
Electrophoresis
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Electrophoresis of amino acids
Electrophoresis is a way of analysing amino acids 
and proteins. 

This technique separates charged molecules based 
on their ability to migrate when an electric field is 
applied to the system. 
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Electrophoresis of amino acids
If the amino acid composition of a protein is to be 
investigated, the protein is first treated with acid to 
hydrolyse the peptide bonds between the amino acids. 

The sample mixture is then applied to a support, such 
as paper or a polymer gel, which is saturated with a 
buffer of a certain pH, used as the conducting liquid.
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23.5 Separation of Amino Acids

Electrophoresis
A mixture of amino acids can be separated by several different techniques.
Electrophoresis separates amino acids on the basis of their pI values. A few drops of
a solution of an amino acid mixture are applied to the middle of a piece of filter paper
or to a gel. When the paper or the gel is placed in a buffered solution between two elec-
trodes and an electric field is applied, an amino acid with a pI greater than the pH of
the solution will have an overall positive charge and will migrate toward the cathode
(the negative electrode). The farther the amino acid’s pI is from the pH of the buffer,
the more positive the amino acid will be and the farther it will migrate toward the
cathode in a given amount of time. An amino acid with a pI less than the pH of the
buffer will have an overall negative charge and will migrate toward the anode (the pos-
itive electrode). If two molecules have the same charge, the larger one will move more
slowly during electrophoresis because the same charge has to move a greater mass.

Since amino acids are colorless, how can we detect that they have been separated?
When amino acids are heated with ninhydrin, they form a colored product. After elec-
trophoretic separation of the amino acids, the filter paper is sprayed with ninhydrin
and dried in a warm oven. Most amino acids form a purple product. The number of dif-
ferent kinds of amino acids in the mixture is determined by the number of colored
spots on the filter paper (Figure 23.1). The individual amino acids are identified by
their location on the paper compared with a standard.
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▲ Figure 23.1
Arginine, alanine, and aspartic acid separated by electrophoresis at pH = 5.
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The mechanism for formation of the colored product is as shown, omitting the
mechanisms for the steps involving dehydration, imine formation, and imine hydroly-
sis. (These mechanisms are shown in Sections 18.6 and 18.7.)
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Electrophoresis of amino acids
An electric field is applied across the support, and those 
amino acids bearing negative charges at the buffer pH 
migrate to the positive electrode (anode),  

whereas those bearing a positive charge migrate to the 
negative electrode (cathode). 

Those amino acids with no net charge remain stationary.
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Worked example
How many possible tripeptides can be formed from the three amino acids Gly, Ala and Ser, 
if each tripeptide contains all three amino acids?

Answer
There are six isomeric tripeptides: Gly–Ala–Ser, Gly–Ser–Ala, Ala–Ser–Gly, Ala–Gly–Ser, 
Ser–Gly–Ala and Ser–Ala–Gly.
We shall meet peptides again in Topic 28, in the description of proteins.

  27.7    Electrophoresis of amino acids and 
peptides

The principle of electrophoresis is best explained by looking fi rst at how the simple 
amino acid, glycine, behaves at different pH values. This is because of the amphoteric 
properties of amino acids. If we have a solution of an amino acid in water, the 
average charge on the many molecules of amino acid in the solution depends on 
the pH of the solution. The pH at which the net overall charge is zero is called the 
isoelectric point of that amino acid. For glycine, this is pH 6.07.

 + H+ − H+

+NH3CH2CO2H W +NH3CH2 CO2
− W NH2CH2CO2

−

    at pH <  6.07      at pH = 6.07   at pH >  6.07

In solution at pH <  6.07, the average charge on glycine molecules becomes positive. 
At pH >  6.07, the molecules become negatively charged.

Depending on the side groups, different amino acids have different tendencies 
to form cations or anions in solution, and so their isoelectric points will occur at 
different pH values. The more basic ones such as lysine, which have a tendency to 
form cations if dissolved in water, will have their isoelectric points at a more alkaline 
pH than most. On the other hand, the acidic amino acids such as aspartic acid will 
have their isoelectric points at a more acidic pH than most (see Table 27.5).

Amino acid R group in R¬CH(NH2)CO2H Isoelectric point (IEP)

glycine ¬H 6.07

lysine ¬(CH2)4NH2 9.74

aspartic acid ¬CH2CO2H 2.98

If all three of these amino acids were dissolved together in the same buffer solution 
kept at pH 6.07, on average, the molecules of glycine would be electrically neutral,

CH H
H3N

O2C

!

"

the molecules of lysine would be positively charged,

CH CH2CH2CH2CH2NH3

H3N

O2C

!

!

"

and the molecules of aspartic acid would be negatively charged.

CH CH2CO2

H3N

O2C

!

"

"

Table 27.5 The isoelectric points of some 
amino acids
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If a drop of the buffer solution at pH 6.07 containing these three amino acids was 
spotted onto a gel-coated plate, immersed in a conducting liquid, and a potential 
difference applied, the lysine would move to the cathode, the aspartic acid would 
move to the anode, and the glycine, having no overall electrical charge, would not 
move at all (see Figure 27.19).

This separation of a mixture in an electric fi eld is called electrophoresis. The 
electrophoretic mobility depends not only on average charge but also on the size and 
shape of a molecule:

v = 
EZ
F

where v = velocity, E = electric fi eld (voltage applied), Z = average charge and 
F = frictional resistance.

The frictional resistance is composed of various factors:

O the size of the pores in the gel support (the smaller the pores, the slower the 
sample moves)

O the shape of the molecule (large, spiky molecules travel slower than small, 
spherical ones)

O the size/molecular mass of the molecule (larger molecules travel slower than smaller 
ones).

Other factors that can affect the speed at which the components of a sample move 
during electrophoresis are:

O the pH of the buffer solution (the average number of charged groups on an 
amphoteric molecule depends on pH; as the pH increases, the average charge 
becomes more negative/less positive)

O the temperature of the apparatus (the speed of movement increases with temperature).

Electrophoresis is used regularly to separate and identify not only mixtures of amino 
acids, but mixtures of peptides obtained from proteins, and even mixtures of proteins 
themselves (see Figure 27.20). By this means, abnormal proteins can be identifi ed in 
patients suffering from genetic disorders, and possible treatments monitored.

  27.8   Synthetic polyamides (nylons)
Synthetic polyamides (nylons) are an important class of manufactured polymer. 
They are condensation polymers (see section 28.2), usually formed by the reaction 
between a diamine and a dicarboxylic acid:
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Figure 27.19 Electrophoresis separates 
lysine, aspartic acid and glycine.
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Figure 27.20 Electrophoresis of proteins
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pH & electrophoresis
If the pH of the buffer solution in the 
electrophoresis apparatus is neutral,  

amino acids with an extra acid group will be overall 
negatively charged ions and move towards the 
positive plate.
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pH & electrophoresis
and amino acids with one extra amine group will 
be overall positively charged and migrate towards 
the negative plate.  

And those that have only one acid and one amine 
group will be zwitterionic and neutral and stay in 
the middle. 
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pH & electrophoresis
Earlier we saw how amino acids change their 
charges in acidic and alkaline conditions. There 
charge on the ions depends on the pH.  

Therefore pH will affect the movement of ions 
during electrophoresis.
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pH & electrophoresis
In low pH (acidic), glycine will be positively 
charged and move towards the negative plate. 
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26.4 Peptides and proteins
Amino acid molecules can also react with each other; 
the acidic COOH group in one molecule reacts with 
the basic NH2 group in another molecule. When two 
amino acids react together, the resulting molecule is 
called a dipeptide:
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Notice the amide link between the two amino acids. An 
amide link between two amino acid molecules is also called 
a peptide link. Th e reaction is a condensation reaction 
as a small molecule, in this case water, is eliminated when 
the reactant molecules join together.

You can see that the dipeptide product still has an 
NH2 group at one end and a COOH group at the 

other end. Th erefore the reaction can continue, forming 
longer chains of amino acids. Th e longer molecules 
become known as polypeptides, and then proteins as they 
get even longer sequences of amino acids. Proteins are 
natural polymers. In animals and plants, enzymes catalyse 

CH2N COOH

H

H

glycine (aminoethanoic acid)

Alanine, 2-aminopropanoic acid, is an amino acid in 
which the R group is CH3.

Th e R group can be acidic (e.g. it contains another 
COOH group), basic (e.g. it contains another 
NH2 group) or neutral (e.g. when it is an alkyl group).
Amino acids will undergo most reactions of amines and 

carboxylic acids. However, each molecule can interact 
within itself due to its basic NH2 group and its acidic 

COOH group:

R C

NH2

COOH

H C

NH3

COO–

H R 

+

Th e ion is called a zwitterion (from the German ‘zwei’ 
meaning ‘two’) as it carries two charges: one positive 
( NH3

+) and one negative ( COO−). Th e ionic nature 
of the zwitterions gives amino acids relatively strong 
intermolecular forces of attraction. Th ey are crystalline 
solids which are soluble in water.

A solution of amino acids contains zwitterions which 
have both acidic and basic properties (i.e. are amphoteric). 
Th ey will resist changes in pH when small amounts of 
acid or alkali are added to them. Solutions that do this are 
called buff er solutions (see pages 311– 15).

If acid is added, the COO− part of the zwitterion will 
accept an H+ ion, re-forming the undissociated COOH 
group. Th is leaves a positively charged ion:

C

NH3

COO–

H     +     H+R C

NH3

COOH

HR 

+ +

If alkali is added, the NH3
+ part of the zwitterion will 

donate an H+ ion to the hydroxide ion (H+ + OH− → 
H2O), re-forming the amine NH2 group. Th is leaves a 
negatively charged ion:

C

NH3

COO–

H     +    OH– H   +   H2OR C

NH2

COO–

R 

+

5 a i  What is the general structural formula 
of a 2-amino-carboxylic acid?

ii Why are all amino acids solids at 20 °C?
b i  Draw the displayed formula of the 

2-amino-carboxylic acid called serine, 
in which the R group is HO CH2 .

ii Draw the displayed formula of the 
zwitterion of serine.

iii Draw the displayed formula of the ion 
of serine present in acidic conditions.

iv Draw the displayed formula of the ion 
of serine present in alkaline conditions.

Check-up

pH & electrophoresis
In high pH (alkaline), glycine will be negatively 
charged and move towards the positive plate. 
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If alkali is added, the NH3
+ part of the zwitterion will 

donate an H+ ion to the hydroxide ion (H+ + OH− → 
H2O), re-forming the amine NH2 group. Th is leaves a 
negatively charged ion:
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5 a i  What is the general structural formula 
of a 2-amino-carboxylic acid?

ii Why are all amino acids solids at 20 °C?
b i  Draw the displayed formula of the 

2-amino-carboxylic acid called serine, 
in which the R group is HO CH2 .

ii Draw the displayed formula of the 
zwitterion of serine.

iii Draw the displayed formula of the ion 
of serine present in acidic conditions.

iv Draw the displayed formula of the ion 
of serine present in alkaline conditions.

Check-up

factors affecting mobility 
The rate/speed at which the ions move towards the 
oppositely charged electrode depends on the size 
and charge on the ions.
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factors affecting mobility 
Size: smaller molecules migrate quicker than larger 
molecules carrying the same charge.  

Magnitude of charge: highly charged ions will 
move more quickly. 
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skillcheck
i Which spot shows lysine?  

ii Which spot shows alanine? 

iii The other two spots show tyrosine and serine.  
State which is which, and explain your answer. 
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A B C D

 i Which spot shows lysine? Use Table 29.1 to help 
you decide.

 ii Which spot shows alanine?

 iii The other two spots show tyrosine and serine. 
State which is which, and explain your answer.

c Leucine exists as zwitterions. 

 i Define the term zwitterion.

 ii Draw the structural formula of the zwitterion 
formed by leucine.

 iii Draw the structural formula to show the ion of 
leucine that exists in acidic conditions.

 iv Draw the structural formula to show the ion of 
leucine that exists in alkaline conditions.  

d Separate samples of valine underwent 
electrophoresis in acidic and alkaline conditions. 
In each case, the electrolyte containing valine was 
placed at the centre of the plate. The diagrams below 
show the plates obtained. Which plate was obtained 
in acidic conditions? Explain your answer.

 

X

Y

–

–

+

+

3 Amino acids join together by forming peptide bonds.

a Draw the structural formulae of cysteine and 
methionine. Use Table 29.1 to help you.

b Write and annotate an equation to show how 
cysteine and methionine join together by the 
formation of a peptide bond.

c Is the product of  b a dipeptide or a tripeptide? 
Explain your decision.

d Name the type of polymerisation that results in the 
formation of a peptide bond.

4 Proteins have primary, secondary and tertiary structures.

a What is the primary structure of a protein?

b i What is the secondary structure of a protein?

 ii Describe how the secondary structure is stabilised.

c i What is the tertiary structure of a protein?

 ii Describe how the tertiary structure is stabilised.

1 This question is about amino acids.

a The formula of alanine is shown below.
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 i Write an equation to show the reaction of alanine 
with an acid, H+. Include a displayed formula for 
the product(s)

 ii Write an equation to show the reaction of alanine 
with an alkali, OH–. Include a displayed formula 
for the product(s).

b In neutral solution, alanine forms a dipolar ion.

 i Draw a displayed formula to show the structure of 
the dipolar ion.

 ii Give the general name for this type of ion.

c Aspartic acid has the formula shown below. Explain 
why it is acidic overall.
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d Lysine has the formula shown below. Is lysine acidic, 
basic or neutral overall? Explain your answer.
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2 Electrophoresis is a technique used to separate and 
identify amino acids.

a In electrophoresis, the electrolyte is used in the form 
of a gel. Explain why.

b A mixture of four amino acids underwent 
electrophoresis in neutral conditions. The position 
of the amino acids on the plate is shown in the 
diagrams below.

End of chapter questions
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