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How do cells change
their shapes, functions,
interactions and numbers
to build tissues, organs
and organisms?




What goes wrong

when cells lose control of their shapes,
functions, interactions and numbers
during cancer progression

or with degenerative disease?

cells grow as benign cells become invasive
tumor in epithelium and enter capillary

normal epithelium
o UUU o[ofo]e]s

basal lamina

travel through bloodstream
(fewer than 1 in 1000 cells will
survive to form metastases)




To understand normal cell biology and disease
we must understand the molecular machinery
that functions inside cells to control their
shapes, functions, interactions and numbers.

Lectures

1-3: How do cells and tissues organize themselves spatially?
4-6: How do multicellular organisms develop?

7-9: How do cells communicate with each other?

10-12: How are cell numbers controlled?




A few general points

Please post questions on-line
Fill-ins for web notes are in royal blue

You are responsible for the lecture material for the
exam (readings associated with the lectures provide a
second source for the material).




To understand normal cell biology and disease
we must understand the molecular machinery
that functions inside cells to control their
shapes, functions, interactions and numbers.

Lectures

1-3: How do cells and tissues organize themselves spatially?
1. Membrane trafficking
2. Cytoskeletal networks
3. Cell adhesion




Why is membrane trafficking important? =~ "eveterminas

Cells must engage the extracellular space

-to communicate with other cells apical domain

-to acquire resources of plasma

membrane
_ axon

molecular

JUUU‘ ‘fence’
These processes and changes to \ /\

these processes require dynamic
changes to the plasma membrane

cell
body

nucleus

the plasma membrane the outer surface, this is what
separates environments.

membrane trafikking, everything inside the cell basolateral
will affect the membrane domain of
plasma membrane .. drites
polarized cell epithelial nerve
ends not the samegells cell

Figure 13-71 Molecular Biology of the Cell 5/e (€ Garland Science 2008)
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the plasma membrane the outer surface, this is what
separates environments. 
membrane trafikking, everything inside the cell 
will affect the membrane

user
polarized cell
ends not the same


Biosynthetic-Secretory and Endocytic Pathways
Change the Plasma Membrane
Connections among
the endoplasmic reticulum (makes proteins), the plasma membrane,
and the lysosome (breaks down proteins)
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Figure 13-3b Molecular Biology of the Cell 5/e (© Garland Science 2008)
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very small proportion compared
to everything else. 


Basic Principles of the Biosynthetic-Secretory and Endocytic Pathways

1. > Polarized Trafficking Routes
have a start and a stop
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Figure 13-3b Molecular Biology of the Cell 5/e (© Garland Science 2008)
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Polarized Trafficking Routes 

user
have a start and a stop 


Basic Principles of the Biosynthetic-Secretory and Endocytic Pathways

1. >

2. > Sorting stations, sites of arrival events from several places, also departure events
trans - golgi, endosome

lysosome
y plasma

membrane

nuclear envelope

- P4
\O} \O i secretory —~ 7

vesicle 10

Golgi apparatus

Figure 13-3b Molecular Biology of the Cell 5/e (© Garland Science 2008)
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 Sorting stations, sites of arrival events from several places, also departure events 
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trans - golgi, endosome


Basic Principles of the Biosynthetic-Secretory and Endocytic Pathways

1.
2.
3

vV V V

Retrieval mechanisms and general balance among routes, (avoid depletion)

(endocytosis) =
lysosome plasma
membrane

nuclear envelope )
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Figure 13-3b Molecular Biology of the Cell 5/e (© Garland Science 2008)
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 Retrieval mechanisms and general balance among routes, (avoid depletion)
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(endocytosis)


Secretory Pathways: Constitutive and Regulated
operates

in all
cells

newly synthesized CYTOSOL

soluble proteins newly synthesized plasma

for constitutive g
; membrane lipids
secretion

EXTRACELLULAR SPACE

/ CONSTITUTIVE
SECRETORY

/
unregulated ailleh ol

membrane

fusion plasma membrane

two pathways
newly synthesized plasma from gogli
membrane protein

signal such as

trans o <._-— hormone or
Golgi — neurotransmitter
network ~~
intracellular
signaling pathway ®
\ ® °  REGULATED
) TS0 - PR SECRETORY
: regulated ° PATHWAY in
----- : membrane
Golgi apparatus secrctopyvesidle fusion specialized

storing secretor;
cells

roteins .
beeomes waiting for >
Figure 13-63 Molecular Biology of the Cell 5/e (© Garlandé@n:eém rate Slg nal to
release

both begin at the same place, (biosynthetic pathway), Ieavewery unregulated (both pts = constitutive), regulated

is the one that is regulated
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user
both begin at the same place, (biosynthetic pathway), leaves the golgi, very unregulated (both pts = constitutive), regulated
is the one that is regulated 

user


user
operates in all cells

user
waiting for signal to release

user
in specialized cells

user


user
becomes 
concentrated

user
two pathways
from gogli


In the both pathways, a mature secretory vesicle is made by

retrieving Golgi components and concentrating cargo

) retrieval of
phospholipid bilayer
- clathrin
/ O i o/ coat
saving membrane
ol 1
®

more concentrated

Golgi trans Golgi immature mature
network secretory vesicle secretory

starting station vesicle

CARGO CONCENTRATION

Figure 13-65a Molecular Biology of the Cell 5/e (© Garland Science 2008) 1 3
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retrieval of
phospholipid bilayer

user
saving membrane
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starting station
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more concentrated
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In the constitutive pathway, the vesicles then

b 5 [ f th I
.\"’f"" dOCk Wlth the outside of the ce
| and fuse.

Figure 13-66b Molecular Biology of the Cell 5/e (© Garland Science 2008)
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user
forms a continuous sheet of membrane, contents of 
vesicle is exposed and can be released

user
protein

user
outside of the cell


In the regulated pathway, a signal triggers
the vesicles are stored until their docking and fusion

(B)

e.g. a Mast cell releasing stored
Histamine after induction by a

vesicles, made and held soluble extracellular stimulant
waiting for signal to be released, 15

all contents will be expelled

Figure 13-68 Molecular Biology of the Cell 5/e (© Garland Science 2008)

membrane is always continuous, cell is not exploding
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vesicles, made and held
waiting for signal to be released, 
all contents will be expelled 
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membrane is always continuous, cell is not exploding


Regulated secretion provides extra plasma membrane when needed

WQUND
e_o
y 1971
o 0o O
(A) CLEAVAGE FURROW (B) PHAGOCYTOSIS (C) WOUND REPAIR
Figure 13-70 Molecular Biology of the Cell 5/e (© Garland Science 2008) ] . from Iysosomes
enveloping something
cell splitting in cytokinesis from environment
a and b, cell membrane comes from 16

late/early endosomes
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user
cell splitting in cytokinesis 

user
enveloping something
from environment

user
from lysosomes

user
a and b, cell membrane comes from
late/early endosomes


Regulated secretion provides extracellular signals

A specialized case:
The release of neurotransmitters
at a nerve terminal

NERVE
TERMINAL

synaptic vesicle
carrier protein

trans Golgi
network
000

OO
BODY OF
NERVE CELL

synaptic vesicle
membrane protein

Figure 13-73 Molecular Biology of the Cell 5/e (© Garland Science 2008)

DELIVERY OF SYNAPTIC
VESICLE COMPONENTS
TO PLASMA MEMBRANE

ENDOCYTOSIS OF SYNAPTIC
VESICLE COMPONENTS TO
FORM NEW SYNAPTIC
VESICLES DIRECTLY

ENDOCYTOSIS OF SYNAPTIC
VESICLE COMPONENTS AND
DELIVERY TO ENDOSOME

BUDDING OF SYNAPTIC
VESICLE FROM ENDOSOME

LOADING OF NEURO-
TRANSMITTER INTO
SYNAPTICVESICLE

SECRETION OF NEURO-
TRANSMITTER BY
EXOCYTOSIS IN RESPONSE
TO AN ACTION POTENTIAL
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Endocytic pathways counterbalance secretory pathways
and perform specific functions

| o
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o ;’ plasma
membrane
'{\ late endosome
nuclear envelope
endoplasmic reticulum
O -/ \ fO / arly

O O CIsternae secretory
vesicle

endosome
::i { % f CYTOSOL
\->
—_—
O\ S ° - ~

Golgi apparatus

Figure 13-3b Molecular Biology of the Cell 5/e (© Garland Science 2008)
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going into cell
The basic steps of endocytosis

extracel  jniradNvagination Fission

e

"3; .“. . ot
membranes

Figure 13-48 Molecular Biology of the Cell 5/e (© Garland Science 2008)

transmembrane proteins usually selected
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extracel

user
intrac

user
going into cell

user
membranes
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transmembrane proteins usually selected


apical domain of plasma membrane

The endocytosed vesicle
joins the early endosome
compartment and is then

tight junction

to diff domain/side

routed to various 2.transcytosis
destinations. 3. degradation f
’ lysosome transport
- . vesicles
3 diff options for sorting
early endosome \ J
/ early O\ \
endosome - rgtjun to same side
1.recycling (glasma membrane

ain)

40endocytosis \ \

basolateral domain of plasma membrane

Figure 13-52 Molecular Biology of the Cell 5/e (© Garland Science 2008)
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to diff domain/side

user
3 diff options for sorting
early endosome

user
retrun to same side
(plasma membrane
domain) 


Cells collect resources by endocytosis (e.g. cholesterol)

extracellular
LDL LDLreceptors plasma membrane

& /
W CYTOSOL “K,R
/ ENDOCYTOSIS /

cqated \ RETURN OF LDL
pit @ UNCOATING recycling endosome RECEPTORS TO
N

endocytosis PLASMA
coated MEMBRANE
vesicle

these two: recycle
/ BUDDING
FUSION WITH Q

OFF OF
ENDOSOME 4Z——_ TRANSPORT
B VESICLES
early endosome \

free

enzymes

lysosome
Figure 13-53 Molecular Biology of the Cell 5/e (© Garland Science 2008)
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these two: recycle

user
endocytosis

user
extracellular


bacterium

Cells internalize pathogens
by phagocytosis

(a specialized form of
endocytosis)

.
1

Y Al b
phagocytic
white blood cell

Figure 13-47a Molecular Biology of the Cell 5/e (© Garland Science 2008)

pseudopod
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plasma
membrane
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extend and engulf


early endosome

controlling signals

Cells down regulate
cell surface signaling

multi
_ for ° =
white = cytosol - &

by endocytosis ubiquitin
q degrading
JIey = endosome PINCHING OFF
(SEQUESTRATION)
Iysosoma'

lysosomal lipase multivesicular

protease body
late endosome
or lysosome |

lysosome

Figure 13-57 Molecular Biology of the Cell 5/e (© Garland Science 2008)
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controlling signals
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white = cytosol
grey = endosome
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What local membrane changes occur during this trafficking?

consider the two main aq compartments that membranes separate (cytosolic and non cytosolic)

=
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Figure 13-3b Molecular Biology of the Cell 5/e (© Garland Science 2008)
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consider the two main aq compartments that membranes separate (cytosolic and non cytosolic) 
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multivesicular


What local membrane changes occur during this trafficking?

> fusion

O _,/U\
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Figure 13-3b Molecular Biology of the Cell 5/e (© Garland Science 2008)
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What local membrane changes occur during this trafficking?

invagination

e plasma
membrane

nuclear envelope

endoplasmic reticulum

@ / 4osome
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Figure 13-3b Molecular Biology of the Cell 5/e (© Garland Science 2008)

26

26


user
 invagination 


What local membrane changes occur during this trafficking?

=
lysosome
Y plasma

o
0o
o ~
AL a
membrane

> budding ‘i\ late endosome

multivesicular
hOdy }

O
/ arly
O endosome

CYTOSOL

\--
endosomal

membrane \ﬁ\ Q .

pr MR b

vesicle

Golgi apparatus

Figure 13-3b Molecular Biology of the Cell 5/e (© Garland Science 2008)
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budding 


What local membrane changes occur during this trafficking?

lysosome <o
o
>budding

multivesicular
body

5 YO

/N I

Figure 13-3b Molecular Biology of the Cell 5/e (© Garland Science 2008)

lysosomal
protease

early endosome

<

PINCHING OFF
(SEQUESTRATION)

Iysosomal'

lipase multivesicular

body
_._\

late endosome
or lysosome

lysosome

Figure 13-57 Molecular Biology of the Cell 5/e (© Garland Science 2008)
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SNARE proteins specify which membranes fuse and conduct the process

> fusion
e _~ U

synaptic form a 4 helix bundle
vesicle

CYTOSOL

v-SNARE

(synaptobrevin) t-SNARE

(Snap25)

t-SNARE
(syntaxin)

nerve cell plasma membrane

Figure 13-16 Molecular Biology of the Cell 5/e (© Garland Science 2008)

v-SNARES on the vesicle bind specific --SNARES on the target membr%ge

29


user
 fusion 

user


user
bringing membranes together 

user
form a 4 helix bundle


SNARE proteins specify which membranes fuse and conduct the process

FUSION

Figure 13-17 part 1 of 2 Molecular Biology of the Cell 5/e (© Ga
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Clathrin drives vesicle invagination events

protein forms a curves
3 " .~ invagination structures which makes it

curve inward
® 9
e o
— &

RN\
( coated a}\c. hﬂ

vesicle
clathrin

cargo  adaptor protein e
receptor — %

S
p b
/ naked transport

adaptor

% vesicle
T i P projein CYTOSOL
°
cargo molecules
COAT ASSEMBLY BUD VESICLE
AND CARGO SELECTION FORMATION FORMATION UNCOATING

Figure 13-8 Molecular Biology of the Cell 5/e (© Garland Science 2008)
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invagination 

user
protein forms a curves 
structures which makes it
curve inward 


Clathrin drives vesicle invagination events

heavy chain

light chain

A clathrin triskelion

> three heavy chains and three light
chains

Vorrr ok
Yo > p "_t"“ . e
3 Hn Vi

A cryoelectron micrograph of a clathrin coat
composed of 36 triskelions

Figure 13-7cd Molecular Biology of the Cell 5/e (© Garland Science 2008)
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 three heavy chains and three light
chains 


COPI and COPII also drive vesicle invagination events

COPIll-coated vesicle

‘ Sec13/31 L ]
25 nm
Sec23/24
\ Vzouter coat
inner coat
selected donor membrane
membrane
proteins 33

Figure 13-13d Molecular Biology of the Cell 5/e (© Garland Science 2008)
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Dynamin drives fission after vesicle invagination events

> invagination

&

dynamin
and associated
proteins

Figure 13-12a Molecular Biology of the Cell 5/e (© Garland Science 2008)

blocked by
some
dynamin
mutations

|
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The ESCRT Complex drives budding events

have membrane budding away from

m“""‘*’-‘g‘;‘:' the machinery will change in that way
dy

e e

ESCRT-0 ESCRT-I ESCRT-II ESCRT-1II ﬁ

ESCRT-1lI

cyTOsoL o

endosomal
membrane

PI(3,5)P,

PI(3)P

cargo

35

Figure 13-58 Molecular Biology of the Cell 5/e (© Garland Science 2008)

> budding the cytosol, depending of which way it is g

DiNg
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 budding 

user
have membrane budding away from
the cytosol, depending of which way it is going
the machinery will change in that way



user


user


user



Virus particles found in the cytoplasm would need
which of the following machinery to leave the cell?
a. Clathrin

b. Dynamin

c. SNARES
ESCRT complex
e. COPI

HIV virus particles budding from an infected cell
(Journal of Virology 85:7419, 2011)
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in the system to control polarized trafficking and retrieval

e.g. invagination events

late endosome early
endosome

®

KEY:

. > A -
D clathrin

7} copil — y_..

—W
4—-\

‘OJ % s % plasma

trans Golgi
cisternae petwork secretory / membrane

| I vesicle
ER Golgi apparatus

Figure 13-5 Molecular Biology of the Cell 5/e (© Garland Science 2008)
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Membrane invagination, fusion and budding events occur at specific sites
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Membrane invagination, fusion and budding events occur at specific sites
in the system to control polarized trafficking and retrieval

Specificity in the system is regulated by:

*SNARES

-Signaling Lipids (PIPs)

Small GTPases

*Signal sequences/moieties on cargo
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The inositol sugar head group of inositol phospholipids
can be phosphorylated at specific sites

blue = inositol sugar
standard numbering

,,@

C1 is linked to rest of
molecule

1.8

PI(3,4)P, 3 and c4 are phosphorylated

@ -‘ (©

Figure 13-10 Molecular Biology of the Cell 5/e (© Garland Science 2008)
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blue = inositol sugar
standard numbering

C1 is linked to rest of molecule

user
c3 and c4 are phosphorylated 


rememebr

remove
TTTIN VU

acict
Kinases and phosphatases add or remove
phosphate groups at different positions of the ring

to make a variety of phosphoinositide (PIP) species

/ — \

PIBP =— PI —— PI(5)P

g o i i I

l PI(3,4)P, =—5 PI(4P =—— PI(4,5)P,

CH,—CH— CH \ /
| | PI(3,4,5)P,

L
0=C 0=C

$
1@

PI(3,4)P,

(A) (€)

Figure 13-10 Molecular Biology of the Cell 5/e (© Garland Science 2008)
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remove


Kinases and phosphatases add or remove
remember phosphate groups at different positions of the ring
to make a variety of phosphoinositide (PIP) species

/ — \

PIBIP =—— PI ——— PI(5)P

i i I

PI(3,4)P, =— PI(4)P =—— PI(4,5)P,

Each phosphoinositide (PIP) species
binds to specific proteins
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Specific PIPs
are found at distinct sites

in the trafficking network O o

Thus, their protein partners phagocytosis KEY:
will be recruited to these sites PI(3)P
2¢= ,O\ PI(4)P
PI(4,5)P,
” PI(3,5)P,
endocytosis PI(3,4,5)P;

—O—

regulated exocytosis

\Q_____'

constitutive exocytosis

Figure 13-11 Molecular Biology of the Cell 5/e (© Garland Science 2008)

T

Focus on the concept—the localization of each species will not be tested
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Specific PIPs
are found at distinct sites

in the trafficking network O o

Thus, their protein partners K phagocytosis KEY:
will be recruited to these sites PI(3)P
~Q\ O, PI(4)P
PI(4,5)P,
PI(3,5)P,

endocytosis

—O—

An open question:
What positions the lipid phosphatases and kinases that position the PIPs?

D U
constitutive exocytosis

Figure 13-11 Molecular Biology of the Cell 5/e (© Garland Science 2008)

TV

Focus on the concept—the localization of each species will not be tested

PI(3,4,5)P,
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Small GTPases are active in the GTP-bound state
-they become specifically localized in the cell
-they bind and activate downstream effectors

HYDROLYSIS
GAP
ACTIVE INACTIVE INACTIVE ACTIVE

Figure 3-71 Molecular Biology of the Cell 5/e (© Garland Science 2008)

Guanine-nucleotide-exchange factors (GEFs)
promote the exchange of GDP to GTP

GTPase-activating proteins (GAPs)
promote the hydrolysis of bound GTP to GDP
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GEF
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GEF


Specific Rab small GTPases localize to distinct sites

in the trafficking pathway

Table 13-1 Subcellular Locations of Some Rab Proteins

Rab1 ER and Golgi complex

Rab2 cis Golgi network

Rab3A synaptic vesicles, secretory granules

Rab4/Rab11 recycling endosomes

Rab5A plasma membrane, clathrin-coated vesicles, early endosomes
Rab5C early endosomes

Rab6 medial and trans Golgi cisternae

Rab7 late endosomes

Rab8 early endosomes

Rab9 late endosomes, trans Golgi network

Table 13-1 Molecular Biology of the Cell 5/e (© Garland Science 2008)

Memorize the relationships in red boxes
(these are the ones most commonly discussed)
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Rabs are recruited to specific membranes by RabGEFs
their activation promotes downstream effects

filamentous

more Rab5-GEF tethering proteins

recruitment

Rab5-GDP J

lipid modif } Rab5-GEE

)
;ﬂ

active
Rab5-GTP

Pl 3-kinase

5§~

Rab effector
amphipathic proteins

helix

endosome
membrane

covalently attached
lipid
|

Rab5 membrane domain

Figure 13-15 Molecular Biology of the Cell 5/e (© Garland Science 2008)
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Rabs are recruited to specific membranes by RabGEFs
their activation promotes downstream effects

filamentous

tethering proteins
more Rab5-GEF ap

recruitment

Rab5-GDP J

- Pl 3-kinase
} Rab5-GEF

amphipathic
helix

Rab effector
proteins

;ﬂ

active

Rab5-GTP 2‘

endoso ‘
membrar Note combinatorial control of protein recruitment |
(a specific Rab working with a specific PIP)
g | |

Rab5 membrane domain

Figure 13-15 Molecular Biology of the Cell 5/e (© Garland Science 2008)
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Rabs are recruited to specific membranes by RabGEFs
their activation promotes downstream effects

\
v-SNARE

Rab-GTP ~ \TETHERING

DOCKING

e

Rab effector
(tethering protein)

FUSION
t-SNARE

target membrane cargo —‘

Figure 13-14 Molecular Biology of the Cell 5/e (© Garland Science 2008)
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Rabs are recruited to specific membranes by RabGEFs
their activation promotes downstream effects

\
v-SNARE

Rab-GTP ~ TETHERING | Note combinatorial control of docking and fusion
\ (a specific Rab working with specific SNARES)

DOCKING
Rab effector

(tethering protein) \

t-SNARE: i
target membrane cargo —‘

Figure 13-14 Molecular Biology of the Cell 5/e (© Garland Science 2008)

FUSION
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Rabs are recruited to specific membranes by RabGEFs
their activation promotes downstream effects

\
v-SNARE

Rab-GTP ~ \( JETHERING

Open question:
What positions the GEFs that position the small GTPases?

®

DOCKING

Rab effector
(tethering protein)

FUSION

t-SNARE

target membrane cargo —‘

Figure 13-14 Molecular Biology of the Cell 5/e (© Garland Science 2008)
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Spatial organization of individual trafficking events
organizes the overall trafficking networks
in addition to the plasma membrane

basolateral apical
transport transport
vesicle vesicle

nucleus

Figure 13-72a Molecular Biology of the Cell 5/e (© Garland Science 2008)
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nucleus
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2 13-62 Molecular Biology of the Cell 5/e (© Garland Science 2008)
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Lecture 1 reading

749-755 (not panel 13-1)
757-758

760-765

787-790

791-797

799-802

803-806 (not figure 13-67)
807-808 (not figure 13-72)
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