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Last weeks: Discussed the membrane structure
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Topic of the day: membrane transport

Vlembrane Transport of Small
Molecules and the Electrical
Properties of Membranes
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Topic of the day: membrane transport

Proteins involved in membrane transport

Active vs Passive transport

ATP-driven pumps and Na+/K+ ATPase - ABC transporters
Channels

- Aquaporin

Introduction to ion channels

- lon selectivity

- lon current measurements

Examples of the importance of these transporters



ion concentrations inside and outside a cell

A Comparison of Inorganic lon Concentrations Inside and Outside
a Typical Mammalian Cell*

Component Cytoplasmic concentration Extracellular concentration
(mM) (mM)

Cations

Na* 5-15 145

K 140 5

Mg2* 0.5 1-2

Ca?* 10+ 1-2

H+ 7 x10° (1072 Mor pH 7.2) 4 x10°5 (1074 MorpH 7.4)

Anions

Cl- 5-15 110

*The cell must contain equal quantities of positive and negative charges (that is, it must be
electrically neutral). Thus, in addition to CI~, the cell contains many other anions not listed in
this table; in fact, most cell constituents are negatively charged (HCO3~, PO43-, nucleic acids,
metabolites carrying phosphate and carboxyl groups, etc.). The concentrations of

Ca?* and Mg?2* given are for the free ions: although there is a total of about 20 mM Mg2*+ and
1-2 mM Ca?* in cells, both ions are mostly bound to other substances (such as proteins, free
nucleotides, RNA, etc.) and, for Ca2*, stored within various organelles.



The lipid bilayer is impermeable

- The lipid bilayer of cell membranes is a _n g P

barrier that prevents water-soluble molecules °

and small ions to pass through. ]

/

- This allows to have different concentrations B o

of solutes in and out. - Cells use specialized \

transmembrane proteins for transport - o

® ]
LIPS \
(A) protein-free (B) cell membrane

artificial lipid bilayer

Outside of the cell

L | |
Gellmombrans highly impermeable to ions

Hydrophilic

Inside of the cell ) ) ) )
Figure 12-1 Essential Cell Biology (© Garland Science 2010)



Using a synthetic lipid bilayer one can study
permeability for different classes of molecules.

Gycine in H,0 Basic chemical principles for this experiment

Phospholipids form liposomes with an amphiphilic nature

Phospholipid
Molecules will diffuse over the lipid bilayer down its concentration
gradient
High concentration -> Low concentration

: The features of the compound tested will define diffusion rate

i ipdvoudie

o :
©
o ©

Stryer, Biochemistry, 5t edition
Figure 12.13 Preparation of Glycine-Containing Liposome



Using a synthetic lipid bilayer one can study
permeability for different classes of molecules.
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Using this information, we
can predict which groups of
molecules require membrane
transport



Molecules can be transported across the membrane by
proteins
What are the types and features of these proteins?



Transporters and channel proteins

solute
|
|
l
bilayer . “ ‘
solute-bihding site
(A) TRANSPORTER

Transporters are also called carriers or permeases

(B) CHANNEL PROTEIN
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Channel proteins

-Form hydrophilic, often highly selective pores
-No change in conformation

-The pores can usually open and close rapidly
-No energy coupled, only passive transport

selectivity filter

=Yy ®

gate
CLOSED OPEN

Figure 11-21 Molecular Biology of the Cell 6e (© Garland Science 2015)
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Transporters and channel proteins

transporter channel
Interaction with the solute |strong weak
Conformational change yes no
Transport speed slow fast
Transport type active or passive

passive
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Transporters are found in most or all biological membranes

nucleotide sugar aminoacid Na*

A

lysosome

pyruvate

mitochondrion

plasma membrane

Figure 12-5 Essential Cell Biology (© Garland Science 2010)
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Passive versus Active transport

S
@ O 1 -; * ‘
lipid concentration
bilayer gradient
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simple channel- transporter- ‘
diffusion mediated mediated ENERGY
| | |
(A) PASSIVE TRANSPORT ACTIVE TRANSPORT

Passive transport relies on concentration gradients



Passive versus Active transport

O .
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bilayer gradient
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simple channel- transporter- ‘
diffusion mediated mediated ENERGY
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(A) PASSIVE TRANSPORT ACTIVE TRANSPORT

The basic structures and amino acid sequences of passive transporters and active transporters
are very similar.
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Charge of the transported molecule influences

transport
©0°, ©09%, e©0
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gradient (with no a membrane potential

(B) membrane potential)
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A model of how a conformational change in a
transporter mediates the passive movement of a solute

. solute . .
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rate of transport

The kinetics transporters resemble a enzymatic

Vm

" transporter-mediated

diffusion

Km

reaction

\

simple diffusion
and channel-mediated
transport

concentration of —=
transported molecule

-Each carrier has a defined maximal flipping
rate (Vmax)

-Vmax is reached when the transporter

is saturated

-The affinity (Km) equals the concentration of
solute at 1/2 Vmax
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Three ways of driving active transport

LIGHT
By
X \
lipid electrochemical
bilayer gradient
A
/\ A /
f» ADP
COUPLED ATP-DRIVEN LIGHT-DRIVEN
TRANSPORTER PUMP PUMP

Active transport uses energy to drive transport against the electrochemical current
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Different modes of coupled transport.
uniporters, symporters, and antiporters

transported molecule co-transported ion
o C\/. 0\
lipid
bilayer
| / \ /\
|

UNIPORT I SYMPORT ANTIPORT J

coupled transport
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Transporters are built from inverted repeats
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Active coupled transport driven by a lon concentration



Mechanism of glucose transport fuelled by a Na+ gradient.

EXTRACELLULAR SPACE
o glucose Na* plasma membrane
00 o o e @ @
@ © © o L @
) \ O
Na* glucose
electrochemical -— (+) -— (+X ] -— -— concentration
gradient gradient
. )\
© @ ®g 0
CYTOSOL occluded- outward- occluded- inward- occluded-
empty open occupied open empty

L J

These glucose transporters are called the sodium glucose linked transport (SGLT) family of
transporters. There are several with SGLT1 and SGLT2 the most well known
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Glucose absorption in the small intestine

GUT LUMEN

- intestinal lumen

low
glucose

. . . concentration
- microvillus in

apical domain

Na*-driven tight
glucose symport ” junction
lateral | intgstingl
domain epithelium
high
glucose

concentration
transporter
mediating passive
transport of glucose

basal
domain Na*-K* pump

. extracellular

EXTRACELLULAR FLUID

low
glucose
concentration
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Co transport of glucose

Transcellular transport

SGLT1

Na*-driven
glucose symport

lateral
domain

transporter
mediating passive
transport of glucose

basal
domain

GUT LUMEN

EXTRACELLULAR FLUID

- intestinal lumen

low
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. X X concentration
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Transcellular transport

SGLT1

Co transport of glucose

Na*-driven
glucose symport

lateral
domain

transporter

mediating passive
transport of glucose

What is this transporter?
Would it be active of passive?

basal
domai

GUT LUMEN

Na*-K* pump

EXTRACELLULAR FLUID

- intestinal lumen

- microvillus in
apical domain

| tight
junction

intestinal
I epithelium

extracellular
fluid

low
glucose
concentration

high
glucose
concentration

low
glucose
concentration

26



Transcellular transport

GUT LUMEN

- intestinal lumen

low
glucose
concentration

SGLTH1
Co transport of glucose

- microvillus in
apical domain

Na*-driven | tight
glucose symport junction
lateral | intgstiqal
domain epithelium

high
glucose
concentration
transporter
mediating passive
transport of glucose

basal
domai Na*-K* pump

extracellular

~ fluid low

glucose
concentration

A passive glucose

transporter GLUT EXTRACELLULAR FLUID \

Discussed later!



Transcellular transport

GUT LUMEN

There are 14 members in the GLUT family. - intestinal lumen
- Transport different substrates. Not only glucose, but
fructose (GLUTS), urate (GLUT9).

+ Have different Km and Vmax

* Are expressed in different tissues

low
glucose

. X X concentration
- microvillus in

apical domain

Na*-driven | tight
glucose symport junction
lateral intestinal
domain epithelium
high
glucose
concentration
transporter

mediating passive
transport of glucose

basal
domain Na*-K* pump

extracellular

 fluid low

glucose
concentration

EXTRACELLULAR FLUID
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Three types of ATP driven pumps

ions
small molecule

+ (2
H* or l\K/' or or (& O
A

H* H*
lipid
bilayer
cytosoL ___J
P o+
/-’ ADP
e mop +(P
Ao | 533
+
P @ ATP ADP + (P; P, + ADP ATP
P-type pump ABC transporter V-type proton pump F-type ATP synthase

Figure 11-12 Three types of ATP-driven
pumps. Like any enzyme, all ATP-driven
pumps can work in either direction,
depending on the electrochemical
gradients of their solutes and the ATP/ADP
ratio. When the ATP/ADP ratio is high, they
hydrolyze ATP; when the ATP/ADP ratio is
low, they can synthesize ATP. The F-type
ATPase in mitochondria normally works in
this “reverse” mode to make most of the
cell's ATP.



Examples of ATP driven pumps

Transporter type

function

Nat+/K+ pump (P-type)

To maintain gradient of Na+and K+

Catt+ ATPase (P-type)

To keep [Cat+] low (for signaling)

Gastric H+/K+ pump (P-type)

To secrete HCI
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The Na+/K+ ATPase

Jens C. Skou

« ATP-driven antiporter
P-type ATPase
Maintains the Na+ gradient important for:

 transport of nutrients into cells - osmotic balance
* 1/3 of the cell’s energy is devoted to this pump!

Nobel prize in chemistry, 1997

"for the first discovery of an ion-
‘ransporting enzyme, Na+, K+ -ATPase"
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The function of the Na+-K+ pump

3 ()

plasma
membrane
Na* K*

electrochemical electrochemical
gradient gradient

__/
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The cycle of the Na*-K* pump

PUMP
2 PHOSPHORYLATES “*

ITSELF -
EXTRACELLULAR
SPACE

cvrosc/

®

Na* BINDS . 4 K*BINDS
1 TOPUMP‘ opaba.m, //\ l

digoxin L

PHOSPHORYLATION TRIGGERS
3 CONFORMATIONAL CHANGE,
Na* EJECTED

Ty

phosphate in
high-energy
linkage

s

PUMP RETURNS
TO ORIGINAL
CONFORMATION,
K* EJECTED

5 PUMP DEPHOSPHORYLATED

Figure 12-11 Essential Cell Biology (© Garland Science 2010)



The Na+/K+ ATPase is important to regulate cellular

osmolarity
low concentration  high concentration
of solute of solute
outside cell inside cell

WATER
MOVES
INTO CELL BY
OSMOSIS,

. SWELLING
osmotic pressure ; THE CELL H,0 H,0

Figure 12-12 Essential Cell Biology (© Garland Science 2010)
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Osmolarity in red blood cells

- Plasma membrane has high permeability to H,O
- Na+/K+ pump is important to keep red blood cell volume

crenated normal swollen lysed

RED BLOOD CELL

ion concentration

in extracellular space

HYPERTONIC ISOTONIC HYPOTONIC VERY
HYPOTONIC

ouabain >
treatment

Figure 11-16 Molecular Biology of the Cell (© Garland Science 2008)
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Osmolarity across life

Animal cells and bacteria Plant cells Protozoa

Active pumping out Can tolerate an osmotic Extrude water from vacuoles
To have lower intracellular [ion], to difference, due to rigid wall
compensate the excess of organic solutes

10

Panel 11-1, Molecular Biology of the Cell (© Garland Science 2008)
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the sarcoplasmic reticulum Ca2+ pump.

ATP

phosphate
nucleotide-
binding
domain

SR membrane

CYTOSOL

LUMEN OF
SARCOPLASMIC
RETICULUM

phosphorylation
domain

calcium-binding
cavity

phosphorylated
aspartic acid

activator
domain

Figure 11-13 The structure of the
sarcoplasmic reticulum Ca2* pump.

The ribbon model (eft), derived from x-ray
crystallographic analyses, shows the pump
in its phosphorylated, ATP-bound state.
The three globular cytosolic domains of
the pump—the nucleotide-binding domain
(dark green), the activator domain (blue),
and the phosphorylation domain (red), also
shown schematically on the right—change
conformation dramatically during the
pumping cycle. These changes in turn alter
the arrangement of the transmembrane
helices, which allows the Ca2* to be
released from its binding cavity into the SR
lumen (Movie 11.3). (PDB code: 3B9B.)
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The pumping cycle of the sarcoplasmic reticulum Ca2+ pump.

2H* 2Ca%
® O

Figure 11-14 The pumping cycle of the
sarcoplasmic reticulum Ca2* pump.

lon pumping proceeds by a series of
stepwise conformational changes in

which movements of the pump’s three
cytosolic domains [the nucleotide-binding
domain (N), the phosphorylation domain
(P), and the activator domain (A)] are
mechanically coupled to movements of the
transmembrane a helices. Helix movement

LUMEN OF opens and closes passageways through
SARCOPLASMIC RETICULUM which Ca?* enters from the cytosol and
binds to the two centrally located Ca2+
g 3 binding sites. The two Ca?* then exit

into the SR lumen and are replaced by
two H*, which are transported in the
opposite direction. The Ca2*-dependent
phosphorylation and H*-dependent
dephosphorylation of aspartic acid are
universally conserved steps in the reaction
cycle of all P-type pumps: they cause the
conformational transitions to occur in an
orderly manner, enabling the proteins to do
useful work. (Adapted from C. Toyoshima
et al., Nature 432:361-368, 2004 and

J.V. Maller et al., Q. Rev. Biophys. 43:501-
566, 2010.)

5 ’ff

2H' @ . 2¢a%*
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Cell type Luminal 3 in the prostate (Karthaus lab)

A cell expressing vacuolar-type H*-ATPase (V-ATPase) identified in the male prostate
Regulates the pH of reproductive fluids

Necessary for reproduction!

Luminal 1
(N =3160, ~96%)

Luminal 3
Nkx3.1, CD133/Prom1
D26/Dpp4, Pbsn -4 (N=44,~1%)
Ch26/Dpp4, Pbsn + Foxil, Alp6v1g3
Atp6vibi

Luminal 3

Luminal 2

(N=101, ~83%)

Tacstd2 / Trop2,
Scal/L

)

Psca, Krtd
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ABC transporters



ABC transporters

Large family of membrane transport proteins (ex: 5% of E. coligenome). Exist in all phyla. 48 proteins in
human.

2ATPase domains (ATP-binding cassettes) involved

ATP binding leads to dimerization of the ATP-binding domains

ATP hydrolysis leads to their dissociation

Transport a wide variety of substrates: sugars, amino acids, drugs, antibiotics, toxins, lipids, peptides,
nucleotides and more



Small-molecule transport by typical ABC transporters

(A) A BACTERIAL ABC TRANSPORTER

small solute molecule

. . ‘
soluti-ii);ndlng hydrophobic \
\ domains
/ o
CYTOSOL

>

ATPase ©
domains

pl ATP 2 ADP + (P, O
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Small-molecule transport by typical ABC transporters

(B) A EUKARYOTIC ABC TRANSPORTER

[ ‘
O
A
CYTOSOL .
ATPase <~ |
domains
Il @
colute 7] ATP 2|ABP + @

molecule
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The multidrug resistance (MDR) efflux pumps.
The expression of ABC drug transporters has been linked to
chemotherapy resistance and poor prognosis.

Nature Reviews | Cancer

Brian P. Sorrentino
Nature Reviews Cancer 2, 431-441 (2002)
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Some eukaryotic ABC transporters promote resistance to

chemotherapies

The multidrug resistance (MDR) proteins in cancer promote drug efflux

chemotherapy ~DNA damage,

death of some survival of tumor cells
tumor cells \ tumor cells with increased MDR

second-round
chemotherapy

Q = tumor cell with low level MDR protein /\

' = tumor cell with HIGH level MDR protein

Outgrowth of chemotherapy-resistant tumor cells,
tumor progression

19
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An example of a transporter dependency in cancer

nature ARTICLES

Cancer https://doi.org/10.1038/543018-020-0071-1

‘ 1) Check for updates ‘

Keap1 mutation renders lung adenocarcinomas
dependent on Slc33a1

Rodrigo Romero ®'2", Francisco J. Sanchez-Rivera®'2°", Peter M. K. Westcott’, Kim L. Mercer'3,
Arjun Bhutkar', Alexander Muir'°, Tania J. Gonzalez Robles’, Swanny Lamboy Rodriguez?,

Laura Z. Liao©?, Sheng Rong Ng©'?, Leanne Li", Caterina I. Colén’, Santiago Naranjo'?,

Mary Clare Beytagh? Caroline A. Lewis ©®4, Peggy P. Hsu'>¢, Roderick T. Bronson’8,

Matthew G. Vander Heiden ®'2¢ and Tyler Jacks ©®"%3X

NH,
L\ i HO\P//O </N ’ N
S 0. ..0" "0 _
Acetyl-coenzyme A transporter 1 also known as solute IT w” i OH dROH w N
carrier family 33 member 1 (SLC33A1) is a protein that o
in humans is encoded by the SLC33A1 gene.®! R "

O 46


https://en.wikipedia.org/wiki/Protein
https://en.wikipedia.org/wiki/Gene
https://en.wikipedia.org/wiki/Acetyl-coenzyme_A_transporter_1

sqCitrl

sgSlc33a1

An example of a transporter dependency in cancer

Keap1-wild-type LUAD cells

CRISPR druggable
genome sgRNA library

Count sgRNA abundance
by deep sequencing
to measure SSL phenotypes

Keap1-mutant LUAD cells

Keap1-mutant LUAD

T NRF2

!

Rewired cellular metabolism

!

Increased dependence on ER quality-control
checkpoints/metabolic regulation

Loss of Slc33a1

Synthetic lethality 47




Aguaporins



The role of aquaporins in fluid secretion

ion pumps
and channels basolateral membrane



Aguaporins

There are thirteen known types of aquaporins in
mammals, and six of these are located in the kidney

Transport water at high rates
lons cannot pass

Figure 11-27 Molecular Biology of the Cell (© Garland Science 2008)

&%97
Pore is very thin D).
} & S
lons need to be dehydrated s
v

Energy loss not compensated because the
hydrophobic wall of the pore cannot
interact with dehydrated ion

|
Na+, K+, Ca++, Cl- excluded
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The structure of aquaporins

H* 3 :
/
had ©-omo=EgQ Valence of oxygen is
bila:;'er 9) : fully occupied,
o ...|o=c< hence water cannot
(Q 2 act as proton
: o ,,”2?/ acceptor here
(A) = N
(9 O“\\\\H —N <Asn
®) 8 " —N <Asn
F ) 5 “”O=C<
o
= ) O ||||O=C<
O -
( | 6 ||||O=C/
H* N\

_~

(B) water molecule Q D)
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The response to dehydration

Effect of vasopressin on aquaporin-2 (AQP2)expression in kidney
epithelial cells, in response to dehydration hypothalamus: VASOPressin

Interstitial
space
. =

AVP

Tubule lumen

Clusters

of AQP2
i /

\p
9

(cAMP)

Prostaglandins
Calcium
Protein kinase C
Other agents

Protein
~ kinase A

Protin
hosphorylation

Phospho-
diesterase

am
D
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lon channels



a typical ion channel, fluctuates between closed and

open conformations

lipid
bilayer

gate
CLOSED

selectivity filter

£3=1r)

OPEN

Figure 11-21 A typical ion channel,
which fluctuates between closed and
open conformations. The ion channel
shown here in cross section forms a pore
across the lipid bilayer only in the “open”
conformational state. The pore narrows

to atomic dimensions in one region (the
selectivity filter), where the ion selectivity of
the channel is largely determined. Another
region of the channel forms th%4gate.



The gating of ion channels can be regulated in many ways

ey H g LS ﬂ

CYTOSOL

: l ’ \ {
t ,+ ++ z

voltage- ligand-gated ligand-gated mechanically

CYTOSOL
gated (extracellular (intracellular gated
ligand) ligand)

Figure 11-22 The gating of ion channels. This schematic drawing shows several kinds of stimuli
that open ion channels. Mechanically gated channels often have cytoplasmic extensions (not 55
shown) that link the channel to the cytoskeleton.



lon channel selectivity

lon channels

selectivity filter lined by .
carbonyl oxygens To ensure that Only ions of

appropriate size and charge can pass

The ions shed their associated H,O
molecules to pass

vestibule I pore

o+
*jon
Figure 12-20 Essential Cell Biology (© Garlar!g §C|ence 2010)
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lon channel selectivity

Why don’t K: channels let Na: pass through ? Not the pore size: Na:is smaller.
High affinity binding to K+is not the answer. Otherwise speed would be greatly affected.
The answer came from the crystal structure of a bacterial K+ channel



lipid
bilayer

(A)

CYTOSOL

The structure of a bacterial K+ channel

potassium

selectivity filter ion  selectivity loop

‘ (B)

\ vestibule
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The structure of a bacterial K* channel

potassium
selectivity filter |on selectivity loop -

Coordination
between carbonyl
oxygens and
dehydrated K+

) -

lipid
bilayer

vestibule

CYTOSOL O
pore

Figure 11-24 Molecular Bigksgy of the Cell 6e (© Garland Science 2015)

Cation attraction by negatively In the vestibule, there can
charged amino acids still be Na+ and K+



K+ specificity of the selectivity filter in a K+ channel.
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Importance of lon channels in neurons

In your future

7 S8 e — >
~

cell body

| /

| /
dendrites axon (less than 1 mm to terminal branches of axon
more than 1 m in length)
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The technique of patch-clamp recording

gentle suction

) f

glass
micropipette — |

tight
seal
cell
ion channels : membrane
-~ [ ==
CYTOSOL

|<— 1 um —
(B)

pull micropipette
away from cell
to detach the

patch of
—am AN

membrane
-

Figure 11-34 The technique of
patch-clamp recording. Because of

the extremely tight seal between the
micropipette and the membrane, current
can enter or leave the micropipette only
by passing through the ion channels in the
patch of membrane covering its tip. The
term clamp is used because an electronic
device is employed to maintain, or “clamp,”
the membrane potential at a set value
while recording the ionic current through
individual channels. The current through
these channels can be recorded with

the patch still attached to the rest of the
cell, as in (A), or detached, as in (B). The
advantage of the detached patch is that

it is easy to alter the composition of the
solution on either side of the membrane to
test the effect of various solutes on channel
behavior. A detached patch can also be
produced with the opposite orientation,

so that the cytoplasmic surface of the
membrane faces the inside of the pipette.
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The technique of patch-clamp recording

The Nobel Prize in
Physiology or Medicine
1991

Erwin Neher Bert Sakmann

The Nobel Prize in Physiology or Medicine 1991 was awarded jointly to
Erwin Neher and Bert Sakmann “for their discoveries concerning the
function of single ion channels in cells"
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The technique of patch-clamp recording

1 suction recording
pipette microelectrode

o - pm -
To record ionic current flow glass
. .. microelectrode
through individual channels, Al
. . . microelectrode
while membrane potential is i
C | am ped ion channel

cell membrane >ﬁ ol
CYTOSOL ﬁae 3&&

(A) CELL-ATTACHED  (B) DETACHED PATCH  (C) L
PATCH (CYTOPLASMICFACE oy . 20BM
EXPOSED)
metal wire

trace on oscilloscope screen shows current
passing in circuit via membrane channels

® [
constant voltage

/ source

glass
microelectrode

metal electrode

Current passes
exclusively through

the channels o i et e ot
Figure 12-23 Essential Cell Biology (© Garland Science 2010)

membrane
patch




The technique of patch-clamp recording
gentle suction +/- putative ligand X 1 pm—s]

(A) f (B)

pull micropipette

glass away from cell
micropipette — to detach the
patch of
tight membrane
seal
cell ,
ion channels membrane — g la\
/\s—-\"/ \\n~4 AT
—AT e — T el

CYTOSOL

Figure 11-34 Molecular Biology of the Cell 6e (© Garland Science 2015)

The patch-clamp enables to determine which +/- putative ligand Y

molecule(s) activate(s) the channel, and on which side
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Patch-clamp measurements for a single voltage-gated Na*

channel
(A) ] 20
membrane
potential -90 =1 I
(mV)
(B)
0 m«‘ WMN e
1
patch 0
current 1
(pA) 0
1 W

(©

0
aggregate
current

0 40 80

time (milliseconds) 66



Ex: acetylcholine bound to an
ion channel in muscle cells

{ ] ©
- </
.t f
ligand-gated
(extracellular
ligand)

and Science 2015)

Although acetylcholine is always present, the
channel does not stay open

state of
channel: closed open closed open closed open

u1
|

current (pA)

o

5 10 15 20 25

time (msec)
When open, the channel shows

the same conductance

Figure 12-24 Essential Cell Biology (© Garland Science 2010)
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Done for the day!

Proteins involved in membrane transport

Active vs Passive transport

ATP-driven pumps and Na+/K+ ATPase - ABC transporters
Channels

- Aquaporins

Introduction to ion channels

- lon selectivity

- lon current measurements

Examples of the importance of these transporters



