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ODESSA – 2023
IWS 07 3h  Transport through cell membranes. 
All the cells in the body must be supplied with essential substances like nutrients, water, electrolytes, etc. Cells also must get rid of unwanted substances like waste materials, carbon dioxide, etc. The cells achieve these by means of transport mechanisms across the cell membrane.
Two types of basic mechanisms are involved in the transport of substances across the cell membrane: passive transport mechanism and active transport mechanism.

Passive transport
Passive transport is the transport of substances along the concentration gradient or electrical gradient or both (electrochemical gradient). It is also known as diffusion: 
the substances move from region of higher concentration to the region of lower concentration. It does not need energy.
Lipid layer of the cell membrane is permeable only to lipid-soluble substances like oxygen, carbon dioxide. The diffusion through the lipid layer is directly proportional to the solubility of the substances in lipids.

Throughout the central lipid layer of the cell membrane, there are some pores entirely lined up by the integral protein molecules. 
These pores form the channels for the diffusion of water, electrolytes and other substances, which cannot pass through the lipid layer. As the channels are lined by protein molecules, these are called protein channels for water-soluble substances.

Characteristic feature of the protein channels is the selective permeability. That is, each channel can permit only one type of ion to pass through it. Accordingly, the channels are named after the ions which diffuse through these channels such as sodium channels, potassium channels, etc.

Some of the protein channels are continuously opened. Continuously opened channels are called ungated channels. Most of the channels are always closed. Closed channels are called gated channels. These channels are opened only when required.

Gated channels are divided into three categories:

· Voltage-gated channels which open whenever there is a change in the electrical potential.
· Ligand-gated channels which open in the presence of some hormonal substances. The hormonal substances are called ligands and the channels are called ligand-gated channels. 
· Mechanically gated channels which are opened by some mechanical factors. 
Diffusion is a net transport of molecules from a region of higher concentration to one of lower concentration by random molecular motion. 

Molecular diffusion is typically described mathematically using Fick's law.

J = - DgradC,
[image: image12.emf] J is the diffusion flux density in dimensions of (mol m−2 s-1), D is the diffusion coefficient or diffusivity in dimensions of (m2 s−1), gradC is the concentration gradient in dimensions of (mol m−3).
For biological molecules the diffusion coefficients normally are  from 10-11  to 10-10 m2/s.

In cell biology, diffusion is a main form of transport for necessary materials. 
In membrane systems the function C(x) could become rather complicated.

The simplest case is shown by the solid line where phase I contains a solution with concentration Cl and correspondingly, C11 is the concentration in phase II. 
Let the concentration gradient (dC/dx) inside the membrane be constant and equal ΔC/Δx, where ΔC = C11 - C1. In this case Fick's law becomes:

J = P (C1 - C11).
In this expression,  the coefficient P represents permeability (m s-1):
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 .
In this formula,  l – the membrane thickness (m), K – the concentration distribution coefficient (dimentionless).
A membrane’s permeability is not the same for all substances, so permeability of the membrane is generally described in reference to a particular molecule. 
The permeability of a membrane to a substance  X  is given the symbol  PX  and is often referred to as the “permeability of  X.” For example,  PNa+  would be the “permeability of sodium cation” (or alternatively, the “sodium permeability”). 
Among the factors influencing the permeability of cell membranes and rate of diffusion of substances through the cell membrane are the following:

1. The lipid solubility of the diffusing substance. 

Molecules vary in the degree to which they can dissolve in lipids. 
Hydrophobic (nonpolar) substances are the most lipid soluble, whereas hydrophilic (polar or ionized) substances are the least lipid soluble. The more lipid soluble a substance is, the greater a membrane’s permeability to that substance. 

2. The size and shape of diffusing molecules. 

Molecules vary considerably in their sizes and shapes. 

Rate of diffusion is inversely proportional to the size of the molecules. Thus, the substances with smaller molecules diffuse rapidly than the substances with larger molecules.

3. Size of the ions and charge of the ions.

Rate of diffusion is inversely proportional to the charge of the ions. Greater the charge of the ions, lesser is the rate of diffusion. 
Rate of diffusion is inversely proportional to the size of the ions. However, it is not applicable always. For instance, sodium ions are smaller in size than potassium ions. Still, sodium ions cannot pass through the membrane as easily as potassium ions because sodium ions have got the tendency to gather water molecules around them. This makes it difficult for sodium ions to diffuse through the membrane.

4. Temperature. 
Molecules move faster at higher temperatures, which increases their permeability. 

Rate of diffusion is directly proportional to the body temperature. Increase in temperature increases the rate of diffusion. 
5. Membrane thickness. 
Although cell membranes have similar thickness, tissue thickness varies considerably. 
Tissues specialized for transport, such as capillary walls or the pulmonary epithelium, tend to have relatively thin walls; this thinness increases the permeability and enhances the rate of transport through these tissues.

Of all the factors, lipid solubility has the strongest influence on permeability. Differences in lipid solubility are largely responsible for the fact that some substances can cross cell membranes readily by simple diffusion, whereas others cannot.

Because most substances in the body are hydrophilic and do not penetrate lipid bilayers easily, the list of substances known to be transported by simple diffusion is fairly limited: fatty acids, oxygen, carbon dioxide, and the fat-soluble vitamins (A, D, E, and K).

Facilitated diffusion
Facilitated or carrier-mediated diffusion is the type of diffusion by which the water-soluble substances are transported through the cell membrane. 
All polar molecules are transported across membranes by proteins that form transmembrane channels. By this process, the substances are transported across the cell membrane faster than the transport by simple diffusion.

Glucose or amino acid molecules cannot diffuse through the channels because the diameter of these molecules is larger than the diameter of the channels. Larger molecules are transported by transmembrane carrier proteins, such as permeases. 
Molecule of these substances binds with carrier protein. Now, some conformational change occurs in the carrier protein. Due to this change, the molecule reaches the other side of the cell membrane.

The rate of facilitated diffusion is determined entirely by three factors: 
· The transport rates of the individual carriers, 
· The number of carriers in the membrane, and 
· The magnitude of the concentration gradient of the transported substance. 
An increase in any of these factors translates into an increased rate of facilitated diffusion.

Individual carriers transport molecules at different rates. For example, a glucose carrier can transport molecules at a rate of 10,000 glucose molecules per second.

When the concentration on one side of the membrane increases while that on the other side is kept constant, the net flux increases rapidly at first but then levels off. 
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This leveling off occurs if binding sites are occupied 100% of the time. Under these conditions, the carriers are transporting molecules as fast as they can; increasing the solute concentration further will have no effect on the transport rate.

Because the rate of facilitated diffusion depends on the degree of saturation of the carrier proteins, cells can regulate the rate by modifying the number of carriers that are present in the membrane. 
Many hormones exert their actions by altering the number of carriers.

Special types of passive transport
In addition to diffusion, there are some special types of passive transport 

1. Bulk flow is the diffusion of large quantity of substances from a region of high
pressure to the region of low pressure. 

Best example for bulk flow is the exchange of gases across the respiratory membrane in lungs. Partial pressure of oxygen is greater in the alveolar air than in the alveolar capillary blood. So, oxygen moves from alveolar air into the blood through the respiratory membrane.

Partial pressure of carbon dioxide is more in blood than in the alveoli. So, it moves from the blood into the alveoli through the respiratory membrane.

2. Osmosis is the movement of water or any other solvent from an area of lower 
concentration to an area of higher concentration of a solute, through a semipermeable membrane. 
The semipermeable membrane permits the passage of solvents but not the solutes.

Osmosis depends upon osmotic pressure created by the solutes in a fluid. During osmosis, when water or any other solvent moves from the area of lower concentration to the area of higher concentration, the solutes in the area of higher concentration get dissolved in the solvent. This creates a pressure which is known as osmotic pressure.


Osmotic pressure can be determined by experimental measurement of the pressure 
required to counter it. Two  compartments in a chamber are separated by a semipermeable membrane, which is permeable to water but not to any solute. One compartment contains pure water, while the other compartment contains the test solution. 
The compartment containing the test solution is equipped with a piston that allows us to apply pressure to that side. When no pressure is applied, water flows down its concentration gradient into the compartment with the test solution. 
We can slow this flow of water by applying pressure to the test solution. If we increase the pressure to a sufficient degree, the water flow stops completely. At this point, the applied pressure is equal to the osmotic pressure of the test solution.
The osmotic pressure  π  of a dilute solution is given by Van't Hoff  equation:

π = gCRT,
where  g is the dimensionless osmotic coefficient, C is the total solute osmotically active concentration,  R  is the universal gas constant, and  T  is the absolute temperature. 

Note that osmotic pressure is not dependent on particle charge. 

In cell biology, osmosis is a form of transport for necessary materials. When a substance crosses a membrane by osmosis, the flux is proportional to the size of the osmotic pressure gradient. This relationship can be written as follows:

J = K ( πo - πi ).

In this expression,  J  is the flux density,  πo - πi  is the difference in osmotic pressure across the membrane, and the coefficient  K  represents osmotic permeability.

Osmotic pressure is an important factor affecting cells. Osmoregulation is the homeostasis mechanism of an organism to reach balance in osmotic pressure.

Hypertonicity is the presence of a solution that causes cells to shrink. The solution may or may not have a higher osmotic pressure than the cell interior since the rate of water entry will depend upon the permeability of the cell membrane.

Hypotonicity is the presence of a solution that causes cells to swell. The solution may or may not have a lower osmotic pressure than the cell interior, since the rate of water entry will depend upon the permeability of the cell membrane.

Isotonic is the presence of a solution that produces no change in cell volume.
The osmotic pressure exerted by all substances in the blood is about 7.6 – 7.8 atmospheres. The osmotic pressure exerted by the colloidal substances (oncotic pressure) in the blood is about  30 mm Hg  and it is about  10 mm Hg  in the interstitial fluid.

3. Filtration or reverse osmosis is a process in which water or other solvent flows in
reverse direction (from the area of higher concentration to the area of lower concentration of the solute), if an external pressure is applied on the area of higher concentration.

Filtration process is seen at arterial end of the capillaries, where movement of fluid occurs along with dissolved substances from blood into the interstitial fluid due to hydrostatic pressure generated by the cardiovascular system.
Depending on the size of the membrane pores, only solutes of a certain size may pass through it. For example, the membrane pores of the Bowman's capsule in the kidneys are very small, and only albumins, the smallest of the proteins, have any chance of being filtered through. 

Reverse osmosis is a process commonly used to purify water. The water to be purified is placed in a chamber and put under an amount of pressure greater than the osmotic pressure exerted by the water and the solutes dissolved in it. Part of the chamber opens to a differentially permeable membrane that lets water molecules through, but not the solute particles. The osmotic pressure of ocean water is about  27 atm. Reverse osmosis desalinators use pressures around  70 atm to produce fresh water from ocean salt water.

Electrodiffusion

In chemical systems other than ideal solutions or mixtures, the driving force for diffusion of each species is the gradient of electrochemical potential of this species. Then Theorell's law   can be written as:

J = - cu grad μ,
where c is the concentration (mol/m3), u is the mobility (m/(N sec)), and  μ  is the electrochemical potential (J/mol):
μ  =  μ0  +  RT lnc  +  zFφ.
In order to simplify the equation, let the system be under isobaric (grad p = 0), and isothermic (grad T = 0 ) conditions. In this case 
[image: image2.emf].
This is the Nernst-Planck equation. 
Special cases give us:

· If  φ (x) = const, then Nernst-Planck equation transforms into Fick's equation
[image: image3.emf]
· If  c(x) = const, then Nernst-Planck equation transforms into electrophoresis equation
[image: image4.emf]
In 1943 D. E. Goldman integrated the Nernst-Planck equation, supposing only the so-called constant field conditions, i.e., assuming   E = - grad φ (x) = const:
[image: image5.emf].     
He gets the following expression:
[image: image6.emf].
Let us consider at this point an equation that makes it possible to calculate the ratios of ionic fluxes independently of the functions   C(x)  and   φ (x).
[image: image14.emf] Definition which we need in further considerations: the flux which is measurable directly by changes of chemical concentrations is called the net flux  J. 
Using radioactive isotopes it is possible to indicate that this net flux in fact results from the difference between two opposite unidirectional fluxes  J12  and  J21:

J = J12 - J21.
Considering this equation, we can      write Goldman solution in the way:

  J = J12 – J21 = Ji – Jo ,
    where
[image: image7.emf],      [image: image8.emf].
The formula which relates unidirectional fluxes to concentrations and electrical potential differences is known as Ussing's equation:
[image: image9.emf]
All parameters of  this equation can be measured and the validity of the equation can therefore be checked experimentally. As preconditions for this equation only concentration gradients and electrical potential gradients are considered. 
If the relation between two measured unidirectional fluxes does not agree with the results calculated by these gradients, then additional driving forces are involved, such as in processes of active transport.
Active transport

Active transport is the movement of substances against the chemical or electrical or electrochemical gradient. It is also called uphill transport. 

Active transport requires energy, which is obtained mainly by breakdown of high energy compounds like adenosine triphosphate (ATP).

Active transport mechanism is different from facilitated diffusion by two ways:

1. Carrier protein of active transport needs energy, whereas the carrier protein of facilitated diffusion does not need energy.
2. In active transport, the substances are transported against the concentration or electrical or electrochemical gradient. In facilitated diffusion, the substances are transported along the concentration or electrical or electrochemical gradient.

Carrier proteins of active transport

Carrier proteins involved in active transport are of two types:

1. Uniport
Carrier protein that carries only one substance in a single direction is called uniport. It is also known as uniport pump.

2. Symport or antiport 

Symport or antiport is the carrier protein that transports two substances at a time.

· Carrier protein that transports two different substances in the same direction is called
symport. 

· Carrier protein that transports two different substances in opposite directions is called
antiport.

Mechanism of active transport

When a substance to be transported across the cell membrane comes near the cell, it combines with the carrier protein of the cell membrane and forms substance-protein complex.
This complex moves towards the inner surface of the cell membrane. Now, the substance is released from the carrier proteins. 
The same carrier protein moves back to the outer surface of the cell membrane to transport another molecule of the substance.

Substances, which are transported actively, are in ionic form and non-ionic form: 

· Sodium, potassium, calcium, hydrogen, chloride and iodide ions. 

· Substances in non-ionic form are glucose, amino acids and urea.

Sodium and potassium ions are transported across the cell membrane by means of a common carrier protein called sodium-potassium (Na+-K+) pump. It is also called Na+-K+ ATPase pump or Na+-K+ATPase. 

This pump transports sodium from inside to outside the cell and potassium from outside to inside the cell. This pump is present in all the cells of the body. 

Na+-K+pump is responsible for the distribution of sodium and potassium ions across the cell membrane and the development of resting membrane potential.
Structure of Na+-K+ pump

Carrier protein that constitutes Na+-K+pump is made up of two protein subunit molecules, an α-subunit with a molecular weight of 100,000 and a π-subunit with a molecular weight of 55,000. Transport of Na+ and K+ occurs only by α-subunit. 

α-subunit of the Na+-K+ pump has got six sites:

1. Three receptor sites for sodium ions on the inner surface of the protein molecule.
2. Two receptor sites for potassium ions on the outer surface of the protein molecule.
3. One site for enzyme adenosine triphosphatase (ATPase), which is near the sites for sodium.

Mechanism of action of  Na+-K+ pump

1. The pump bind ATP, 3 Na+ ions from the cell get attached to the receptor sites of sodium
ions on the inner surface of the carrier protein.  
ATP is hydrolyzed, leading to phosphorylation of the pump at a highly conserved aspartate residue and subsequent release of ADP:
3 Na+  +  Mg++- ATP  +  E   →   Mg++- ADP  +  (3 Na+)E~Ф.
2. A conformational change in the pump exposes the Na+ ions to the outside:
(3 Na+)E~Ф   →   E~Ф(3 Na+).
3. Now, dissociation and release of the ions take place so that the sodium ions are released outside the cell (ECF).The pump binds 2 extracellular K+ ions:
E~Ф(3 Na+)  +  2K+   →   E~Ф(2K+)  +  3 Na+.
4. This causes the dephosphorylation of the pump:
E~Ф(2K+)   →   E(2K+)  +  H3PO4.
5. The dephosphorylation of the pump reverts it to its previous conformational state,
transporting the K+ ions into the cell:
E(2K+)   →   (2K+)E.
6. Now, dissociation and release of the ions take place so that the potassium ions are
released inside the cell (ICF), ATP binds, and the process starts again:
3 Na+  +  Mg++- ATP  +  E(2K+)    →   2K+  +  Mg++- ADP  +  (3 Na+)E~Ф.
Exact mechanisms involved in the dissociation and release of ions are not yet known.

Na+-K+  pump moves  3Na+ ions outside the cell and  2K+ ions inside cell. Thus, when the pump works once, there is a net loss of  1 positively charged ion from the cell. 

Continuous activity of the sodium-potassium pumps causes reduction in the number of positively charged ions inside the cell leading to increase in the negativity inside the cell. This is called the electrogenic activity of   Na+-K+ pump.[image: image10.bmp][image: image11.emf]
