Transport across the
biological membrane



Energy flow

Maximal entropy principle:
dS = (0S/0E)dE, + (0S/0E,)dE, = [(0S/OE,) - (0S/0E,)]dE, =0
where we considered: dE, = - dE,

(dS/dE;,) = I/T, ... thermodynamic definition of temperature



Volume change

sliding partition

Maximal entropy principle:
dS = (8S/8V,)dV, + (8S/0V,)dV, = [(8S/dV,) - (8S/8V,)]dV, = 0

where we considered: dV, = - dV,

(0S/0V,)E,N=p,, /T ... Thermodynamic identity

P =Py



Particle flow
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Maximal entropy principle: membrane

dS = (0S/ON,)dN, + (6S/ON,)dN, = [(0S/ON,) - (0S/ON,)]dN, =0
where we considered: dN, = - dN,

(0S/ON| ,)E,V =1, , /T ... Thermodynamic definition of a chemical
potential w:

W =W,



Membrane Transport and Human Disease

Cystic Fibrosis and CFTR (the most common fatal childhood disease in Caucasian
populations). Inadequate secretion of pancreatic enzymes leading to nutritional deficiencies,
bacterial infections of the lung and respiratory failure, male infertility.

Bile Salt Transport Disorders Several ABC transporters, specifically expressed

in the liver, have a role in the secretion of components of the bile, and are responsible for
several forms of progressive familial intrahepatic cholestasis, that leads to liver cirrhosis and

failure.

Retinal Degeneration The ABCA4 gene products transports retinol (vitamin A)

derivatives from the photoreceptor outer segment disks into the cytoplasm. A loss of ABCA4
function leads to retinitis pigmentosa and to macular dystrophy with the loss of central vision.

Mitochondrial Iron Homeostasis ABCB7 has been implicated in mitochondrial

iron homeostasis. Two distinct missense mutations in ABCB7 are associated with the X-
linked sideroblastic anemia and ataxia.

Multidrug Resistance ABC genes have an important role in MDR and at least six
different ABC transporters are associated with drug transport.
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General comment on transport process

Transport 1s the flux of an entity in response to a driving force:

Flux jl. = IOZ.CUZ.F

where p; is the density of the material or species i (or concentration, ¢;), and o, is
its equivalent mobility under the influence of a force.

The flux of i (j,) is the net movement of i per unit area
per unit time; the units are i cm~ s/,

U
0x

Force can be expressed as a potential gradient: F =

In one dimension:

oU
X



Examples of Transport

o7
Heat Jg=—K— Fourier's Law
0x
Charge /=79 m's Law
. oP L
Volume/mass j,==-R a_ Poiseuille's Law
X
: . 0,0 dc .
Particles/Solute: |j =-D ) —Da— Fick's Law
X X




Homeostasis

It is maintained by a combinations of fluxes



Membranes are flexible, non-extendible, self-

sealing, differentially permeable barriers that
separate “IN” from “OQUT”




Function of transport

TYPES ACTIVE TRANSPORT
dATP

dGTR

Amino acids

| [yruvate |"_| glucuse|

Mat dCTR

dTTF
ATF
GTF
CTF
TR
Trinse i
Fatty acids succinate

wsosome
chloroplast

peroxisome

= Cell volume - osmolarity
* Intracellular pH

" Membrane potential

= Jons gradients

* Exchange of molecules

Ion In Out
Potassium 140 mM 1—4.5mM
Sodium 5-15mM 145 mM
Magnesium 5 mM 1-2mM
Calcium > 0.5 uM 2.5-5mM

Chloride

4 mM 110 mM



Analysis of various genomes revealed that about 10% of all proteins
function in transport (in E.coli — 427 transporters)

In eucaryotic cells, 2/3 of cellular energy at rest 1s used to transport
ions (H", K™, Na™, Ca™)

Na™

.

Electron
transport

About 200 families of
transporters are recognized

The largest family: ABC- h S :L J‘_‘ Na®
transporters \

10-6M

ATP @@
b (D 9
o. o) (7 ) (o .o
J | J |
C Endoplasmic reticulum >

Plasma membrane

Transport Processes in an
ldealized Eukaryotic Cell
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The membrane potential control

K __25mM K
s S PV e «  The effect of changes 1n external

" chloride 10n concentration on
o the membrane potential of an
T isolated frog muscle fibre
ool (Hodgkin & Horowicz, 1959)

0 5 10 15 20 25 30 Voommang

Do i [z
One electrode monitors membrane lig _QT

potential (V, ) and the other passes ,
enough current (1) through the Aotrnce |
membrane to clamp V', to a
predetermined command voltage

(Vcommand) *




Four major contributors to the work required
to transfer ion from the aqueous environment

into the membrane:

I/Vtotal = "V Bom T I/Vimage T Wdipole T I/Vneutml
/ [ / [
Born (self) Membrane dipole

energy of an ion

energy

Image charge energy All other contributions



Born Energy

I/I/total Vl/image + Wdipole + VI/neutml
> Born (self) energy of an 1on in the medium
G=u w. -4 with dielectric coefficient € (i.e. the work

Born

(self) ~ N : -
8TEWEd  required to charge the ion from 0)

If the 10n 1s transferred between media with different dielectric
constants:

2 2
AU = AW, = qg ,1(1 1 _cz 11
dre, 2al e, & 2a \ &, ¢

c=é’/dme, = 14.4 eV*A
For ¢, = 80 (water) and ¢, = 2 (membrane), the Born energy 1s very large
for most ions, i.e., 30-60 kcal/mol for a = 4-2 A.




Image Forces and Image Charges:
w.__. =W w. \+Ww. . +W

total Born image dzpole neutral

When a charge approaches a
dielectric discontinuity:

|
=
\
B R e
NF
| Force = tQZ
dme, g, (2r)
—Fr—

Infinite plane conductor

82=OO 81



Image Forces and Image Charges:
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Image Forces and Image Charges:
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Membrane dipole potential

I/I/total = WBom + W;mage + I/I/neutml
Choline (or
ethanolamine)

=0
> P=0 and C=0 dipoles

phosphatidylcholine

Water-hydrocarbon interface



Crossing the Barrier - Membrane Transport

L ]
Mechanisms
. Diffusive carriers - ionophorous antibiotics, but
not proteins
. Transporters/permeases, etc: Secondary
1. Uniporters - liver cell glucose transport active
2. Symporters - epithelial glucose/Na* transport
3. Antiporters - red blood cell HCO,/CI transport transport

. Channels:

1. Unregulated - porins; gramicidin A (a channel-type
ionophore for monovalent cations)

2. Voltage regulated, e.g., Na* channel Ligand-gated,

e.g., nicotinic acetylcholine receptor

Primary active

. Pumps - chemically and conformationally driven
transport




Movement Across Membranes

@NERGY REQUIREMENTED

l - Y

' Requires no energy | Requires energy
‘ other than that of from ATP
| molecular motion
Diffusion Y
Endocytosis
\

Y Y Secondary creates Primary e
Simple Facilitated active «___concentration active .
diffusion diffusion transport grafc;rrent transport Phagocytosis

.
Molecule Mediated transport Uses a
goes through requires a membrane-bound
lipid bilayer membrane protein vesicle

A 4

!

PHYSICAL REQUIREMENTS




Active transport

Glucose

Glucose

Glycolysis '\ )

= ATP =

PyrUvate

High [K+]
Low [Na*]

Low [K+]
High [Na*]

KEY
= Citric Acid cycle

[ETS] = Electron transport system

Na+*
K+
2Cl-

Copynight © 2004 Psarson Education, Inc., publishing as Benjamin Cummings.

Energy is imported into the cell as energy
stored in chemical bonds of nutrients
such as glucose.

V

Metabolism

The chemical bond energy is converted
into high-energy bonds of ATP through
the process of metabolism.

Primary active transport

The energy in the high-energy phosphate
bond of ATP is used to move K+ and Na+t
against their concentration gradients.
This creates potential energy stored

in the ion concentration gradients.

Secondary active transport

The energy of the Na+* gradient can be
used to move other molecules across
the cell membrane against their

concentration gradients.



LIGHT

O ® § : :
| Primery active transport
l (utilizes energy of ATP hydrolysis)
I
|
O
" |ADP| +Pi Enzyme—(l)l—OH
ATP.DRIVEN LIGHT-DRIVEN ATP —
ADP :i K— H,0
O O
1 Phosphorilation changes protein Enzyme-(|:|—0—||3|—o-
shape and affinity for solute (|)_

P-Class Pumps

V-



Active transporters

Classified according to their protein sequence homology and structures.

e P-fype: Na"™-K'-ATPase, Ca?" and H" pump, P means they have
phosphorylation and they all sensitive to vanadate inhibition.

e V-type: inner membrane ATPase to regulate H™ and adjust
proton gradients, v means vacuole type for acidification of
lysosomes, endosomes, golgi, and secretory vesicles.

* F-type: ATP synthase to generate ATP energy from moving the
proton across; F means energy coupling [actor There are F, and
Osubcomplexes F, generates ATP, F, lets H" go through the
membrane.

* ABC transporters: ATP-binding cassette protein for active
transport of hydrophobic chemicals and CI-.



Active transport by ATP-
powered pumps

Exterior
oo | e =
o |
B ﬁ 1 17 T
I N m a \
Cytosol S Y €
b — & A A
| \
sl / 3 ' | /
ATP-binding o o
region | b/ ATP-binding

region

P-class pump F- and V-ciass pump ABC superfamily



ATPase-pump classes

Class P F VvV ABC
lon E+’ ggzl H* H* various

Location [Na'/K* Mitochon- Endo- Bacteria
Example |pump drial F4F, somes

i Maintain  Generate Acidify  Drug resis-
Function |\, ATP endo-  tance
gradients somes




ABC Transporter: transport ATPase
1. Largest transport ATPase family (> 50 members)

2. In procaryotes, the transporter locates in the inner membrane
to carry nutrients into the cell

3. In eucaryotes: multidrug resistance (MDR) protein, which
produce resistance to drug.

4. Cyctic fibrosis: a mutation on one ABC transporter (cyctic

fibrosis transmembrane regulator [CFTR] protein) that
function as a CI channel in the epithelial

ABC Transporters Translocate a Wide Variety of Solutes {a) :Fiippaaamadel (b} Pump model

Hydrophob|c

Some examples: Substrate / €nd
Species System Substrate Direction Charged —ir 'rh .
Concentration

end

Streptococcus pneumoniae AmIABCDEF Oligopeptides In . ﬁ gradient
Exterior -— = .
E coli HisJQMP Histidine In ] ? > ? ] ! \3
E coli PstABC Phosphate In ‘ i
Erwinia chrysanthemi PrtD Proteases Out Cytosol -
Yeast STE6 a-mating peptide ~ Out A A \1/1 A A‘r
Human MDR1 Hydrophobic drugs Out &
, ATP * ATP >
Human CFTR Chloride Out ADP + P; ADP + P;

Human RING 4-11 Peptides Into E.R.



The master pump concept

+ Creates transmembrane gradient of a selected ion.

+ Other ions and molecules are transported across the membrane
by coupling their movement to the movement of the selected ion.

+ The electrochemical potential energy is storved only across the
membrane in which the pump is located.

+ Ion gradients generally _
store smaller packets of [0S
energy than ATP - coupled ™
transporters (increased i

e ﬁi cien Cy ) . diffusion

Facilitated /
diffusion

Primary
active
transport

+ Coupling transport to a § \
single master pump serve a
control function. ;



Atributes of a master pump

+ Low dissipation (leakage current) 1s the reason that
pumps almost exclusively transport the relatively
Impermeant inorganic cations.

+« High capacity — the 1on gradient 1nvolve
concentrations that are relatively large compared to the
concentrations of the compounds that are to be
transported. e e

/_ energy-

& coupling

endomembrane
Cations™  ~ "

/D- =)

+ High efficiency

nions~

=/




Na',K"-ATPase

Abundance reflects importance
— Erythrocyte = 20-30 copies
— Heart cell or neuron > 100,000 copies

3

QQ/\A\ @)
David Stokes, Univ. © HJ ' \ // Ej“-dqnd ouabain- 1\!
. . inding site
Virginia Na+ \ K+
electrochemical 1 ll electrochemical
Pump Activity is Electrogenic ~ *|™ B o
H
@ Na*-binding I\ . CvyTOsoL 0,
O & i\ %0
site >~ \ F,x(’?
[ADP+ i
ATP ADP b
2(KY
Mg2+ Mg2+ A 4
E,* 3Na* & E,* ATP  3Na* £ J > E,~P+3Na"
1. ATP binding 2. formation of
3Na* (in) — "high-energy" aspartyl
2K * (in)ﬁ phosphate intermediate

Inside
G20CEEOC00E|0NCCCEEOECEEECOOCOEOOOEE0 | CEECeREEee®
' 6. K transport and

3. Na*transport
Natbinding _ : v
: 3 \_ .
Outside \ .
5. phosphate | 3Na’ (out)
. hydrolysis _— 4. K*binding L
Ez « 2K 7= / \ E2_ P -+ e
P; H,0 \

2K *(out)



Primary active transport

3Na"(in) + 2K*(out) + ATP + H,O <— 3Na"(out) + 2K"(in) + ADP + P1

Y

in

Teh

@

- (@)

AG, =RTIn

AG ,;» = AG’ 41p + RT In>

<

(3Na*(in)+2K*(out)«>3Na*(out)+2K"(in)

ATP + H,0 < ADP + Pi

A(}net — A(}ion T A(}ATP

- FAW.

in—out

et (1)

' ADP][Pi]
[ATP]
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Na',K"-ATPase Functions

d 20% of body heat in mammals is from the basal activity of
Na*,K"-ATPase.

d > 30% of metabolic energy in resting mammals is consumed
by Na*,K™-ATPase.

O O

O

HO,
HOH,C ~
OH

H
HO

HO 1. 9o
OH H CHgq OH
yons gicuc veansoouy H I .
Strophanthidin Digitoxigenin H : H Ouabain

HO OH

HO

Cardiac glycosides bind exclusively to the extracellular surface of
Na™,K"-ATPase when it is in the E,-P state.



When pump is stopped. ......

After inhibition of the Na-K pump with

Equilibrium is maintained by an equal ouabain, continued passive leakage
number of positive and negative ions disrupts equilibrium. To counteract this,
moving in and out of the cell. water flows into the cell causing it to swell.

P H:0
oy H:O l

. Na’g
Neo I, ﬂ ine
e TS ®I _ Quabain X_
_ Na+ N\
[?\l(aﬂ- . © ‘ e
| Ko vIK']
. [K+]i - < oK + [CI'),
<~ ®eK 1 Cllo cg_il .
Clg —~ .
Normal Cell Swelling cell after

Na—-K pump is inhibited



A transport system might not be coupled to

Ca?*-ATPase

»— nucleotide-binding
/N \ domain i
y- " . activator '
& 2 ’ : as%amc domain ‘ \
N L aci
4 [ \
\ // A
phosphorylation—< i ' y I\{l 4 it
domain ) B¢ ™ D
2 Ga2+enter calcium- . AN /3" phosphorylated'C . Aleet)
binding cavity % \ / aspartic acid (&5
cvtosoL  CedBiig , C< i)
04 A \ D

LUMEN OF L \
SARCOPLASMIC f& WAV ]
RETICULUM /J WAL

Plasma membrane Ca?*-ATPase

Ubiquitous in
Ca% ATR eukaryotes
nM Ca**
ADP + P, 2H
mM Ca** In vivo activity ~ 5%

of (Na*/K*)-ATPase

the master pump

Calcium homeostasis

Cytoplasmic Ca’* is regulated by
a Na*/Ca’* antiporter in plasma
membranes and by P-type Ca-
ATPases in plasma membranes
and endoplasmic reticulum.

Sarcoplasmic Reticulum Ca?* - ATPase

[also on ER, hence “SERCA” pump]

Note: an intracellular

myofibrils
membrane
SR —(mM 2ca” ADP + P,
- | 2H"
sarcoplasm Llee ATP



Secondary Active Transport —_—
(Coupled Transport)

Utilizes ion-gradients
generated by primary
[ransporters.

g Secondary active transport

Uniport — transport of a single solute driven
__only by AV

AU
n D

| log,, [S;”] _ AY' Nerst equation

000 M 4o [S27] B

v 2.3RT/F=59mV =B at 25°C




Symport (cotransport) amino acids and sugers

Et the equilibrium
AG . =nAu, . +Au,. =0

n is the number of moles of H" that would have to move down the
A, gradient to generate the accumulation.

- Symport
+7
AﬂH+ = FAW — 2. 3RTApH Au .. =2.3RT log,, E }+2FA‘P
O
AG,,, = AJi . +Ali,,, =2.3RT log,, [‘; | ZFAW 4+ n(FAW -2 3RTApH) = 0
O
S+ AW
log,, {S*Z} =nApH — (n + z)—

2.3RT/F =59 mV =B at 25°C



Antiport (counter-transport) restricted to ions

S+Z
Al,., =2.3RT log,,— 7

1

— zFAW

AZi, . = FAW — 2. 3RTApH

+ Combining Au~y, and Au~g,,

log,,

+Z n is the number of moles of H" that
S IP L]
—Z = (n Z) — -7 Ap[—] would have to move againsty the Ay,
S . gradient to generate the accumulation.

4+ If n = z, then the charge movement

+7Z
log,, — S = —nApH

would be neutral and AW has no effect. SO




The consequence of the transfer of charged

malecules
Electroneutral Electrogenic
Stomach H* pump/ HCI S
Cl H* Lactose — E. Coli H*
high high K+
Out o ec lactose ee 1
(lumen § | low t
stomach) ou
in in
ADP
*deCt H* 1
h‘fgh °e E,lw :_cl,w.c’ ATP galactoside/ oo it

permease
o protonmotive

A potential difference across a biological membrane: ~70 mV

The voltage gradient is ~ 20,000,000 V/m.



[Na*] ™

[K*]

Na*

Central Role
of the
Na,K-pump

K+

Na* glucose



Secondary active transport
example

n. AG

ions drivingion

n AG

transportee transportee

Works 1f

Sodium-Glucose cotransporter (1:1)
Intestinal glucose around 0.5 mM

Intestinal epithelial intracellular glucose >5 mM

AGgyeose n= 11,418 cal/mol
AGg, gium v = -3,261 cal/mol

So one sodium CAN drive the import of one glucose from
the interior of your intestine!



%
Y

2 Na*/glucose
symporter

GLUT2

Glucose <« Glucose Glucose

Na* Na* 2 Na* 2 Na”

Na'/glucose
cotransporter

Energetics of transport:

Entry of 1 sodium contributes
about 2.2-3 kcal/mol

For uncharged glucose
AG=RTIn([C,]/[C+])

Therefore co-transport with 2

Na+/K+ ATP
ATPase
o ADP + P,
it L
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”

Na' allows to generate about
1000 fold higher concentration

of glucose inside the cell

AG = Z nAu; = 2 n(w" —u) = 2 n|RT ln( ((;;’:t ) +z.Fy,
At equilibrium: |AG = RTn( L9 ) r71n % +Fy, =0
\[C .. [Na™ ],
. ( ]
[G]zn — [NCZ +_ out eXp(—me /RT)
[G]out \ [Na ]in




Lactose HY ., Proton pump
transporter 4 H" (inhibited by CN")
Lactose " ®

(outside)

Lactose
(inside)

E. coli lactose transporter



Acidification of the stomach lumen
The role of H/K™ ATPase

This is the largest
concentration Basolateral Apical
gradient (pH = 1.0; memerene AL e
pH=7.5) orotein

Anion o~ L o
antiport\\:-""

across a membrane in v oo, de oo w— 5

HCO, Tr ATP |
; ; ! T~ H'/K* ATPase
eukaryotzc organisms. N ADPfPia__\K,
O

K" channel
CO, === CO, + OH

protein
‘ junction

Stomach lumen




Regulation of intracellular pH
* Intracellular pH (pH) ~ 7.0-7.2
* Extracellular pH (pH,) ~ 7.4
* Metabolic processes produce acidic byproducts = JpH,
* Require regulatory mechanisms to maintain pH,

Na™*

Principal mechanisms: HCO;

Na™*

Na’/H" exchange
H" +HCO;
CIVHCOj; exchange ()
H,CO;
HCO; !

Na*-HCOj co-transport
H,0 + CO,

Cr

S Sl SpavYo1Y P Y20204 wof pardopy

Q
S



Na/H exchanger Y = - 60 m¥

. in out
Because of Vy,, pH;j, would equilibrate at ~ 6.4 11,

without a mechanism to move H" out. H -
O Exchanges H" for Na™ electroneutrally, 1T N .
unaffected by membrane voltage. H" leaks in
 Direction of exchange is determined by .\
concentration ratios of the 1ons in and out. Na

+

At equilibrium, H
[N&*ou/[Na*Jin = [H*oue/[H* i pH 7.4

pH;, would be ~ 8.4, but exchanger turns off when pHj, rises into the
range of 7.0 - 7.4.

[Na*] .. is ~10° times greater than [H'];,, one-for-one exchange of H
" for Na" can substantially change [H'];, with almost no change in

Na* concentrations, so A[Na"] driving force remains strong as A[H']
diminishes.



Comparison of transport mechanisms
Channels/Pores - Often very high rate (when open)

Transport rate [s!]

Sodium Channel 107
Gramicidin A (H") 108
Acetylcholine receptor channel 107
Passive Permeases (Carriers, Transporters)

valinomycin (carrier) 104
H' - Lactose permease (E. coli) - symport 30

Glucose transporter (erythrocytes) - uniport 300
Band 3 anion transporter (erythrocytes) - CI/HCO; - antiport 10°

Primary Active Transporters
Bacteriorhodopsin (H"), Halorhodopsin (Cl") 100
Na/K*"-ATPase (P-type) 450
H*-ATPase (F-type) 500
Cytochrome ¢ oxidase (H") 1000




Bulk transport

Endocytosis

Exocytosis

Phagocytosis

Plasma
membrane

Pinocytosis

Target molecule

Receptor protein

Recepror-mediated endocytosis




Cystic Fibrosis and
Membrane Transport



Cystic Fibrosis

CF causes the body to produce an
abnormally thick, sticky mucus
on epithelial surfaces.

It 1s one of the most common lethal inherited
disorders among caucasians.

One 1n 28 Caucasians - 1s an unknowing,
symptom-less heterozygous carrier of the
defective gene



Symptoms and complications

* Decreased mucociliary clearance of sputum leads to
chronic endobronchial bacterial colonization, and...
— Production of large amounts of sputum
— Wheezing
— Dyspnea
— Limited exercise tolerance
— Death

* Pancreatic insufficiency in 85% of patients, leading to
malabsorption of fat and malnutrition.

* Also diabetes mellitus, bowel obstructions, arthritis,
and infertility.



Cystic Fibrosis Transconductance
Regulator (CFTR)

A member of the ABC superfamily of transport proteins
However, 1t does not appear to act as an active transporter
A chloride channel — facilitated diffusion

Activated by phosphorylation

Permits chloride movement to the epithelial surface.

This results in osmotic flux of water to the apical surface,
diluting mucus.

In about 70% of CR cases, a mutated form of the CFTR 1s
reaches the ER, but 1s then degraded.
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Current treatments

e Treatment for Lung Problems
— Antibiotics
— Chest physical therapy (like percussion)
— Exercise
— Other medications
« Anti-inflammatory medications
* Bronchodilators,
e Mucus-thinning drugs
— Oxygen Therapy
e Lung Transplantation

* Management of Digestive Problems
— Oral pancreatic enzymes
— Fat-soluble vitamins A, D, E, and K
— Feeding tube

— Enemas and mucus-thinning medications to treat intestinal
blockages



Mechano-sensing

One-dimensional

in different oy foree
dimensions.
B

Two-dimensional
lateral tension

E =TXAA

C

Three-dimensional
osmotic or crowding
pressure

E =pXAV

Membrane

X ,\ ( w000k

Talin

%

[+Al

—47—¢\>T

|
e

(A) A one-dimensional sensor, such as talin, can unfold and elongate with tension. Sucht (fgnformational
change could expose cryptic binding sites within the protein.
(B) A membrane channel that opens in response to membrane tension is an example of a two dimensional
sensor that increases its in-plane area (A). The panel shows the predicted tilting motion of pairs of
transmembrane helices of the bacterial mechanosensitive channel MscL, which are associated with a ,20

nm? change of in-plane area expansion.

(C) A hypothetical elastic structure that decreases its volume under osmotic pressure is an example of a

three-dimensional mechanosensor.



Transport System Integration

[Na*]high

eNa* Homeostasis
Multiple interacting systems

- Consider interaction

of:

- Na*,Ca?* antiporter

2 ~ 0 Nat
M - Na*,K*-ATPase

Examples of Types
of Nat-coupled Transporters



Transport System Integration

o When the Na',K"-ATPase is
inhibited
— [K"] decreases in cytosol.
— [Na*] increases in cytosol.

o Atthe Na',Ca’" antiporter,

— Affinity of transporter for Na* at
cytosolic binding site is close to

Na* ( 3
/< < - intracellular [Na'].
,<)\ — If'intracellular [Na"] increases,

Na™ will compete more effectively
Examples of Types . +
of Na+-coupp|ed Traxgporters with Ca’* at fransporter.

— Increased Na™ competition results
in less Ca*" efflux.

— Less Ca?* efflux results in
increased intracellular free Ca*".



