
BIOLOGICAL MEMBRANES
AND TRANSPORT



Membranes define the external boundaries of cells and 
regulate the molecular traffic across that boundary.

In eukaryotic cells, they divide the internal space into 
discrete compartments to segregate processes and 
components. 

They organize complex reaction sequences and are 
central to both biological energy conservation and cell-
to-cell communication.

Membranes are flexible, self-sealing, and selectively 
permeable to polar solutes. 

Their flexibility permits the shape changes that 
accompany cell growth and movement.



Biological membranes
Erythrocyte plasma membrane appears as a three-layer structure, 5 to 

8 nm (50 to 80 Å) thick. 
The trilaminar image consists of two electron-dense layers separated 

by a less dense central region.



Membranes are selectively permeable, they retain certain 
compounds and ions within cells and within specific 
cellular compartments.

Membranes include an array of proteins specialized for 
promoting or catalyzing various cellular processes.

Within the cell, membranes organize cellular processes 
such as the synthesis of lipids and certain proteins, and 
the energy transductions in mitochondria and 
chloroplasts.

Intermolecular collisions are far more probable in this 
two-dimensional space than in three-dimensional space, 
so the efficiency of enzyme-catalyzed processes 
organized within membranes is vastly increased.



1. The Composition and 

Architecture of Membranes



Each type of membrane has characteristic lipids and 
proteins

The relative proportions of protein and lipid vary with the 
type of membrane, reflecting the diversity of biological 
roles. 

Certain neurons have a myelin sheath, an extended plasma 
membrane that wraps around the cell many times and 
acts as a passive electrical insulator. 

The myelin sheath consists primarily of lipids, the plasma 
membranes of bacteria and the membranes of 
mitochondria and chloroplasts, the sites of many 
enzyme-catalyzed processes, contain more protein than 
lipid.



Chemical analyses of membranes isolated from various 
sources reveal certain common properties. 

Each kingdom, each species, each tissue or cell type, and 
the organelles of each cell type have a characteristic set 
of membrane lipids.

The protein composition of membranes from different 
sources varies even more widely than their lipid 
composition, reflecting functional specialization. 

In a rod cell of the vertebrate retina, one portion of the 
cell is highly specialized for the reception of light; more 
than 90% of the plasma membrane protein in this 
region is the light-absorbing glycoprotein rhodopsin. 



The functional specialization of each 
membrane type is reflected in its 
unique lipid composition.

Cholesterol is prominent in plasma 
membranes but barely detectable 
in mitochondrial membranes. 

Cardiolipin is a major component of 
the inner mitochondrial membrane 
but not of the plasma membrane.

Phosphatidylserine, phosphatidylino-
sitol, and phosphatidylglycerol are 
relatively minor components 
(yellow) of most membranes but 
serve critical functions.

Sphingolipids, phosphatidylcholine, 
and phosphatidylethanolamine are 
present in most membranes, but in 
varying proportions.

Lipid composition of the plasma membrane 
and organelle membranes of a rat hepatocyte



The less-specialized plasma membrane of the erythrocyte 
has about 20 prominent types of proteins as well as 
scores of minor ones.

The plasma membrane of Escherichia coli contains 
hundreds of different proteins, including transporters 
and many enzymes involved in energy-conserving 
metabolism, lipid synthesis, protein export, cell 
division.

Some membrane proteins are covalently linked to 
complex arrays of carbohydrate.



In glycophorin, a glycoprotein of the erythrocyte plasma 
membrane, 60% of the mass consists of complex 
oligosaccharide units covalently attached to specific 
amino acid residues.

Ser, Thr, and Asn residues are the most common points 
of attachment

Some membrane proteins are covalently attached to one 
or more lipids, which serve as hydrophobic anchors 
that hold the proteins to the membrane.



All biological membranes share some fundamental 
properties

Membranes are impermeable to most polar or charged 
solutes, but permeable to nonpolar compounds.

They are 5 to 8 nm thick and appear trilaminar when 
viewed in cross section with the electron microscope.



Fluid mosaic model for the structure of biological 
membranes:

The fatty acyl chains in the interior of the membrane form a 
fluid, hydrophobic region. 

Integral proteins float in this sea of lipid, held by hydrophobic 
interactions with their nonpolar amino acid side chains.

Both proteins and lipids are free to move laterally in the plane
of the bilayer, but movement of either from one face of the 
bilayer to the other is restricted.

The carbohydrate moieties attached to some proteins and 
lipids of the plasma membrane are exposed on the 
extracellular surface of the membrane.



Fluid mosaic model for membrane structure



Phospholipids form a bilayer in which the nonpolar regions of the 
lipid molecules in each layer face the core of the bilayer and 
their polar head groups face outward, interacting with the 
aqueous phase on either side. 

Proteins are embedded in this bilayer sheet, held by hydrophobic 
interactions between the membrane lipids and hydrophobic 
domains in the proteins.

The orientation of proteins in the bilayer is asymmetric, giving 
the membrane “sidedness”: the protein domains exposed on one 
side of the bilayer are different from those exposed on the other 
side, reflecting functional asymmetry.

The membrane mosaic is fluid because most of the interactions 
among its components are noncovalent, leaving individual lipid 
and protein molecules free to move laterally in the plane of the
membrane.



A lipid bilayer is the basic structural element of membranes

Glycerophospholipids, sphingolipids, and sterols are virtually 
insoluble in water. 

When mixed with water, they spontaneously form microscopic 
lipid aggregates in a phase separate from their aqueous 
surroundings, clustering together, with their hydrophobic 
moieties in contact with each other and their hydrophilic 
groups interacting with the surrounding water.

Hydrophobic interactions among lipid molecules provide the 
thermodynamic driving force for the formation and 
maintenance of these clusters.

Depending on the precise conditions and the nature f the lipids,
three types of lipid aggregates can form when amphipathic
lipids are mixed with water.



Amphipathic lipid aggregates that form in water

In micelles, the hydrophobic chains of 
the fatty acids are sequestered at the 
core of the sphere. 

There is virtually no water in the 
hydrophobic interior.

Micelle
Micelles are spherical structures 

that contain anywhere from a 
few dozen to a few thousand 
amphipathic molecules. 

These molecules are arranged 
with their hydrophobic regions 
aggregated in the interior, 
where water is excluded, and 
their hydrophilic head groups at 
the surface, in contact with 
water.



A second type of lipid 
aggregate in water is the 
bilayer, in which two lipid 
monolayers (leaflets) form 
a two-dimensional sheet.

The hydrophobic portions in 
each monolayer, excluded 
from water, interact with 
each other.

The hydrophilic head groups 
interact with water at each 
surface of the bilayer.

Bilayer

In an open bilayer, all acyl side 
chains except those at the edges of 
the sheet are protected from 
interaction with water.



When a two-dimensional bilayer folds 
on itself, it forms a closed bilayer, a 
three-dimensional hollow vesicle 
(liposome) enclosing an aqueous 
cavity.

Liposome
Third type of aggregate is 

liposome.

By forming vesicles, bilayers
lose their hydrophobic edge 
regions, achieving maximal 
stability in their aqueous 
environment. 

These bilayer vesicles enclose 
water, creating a separate 
aqueous compartment.



Biological membranes are constructed of lipid bilayers
3 nm thick, with proteins protruding on each side.

Plasma membrane lipids are asymmetrically distributed 
between the two monolayers of the bilayer, although the 
asymmetry, unlike that of membrane proteins, is not absolute. 

In the plasma membrane of the erythrocyte choline-containing 
lipids (phosphatidylcholine and sphingomyelin) are typically 
found in the outer (extracellular or exoplasmic) leaflet.

Whereas phosphatidylserine, phosphatidylethanolamine, and the 
phosphatidylinositols are much more common in the inner 
(cytoplasmic) leaflet.

Changes in the distribution have biological consequences.



The distribution of a specific 
phospholipid is determined 
by treating the intact cell 
with phospholipase C.

It cannot reach lipids in the 
inner monolayer (leaflet) 
but removes the head 
groups of lipids in the 
outer monolayer. 

The proportion of each head 
group released provides an 
estimate of the fraction of 
each lipid in the outer 
monolayer.

Asymmetric distribution of 
phospholipids between the inner and 
outer monolayers of the erythrocyte 

plasma membrane



Peripheral membrane proteins are easily solubilized
Membrane proteins may be divided operationally into two 

groups.
Integral proteins are very firmly associated with the 

membrane, removable only by agents that interfere with 
hydrophobic interactions, such as detergents, organic 
solvents, or denaturants.

Peripheral proteins associate with the membrane through 
electrostatic interactions and hydrogen bonding with the 
hydrophilic domains of integral proteins and with the 
polar head groups of membrane lipids.

They can be released by relatively mild treatments that 
interfere with electrostatic interactions or break hydrogen 
bonds; a commonly used agent is carbonate at high pH.



Many membrane proteins span the lipid bilayer

Membrane protein topology can be determined with 
reagents that react with protein side chains but cannot 
cross membranes.

Polar chemical reagents that react with primary amines of 
Lys residues, enzymes like trypsin that cleave proteins 
but cannot cross the membrane.

Trypsin is found to cleave extracellular domains but does 
not affect domains buried within the bilayer or exposed 
on the inner surface only.

Unless the plasma membrane is broken to make these 
domains accessible to the enzyme.



The erythrocyte glycoprotein glycophorin spans the 
plasma membrane. 

Its amino-terminal domain is on the outer surface and is 
cleaved by trypsin. 

The carboxyl terminus protrudes on the inside of the cell, 
where it cannot react with impermeant reagents. 

Both the amino-terminal and carboxyl-terminal domains 
contain many polar or charged amino acid residues and 
are therefore quite hydrophilic. 

A segment in the center of the protein contains mainly 
hydrophobic amino acid residues.



One hydrophilic domain, containing all the 
sugar residues, is on the outer surface, and 
another hydrophilic domain protrudes 
from the inner face of the membrane. 

Each red hexagon represents a 
tetrasaccharide (containing two Neu5Ac 
(sialic acid), Gal, and GalNAc) O-linked 
to a Ser or Thr residue; the blue hexagon 
represents an oligosaccharide chain N-
linked to an Asn residue. 

The relative size of the oligosaccharide units 
is larger than shown here.

A segment of 19 hydrophobic residues 
(residues 75 to 93) forms an helix that 
traverses the membrane bilayer.

The segment from residues 64 to 74 has 
some hydrophobic residues and probably 
penetrates into the outer face of the lipid 
bilayer, as shown.

Transbilayer disposition of 
glycophorin in an erythrocyte



Glycophorin: its disposition in the membrane is 
asymmetric.

One domain of a transmembrane protein always faces out, 
the other always faces in.

Glycoproteins of the plasma membrane are invariably 
situated with their sugar residues on the outer surface of 
the cell.

The asymmetric arrangement of membrane proteins results 
in functional asymmetry.



Integral proteins are held in the membrane
by hydrophobic interactions with lipids

The firm attachment of integral proteins to membranes is 
the result of hydrophobic interactions between 
membrane lipids and hydrophobic domains of the 
protein.

Some proteins have a single hydrophobic sequence in the 
middle or at the amino or carboxyl terminus. 

Others have multiple hydrophobic sequences, each of 
which, when in the -helical conformation, is long 
enough to span the lipid bilayer.



Integral membrane proteins 
For known proteins of the plasma 

membrane, the spatial relation-
ships of protein domains to the 
lipid bilayer fall into six 
categories. 

Types I and II have only one 
transmembrane helix; the 
amino-terminal domain is 
outside the cell in type I 
proteins and inside in type II. 

Type III proteins have multiple 
transmembrane helices in a 
single polypeptide. 



Integral membrane proteins
In type IV proteins, trans-

membrane domains of several 
different polypeptides assemble 
to form a channel through the 
membrane. 

Type V proteins are held to the 
bilayer primarily by covalently 
linked lipids.

Type VI proteins have both 
transmembrane helices and 
lipid anchors.



Eleven -helical segments from 
three of the four subunits span 
the lipid bilayer forming a 
cylinder 4.5 nm long.

Hydrophobic residues on the 
exterior of the cylinder interact 
with lipids of the bilayer. 

In this ribbon representation, 
residues that are part of the 
transmembrane helices are 
shown in yellow. 

The prosthetic groups (light-
absorbing pigments and 
electron carriers are red.

Three-dimensional structure of the 
photosynthetic reaction center of 

Rhodopseudomonas viridis, a purple 
bacterium



The topology of an integral membrane protein
can be predicted from its sequence

More than 20 hydrophobic residues in a membrane protein 
is commonly taken as evidence that these sequences 
traverse the lipid bilayer, acting as hydrophobic anchors 
or forming transmembrane channels.

A polypeptide chain surrounded by lipids, having no water 
molecules with which to hydrogen-bond, will tend to 
form α helices or β sheets, in which intrachain hydrogen 
bonding is maximized.

If the side chains of all amino acids in a helix are nonpolar, 
hydrophobic interactions with the surrounding lipids 
further stabilize the helix.



Remarkable feature of many transmembrane proteins of 
known structure is the presence of Tyr and Trp residues 
at the interface between lipid and water. 

The side chains of these residues apparently serve as 
membrane interface anchors, able to interact 
simultaneously with the central lipid phase and the 
aqueous phases on either side of the membrane.

Another structural motif common in membrane proteins is 
the  barrel, in which 20 or more transmembrane
segments form sheets that line a cylinder. 

The same factors that favour -helix formation in the 
hydrophobic interior of a lipid bilayer also stabilize 
 barrels.



The K+ channel is from the bacterium Streptomyces lividans; 
maltoporin outer membrane phospholipase A, OmpX, and 
phosphoporin are proteins of the outer membrane of E. coli. 

Residues of Tyr (orange) and Trp (red) are found predominantly 
where the nonpolar region of acyl chains meets the polar head 
group region. 

Charged residues (Lys, Arg, Glu, Asp) are shown in blue; they are 
found almost exclusively in the aqueous phases.

Tyr and Trp residues of membrane proteins clustering at the water-
lipid interface



Covalently attached lipids anchor some membrane proteins
Some membrane proteins contain one or more covalently 

linked lipids of several types:
– long-chain fatty acids, 

– isoprenoids, 

– sterols, 

– glycosylated derivatives of phosphatidylinositol, GPI. 

The attached lipid provides a hydrophobic anchor that inserts 
into the lipid bilayer and holds the protein at the membrane 
surface.

The strength of the hydrophobic interaction between a bilayer
and a single hydrocarbon chain linked to a protein is barely 
enough to anchor the protein securely, but many proteins 
have more than one attached lipid moiety.



Covalently attached lipids 
anchor membrane proteins 
to the lipid bilayer.

A palmitoyl group is shown 
attached by thioester
linkage to a Cys residue; 
an N-myristoyl group is 
generally attached to an 
amino-terminal Gly; the 
farnesyl and geranyl-
geranyl groups attached to 
carboxyl-terminal Cys
residues are isoprenoids of 
15 and 20 carbons, 
respectively. 

Lipid-linked membrane proteins



These three lipid-protein 
assemblies are found only on 
the inner face of the plasma 
membrane. 

Glycosyl phosphatidylinositol
(GPI) anchors are derivatives 
of phosphatidylinositol in 
which the inositol bears a 
short oligosaccharide cova-
lently joined to the carboxyl-
terminal residue of a protein 
through phosphoethanol-
amine.

GPI-linked proteins are always 
on the extracellular face of the 
plasma membrane.

Lipid-linked membrane proteins



Other interactions, such as ionic attractions between 
positively charged Lys residues in the protein and 
negatively charged lipid head groups, probably 
contribute to the stability of the attachment.

The association of these lipid-linked proteins with the 
membrane is weaker in at least some cases, 
reversible.



Summary for „ The Composition and Architecture of 
Membranes” I.

• Biological membranes define cellular boundaries, divide 
cells into discrete compartments, organize complex 
reaction sequences, and act in signal reception and 
energy transformations.

• Membranes are composed of lipids and proteins in varying 
combinations particular to each species, cell type, and 
organelle. The fluid mosaic model describes features 
common to all biological membranes. The lipid bilayer is 
the basic structural unit. Fatty acyl chains of 
phospholipids and the steroid nucleus of sterols are 
oriented toward the interior of the bilayer; their 
hydrophobic interactions stabilize the bilayer but 
give it flexibility.



Summary for „ The Composition and Architecture of 
Membranes” II.

• Peripheral proteins are loosely associated with the membrane 
through electrostatic interactions and hydrogen bonds or by 
covalently attached lipid anchors. Integral proteins associate 
firmly with membranes by hydrophobic interactions 
between the lipid bilayer and their nonpolar amino acid side 
chains, which are oriented toward the outside of the protein 
molecule.

• Some membrane proteins span the lipid bilayer several 
times, with hydrophobic sequences of about 20 amino acid 
residues forming transmembrane α helices. Multistranded β
barrels are also common in integral membrane proteins. Tyr 
and Trp residues of transmembrane proteins are commonly 
found at the lipid-water interface.



2. Solute Transport across 
Membranes



Every living cell must acquire from its surroundings the raw 
materials for biosynthesis and for energy production, and 
must release to its environment the byproducts of 
metabolism. 

A few nonpolar compounds can dissolve in the lipid bilayer
and cross the membrane unassisted, but for polar or charged 
compounds or ions, a membrane protein is essential for 
transmembrane movement. 

In some cases a membrane protein simply facilitates the 
diffusion of a solute down its concentration gradient, but 
transport often occurs against a gradient of concentration, 
electrical charge, or both, in which case solutes must be 
“pumped” in a process that requires energy. 

The energy may come directly from ATP hydrolysis.



Summary of 
transport 

types



Ions may also move across membranes via ion channels 
formed by proteins, or they may be carried across by 
ionophores, small molecules that mask the charge of the 
ions and allow them to diffuse through the lipid bilayer. 

The traffic of small molecules across the plasma 
membrane is mediated by proteins such as trans-
membrane channels, carriers, or pumps.



Passive transport is facilitated by membrane proteins

When two aqueous compart-
ments containing unequal 
concentrations of a soluble 
compound or ion are 
separated by a permeable 
divider (membrane), the 
solute moves by simple 
diffusion from the region 
of higher concentration, 
through the membrane, to 
the region of lower 
concentration, until the two 
compartments have equal 
solute concentrations.

Net movement of electrically neutral solutes is 
toward the side of lower solute concentration until 
equilibrium is achieved. 

The solute concentrations on the left and right sides 
of the membrane are designated C1 and C2.

The rate of transmembrane movement (indicated by 
the large arrows) is proportional to the 
concentration gradient, C1/C2.



When ions of opposite charge 
are separated by a 
permeable membrane, there 
is a transmembrane elect-
rical gradient, a membrane 
potential, Vm.

This membrane potential 
produces a force opposing 
ion movements that inc-
rease Vm and driving ion 
movements that reduce Vm.

Net movement of electrically charged solutes 
is dictated by a combination of the electrical 
potential (Vm) and the chemical 
concentration difference across the 
membrane; net ion movement continues 
until this electrochemical potential reaches 
zero.



The direction in which a charged solute tends to move 
spontaneously across a membrane depends on both the 
chemical gradient (the difference in solute 
concentration) and the electrical gradient across the 
membrane.

Together, these two factors are referred to as the 
electrochemical gradient or electrochemical potential.

This behaviour of solutes is in accord with the second law 
of thermodynamics: molecules tend to spontaneously 
assume the distribution of greatest randomness and 
lowest energy.



To pass through a lipid bilayer, a polar or charged solute 
must first give up its interactions with the water molecules 
in its hydration shell, then diffuse about 3 nm through a 
solvent (lipid) in which it is poorly soluble.

The energy used to strip away the hydration shell and to 
move the polar compound from water into and through 
lipid is regained as the compound leaves the membrane on 
the other side and is rehydrated.

The intermediate stage of transmembrane passage is a high-
energy state comparable to the transition state in an 
enzyme-catalyzed chemical reaction.

In both cases, an activation barrier must be overcome to 
reach the intermediate stage.



The energy of activation (ΔG‡) for translocation of a polar 
solute across the bilayer is so large that pure lipid bilayers
are virtually impermeable to polar and charged species 
over periods of time relevant to cell growth and division.

Membrane proteins lower the activation energy for transport 
of polar compounds and ions by providing an alternative 
path through the bilayer for specific solutes.

Proteins that bring about this facilitated diffusion, or 
passive transport, are not enzymes in the usual sense; 
their “substrates” are moved from one compartment to 
another, but are not chemically altered. 

Membrane proteins that speed the movement of a solute 
across a membrane by facilitating diffusion are called 
transporters or permeases.



Membrane proteins that speed the movement of a solute 
across a membrane by facilitating diffusion are called 
transporters or permeases.

Like enzymes, transporters bind their substrates with 
stereochemical specificity through multiple weak, 
noncovalent interactions. 

The negative free-energy change associated with these 
weak interactions, ΔGbinding, counterbalances the positive 
free-energy change that accompanies loss of the water of 
hydration from the substrate, ΔGdehydration, thereby 
lowering ΔG‡ for transmembrane passage.



Transporters span the lipid bilayer several times, forming a 
transmembrane channel lined with hydrophilic amino 
acid side chains. 

The channel provides an alternative path for a specific 
substrate to move across the lipid bilayer without its 
having to dissolve in the bilayer, further lowering ΔG‡ for 
transmembrane diffusion. 

The result is an increase of several orders of magnitude in 
the rate of transmembrane passage of the substrate.



Transporters can be grouped into superfamilies based 
on their structures

Transporters can usefully be classified into superfamilies, 
whose members have considerable similarity of sequence 
and might therefore be expected to share structural and 
functional properties. 

There are two very broad categories of transporters: 
carriers and channels. 

Carriers bind their substrates with high stereospecificity, 
catalyze transport at rates well below the limits of free 
diffusion, and are saturable in the same sense as are 
enzymes: there is some substrate concentration above 
which further increases will not produce a greater rate of 
activity.



Channels generally allow transmembrane movement at 
rates several orders of magnitude greater than those 
typical of carriers. 

Channels typically show less stereospecificity than carriers 
and are usually not saturable. 

Most channels are oligomeric complexes of several, often 
identical, subunits, whereas many carriers function as 
monomeric proteins.

Within each of these categories are superfamilies of 
various types, defined not only by their primary 
sequences but by their secondary structures.



Some channels are constructed primarily of helical 
transmembrane segments, others have -barrel structures.

Among the carriers, some simply facilitate diffusion down a 
concentration gradient; they are the uniporter superfamily. 

Others (active transporters) can drive substrates across the 
membrane against a concentration gradient, some using 
energy provided directly by a chemical reaction and some 
coupling uphill transport of one substrate with the 
downhill transport of another (secondary active 
transporters).



The glucose transporter of erythrocytes mediates passive 
transport

Energy-yielding metabolism in erythrocytes depends on a 
constant supply of glucose from the blood plasma, where 
the glucose concentration is maintained at about 5 mM. 

Glucose enters the erythrocyte by facilitated diffusion via a 
specific glucose transporter, at a rate about 50,000 times 
greater than the uncatalyzed diffusion rate.

The glucose transporter of erythrocytes (called GLUT1) is 
a type III integral protein with 12 hydrophobic segments, 
each of which is believed to form a membrane-spanning 
helix.



One plausible model suggests that the side-by-side 
assembly of several helices produces a transmembrane
channel lined with hydrophilic residues that can 
hydrogen-bond with glucose as it moves through the 
channel.

The process of glucose transport can be described by 
analogy with an enzymatic reaction in which the 
“substrate” is glucose outside the cell (Sout), the 
“product” is glucose inside (Sin), and the “enzyme” is 
the transporter, T.



The initial rate of glucose entry into an erythrocyte, Vo, 
depends upon the initial concentration of glucose on the 
outside, [S]out.

The kinetics of facilitated diffusion is analogous to the 
kinetics of an enzyme-catalyzed reaction.

Twelve glucose transporters are encoded in the human 
genome, each with unique kinetic properties, patterns of 
tissue distribution, and function.



The transporter exists in two 
conformations: 

– T1, with the glucose-binding site exposed 
on the outer surface of the plasma 
membrane, 

– T2, with the binding site exposed on the 
inner surface. 

Glucose transport occurs in four steps.
1. Glucose in blood plasma binds to a 

stereospecific site on T1; this lowers the 
activation energy for (2).

2. A conformational change from Sout T1 to 
Sin T2, effecting the transmembrane
passage of the glucose. 

3. Glucose is now released from T2 into the 
cytoplasm.

4. The transporter returns to the T1
conformation, ready to transport another 
glucose molecule.

Model of glucose transport 
into erythrocytes by GLUT1



The chloride-bicarbonate exchanger catalyzes 
electroneutral cotransport of anions across the plasma 

membrane

The erythrocyte contains a system, an anion exchanger that 
is essential in CO2 transport to the lungs from tissues 
such as skeletal muscle and liver. 

Waste CO2 released from respiring tissues into the blood 
plasma enters the erythrocyte, where it is converted to 
bicarbonate (HCO3) by the enzyme carbonic anhydrase.

The HCO3 reenters the blood plasma for transport to the 
lungs.

−

−



This cotransport system 
allows the entry and exit 
of HCO3 without changes 
in the transmembrane
electrical potential. Its 
role is to increase the 
CO2-carrying capacity of 
the blood.

Chloride-bicarbonate exchanger of the erythrocyte 
membrane

−



Because HCO3 is much more soluble in blood plasma than is 
CO2, this roundabout route increases the capacity of the 
blood to carry carbon dioxide from the tissues to the lungs. 

In the lungs, HCO3 reenters the erythrocyte and is converted 
to CO2, which is eventually released into the lung space 
and exhaled.

The chloride-bicarbonate exchanger, also called the anion 
exchange (AE) protein, increases the permeability of the 
erythrocyte membrane to HCO3 more than a millionfold. 

Like the glucose transporter, it is an integral protein that 
probably spans the membrane at least 12 times. 

This protein mediates the simultaneous movement of two 
anions.

−

−

−



For each HCO3 ion that moves in one direction, one Cl− ion 
moves in the opposite direction with no net transfer of 
charge; the exchange is electroneutral. 

The coupling of Cl− and HCO3 movements is obligatory; in 
the absence of chloride, bicarbonate transport stops. 

In this respect, the anion exchanger is typical of all systems, 
called cotransport systems, that simultaneously carry two 
solutes across a membrane. 

When, as in this case, the two substrates move in opposite 
directions, the process is antiport. 

In symport, two substrates are moved simultaneously in the 
same direction.

Transporters that carry only one substrate, such as the 
erythrocyte glucose transporter, are uniport systems.

−

−



Transporters differ in the number of solutes (substrates) 
transported and the direction in which each is transported.

Note that this classification tells us nothing about whether 
these are energy-requiring (active transport) or energy-
independent (passive transport) processes.

Three general 
classes of 

transport systems



P-type ATPases undergo phosphorylation during 
their catalytic cycles

The family of active transporters called P-type ATPases are 
ATP-driven cation transporters that are reversibly 
phosphorylated by ATP as part of the transport cycle.

Phosphorylation forces a conformational change that is 
central to moving the cation across the membrane.  

All P-type transport ATPases have similarities in amino acid 
sequence, especially near the Asp residue that undergoes 
phosphorylation, and all are sensitive to inhibition by the 
phosphate analog vanadate.



Each P-type ATPase transporter is an integral protein with 
ten predicted membrane-spanning regions in a single 
polypeptide; some also have a second subunit.

In animal tissues, the Na+K+ ATPase (an antiporter for Na+ 

and K+) and the Ca2+ ATPase (a uniporter for Ca2+) are 
ubiquitous P-type ATPases that maintain differences in 
the ionic composition of the cytosol and the extracellular 
medium.

In virtually every animal cell type, the concentration of 
Na+ is lower in the cell than in the surrounding medium, 
and the concentration of K+ is higher.



In animal cells, this active 
transport system is primarily 
responsible for setting and 
maintaining the intracellular 
concentrations of Na+ and K+

and for generating the trans-
membrane electrical potential.

It does this by moving three 
Na+ out of the cell for every 
two K+ it moves in.

Na+K+ ATPase



This imbalance is maintained by a primary active transport 
system in the plasma membrane. 

The enzyme Na+K+ ATPase, couples breakdown of ATP 
to the simultaneous movement of both Na+ and K+

against their electrochemical gradients.

For each molecule of ATP converted to ADP and Pi, the 
transporter moves two K+ ions inward and three Na+ ions 
outward across the plasma membrane. 

The Na+K+ ATPase is an integral protein with two subunits 
both of which span the membrane.



A current model proposes that the ATPase cycles 
between two forms, a phosphorylated form 
(designated P-EnzII) with high affinity for K+ and low 
affinity for Na+, and a dephosphorylated form (EnzI) 
with high affinity for Na+ and low affinity for K+. 

The conversion of ATP to ADP and Pi takes place in two 
steps catalyzed by the enzyme, involving formation 
then hydrolysis of the phospho-enzyme:

(1) ATP + EnzI → ADP + P-EnzII

(2)      P-EnzII + H2O → ADP + Pi

Sum:         ATP + H2O → ADP + Pi



Postulated 
mechanism of Na+

and K+ transport 
by the Na+K+

ATPase



Because three Na+ ions move outward for every two K+ 

ions that move inward, the process is electrogenic − it 
creates a net separation of charge across the membrane.

The result is a transmembrane potential of −50 to −70 mV 
(inside negative relative to outside), which is 
characteristic of most animal cells and essential to the 
conduction of action potentials in neurons. 

The central role of the Na+K+ ATPase is reflected in the 
energy invested in this single reaction: about 25% of the 
total energy consumption of a human at rest!



P-type Ca2+ pumps maintain a low concentration of 
calcium in the cytosol

The cytosolic concentration of free Ca2+ is generally at or 
below 100 nM, far lower than that in the surrounding 
medium, whether pond water or blood plasma. 

The ubiquitous occurrence of inorganic phosphates (Pi and 
PPi) at millimolar concentrations in the cytosol
necessitates a low cytosolic Ca2+ concentration, because 
inorganic phosphate combines with calcium to form 
relatively insoluble calcium phosphates. 

Calcium ions are pumped out of the cytosol by a P-type 
ATPase, the plasma membrane Ca2+ pump. 



Another P-type Ca2+ pump in the endoplasmic reticulum 
moves Ca2+ into the ER lumen, a compartment separate 
from the cytosol. 

In myocytes, Ca2+ is normally sequestered in a specialized 
form of endoplasmic reticulum called the sarcoplasmic
reticulum. 

The sarcoplasmic and endoplasmic reticulum calcium 
(SERCA) pumps are closely related in structure and 
mechanism.

The plasma membrane Ca2+ pump and SERCA pumps are 
integral proteins that cycle between phosphorylated and 
dephosphorylated conformations in a mechanism similar 
to that for Na+K+ ATPase.



Phosphorylation favours a conformation with a high-
affinity Ca2+-binding site exposed on the cytoplasmic
side, and dephosphorylation favours one with a low-
affinity Ca2+-binding site on the lumenal side. 

By this mechanism, the energy released by hydrolysis of 
ATP during one phosphorylation-dephosphorylation
cycle drives Ca2+ across the membrane against a large 
electrochemical gradient.

The Ca2+ pump of the sarcoplasmic reticulum consists of a 
single polypeptide that spans the membrane ten times and 
has three cytoplasmic domains formed by loops that 
connect the transmembrane helices.



Ten transmembrane helices 
surround the path for Ca2+

movement through the memb-
rane. 

Two of the helices are interrupted 
near the middle of the bilayer, 
and their nonhelical regions form 
the binding sites for two Ca2+

ions (green). 

The carboxylate groups of an Asp 
residue in one helix and a Glu
residue in another are central to 
the Ca2+-binding sites. 

Three globular domains extend 
from the cytoplasmic side: the N 
(nucleotide-binding) domain has 
the binding site for ATP.

Structure of the Ca2+ pump of 
sarcoplasmic reticulum



The P (phosphorylation) domain 
contains the Asp351 residue 
(blue) that undergoes 
reversible phosphorylation, 
and the A (actuator) domain 
somehow mediates the 
structural changes that alter 
the Ca2+ affinity of the Ca2+-
binding site

The conformational changes 
must expose the Ca2+-binding 
site first on one side of the 
membrane, then on the other, 
changing the Ca2+ affinity of 
the site from high on the 
cytoplasmic side to lower on 
the lumenal side.



The two Ca2+-binding sites are located near the middle of 
the membrane bilayer, 4 to 5 nm from the phosphorylated
Asp residue characteristic of all P-type ATPases.

They must be mediated by conformational changes that 
alter the affinity for Ca2+ and open a path for Ca2+ release 
on the lumenal side of the membrane.



F-type ATPases are reversible, ATP-driven proton pumps
The F-type ATPase active transporters play a central role in 

energy-conserving reactions in mitochondria, bacteria, and 
chloroplasts.

The F-type ATPases catalyze the uphill transmembrane
passage of protons driven by ATP hydrolysis (“F-type”
originated in the identification of these ATPases as energy-
coupling factors).

The Fo integral membrane protein complex provides a 
transmembrane pore for protons, and the peripheral protein 
F1 (subscript 1 indicating that it was the first of several 
factors isolated from mitochondria) is a molecular machine 
that uses the energy of ATP to drive protons uphill (into a 
region of higher H+ concentration). 



F-type ATPases have a 
peripheral domain, F1, 
consisting of three  subunits, 
three  subunits, one  subunit 
(purple), and a central shaft 
(the  subunit, green). 

The integral portion of F-type 
ATPases, Fo (yellow), has 
multiple copies of c, one a, 
and two b subunits. 

Fo provides a transmembrane
channel through which about 
four protons are pumped (red 
arrows) for each ATP 
hydrolyzed on the  subunits 
of F1.

Structure of the FoF1 ATPase/ATP 
synthase



The FoF1 organization of protonpumping transporters 
must have developed very early in evolution.

The reaction catalyzed by F-type ATPases is reversible, 
so a proton gradient can supply the energy to drive the 
reverse reaction, ATP synthesis.

In this direction, the F-type ATPases named ATP 
synthases.

ATP synthases are central to ATP production in 
mitochondria during oxidative phosphorylation and in 
chloroplasts during photophosphorylation, as well as in 
eubacteria and archaebacteria. 



The proton gradient needed to drive ATP synthesis is 
produced by other types of proton pumps powered by 
substrate oxidation or sunlight.

V-type ATPases, a class of proton-transporting ATPases
structurally related to the F-type ATPases, are responsible 
for acidifying intracellular compartments in many 
organisms.

Proton pumps of this type maintain the vacuoles of fungi 
and higher plants at a pH between 3 and 6, well below 
that of the surrounding cytosol.



ABC transporters use ATP to drive the active transport 
of a wide variety of substrates

ABC transporters constitute a large family of ATP-
dependent transporters that pump amino acids, peptides, 
proteins, metal ions, various lipids, bile salts, and many 
hydrophobic compounds, including drugs, out of cells 
against a concentration gradient.

All ABC transporters have two nucleotide-binding domains 
(NBDs) and two transmembrane domains. 

In some cases, all these domains are in a single long 
polypeptide; other ABC transporters have two subunits, 
each contributing an NBD and a domain with six 
transmembrane helices.



Many of the ABC transporters are in the plasma membrane, in 
the endoplasmic reticulum and in the membranes of 
mitochondria and lysosomes. 

Most ABC transporters act as pumps, but at least some 
members of the superfamily act as ion channels that are 
opened and closed by ATP hydrolysis.

The NBDs of all ABC proteins are similar in sequence and 
presumably in three-dimensional structure; they are the 
conserved molecular motor that can be coupled to a wide 
variety of pumps and channels. 

When coupled with a pump, the ATP-driven motor moves 
solutes against a concentration gradient; when coupled with 
an ion channel, the motor opens and closes the channel using 
ATP as energy source.



Ion gradients provide the energy for secondary 
active transport

The ion gradients formed by primary transport of Na+ or H+ can 
in turn provide the driving force for cotransport of other 
solutes.

The lactose transporter (lactose permease) is the well-studied 
prototype for proton-driven cotransporters.

This protein consists of a single polypeptide chain that functions 
as a monomer to transport one proton and one lactose 
molecule into the cell, with the net accumulation of lactose.

The lactose transporter is one member of the major facilitator 
superfamily (MFS) of transporters, which comprises 28 
families. 

Almost all proteins in this superfamily have 12 transmembrane
domains.



Structure of the lactose transporter (lactose permease)
A: 
Ribbon representation viewed parallel to the plane of the membrane 

shows the 12 transmembrane helices arranged in two nearly 
symmetrical domains shown in different shades of blue. 

In the form of the protein for which the crystal structure was 
determined, the substrate sugar (red) is bound near the middle of the 
membrane where it is exposed to the cytoplasm.



B:
The structural changes postulated to take place during one transport cycle. 
The two halves of the transporter undergo a large, reversible conformational 

change in which the two domains tilt relative to each other, exposing the 
substrate-binding site first to the periplasm (structure on the right), where 
lactose is picked up, then to the cytoplasm (left), where the lactose is 
released. 

The interconversion of the two forms is driven by changes in the pairing of 
charged (protonatable) side chains such as those of Glu325 and Arg302

(green), which is affected by the transmembrane proton gradient.



In intestinal epithelial cells, glucose and certain amino 
acids are accumulated by symport with Na+, down the 
Na+ gradient established by the Na+K+ ATPase of the 
plasma membrane. 

The apical surface of the intestinal epithelial cell is covered 
with microvilli, long thin projections of the plasma 
membrane that greatly increase the surface area exposed 
to the intestinal contents. 

Na+-glucose symporters in the apical plasma membrane 
take up glucose from the intestine in a process driven by 
the downhill flow of Na+:

ininoutout ecosgluNa2ecosgluNa2  



Glucose transport in intestinal epithelial cells. 
Glucose is cotransported with Na+ across the apical plasma membrane into the epithelial 

cell. 
It moves through the cell to the basal surface, where it passes into the blood via 

GLUT2, a passive glucose transporter.
The Na+K+ ATPase continues to pump Na+ outward to maintain the Na+ gradient that

drives glucose uptake.



The energy required for this process comes from two 
sources: the greater concentration of Na+ outside than 
inside (the chemical potential) and the transmembrane
potential (the electrical potential), which is inside-
negative and therefore draws Na+ inward.

That is, the cotransporter can pump glucose inward until 
its concentration within the epithelial cell is about 9,000 
times that in the intestine. 

As glucose is pumped from the intestine into the epithelial 
cell at the apical surface, it is simultaneously moved 
from the cell into the blood by passive transport through 
a glucose transporter (GLUT2) in the basal surface.



Because of the essential role of ion gradients in active 
transport and energy conservation, compounds that 
collapse ion gradients across cellular membranes are 
effective poisons, and those that are specific for 
infectious microorganisms can serve as antibiotics.

Compounds that shuttle ions across membranes are called 
ionophores they kill microbial cells by disrupting 
secondary transport processes and energy-conserving 
reactions.



Ion-selective channels allow rapid movement of ions across 
membranes

Ion-selective channels now known to be present in the 
plasma membranes of all cells, as well as in the 
intracellular membranes of eukaryotes – provide another 
mechanism for moving inorganic ions across 
membranes. 

Ion channels, together with ion pumps such as the Na+K+

ATPase, determine a plasma membrane’s permeability to 
specific ions and regulate the cytosolic concentration of 
ions and the membrane potential.

Ion channels are distinguished from ion transporters in at 
least three ways.



First, the rate of flux through channels can be several 
orders of magnitude greater than the turnover number for 
a transporter – 107 to 108 ions/s for an ion channel, near 
the theoretical maximum for unrestricted diffusion.

Second, ion channels are not saturable: rates do not 
approach a maximum at high substrate concentration. 

Third, they are “gated” – opened or closed in response to 
some cellular event. 

In ligand-gated channels binding of an extracellular or 
intracellular small molecule forces an allosteric transition 
in the protein, which opens or closes the channel. 



In voltage-gated ion channels, a change in 
transmembrane electrical potential (Vm) causes a 
charged protein domain to move relative to the 
membrane, opening or closing the ion channel. 

Both types of gating can be very fast.

A channel typically opens in a fraction of a millisecond 
and may remain open for only milliseconds, making 
these molecular devices effective for very fast signal 
transmission in the nervous system.



Summary for Solute Transport across Membranes” I.
• Movement of polar compounds and ions across biological 

membranes requires protein transporters. Some transporters 
simply facilitate passive diffusion across the membrane 
from the side with higher concentration to the side with 
lower. Others bring about active movement of solutes 
against an electrochemical gradient; such transport must be 
coupled to a source of metabolic energy.

• Carriers, like enzymes, show saturation and stereospecificity
for their substrates. Transport via these systems may be 
passive or active. Primary active transport is driven by ATP 
or electron-transfer reactions; secondary active transport, by 
coupled flow of two solutes, one of which (often H+ or Na+) 
flows down its electrochemical gradient as the other is 
pulled up its gradient.



• The GLUT transporters, such as GLUT1 of 
erythrocytes, carry glucose into cells by facilitated 
diffusion. These transporters are uniporters, carrying 
only one substrate. Symporters permit simultaneous 
passage of two substances in the same direction; 
examples are the lactose transporter of E. coli, driven 
by the energy of a proton gradient (lactose-H+ 

symport), and the glucose transporter of intestinal 
epithelial cells, driven by a Na+ gradient (glucose-Na+

symport). Antiporters mediate simultaneous passage of 
two substances in opposite directions; examples are the 
chloride-bicarbonate exchanger of erythrocytes and the 
ubiquitous Na+K+ ATPase.

Summary for Solute Transport across Membranes” II.



• In animal cells, Na+K+ ATPase maintains the differences in 
cytosolic and extracellular  concentrations of Na+ and K+, 
and the resulting Na+ gradient is used as the energy source 
for a variety of secondary active transport processes.

• The Na+K+ ATPase of the plasma membrane and the Ca2+

transporters of the sarcoplasmic and endoplasmic 
reticulums are examples of P-type ATPases; they undergo 
reversible phosphorylation during their catalytic cycle 
and are inhibited by the phosphate analog vanadate. F-
type ATPase proton pumps (ATP synthases) are central 
to energy-conserving mechanisms in mitochondria and 
chloroplasts.

Summary for Solute Transport across Membranes” III.



• ABC transporters carry a variety of substrates, including 
many drugs, out of cells, using ATP as energy source.

• Ionophores are lipid-soluble molecules that bind specific 
ions and carry them passively across membranes, 
dissipating the energy of electrochemical ion gradients.

• Ion channels provide hydrophilic pores through which 
select ions can diffuse, moving down their electrical or 
chemical concentration gradients. Many ion channels 
are highly specific for one ion, and most are gated by 
either voltage or a ligand.

Summary for Solute Transport across Membranes” IV.



BIOSIGNALING



In multicellular organisms, cells with different functions 
exchange a wide variety of signals. 

Plant cells respond to growth hormones and to variations 
in sunlight.

Animal cells exchange information about the 
concentrations of ions and glucose in extracellular 
fluids.

In all these cases, the signal represents information that is 
detected by specific receptors and converted to a cellular 
response, which always involves a chemical process. 



This conversion of information into a chemical change, 
signal transduction, is a universal property of living 
cells.

The number of different biological signals is large, as is 
the variety of biological responses to these signals, but 
organisms use just a few evolutionarily conserved 
mechanisms to detect extracellular signals and 
transduce them into intracellular changes.



1. Molecular Mechanisms of 
Signal Transduction



Signal transductions are remarkably specific and 
exquisitely sensitive. 

Specificity is achieved by precise molecular 
complementarity between the signal and receptor 
molecules, mediated by the same kinds of weak 
(noncovalent) forces that mediate enzyme-substrate and 
antigen-antibody interactions.

Specificity

Signal molecule fits binding site 
on its complementary receptor; 
other signals do not fit.



Three factors account for the extraordinary sensitivity of 
signal transducers: the high affinity of receptors for 
signal molecules, cooperativity in the ligand-receptor 
interaction, and amplification of the signal by enzyme 
cascades. 

The affinity between signal (ligand) and receptor can be 
expressed as the dissociation constant Kd, usually 
10−10 M or less − meaning that the receptor detects 
picomolar concentrations of a signal molecule.



Cooperativity in receptor-ligand interactions results in large 
changes in receptor activation with small changes in ligand
concentration.

Amplification by enzyme cascades results when an enzyme 
associated with a signal receptor is activated and, in turn, 
catalyzes the activation of many molecules of a second 
enzyme, each of which activates many molecules of a third 
enzyme, and so on. 

Such cascades can produce amplifications of several orders of 
magnitude within milliseconds.

Amplification
When enzymes activate enzymes, 

the number of affected molecules 
increases geometrically in an 
enzyme cascade.



The sensitivity of receptor systems is subject to 
modification. 

When a signal is present continuously, desensitization of 
the receptor system results; when the stimulus falls 
below a certain threshold, the system again becomes 
sensitive.

Desensitization/Adaptation

Receptor activation triggers a 
feedback circuit that shuts off the 
receptor or removes it from the cell 
surface.



Integration means the ability of the system to receive 
multiple signals and produce a unified response 
appropriate to the needs of the cell or organism.

Integration

When two signals have opposite effects on a 
metabolic characteristic such as the 
concentration of a second messenger X, or 
the membrane potential Vm, the regulatory 
outcome results from the integrated input 
from both receptors. 



The general features of signal transduction are common.

A signal interacts with a receptor; the activated receptor 
interacts with cellular machinery, producing a second 
signal or a change in the activity of a cellular protein.

The metabolic activity of the target cell undergoes a 
change; and finally, the transduction event ends and the 
cell returns to its prestimulus state.



Six general types of signal transducers
Gated ion channel

Opens or closes in 
response to concent-
ration of signal 
ligand (S) or 
membrane potential.

Serpentine receptor
External ligand binding to receptor 
(R) activates an intracellular GTP-
binding protein (G), which 
regulates an enzyme (Enz) that 
generates an intracellular second 
messenger, X.

Receptor with no intrinsic enzyme 
activity

Interacts with cytosolic protein 
kinase, which activates a gene-
regulating protein (directly or 
through a cascade of protein 
kinases), changing gene expression.



1. Gated ion channels of the plasma membrane that open 
and close (hence the term “gating”) in response to the 
binding of chemical ligands or changes in 
transmembrane potential. 

These are the simplest signal transducers. 

The acetylcholine receptor ion channel is an example 
of this mechanism .

2. Receptor enzymes, plasma membrane receptors that 
are also enzymes. 

When one of these receptors is activated by its 
extracellular ligand, it catalyzes the production of an 
intracellular second messenger.



3. Receptor proteins (serpentine receptors) that indirectly 
activate enzymes that generate intracellular second 
messengers.

4. Nuclear receptors (steroid receptors) that, when bound to 
their specific ligand (such as the hormone estrogen), alter 
the rate at which specific genes are transcribed and 
translated into cellular proteins.

5. Receptors that lack enzymatic activity but attract and activate 
cytoplasmic enzymes that act on downstream proteins, 
either by directly converting them to gene-regulating 
proteins or by activating a cascade of enzymes that finally 
activates a gene regulator.

6. Receptors (adhesion receptors) that interact with macro-
molecular components of the extracellular matrix (such as 
collagen) and convey to the cytoskeletal system 
instructions on cell migration or adherence to the matrix.



Summary for „Molecular Mechanisms of Signal 
Transduction” I.

• All cells have specific and highly sensitive signal-
transducing mechanisms, which have been conserved 
during evolution.

• A wide variety of stimuli, including hormones, 
neurotransmitters, and growth factors, act through 
specific protein receptors in the plasma membrane.

• The receptors bind the signal molecule, amplify the 
signal, integrate it with input from other receptors, and 
transmit it into the cell. If the signal persists, receptor 
desensitization reduces or ends the response.



• Eukaryotic cells have six general types of signaling
mechanisms: gated ion channels; receptor enzymes; 
membrane proteins that act through G proteins; 
nuclear proteins that bind steroids and act as 
transcription factors; membrane proteins that attract 
and activate soluble protein kinases; and adhesion 
receptors that carry information between the 
extracellular matrix and the cytoskeleton.

Summary for „Molecular Mechanisms of Signal 
Transduction” II.



2. Gated ion Channels



Ion channels underlie electrical signaling in excitable cells

The excitability of sensory cells, neurons, and myocytes
depends on ion channels, signal transducers that provide 
a regulated path for the movement of inorganic ions such 
as Na+, K+, Ca2+, and Cl− across the plasma membrane in 
response to various stimuli.

These ion channels are “gated”; they may be open or 
closed, depending on whether the associated receptor has 
been activated by the binding of its specific ligand or by 
a change in the transmembrane electrical potential, Vm.

The Na+K+ ATPase creates a charge imbalance across the 
plasma membrane by carrying 3 Na+ out of the cell for 
every 2 K+ carried in, making the inside negative relative 
to the outside. 



The membrane is polarized. 
By convention, Vm is negative when the inside of the cell is 

negative relative to the outside.
Ion channels generally allow passage of either anions or 

cations but not both, ion flux through a channel causes a 
redistribution of charge on the two sides of the membrane, 
changing Vm. 

Influx of a positively charged ion such as Na+, or efflux of a 
negatively charged ion such as Cl−, depolarizes the 
membrane and brings Vm closer to zero. 

Conversely, efflux of K+ hyperpolarizes the membrane and 
Vm becomes more negative.

These ion fluxes through channels are passive, in contrast to 
active transport by the Na+K+ ATPase.



A:
The electrogenic Na+K+ ATPase

produces a transmembrane
electrical potential of 60 mV (inside 
negative). 

B:
Blue arrows show the direction in 

which ions tend to move 
spontaneously across the plasma 
membrane in an animal cell, driven 
by the combination of chemical and 
electrical gradients.

The chemical gradient drives Na+ and 
Ca2+ inward (producing 
depolarization) and K+ outward 
(producing hyperpolarization).

The electrical gradient drives Cl−

outward, against its concentration 
gradient (producing depolarization).

A: The electrogenic Na+K+ 

ATPase establishes the 
membrane potential.

B: Ions tend to move down their 
electrochemical gradient across 
the polarized membrane.

Transmembrane electrical potential



3. Regulation of Transcription
by Steroid Hormones



The large group of steroid, retinoic acid (retinoid), and 
thyroid hormones exert at least part of their effects by a 
mechanism fundamentally different from that of other 
hormones: they act in the nucleus to alter gene 
expression.

Steroid hormones (estrogen, progesterone, and cortisol, for 
example), too hydrophobic to dissolve readily in the 
blood, are carried on specific carrier proteins from their 
point of release to their target tissues.

In target cells, these hormones pass through the plasma 
membranes by simple diffusion and bind to specific 
receptor proteins in the nucleus.



General mechanism by which steroid 
and thyroid hormones, retinoids, 

and vitamin D regulate gene 
expression

(1) Hormone (H), carried to the target 
tissue on serum binding proteins, 
diffuses across the plasma 
membrane and binds to its specific 
receptor protein (Rec) in the 
nucleus.

(2) Hormone binding changes the  
conformation of Rec; it forms 
homo- or heterodimers with other 
hormonereceptor complexes and 
binds to specific regulatory regions 
called hormone response elements 
(HREs) in the DNA adjacent to 
specific genes.



General mechanism by which steroid 
and thyroid hormones, retinoids, 

and vitamin D regulate gene 
expression

(3) Binding regulates transcription of 
the adjacent gene(s), increasing or 
decreasing the rate of mRNA 
formation.

(4) Altered levels of the 
hormoneregulated gene product 
produce the cellular response to 
the hormone.



Hormone binding triggers changes in the conformation of 
the receptor proteins so that they become capable of 
interacting with specific regulatory sequences in DNA 
called hormone response elements (HREs), thus 
altering gene expression.

The bound receptor-hormone complex can either enhance 
or suppress the expression of specific genes adjacent to 
HREs. 

Hours or days are required for these regulators to have 
their full effect − the time required for the changes in 
RNA synthesis and subsequent protein synthesis to 
become evident in altered metabolism.



Summary for „Regulation of Transcription by Steroid 
Hormones”

• Steroid hormones enter cells and bind to specific receptor 
proteins.

• The hormone-receptor complex binds specific regions of 
DNA, the hormone response elements, and regulates 
the expression of nearby genes by interacting with 
transcription factors.


