Biology from an EE perspective
Lecture 8

Transport of molecules & 10ons across cell
membranes

Membrane potential in electrically active tissue

Electric potential change to muscle contraction

Rakesh K Lal



I Lecture Overview

potentials
Look at other electrically active tissue

Discuss the mechanisms by which muscles create
force

I Continue with looking at molecules that help set up

Figure credits: Unless mentioned, all jpeg images are from the site of
Molecular Cell Biology by Lodish et al., published by W H Freeman & Co



I Measuring potential
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I Transport across membranes

I/.:]" AN Mechanisms for Transporting lons and Small Molecules Across Cell Membranes

Property

Requires specific
protein

Solute transported
against its gradient

Coupled to ATP
hydrolysis

Driven by movement of
a cotransported ion
down its gradient

Examples of molecules
transported

Passive Diffusion

0,, CO,, steroid

hormones, many drugs

“Also called secondary active transport.

Transport Mechanism

Facilitated Diffusion

+

Glucose and amino
acids (uniporters); ions
and water (channels)

Active Transport

+

Tons, small hydrophilic
molecules, lipids (ATP-
powered pumps)

Cotransport*

.+_

Glucose and amino
acids (symporters);
various ions and
sucrose (antiporters)



lonic concentrations

II.\:{8: 08 Typical Intracellular and Extracellular
lon Concentrations

Ion Cell (mM) Blood (mM)
MAMMALIAN CELL

(VERTEBRATE)

K 139 -+
Na* 12 145
Cl= 4 116
HCO, 12 29
X 138 9
Mg?* 0.8 15
@l <0.0002 1.8

“The large nerve axon of the squid has been widely used in studies
of the mechanism of conduction of electric impulses.

X~ represents proteins, which have a net negative charge at the
neutral pH of blood and cells.



I How does the cell maintain potential?

Gases
CO,, N,, O >
S Permeable F
Small -
uncharged Ethanol Permeable g
polar 0 :
molecules
" H,0 7‘“‘ e
NH,—C—NH, Water Slightly -
Urea permeable (
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uncharged D\

polar Glucose, fructose ¢
molecules

lons

K*, Mg2*, Ca2*, Cl-,

HCO3_, HPO42_ k

Impermeable —

Sk
Charged  Amino acids, ATP,

po e glucose 6-phosphate,

molecules

proteins, nucleic acids



I Proteins that enable molecular transport
I Pumps

I ATP-powered pumps
(100-103 ions/s)

Exterior

Cytosol
©



I Proteins that enable molecular transport
I Channels

I lon channels

(10’-108 ions/s)
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I Transporters

I Transporters

(102—=10% molecules/s)

D@

Uniporter ymporter Antiporter

A B

Proteins that enable molecular transport




I Glucose transport

Exterior GLUT1 @ Glucose

Glucose »» ﬂ,
\ — . —
Outward-facing Inward-facing ﬂ' Outward-facing
Cytosol : : ® :
conformation conformation conformation

t |




I How does one check these things out?

Detergent
molecules

Mix with phospholipids

Dialyze or dilute
to remove detergent

Liposome with
. glucose transport protein



lon pump

Exoplasmic
face

Cytosolic |
face

P-class pumps

Plasma membrane of plants, fungi,
bacteria (H" pump)

Plasma membrane of higher
eukaryotes (Na*/K* pump)

Apical plasma membrane of
mammalian stomach (H*/K* pump)

Plasma membrane of all eukaryotic
cells (Ca?* pump)

Sarcoplasmic reticulum membrane
in muscle cells (Ca?* pump)



I Calcium pump

Ca?" binding
SR lumen sites

v /_ A
Cytosol !

Phosphorylated
aspartate

ATP
binding
site

Calcium and

ATP binding
-
CaZ+ &
® ATP
Conformational
change

Phosphorylation

of aspartate

Calcium
release

E1

Conformational
change



Molecular picture

J (a) E1 state (b) E2 state

SR lumen

\

Membrane g
M "'.

Cytosol

Actuator
domain

Phosphorylation
site

Phosphorylation

domain ATP site

Nucleotide-
binding domain



I Proton pumps

Vacuolar membranes in

2H" V-class proton pumps
I plants, yeast, other fungi

Endosomal and lysosmal
membranes in animal
cells

Plasma membrane of
osteoclasts and some
kidney tubule cells




I Proton pumps
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F-class proton pumps

Bacterial plasma
membrane

Inner mitochondrial
membrane

Thylakoid membrane
of chloroplast



I and hydrophilic parts
I %
osootoooqor .
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Transport of molecules with hydrophobic




Exterior

Exoplasmic
leaflet

Membrane

Cytosolic
leaflet

Cytosol

ATP-binding domain

ATP-binding domain
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(b)
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H* H* ClI-
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potential
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Channels

(a) Single subunit (b) Tetrameric channel

P segment

Selectivity Exterior g
filter

Vestibule




I Gated channels

Repolarization of membrane, displacement of channel-
inactivating segment, and closure of gate (slow, several ms)

l lon-selective Quter Na* |
] vestibule Depolarized
Exterior membrane
+4++++ +4++++ 0 ————= - -
——- e +++ +++
Cytosol
) . Ll Voltage- Innt:_rb e ¥
Channel-inactivating sensing veslibule .+
segment ¢ helix Inactive Na* channel
Closed Na* channel Open Na* channel (refractory period)
Initial depolarization, movement Return of voltage-sensing
of voltage-sensing o helices, o helices to resting position,
opening of channel inactivation of channel

(<0.1 ms) (0.5-1.0 ms)



I How channel proteins studied

Microinject mRNA O/
encoding channel mMRNA

protein of interest ~_Plasma
membrane

Incubate 24-48 h for W N~ NIV :
synthesis and 4 synthesized
movement of channel = Q chanr)el
protein to plasma X protein
membrane

I

\ //
Measure channel- %~ Patch electrode

protein activity by i

patch-clamping

technique N
/)



I Antiporter

MH* Cr MHCOB‘
Na* " Na' cI-

HCOYY \
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Non-electrically excitable tissue also could

have some internal potential

*-pumping proteins
ADP + P;

w

Plant vacuole lumen

channel (pH = 3-6)

proteins @ NO4

Na* Ca2™  Sucrose b
A

O

H* H* H* (pH=7.5)
Proton antiport proteins

20

Al

+

lon

+ +




Energy from ionic gradient important in

I many situations including photosynthesis

lon concentration Membrane electric

gradient potential

Inside Outside Inside Outside
12mM Na* 145 mM Na* . it
Na* ~70 mV

AG, = —1.45 kcal/mol AG,, = —1.61 kcal/mol

\ P
Y

Free-energy change during transport
of Na* from outside to inside

Inside Outside

Na*

-70 mV

AG = AG,+ AG,, =-3.06 kcal/mol



I Gated channels

lon-selective
pore

Central

Exterior

¢
Membrane |

Lateral
window



I Random Telegraph Signals
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lon pumps in other tissue

Glucose intake

X

GLUT2
b
Glucose < Glucose

2 Na"'/glucose
symporter

Glucose

Nat Nat 2 Na* 2 Na*
Na+/K+ ATP
ATPase ADP + P,
K + :
K Apical
membrane
Basolateral __
membrane Tight junction
Blood Cytosol Intestinal lumen
High Na* Low Na* Dietary glucose
Low K* High K* High dietary Na™CI”




lon pumps in other tissue

CI'/HCO3™ h

antiporter Cl” channel
CI% cl= e3> ClI-
HCOS_ HCOg_ K+ channel
S
K+
Carbonic K™ K+
anhydrase
ATP H /K
ADP + PI ATPase
C02 . C02 + OH"™ %HZO —> Ht H+
Basolateral Apical
membrane , , ; — membrane
Tight junction

Blood
pH 7.2

Cytosol
pH 7.2

Stomach lumen
pH 1.0




Gated channels

(a) Resting state (cytosolic face negative)

Exterior K+
150 MM 4 mM
Na* + + +++M+++lﬂ+++
12mM 140 mM .
Cytosol K™ channel Na*channels
(open) (closed)

(b) Depolarized state (cytosolic face positive)

Exterior K+
150 MM 4 mM
Na™ e L o S
_ _ — o + + + +F +
12mM 140 mM i -
+
Cytosol P Na e
K™ channel Na* channels

(open) (open)

Na*



I Gated channels

(a) Voltage-gated K" channel (tetramer)




I Schwann cells

Schwann
cell



I Schwann cells
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Schwann cells

(d)

Plasma membrane

Cytosol % 8

Cytosolic
apposition

Exoplasmic
apposition

Po exoplasmic
— domain
3 P, transmembrane
- % domain
X3
W e ) - P, cytosolic

domain




I Types of junctions

Tight junction

Apical surface

()
)
()
(]
.k} Adherens junction

§3 °

Desmosome

Hemi-
desmosome

Basal lamina

surface ; ST
/1 Extracellular

matrix (ECM)

Connexon



I Connections

Connexon
hemichannel

Gap-
junction
channel

Cytosol

Intercellular gap




I Chemical synapse

Axon of
presynaptic cell

Exocytosis of

Synaptic _
neurotransmitter
terminal

vesicle Axon

Synaptic cleft (%) @
(%)
Postsynaptic \ QGig °
cell Y Y \'I'/ \? \?
V

Receptors for
neurotransmitter

Direction of
signaling

About 106 synapses in the brain of children!



I Synapse: Electron Image
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Transmitters

I
CHz—C—0—CH,—CH,—N*—(CHy),

Acetylcholine

]
H3N'—CH2—g—o-
Glycine
o
(|2=O (0]
H3N'—(I3H-CH2—CH2—!1,—O’
Glutamate

HO

HO CH,—CH,—NH;,*

Dopamine
(derived from tyrosine)

HO

HO (|3H—CH2—NH3+
OH

Norepinephrine
(derived from tyrosine)

HO

HO (liH—CHZ—NHZ*—CHB
OH

Epinephrine
(derived from tyrosine)

HE CH,—CH,—NH,*

N

I
H

Serotonin, or 5-hydroxytryptamine
(derived from tryptophan)

H/C=C\—CH2—CH2—NH3*'

N, NH
N
NeH

Histamine
(derived from histidine)

I
HsN*—CH,—CH,—CH,—C—0"

v-Aminobutyric acid, or GABA
(derived from glutamate)
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I Vesicle cycle

i Docking and
O H+-linked EO VclassH® @) ca2+-sensing Voltage-gated Na®-neurotransmitter
antiporter pump proteins Ca2* channel symport protein
K Import of neurotransmitter
H+
H+ H* o ATP
"
a e
. ° . ADP + P,
Movement to
active zone
L ] . L ]
[ ] L]
S & # Uncoated
o B vesicle
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plasma membrane vesicles via endocytosis a
. L ] 4 .
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I Summing of synaptic signals

Direction of

action potential Dendrite

Cell body

»

-40 mV

-60 mV

Q [—=— Axon hillock

Postsynaptic

T~ Electrode to measure
cell

electric potential

Membrane potential in the postsynaptic cell

\Action

potential

Threshold
potential




I Nervous system to effector organs

Quadriceps muscle
(extensor)

Sensory
neuron

Ending of
sensory \

neuron
Biceps

muscle
(flexor)

/
Motor

/- Motor neuron

Knee cap

~

Dorsal-root —/
ganglion

Motor neuron

«—

neuron \
axon
terminal

Motor neuron
cell body

Sensory neuron
cell body
Spinal cord

Inhibitory
interneuron



Neuron to muscle

(a) Multipolar interneuron

Dendrite Axon_
| terminal
Cell body N
‘ Axon \j~
_ ""/I.—————~ e —
Direction of action potential ,3\ N\
Axon 3 b
hillock

(b) Motor neuron

Cell body Axon

\ “ \/ IVIy|eIin =

Axon Nodes
hillock of Ranvier Sheatl

| Direction of action potential !
Dendrite > terminal




Neuron to muscle cell

Motor

Voltage-gated neuron
Ca2+ channel

\n Acetylcholine

CaZ+ P4 Na' channel
Nicotinic 1 Voltage-gated
acetylcholine

receptor 2 EJ /T tubule

2+
Na* Ca
Na*
Sarcoplasmic n

Muscle cell reticulum

Ca?t* channel

Ca2+ release
channel



I Types of muscle cells

I " Striated
" Cardiac

" Smooth



I Cell cytoskeleton

CYTOSKELETAL COMPONENT

Actin dynamics
Filament networks: bundles
Myosin motors

Actin bundles and intermediate
filaments

Lamin network

CELL FUNCTION

Membrane extension
Cell structure

Contractility and vesicle
transport

Cell adhesion

Nuclear structure



I Striated muscle

et e .u.l.?.)_ﬂ ~?w..3..4dff. NJUO .f.,..
&‘#ﬂht.n ...Nn«wv.a.nvox\




Striated muscle structure

Myosin filaments
A

4 Y

Actin fLIaments Actin filgments

Z disk e | T
Al zone H zone Al zone
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\ J
Y
Sarcomere | 1T um I




Structure

Thick filament Alzene Thin filament

Thin filament

. Myosin cross-bridge
g = — Thick filament
BRI  backbone




I Structure sketch

Myosin filaments
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I How do muscles contract

I " No change of fibril length

“ | band width changes



I Motor structure
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I Contraction

Relaxed
Actin Myosin Actin
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I Cartoon of muscle cell structure

I Myosin Il heads
Myosin |l tails

Bare zone

< 160 Nnm >
< 325 nm >




Actin  Myosin Latex bead

. iy

Optical trap "off" Optical trap "on"

Glass slide
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I Actin-myosin action




IR ERE Myosins

Type

1I

XI

Heavy Chain (MW) Structure

110,000-150,000 Q)

220,000

170,000-220,000

140,000

170,000-260,000

Step Size (nm)

10-14

36

30

35

Activity

Membrane binding,
endocytic vesicles

Filament sliding

Vesicle transport

Endocytosis

Cytoplasmic
streaming



I Summary
Several types of membrane proteins involved in

I molecule and ion transport across cell membranes
Several of them have their conductances

modulated by either potential or the attachment of a
ligand & serve in modifying the potential setup by
other membrane proteins that set up ionic gradients

Reception a nerve impulse in a muscle cell at a
sarcoplasmic reticulum releases calcium ion that

Causes

a sarcomere to shorten as myosin ratchets

against actin with energy from ATP



