virus
receptors
In invertebrates, tight junctions are replaced by
septate junctions

456

11.4 ADHERENS JUNCTIONS AND
DESMOSOMES
Classical cadherins and desmosomal cadherins have
similar multi-domain structures
Cadherin-mediated cell–cell adhesion is homophilic
and Ca2+-dependent
Cadherins in junctions have both trans and cis
interactions
Cadherins interact with the actin cytoskeleton via
catenins and other proteins
Desmosomes are coupled to the intermediate
filament network

449
450
450

452
453
454
455
455

456
458
460
461
462
463
463
464
465

xxi

11.5 GAP JUNCTIONS
Gap junction channels are composed of paired
hexameric rings (connexons)
Gap junctions allow a variety of molecules to pass
between communicating cells
Gap junction channels were one of the first
membrane protein complexes to be characterized by
electron microscopy and X-ray diffraction
Connexon conformations are influenced by changes
in [Ca2+], pH, phosphorylation state, and binding
partner
The connexin-like superfamily includes innexins,
pannexins, and vinnexins
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11.6 FOCAL ADHESIONS
Focal adhesions are large assemblies with complex
protein compositions
Focal adhesion assembly starts with integrin
activation and is orchestrated by adaptor proteins
Binding of FAs to the actin cytoskeleton and actin
polymerization are coupled processes
The binding sites of FA adaptors are exposed in
‘active’ conformations and sequestered in ‘inactive’
conformations
Small GTPases coordinate the assembly of the actin
cytoskeleton and FAs
Protein phosphorylation has a central role in FA
regulation and signaling
Focal adhesions are signaling centers
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11.7 THE EXTRACELLULAR MATRIX
ECM is built from a diverse assortment of fibrous
proteins, glycoproteins, and proteoglycans
Collagens all have triple-helical domains but
assemble into diverse higher-order structures
Fibrillins constitute a major fibrillar system in
many connective tissues
Fibronectin evolved later than other ECM
proteins and is specifically a component of
vertebrate ECM
Basement membranes, a specialized ECM, support
epithelial and endothelial cell layers
ECM assemblies are remodeled through the actions
of extracellular proteases
Integrins are bidirectional signaling machines
In mechanotransduction, physical stimuli elicit
biological responses such as gene expression
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11.8 BACTERIAL PILI
The binding specificity of pili is conferred by
adhesin proteins
Assembly of P-pili and type 1 pili follows the
‘chaperone/usher’ secretory pathway
Pilin subunits are incorporated at the cell-proximal
end of the growing pilus by a ‘donor strand
exchange’ mechanism
Type 4 pilins have α-helical N-terminal extensions
that pack to form the pilus backbone
Phase variation allows the antigenic character of pili
to change without altering their basic architecture
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Pilus retraction by motor-driven depolymerization
is the mechanism for twitching motility
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Chapter 12 Signaling
12.1 INTRODUCTION

495
495

12.2 SIGNALING THROUGH G-PROTEIN-COUPLED
RECEPTORS
496
Light absorption by its retinal cofactor induces a
conformational change in rhodopsin
496
The G-protein-coupled adrenergic receptors are
sensitive to agonists and antagonists
498
Binding of an agonist to the β2-adrenergic receptor
creates a G protein-binding site
498
Heterotrimeric G proteins act as molecular
transducers that couple the activation of GPCRs to
intracellular responses
500
The Gα subunit adopts different conformations in
the GDP- and GTP-bound complexes, whereas Gβγ
is essentially unchanged
503
Signaling from G proteins to adenylyl cyclase
produces the second messenger, cyclic AMP
504
Protein kinase A is activated by cAMP and triggers a
protein kinase cascade
506
A protein kinase A-anchoring protein coordinates
multiple effector proteins, and phosphatases and
phosphodiesterases terminate the signal
510
PKA activates phosphorylase kinase, which then
activates glycogen phosphorylase
511
Glycogen phosphorylase undergoes conformational
changes in response to phosphorylation and
allosteric effectors
512
12.3 SIGNALING THROUGH TYROSINE KINASES
Receptor tyrosine kinases are activated by
dimerization
The insulin receptor tyrosine kinase domain (IRK) is
a model for tyrosine kinase activation
The EGFR kinase is activated through asymmetric
dimerization
Src is regulated by domain interactions and
phosphorylation
Growth factor receptor tyrosine kinases signal to the
small G protein Ras
The Ras/RAF/MEK1/ERK2 signaling pathway leads
to activation of transcription
Activation of MEK and ERK2 leads to activation of
transcription
Growth factor receptor responses also activate at
least two other pathways

514

12.4 CYTOKINE SIGNALING
Class I and class II cytokine receptors signal through
intracellular tyrosine kinases (JAKs) and transcription
factors (STATs)
The gp130 and γc subunits are common to many
class I cytokine receptor assemblies
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The βc subunit is common to another set of cytokine
receptor assemblies
Signaling through JAKs and STATs induces
transcription of target genes
TGFβ signals through a combination of RI and
RII Ser/Thr kinase receptors
Phosphorylation of SMADs by RI induces
transcription of target genes
DNA recognition by SMADs is highly unusual
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12.5 UBIQUITYLATION
Protein ubiquitylation is catalyzed by a series of
three enzymes
Activation of UBLs depends on a major
conformational change in E1
In E3 cullin RING ligases, a central cullin subunit
links the substrate recognition complex and the
E2-binding RING domain
CRLs are assembled on a rigid cullin subunit and can
be prevented from assembling by an inhibitor protein
Some F-box subunits use WD40 domains to
recognize phosphoprotein substrates
Neddylation activates CRLs by releasing the RING
domain of Rbx1
The APC/C is a large multi-subunit CRL regulated
by phosphorylation and co-activators
The APC/C is assembled from subunits containing
multiple sequence repeats and undergoes major
structural change
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Chapter 13 The Cell Cycle and
Programmed Cell Death
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13.1 INTRODUCTION

549

13.2 THE CELL CYCLE

549

13.3 TRANSIENT ASSEMBLIES OF KINASES,
CYCLINS, AND PHOSPHATASES
Mitogenic signals initiate the cell cycle
Cyclin destruction inactivates CDKs
Cdk2/cyclin A is a model for the structural basis
of CDK regulation
Cyclins can bind kinase substrates at a remote
hydrophobic patch
Cell cycle inhibitors regulate CDK activity
Phosphorylation and dephosphorylation regulate
CDK activity
Cdk1/cyclin B is the master kinase in mitosis but
other kinases play critical roles at other stages
Phosphatases dephosphorylate substrates to
terminate the cell cycle
13.4 SISTER CHROMATIDS IN MITOSIS
Cohesin holds sister chromatids together until
anaphase
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Interphase (G2) to metaphase is characterized by
chromosome condensation and then proteolytic
cleavage of cohesin

Chapter 14 Motility
563

14.1 INTRODUCTION

13.5 KINETOCHORES IN ANAPHASE
Kinetochores are assembled on centromeric DNA
associated with a novel histone, CENP-A
Kinetochores contain many proteins that form stable
complexes
Ndc80 from the KMN network is a crucial constituent
of the microtubule-binding interface
Vertical and horizontal arrangements for the
microtubule-binding interface have been proposed
Motor proteins speed up the processes of
kinetochore/microtubule attachment
Polymerization and depolymerization of spindle
microtubules generates movement
The spindle assembly checkpoint monitors the state of
kinetochore/microtubule attachment before the
metaphase-to-anaphase transition is permitted
Conversion of O-Mad2 to C-Mad2 involves
templated refolding
Kinetochores are able to distinguish between correct
and erroneous microtubule attachments
Kinetochores are dynamic assemblies

564

14.2 ACTIN FILAMENTS AND ASSOCIATED
PROTEINS
F-actin is a polar two-stranded filament
Actin filaments are dynamic: they grow and shorten,
coupled to ATP hydrolysis
The structure of G-actin was determined by X-ray
crystallography of co-crystals
F-actin structure has been determined both by X-ray
fiber diffraction and by reconstruction of
cryo-electron micrographs
In F-actin, the strong inter-subunit bonds are in the
axial direction
In vivo, the structure and stability of filaments are
controlled by actin-binding proteins and can be
affected by drugs

13.6 CENTRIOLES AND CENTROSOMES
Centrosomes duplicate once per cell cycle
Centriole duplication is controlled by a conserved
set of proteins
Duplicated centriole pairs remain associated until
G2/M
Centrioles are sites of assembly of PCM
Microtubules are nucleated by the γ-tubulin ring
complex
The yeast SPB suggests a structure for the
centrosome and microtubule initiation
The organization of the SPB proteins is focused
on Spc42
Centrosomes have other roles beyond cell division
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13.7 APOPTOSIS (PROGRAMMED CELL DEATH)
Apoptosis proceeds by intrinsic and extrinsic pathways
Caspases mediate an intracellular proteolytic cascade
Caspases bring about a multitude of changes in the
cell that lead ultimately to its death
Assembly of the apoptosome is critical to the
intrinsic pathway
Proteins of the Bcl-2 family are required for
cytochrome c release from mitochondria
The extrinsic pathway of apoptosis is mediated by
membrane-associated DISCs
There is cross-talk between the pathways of
apoptosis and other cellular pathways
The apoptosome of C. elegans presents a simple
mode of caspase activation
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14.3 THE MYOSIN MOTOR PROTEINS
Myosin heavy chains have three domains—head,
neck, and tail
The first crystal structure of a myosin motor domain
depicted subfragment 1 from chicken myosin II
without bound nucleotide
A four-state cycle describes ATP hydrolysis, actin
binding, and force generation
Myosin motors undergo nucleotide-dependent
conformational changes
The binding of myosin to actin and its binding of
nucleotides are mutually antagonistic
In vitro motility assays support the swinging lever
arm model of contraction
The polarity of a myosin motor can be reversed by
re-orienting the converter domain through genetic
engineering
The forces generated by individual myosin motors
and their step-lengths have been measured by
optical trapping
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14.4 FORCE GENERATION IN MUSCLE
Thick and thin filaments are packed in hexagonal
arrays
Muscles contract and force is generated by a sliding
filament mechanism
Force generation is accompanied by structural
changes in the myofibrils
Muscle achieves ~50% efficiency as a forcegenerating machine
Muscles are switched on by excitation–contraction
coupling
Contraction of striated muscle is regulated by changes
in the interactions of troponin and tropomyosin with
actin filaments
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14.5 MYOSIN FILAMENTS
Myosin filaments have helical arrangements of
molecules
In relaxed thick filaments, there is regulatory crosstalk between the two heads of a myosin molecule
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Thick filaments contain accessory proteins with
structural and regulatory roles
In smooth muscle, myosin filaments have a
side-polar structure and their state of assembly
is regulated by phosphorylation
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14.6 MICROTUBULES AND ASSOCIATED
PROTEINS
623
There is a discontinuity or ‘seam’ in the helical
lattices of most microtubules
623
Assembly, disassembly, and stability are influenced
by GTP hydrolysis
625
Intracellular assembly of microtubules initiates in
specific nucleation complexes
626
Uncapped microtubules grow and shorten at both
ends, asymmetrically
627
Dynamic instability allows microtubules to search for
targets
627
The state of tubulin assembly can be altered by drug
binding
628
Destabilizing proteins cause microtubules to
disassemble
629
Microtubule-associated proteins stabilize the polymers 631
MAP activity is controlled by phosphorylation
632
14.7 MOTORIZED TRANSPORT ALONG
MICROTUBULES
Kinesin families have distinctive domain
arrangements
Interaction of kinesin with microtubules is controlled
by the ATPase cycle of the motor domain
Most kinesin motors cannot operate singly but must
collaborate in groups
Kinesin movement is best explained by a Brownian
ratchet mechanism
The binding of motors can be visualized by cryo-EM
of decorated microtubules
Dynein is a ring-shaped molecule with six AAA+
ATPase domains
The ATPase cycle of dynein powers minus
end-directed transport
Cytoplasmic dynein has important roles at both
ends of microtubules
14.8 MOTILE ORGANELLES BUILT FROM
MICROTUBULES
The axonemal bundle of microtubules has a 9:2
symmetry mismatch
Dynein heads are stacked in the outer and inner arms
Beating results from dynein-driven sliding of
adjacent microtubules
14.9 POLYMERIZATION/DEPOLYMERIZATION
MACHINES
Brownian ratchets generate force by channeling
random motions in particular directions
Tubulin, actin, and other proteins function as
polymerization engines
Cell migration is powered by polymerization engines
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14.10 MOTILITY POWERED BY
SUPRAMOLECULAR SPRINGS
Contractile bacteriophage tails are dynamic
gene-delivery systems
Fertilization by Limulus sperm involves uncoiling a
long bundle of cross-linked actin filaments
Tensed macromolecular springs drive other reactions
from insect hopping to membrane fusion
14.11 CHEMOTAXIS I: THE BACTERIAL FLAGELLUM
The rotary motor that drives flagellar motility is
reversible and powered by ion gradients
The flagellum has a modular architecture built from
24 different proteins
The flagellar filament is a hollow tube with a
backbone of packed α helices
The hook functions as a universal joint and the rod
serves as the drive shaft of the flagellar motor
Six basal-body proteins contribute to torque generation
The flagellar motor is a powerful and efficient
stepping motor
14.12 CHEMOTAXIS II: SIGNALING BY
CHEMORECEPTOR ARRAYS
Chemoreceptors modulate the activity of a kinase,
CheA
Chemoreceptors have globular periplasmic domains
and coiled-coil cytoplasmic domains
Chemotactic signals are conveyed by allosteric
switches
CheA is the engine that powers the chemical signaling
events of the chemotaxis pathway
The receptor cluster is a plate-like assembly of
‘trimers-of-dimers’
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Chapter 15 Bioenergetics
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15.1 INTRODUCTION
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15.2 BIOLOGICAL OXIDATION AND THE
RESPIRATORY CHAIN
The free energy released in the oxidation of NADH
and FADH2 is stored as an electrochemical proton
gradient
Complex I (NADH–ubiquinone oxidoreductase) is
the entry point for oxidation of NADH
Structure of intact Complex I and a possible proton
pumping mechanism
The mitochondrial Complex I resembles the bacterial
Complex I but has many more subunits
Complex II (succinate–ubiquinone oxidoreductase)
is a succinate dehydrogenase and not a proton pump
Complex III (cytochrome bc1 complex) oxidizes the
QH2 produced by Complexes I and II
Proton pumping by Complex III depends on a
Q cycle
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The ISPs in the Complex III dimer undergo large
structural movements
Complex IV (cytochrome c oxidase) reduces
molecular oxygen to water
Reduction of molecular oxygen is a four-electron
reaction
Protons enter and leave the membrane-embedded
CcO through gated pathways
The oxidation of QH2 in some prokaryotes is
catalyzed by specialized quinol oxidases
Respiratory chain complexes are assembled by
modular pathways
Respiratory chain complexes may come together in
higher-order structures
Respiration can produce dangerous side-products,
which are eliminated by protective enzymes
The respiratory chain is very efficient in the capture
of energy as a proton-motive force
15.3 PHOTOSYNTHETIC REACTION CENTERS
AND LIGHT-HARVESTING COMPLEXES
In plants the photosynthetic machinery is located
in organelles called chloroplasts
Photosynthesis depends on the photochemical
capabilities of light-absorbing pigments
Chlorophylls and carotenoids are crucial
components of reaction centers and light-harvesting
(antenna) complexes
Two types of LHC serve different purposes in purple
bacteria
The LHCs of plants and cyanobacteria differ from
those of purple bacteria
Energy transfer reactions in LHCs are very fast
and very efficient
The structural blueprint of the RC of purple
photosynthetic bacteria is conserved throughout
photosynthetic organisms
In purple bacteria, the cytochrome bc1 complex
generates a proton gradient that drives ATP synthesis
In cyanobacteria and plant chloroplasts, two RCs
work in series with water as electron donor
Photosystem II oxidizes water and reduces a quinone
The oxidation of water is a four-electron process
catalyzed by a specialized Mn cluster in photosystem II
A cytochrome b6 f complex links photosystem II to
photosystem I and generates a proton gradient
Photosystem I generates a reductant powerful
enough to reduce CO2 to carbohydrate
ATP can be generated by cyclic and non-cyclic
electron transport
Photosynthesis is very efficient in the capture of
solar energy
15.4 ELECTROCHEMICAL POTENTIAL AND THE
BIOSYNTHESIS OF ATP
The F1Fo-ATP synthase is constructed from two
rotary motors
The F1 component functions by means of a chemical
binding change mechanism
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The structure of the F1 component reveals the rotary
mechanism of ATP synthase
Single-molecule experiments demonstrate rotation
of the γ subunit in F1
The rotation of the γ subunit in F1 can be broken
down into steps
The c-subunits form a ring in Fo that rotates against a
stator complex
Proton transport across the membrane by the
c-ring makes it rotate
The transport of protons can be correlated with the
efficiency of ATP synthesis
ATP synthase dimers help shape the mitochondrial
cristae and form respiratory supercomplexes
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Chapter 16 Membrane Channels
and Transporters
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16.1 INTRODUCTION

721

16.2 ION CHANNELS
Ion channels have pores that are highly selective
and gated
The KcsA channel allows a rapid and highly
selective flux of potassium ions
Gating is mediated through extra domains attached
to the pore unit
Inward rectifier K+ (Kir) channels are regulated by
cytoplasmic gating domains
Voltage gating requires a movement of charge
through the membrane
The glutamate receptor combines a large extracellular
region with a conventional K+-selective pore
The trimeric acid-sensing ion channel (ASIC)
imposes Na+ selectivity by its pore architecture
Chloride channels (CLCs) have conserved pore
regions and diverse extracellular and cytoplasmic
regions
The mechanosensitive ion channel MscS has a
heptameric structure
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16.3 NICOTINIC ACETYLCHOLINE RECEPTOR
The ACh receptor is highly selective for cations
The ACh receptor has evolved to be extremely
fast-acting and efficient
The two ligand-binding sites have different affinities
The gate is a hydrophobic girdle in the middle of
the membrane
Gating involves movements in the ligand-binding
and membrane-spanning domains
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16.4 AQUAPORINS
The structure of aquaporin 4 shows the basis for
water conductance
The wider selectivity filter of GlpF accounts for its
preference for glycerol
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16.5 TRANSPORTERS
ABC transporters employ an alternating access
mechanism driven by ATP hydrolysis
The transmembrane domains exhibit a variety of
helical arrangements
The nucleotide-binding domains form dimers
with ATP
Major facilitator superfamily proteins tap into
concentration gradients to transport their substrates
The transport mechanism of nucleobase cation
symport 1 exploits pseudosymmetry
A multidrug resistance protein employs a rotary
version of the alternating access mechanism

741

16.6 THE P-TYPE ATPASE PUMPS
The SERCA ATPase pumps Ca2+ out of the
cytoplasm
The binding sites for Ca2+ and ATP in Ca2+-ATPase
are 50 Å apart
Conformational changes switch the enzyme between
different functional states
The conformational change from E1P to E2P delivers
Ca2+ to the lumen
A mechanism for Ca2+ transport is based on
alternating access
The Na+/K+-ATPase regulates the cellular
concentrations of Na+ and K+
The structure of Na+/K+-ATPase differs from
Ca2+-ATPase at the cation-binding sites
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Chapter 17 Complexes of the
Immune System
17.1 INTRODUCTION
17.2 TOLL-LIKE RECEPTORS AND
INFLAMMASOMES
Toll-like receptors invoke an inflammatory response
that also assists the adaptive immune response
Toll-like receptors recognize a variety of ligands
within a common framework
The cytosolic TIR domains of Toll-like receptors
promote downstream signaling
Pattern-recognition receptors promote the assembly
of inflammasomes
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17.3 THE COMPLEMENT SYSTEM
The classical and lectin pathways use the multimeric
complexes C1, mannose-binding lectin (MBL), and
the ficolins for pathogen recognition
The first step in C1 activation involves C1q
recognition of the target and auto-activation of C1r
The alternative pathway and the classical and lectin
pathways converge on the C3 convertase
Cleavage of C3 causes major structural changes that
lead to activation
Amplification of the response involves the C3
convertase, C3bBb
Complement activation leads to four major
consequences: cell lysis, an inflammatory response,
phagocytosis, and B cell stimulation
Host cells are protected by regulator proteins
Several viruses and bacteria use host protection
mechanisms to evade complement-mediated
clearance

768

17.4 T-CELL-MEDIATED IMMUNITY
Major histocompatibility complexes (MHCs) are
glycoproteins that present foreign and self-antigens
at the surface of antigen-presenting cells (APCs)
Peptides are loaded on to MHC-I and MHC-II via
different pathways
CD1 and other nonclassical MHC molecules may
have functions other than antigen presentation
The T cell receptor (TCR) is the primary antigenrecognition molecule on the surface of T cells
The CD3 complex initiates and transmits signals in
the T cell interior
The TCR/CD3 complex: expression of the TCR at the
cell surface is accompanied by co-expression of CD3
TCR co-receptor molecules are required for T cell
development and activation
Antigen recognition by the TCR initiates intracellular
signaling via the associated CD3 complex
Phosphorylation of CD3 leads to activation of T cells
The immunological synapse mediates the cytolytic
machinery of cytotoxic T cells
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