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PART 18 
SOLUTIONS OF 
HIGH MOLECULAR COMPOUNDS
Properties of protein solutions will be the ones, that will mainly be discussed in our course, as proteins are the most important high molecular compounds in biomedical sciences.

I. GENERAL PROPERTIES OF HMC

Complicated compounds, that consist of frequently repeating structural units are called high molecular compounds (HMC). HMC are formed in nature both in vegetable and animal kingdoms (for example carbohydrates such as starch, cellulose etc., proteins, that form silk, wool, nails, muscle tissues in animal kingdom, nucleic acids etc. At the same time many different HMC are produced artificially as polymer materials.

Molar mass of HMC is between 5000 and several millions. Three main types of molecular buildup are known for HMC - linear, branched and spatial, see fig.18.1.

Due to the possibility of rotation around the covalent bonds, HMC molecules are flexible and therefore they are able to exist in different spatial forms, called conformations.

Four main conformations of HMC molecules are known (see fig.18.2): linear, irregular amorphous ball, globular (globules are hard and dense structures) and helix-type.

Conformations of HMC molecules can differ, but at each given system one of the conformations dominates. In diluted solutions the dominating conformation is the irregular ball conformation, but helix type conformation can also exist in solutions, as it is stabilized by intermolecular hydrogen bonds.
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Fig.18.1. Molecular buildups of polymers - linear (a),
 branched (b) and spatial (c).
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Fig.18.2. Conformations of HMC macromolecules

II. INTERMOLECULAR BONDS IN HMC SOLUTIONS

Intermolecular bonds, that exist between the macromolecules in their solutions have a very important role. Let us say in advance, that the existence of HMC solutions is a permanent struggle between molecule hydration and intermolecular bonds - if these bonds are allowed to form indefinitely, more and more macromolecules are bound together and a heavy associate is formed. As the result of this, HMC can form a separate phase and precipitate out of solution. Hydration of molecules prevents formation of intermolecular bonds and therefore the solution of HMC is stable, while the macromolecules are well hydrated.

Thus, the knowledge about intermolecular bonds is necessary to understand the stability of HMC solutions.

The following types of intermolecular bonds exist between the macromolecules in their solutions (see also fig.18.3):

1) electrostatic bonds, formed at electrostatic attraction of two opposite charged ionized functional groups of neighboring macromolecules, for instance, between 

 and ‑COO- groups of two neighboring protein molecules;

2) hydrogen bonds, formed between two functional groups of neighboring macromolecules, one of them having a hydrogen atom, which is bonded to a very electronegative atom, the other having an atom with unshared electron pair, for instance a =N‑H group of one protein molecule and a ‑C=O group of another;

3) hydrophobic bonds. It is a specific kind of intermolecular bonding, that can arise, if macromolecules have rather long hydrocarbon radicals. As we remember from the topic on surface active compounds, hydrocarbon radicals interfere with the electrical attraction of the opposite ends of two water molecules. This served as the reason, why water molecules pushed these hydrocarbon radicals out of the solution and therefore the concentration of SAC was higher at the surface layer of solution, than in the volume of it.

In the solutions of HMC macromolecules are too heavy and the action of water molecules cannot push their hydrocarbon radicals completely out of the solution. Here another effect is observed - if two neighboring macromolecules have hydrophobic non polar side-radicals, these radicals can be pushed close to each other under the action of water molecules - when they are pushed together, their interference with the attraction between water molecules is reduced.

At the same time two neighboring macromolecules will be kept together under the action of forces, arising at hydrophobic interaction;

4) Van der Vaals's bonds - these bonds arise between neighboring macromolecules as a result of all the three possible kinds of Van der Vaals's interaction - orientation, induction and dispersion.

III. STRUCTURES OF PROTEINS

Four different structures are known to be present in proteins.

III.1. Primary structure of proteins.

Proteins are formed of alpha-amino acids (i.e. amino acids, in which the amino group is located at the carbon atom next to carboxyl (-COOH) group. 
A general formula of an alpha-amino acid therefore looks like:
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Thus, different alpha amino acids practically differ in the radicals R.

When a protein molecule is formed, the amino acids combine with each other by means of polycondensation  reaction 
Remember, that at polycondensation  the monomer molecules react, forming a polymer and a low molecular compound, for instance, water is formed, while at polymerization the monomers form a polymer without elimination of any other compounds.

A polycondensation reaction of alpha-amino acids can be describe by an equation: [image: image4.wmf]2

H  N-CH-COOH

2

R

H  N-CH-C-N-CH-COOH + 

2

R

1

R

2

O

H

H  O

2

two amino acids                            bipeptide

H  N-CH-COOH+

2

R

1
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 is called cis-peptide bond.

The bipeptide  thus obtained reacts further with the next amino acid, eliminating next water molecule and forming a tripeptide:
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Tripeptide reacts with the next amino acid, etc. while a long protein macromolecule is formed.

Primary structure of proteins is the sequence of alpha amino acid fragments in the long protein macro molecule and it is realized by means of peptide bonds.

III.2. Secondary structure of proteins.

There are two possible secondary structures of proteins called alpha and beta secondary structures.

Secondary ‑structure of proteins is a helix, formed of one or two protein molecules, see fig.18.3, a.
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Fig.18.3. Secondary structure of proteins:
a‑helix type ‑structure, b‑belt-type ‑structure.

 The neighboring turns of the helix are kept together by means of hydrogen bonds, established between >C=O and >N‑H groups which belong to neighboring turns of the helix. H-bonds realize 75-80% of bonding between the turns of helix, the rest of bonding can be realized by ‑S‑S‑ bridges or by electrostatic bonds, see chapter IV.

The length of the peptide chain in one turn of helix is about 0.54 nm and it includes about 3.6 amino acid fragments.

Some proteins form flat belt-type ‑structures instead of helixes. A ‑structure is formed of two oppositely situated protein molecules and, as well as in ‑structure, the two molecules are kept together mainly by means of hydrogen bonding between >C=O and >N=H groups of the neighboring peptide chains, see fig.18.3., b.

III.3. Tertiary structure of proteins.

Tertiary structures can be understood as spatial distortions of the secondary structures of proteins by means of intramolecular bonding. An ‑helix (see fig.18.4) or as well a belt-type ‑structure can be bent, if more distant parts of the appropriate secondary structure (alpha‑helix or belt‑type beta‑structure) are linked to each other by means of intramolecular bonds.

The linkage between the two parts of secondary structure can be realized by means of electrostatic, hydrophobic , Van der Vaals's or sometimes hydrogen bonding
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Fig.18.4. Tertiary structure of proteins. 
The distortions of secondary stucture are caused by:1- disulfide bridge, 2- electrostatic interaction, 3- hyrogen bond, 4- hydrophobic bond

III.4. Quartary structure of proteins.

The quartary structure of proteins is understood as the order of packing, when bigger aggregates (semi-crystalline structures) are formed from individual protein molecules (called sub-units).

Such a structure is able to dissociate into sub-units (separate peptide chains). For instance, the protein of tobacco mosaic virus, having a molecular weight 50 millions in fact consists of about 3 thousand sub-units, that have molecular weight from ten to twenty thousand each.

IV. PROPERTIES OF HMC SOLUTIONS, COMPARED TO REAL SOLUTIONS AND TO LYOPHOBIC SOLES

Solutions of high molecular compounds (HMC) are disperse systems, that partly belong to real solutions (as HMC in solutions exist in a form of individual molecules), and partly to colloidal solutions - (because the size of HMC molecules is very great and corresponds to the size of colloidal particles - they are within the interval 1 - 100 nm).

A comparison of the main properties of HMC solutions to the ones of real solutions lyophobic soles is given in table 18.1.

As one can see, some properties of HMC solutions are similar to the ones of real solutions , some - to the properties of lyophobic soles.

Due to the great size of HMC molecules the diffusion rate, as well as in lyophobic soles, is small. Osmotic pressure is small, because of the same reason - as molecules of HMC are so big, even at great mass fractions of HMC their molar concentrations are low. For instance, if the molar mass of a HMC is 20,000 and its mass fraction is as high as 20% (i.e. if the density of solution can be considered as r=1 g/ml, one liter of solution contains 200 g of HMC), the molarity of solution is just

CM = m/M = 200/20,000 = 0.01 moles/l

In contrary to lyophobic soles, where the size of particles is approximately equal in all the three dimensions, HMC molecules are long (their length is 1 - 100 nm), but their cross-section area at the same time is little (0.1 - 0.2 nm - the same as for monomers), therefore their optical properties are weak - the light cone of Tyndall's effect is hardly seen in the solutions of HMC. For the same reason there is no interface between HMC molecules and dispersion medium - the system is homogeneous.

Viscosity of HMC solutions is high due to strong intermolecular bonds, that exist between HMC molecules in solution.

Table 18.1. PROPERTIES OF HMC SOLUTIONS, COMPARED TO 
PROPERTIES OF REAL SOLUTIONS AND LYOPHOBIC SOLES

	property
	Real solutions
	HMC solutions
	Lyophobic soles

	formation
	spontaneous
	spontaneous (through swelling)
	non-spontaneous

(special methods required)

	kinetic unit
	molecule
	macromolecule
	micell

	particle size
	<10-9 m
	10-7 - 10-9 m
	10-7 - 10-7 m

	homogeneity
	homogeneous
	homogeneous
	heterogeneous

	mainstability factor
	not necessary
	molecule hydration
	particle charge

	Tyndall's effect
	no
	weak
	strong

	viscosity
	little
	great
	little

	osmotic
	great 
	little
	little

	pressure
	
	
	

	diffusion
	fast
	slow
	slow 


V. HYDRATION OF MACROMOLECULES AND THE EFFECT OF ELECTROLYTES UPON IT

As it was told in the previous chapter, hydration of macromolecules is a very important factor for the existence of HMC solutions.

Not all parts of macromolecules can be hydrated, but only the ionized groups and polar groups. Of course, ionized groups are hydrated much more strongly than the ones which are just polar In protein molecules the main ionized groups are ‑COOH groups, that dissociate according to equation:

‑COOH [image: image10.wmf]¬

®

 ‑COO- + H+
or -NH2 groups, which become ionized in their reaction with H+ ions, present in the solution:


 EMBED "Equation" \* mergeformat  


These two functional groups cause the greatest part of the hydration of macromolecules and therefore the hydration of macromolecules depends greatly on the ionization of these groups (see chapter VII.I).

The main polar groups, that cause the minor part of molecule hydration, are hydroxyl group ‑OH, sulphhydryl group ‑SH, carbonyl group =C=O and some others.

Molecules of hydration water are situated around the protein macromolecules in two layers, first of them being tightly bound and therefore being called the adsorption layer, the second one being just oriented towards the ionized or polar groups of the protein macromolecule.
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Fig.18.5. A cross section of protein macromolecule with its hydration coating.

Hydration of protein macromolecules is greatly affected by the presence of electrolytes in solution. Different electrolyte ions have different effect upon hydration of protein molecules. Influence of electrolyte ions upon hydration of proteins is, in fact, a secondary effect - they act upon the hydration of protein molecules through action on water structure, therefore we have first to discuss the effect of different electrolyte ions ion structure of water.

Anions have a greater influence on water structure, than cations, as they are more hydrated. For this reason the effect of anions only will be discussed.

Just a small part of water molecules in liquid water exist as individual molecules. Most of them are involved in associates containing several water molecules. There are several possible associates of water molecules, but the most common one is an associate of 4 water molecules in a tetrahedral (H2O)4 particle, in which the individual water molecules are bound together by means of hydrogen bonds.

An equilibrium

(H2O) [image: image12.wmf]¬
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 4H2O 
(1)

exists between these associates and free water molecules.

Any anion X-, that appears in the solution, first breaks the structure of water (shifts the equilibrium (1) towards formation of free water molecules) and then starts forming its own hydration complex:

X- + nH2O [image: image13.wmf]¬
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 [X(H2O)n]- 
(2)

The summary equilibrium in water at a presence of anions X- can be characterized by the following equation:
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The associate of water molecules can be characterized by a lifetime 1 after it the associate dissociates into four individual water molecules. The hydration complex of anion, as well, is characterized by its characteristic lifetime 2.

According to the lifetimes of hydration complexes, all the anions can be divided into 2 groups - in the firs group the lifetime of ion hydration complex 2 is greater than the lifetime of water molecule associate 1, in the other the lifetime of ion hydration complex is smaller, than the lifetime of water molecule associate 1:

for the ions, having 2 > 1, it means, that the ion breaks the structure of water, but forms a stronger structure of its own hydration. Such ions are called structure making ions. In the presence of structure making ions the number of free water molecules in the solution grows smaller, than in pure water, as the free water molecules are now involved in the hydration complexes of anions. As the result, there are less free water molecules for hydration of protein and the hydration of protein is reduced.

for the ions having 2 < 1, it means, that the anion breaks the structural elements of water (associates of water molecules), but makes a weaker structure of its own hydration. Such ions are called structure breaking ions. The number of free water molecules at presence of structure breaking ions is even greater, than in pure water. As the result, the number of free water molecules is even greater, than in pure water and there are more water molecules for hydration of protein, therefore it becomes more hydrated, than in pure water.

The influence of different ions on hydration of proteins is expressed in the sequence of ions, called Hoffmeister's rank:
SO42- >F- >citrate >tartrate >acetate > Cl- >NO3- >Br- >I- >CNS-


structure making 


H2O 

structure breaking
Presence of chloride ion doesn't change the number of free water molecules in solution because 2 = 1 for Cl-.

These ions, which are situated to the left from Cl- are the structure making ions and proteins become less hydrated at presence of these ions. 
These ions, which are situated to the right from Cl- belong to the group of structure breaking ions and proteins in the presence of these ions are even more hydrated, than in pure water.

VI. ISOELECTRIC STATE AND ISOELECTRIC POINT OF PROTEINS

VI.1. ISOELECTRIC STATE

As one could see in the discussion of the primary structure of proteins (chapter III), a protein macromolecule consists of many amino acid fragments. At formation of polypeptide chain amino groups and carboxyl groups of amino acids are used for peptide bond formation, but a ‑NH2 group remains unused at one end of the macromolecule and a ‑COOH group remains unused at the other end. Besides of these two free functional groups, some ‑NH2 groups remain unused at the side-radicals of these amino acids, which have had two amino groups before the formation of polypeptide chain and some carboxyl groups remain unused at the side-radicals of these amino acids, which have had two carboxyl groups before the formation of polypeptide chain.
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	Thus, each protein macromolecule has at least one free amino and one free carboxyl group, therefore the protein macromolecule can be schematically drawn as 


As amino group is basic, but carboxyl group - acidic, a proton transfer from carboxyl group to amino group occurs in protein solutions:
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The form of protein molecule, in which both of the functional groups are ionized is called zwitter ion.
One has to remember, that in fact a protein molecule can have several amino and several carboxyl groups (see above), but only one of each sort is shown in the general expression of zwitter ion. Therefore the formula of zwitter ion, appearing frequently in further text, means, that an equal number of amino groups and carboxyl groups are ionized in the protein macromolecule  and the macromolecule is therefore electrically neutral.

The state, at which a protein molecule is electrically neutral (an equal number of amino and carboxyl groups are ionized) is called the isoelectric state of protein.

If H+ ions are added, they react with ‑COO- group of protein, thus forming a non-ionized ‑COOH group, while at addition of OH- ions, the OH- ions react with 

 group of protein, eliminating H+ ion from it:
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The value of pH, at which the molecule of protein has no charge, is called the isoelectric point  (IEP) of protein. As it will be shown below, the macromolecules of proteins have several important properties at pH=IEP. When pH of solution is shifted towards a more acidic value than IEP, the molecules of protein obtain a positive charge, as the amino group remains protonated, but the carboxyl group is not dissociated in acidic environment.

At shifting of pH towards a more basic environment from IEP, the molecules of protein obtain a negative charge, as in this case the protonated amino group looses proton, while the carboxyl group remains ionized.

The isoelectric point of protein is not the pH of usual neutral environment (i.e. it is not pH=7). The IEP of protein molecule is determined both by the acid constant of carboxyl group (Ka) and the base constant of amino group (Kb ):


 EMBED "Equation" \* mergeformat  


As the base constant pKb can be expressed as pKb = 14 ‑ pK'a, the equation of IEP can be rewritten into another form:


 EMBED "Equation" \* mergeformat  

, where

Ka' is the acid constant of carboxyl group and

Ka" is the acid constant of protonated amino group 

.

The values these of constants are different for different proteins, because amino and carboxyl groups can have different neighbors in different protein molecules. For this reason IEP value for different proteins is different, too - some proteins have it in slightly acidic, some others - in slightly basic and some in a close-to-neutral environment.

VI.I.2.PROPERTIES OF PROTEIN AT IEP

At isoelectric point protein molecule has several important properties:

1) the number of positive and negative charges is minimal and therefore the molecule as a whole has no charge, 
2) as there is an equal number of oppositely charged groups, they attract each other and therefore the geometrical form of molecule becomes an irregular ball, 
3) the total number of ionized amino and carboxyl groups is minimal, 
4) due to the irregular ball form of the molecule and due to the minimal total number of ionized groups hydration of molecules is minimal, too.

These were the most important properties of protein molecule at IEP. Several other properties are derived from these four main ones:

1) as the protein molecule as a whole has no charge, it doesn't move at electrophoresis - it is equally attracted to both electrodes.

Minimal molecule hydration at IEP results in extreme values of some other properties of protein molecules at IEP (they will be discussed more in detail in the further text):

2) solubility of protein is minimal, 
3) swelling of protein is minimal, 
4) stability of solution is minimal (the hydration of molecules is the one, that prevents the formation of intermolecular bonds, but, as hydration of protein molecules is minimal at IEP, the intermolecular bonds are formed easily and this leads to aggregation of macro molecules into big and heavy particles, which tend to precipitate out from the solution), 
5) congealing rate of solution is maximal, as congealing requires formation of intermolecular bonds, 
6) viscosity of solution is minimal, as it decreases with the decrease of hydration.

The extreme values of the mentioned properties are used for determination of IEP. In order to determine the IEP of protein, pH of the solution is changed and changes of the appropriate property is registered. IEP corresponds to that value of pH , at which the property reaches its maximal (or minimal) value.

VII.FORMATION OF HMC SOLUTIONS.

VII.1.SWELLING AS A STAGE OF HMC DISSOLUTION

Formation of HMC solutions is a spontaneous process - solutions of HMC arise without use of special preparation methods. At the same time, the dissolution mechanism of HMC is completely different from the one of low molecular compounds.

The process of HMC dissolution begins with swelling of HMC - an increase of HMC volume as a result water (solvent) suck-up and a formation of hydration (solvatation) coating of HMC molecules. 
Swelling is a compulsory stage of the dissolution process of HMC - total dissolution of HMC can take place after formation of hydration coatings around HMC molecules (compare this to the dissolution process of salt or sugar - as low molecular compounds they are not going to swell before dissolution).

The reason of such a a behavior of HMC is the presence of intermolecular bonds between the macromolecules of HMC - macromolecules in a dry HMC are linked to each other by many intermolecular bonds, which don't allow a molecule to leave the layer of HMC and to be transferred into solution.

To allow macromolecules to leave each other and to form a solution, it is first of all necessary to weaken the intermolecular bonds between the individual macromolecules and this happens when macromolecules become hydrated. At formation of hydration coating the distance between individual macromolecules increases and therefore intermolecular bonds become weaker (see fig.18.6.) - the binding force is inversely proportional to r , where r2 is the distance between the functional groups of the two molecules.

In such a way, the intermolecular bonds become weaker when hydration coatings are formed around HMC macromolecules, therefore the individual macromolecules become able to leave the HMC layer and to penetrate into the volume of liquid phase.
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Fig.18.6.Two neighboring HMC macromolecules before and after molecule hydration.

VII.2. THE MECHANISM OF HMC SWELLING

The whole process of HMC solution formation from the moment of pouring water upon HMC layer until formation of a homogeneous solution, can be divided into 4 stages, see fig.18.7.

At stage 1  a physical diffusion of water (solvent in a general case) into the layer of HMC takes place.

At stage 2  the hydration coatings of HMC macromolecules are formed. As a result of this, the molecules of hydration water push the molecules of HMC aside from each other, thus weakening the intermolecular bonds between the individual HMC molecules.

Stage 2 of HMC swelling is accompanied by the following volume changes:

a) the total volume of the system grows smaller at stage 2, as these water molecules, which are involved in the hydration coatings of HMC molecules, are packed more densely, than in the liquid phase.

b) at the same time the volume of HMC layer increases a little, because the hydration coatings of HMC molecules take some space.

At stage 3  a great osmotic sucking up of water by HMC layer takes place, as the intermolecular bonds are weakened already at stage 2 and after that more and more water molecules can be positioned between the molecules of HMC.
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Fig.18.7. The four stages of HMC swelling.

The volume of HMC layer increases strongly at this stage. HMC molecules are pushed aside from each other by water molecules and the intermolecular bonds at this stage can be cracked completely.

If polymer is well solvated by the given solvent, intermolecular bonds are cracked completely at stage 3 and at stage 4 solution of HMC would arise.

If the polymer is not well solvated by the given solvent, or HMC molecules are linked by bonds, stronger, than the usual intermolecular bonds (for instance, if ‑S‑S‑ bridges exist between individual HMC molecules), then HMC macromolecules remain linked and the process of swelling terminates at stage 3 (i.e.HMC swells - the volume of HMC is increasing up to a certain limit, but no dissolution takes place). This case is called limited swelling and examples for limited swelling are rubber in gasoline (swelling is limited because of ‑S‑S‑ bridges between macromolecules) or gelatin in cold water (hydration coatings are not great enough in cold water).

At stage 4, if the polymer is well solvated by the used solvent (water in the case of proteins)and the intermolecular bonds are therefore completely cracked, an unlimited swelling takes place, which means that - the macromolecules of HMC are spread evenly around all the volume of liquid phase as a result of diffusion, forming a homogeneous solution.

VII.3.SWELLING DEGREE. AFFECTING FACTORS FOR HMC SWELLING

Swelling is quantitatively characterized by the swelling degree a, which is calculated as:


 EMBED "Equation" \* mergeformat  

 where:

V and Vo are the volumes of HMC layer after and before swelling,

m and mo are the masses of HMC after and before swelling.

Swelling degree is affected by the following factors:

1) effect of temperature. The 2nd stage of swelling is exothermal (energy is liberated at formation of hydration coating), therefore at stage 2 an increase of temperature lowers the swelling rate.

At stages 3 and 4 , which are endothermal (energy is necessary for the osmotic suck up of solvent at stage 3 and for the distribution of HMC molecules around all volume of solution at stage 4), therefore an increase of temperature stimulates the process at stages 3 and 4. For this reason at practical preparation of HMC solutions temperature is kept low at stage 2 and increased at stages 3 and 4. For instance, at preparing of a gelatin solution for home-made jellies, one has to pour water upon gelatin and keep it cool for some minutes, starting to warm it up after this time. If warming up is started too early (before hydration coatings are formed), gelatin will not be dissolved at all.

2) effect of pH. As we know, swelling process is resulting from molecule hydration, which is a compulsory stage of the overall process. For this reason, the greater is molecule hydration, the greater is the swelling degree .

As the hydration of molecules is the lowest at IEP, swelling is minimal at pH=IEP and grows if pH is shifted into any direction from IEP, see fig.18.8.
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Fig.18.8.pH dependence of swelling degree 
3) effect of electrolytes. Presence of electrolytes acts through its influence on hydration of protein molecules . The structure making ions (standing to the left from Cl- in Hoffmeister's rank) bond water molecules to themselves and therefore decrease the hydration of protein. Thus, if ions like SO42-, acetate, etc. are present in solution, the swelling degree of proteins becomes smaller than in pure water.

The structure breaking ions (standing to the right from chloride in Hoffmeister's line) break the structure of water, thus increasing the number of free water molecules and, consequently, the hydration of HMC, therefore in the solutions of ions like SCN- or I- swelling degree of proteins is even greater, than in pure water.

VIII. STABILITY OF HMC SOLUTIONS

The greatest enemy for the stability of HMC solutions is formation of intermolecular bonds. If intermolecular bonds are allowed to be formed, individual HMC molecules stick together, forming greater associates. Such associates have a great mass, therefore the association process leads to loss of kinetic stability.

The main stability factor, that doesn't allow formation of intermolecular bonds is the hydration coating of HMC macromolecules. If the hydration coating is great, then neighboring HMC molecules can not come close enough to each other to form intermolecular bonds (see fig.18.5. above).

An additional stability factor of protein solutions is the charge of protein molecules - if the macromolecules are charged (remember, that the sign of charge for a given sort of protein molecules at equal conditions is the same), the repelling forces between the neighboring protein molecules don't allow formation of intermolecular bonds.

For these reasons the stability of protein solutions is pH-sensitive - it is minimal at pH=IEP , because at IEP both hydration is minimal and the number of charged groups is minimal, too.

At pH<IEP (acidic environment for protein) ‑NH2 groups become protonated (see chap.VII.1.), thus assigning a positive charge to protein molecule. The more acidic is pH, compared to IEP, the greater number of amino groups become protonated, leading to increase of positive charge and hydration of molecule (remember, that the ionized groups are at the same time the most hydrated ones).

At pH>IEP (basic environment for protein) carboxyl groups start to dissociate and the more pH exceeds IEP, the greater is the number of ionized carboxyl groups, thus causing a greater negative charge and, consequently, hydration of protein molecule.

Thus, there are two stability factors of protein solutions - hydration and charge of macromolecules, hydration being the more important one. According to this, the so-called Croyt's scheme was developed, which describes the loss of stability of protein solution in general, see fig.18.9.

The scheme shows, that, there is no difference, which of the stability factors is lost first. For precipitation of protein out of the solution one can use 2 ways:
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Fig.18.9.Croyt's scheme.

1) it is possible to start with cutting off hydration coating by addition of alcohol (alcohol needs water for its own hydration and therefore the hydration of protein molecules is reduced) and then subtract the charge of protein molecules by addition of electrolyte (electrolyte here acts in the same way, as it acts in the case of lyophobic soles - -potential of protein molecule is reduced by electrolyte ions of opposite charge).

2) it is possible to start with an addition of electrolyte to the solution of protein (this will cut off the charge from protein molecule) and continue by addition of alcohol (cutting off hydration coating).

The result is the same in both cases - stability of solution is lost and a protein precipitate is formed.

If huge concentrations of electrolyte are used, both stability factors are lost at the same time and protein precipitate is obtained in one stage.

VIII.1.PROTEIN SALTING OUT BY ELECTROLYTES

Precipitation of proteins from their solutions under action of electrolytes is called salting out..

Proteins salted out by addition of electrolytes in huge concentrations and there are two reasons of protein precipitation in this case:

1) protein is just less soluble in electrolyte solutions, than in pure water, 
2) electrolyte cuts off both the hydration coating and the charge of protein and thus its presence causes formation of intermolecular bonds.

Separation of protein mixture into different fractions can be realized, using salting out by different electrolytes. First, one has to apply a "mild" electrolyte, anions of which belong to the structure breaking ones (e.g. KI or KSCN). Presence of such an electrolyte decreases the solubility of proteins, not yet affecting the hydration coatings. As the result, only the proteins, having the greatest molar masses will precipitate. Next, a "stronger" electrolyte (the anions of which are situated more to the left in Hoffmeister's line) is applied, and the next fraction of protein, having a little smaller molar mass precipitates.

Thus, using different electrolytes, different fractions are obtained and finally the lightest protein molecules precipitate under action of Na2SO4, as 

 ion is the strongest structure making one and therefore it cuts off the hydration coating of protein molecules completely.

IX. CONGEALING OF HMC SOLUTIONS

Intermolecular bonds between the protein macromolecules in their solutions cause formation of internal structure in these solutions. If the number of intermolecular bonds is great enough, the internal structure of solutions becomes so strong, that the solution looses its ability to flow. The solution behaves as a pseudo-solid phase after that.

Loss of flowing ability of a HMC solution as a result of intermolecular bond formation between HMC macromolecules is called congealing and the pseudo-solid phase, thus obtained is called gel.

Typical gels are home-made fruit jams, gelatin-based jellies, meat-jelly, sour milk, curds, cheese. Congealing of HMC solutions is not the only way of gel formation, but the other possibilities will be discussed in chapter IX.2.

IX.1. CONGEALING MECHANISM OF HMC SOLUTIONS

Although the hydration coatings of HMC molecules work against formation of intermolecular bonds, at least a small number of intermolecular bonds always exists between HMC macromolecules in the solution, forming an internal structure of solution, which can be imagined as a net.

If the concentration of HMC is great enough and temperature is low enough (see chap.IX.2.), the net becomes so tight, that the molecules of solvent (water) cannot freely penetrate from one mesh of the net to another and the flowing ability of water is thus lost.

One can say, that at congealing of protein solutions the hydrophobic groups of protein molecules form intermolecular bonds and stimulate the congealing process, while the hydrophile groups form hydration coatings and thus act against it.

IX.2. AFFECTING FACTORS OF CONGEALING PROCESS

Formation of intermolecular bonds is a compulsory stage of the congealing process of HMC solutions, therefore congealing is affected by the same factors, that affect the formation of intermolecular bonds. First two such factors are:

1) HMC concentration - the higher it is, the shorter is the average distance between each two neighboring HMC molecules and the greater number of intermolecular bonds is formed. Thus, an increase of HMC concentration stimulates congealing.

2) temperature - the higher it is, the more active is the thermal motion of HMC molecules and the more difficult becomes the formation of intermolecular bonds. Thus, congealing proceeds better at lower temperatures.
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Fig.18.10. Influence of pH on the congealing time of HMC solution.
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