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PROTEIN SEPARATION 
AND CHARACTERIZATION 

PROCEDURES



METHODS OF PROTEIN SEPARATION

• Before starting a separation is necessary to learn about the
biochemical properties of a protein, molecular mass,
isoelectric point (pI), solubility properties, and denaturation
temperature.

• The first separation step is often a technique that utilizes the
differential solubility properties of a protein.

• The most common methods include precipitation, ion-
exchange chromatography, affinity chromatography, size-
exclusion chromatography.



Separation by differential solubility characteristics

• Solubility characteristics are determined by the type and
charge of amino acids in the molecule.

• Proteins can be selectively precipitated or solubilized by
changing buffer pH, ionic strength, dielectric constant,
or temperature.
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• Salting out:

– Low concentrations of neutral salts usually increase the solubility
of proteins; proteins are precipitated from solution as ionic
strength is increased.

– Ammonium sulfate [(NH4)2SO4] is commonly used because it is
highly soluble, other neutral salts NaCl or KCl may be used
to salt out proteins.

– In the first step, (NH4)2SO4 is added at a concentration just below
that necessary to precipitate the protein of interest.

– The solution is centrifuged, less soluble proteins are precipitated
while the protein of interest remains in solution.
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– The second step (NH4)2SO4 concentration just above that
necessary to precipitate the protein of interest.

– The solution is centrifuged, the protein is precipitated, more
soluble proteins remain in the supernatant.

• Isoelectric precipitation:
– The isoelectric point (pI) is defined as the pH at which a protein

has no net charge in solution.
– Proteins aggregate and precipitate at their pI.
– Proteins have different pIs; thus, they can be separated from each

other by adjusting solution pH.
– At the pI of a protein, the protein precipitates while proteins with

different pIs remain in solution.
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• Solvent fractionation:

– Proteins can be separated based on solubility differences in
organic solvent–water mixtures.

– The addition of water-miscible organic solvents, such as
ethanol or acetone, decreases the solubility of most proteins.
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Separation by adsorption

• Adsorption chromatography: the separation of compounds
by adsorption to, or desorption from, the surface of a solid
support by an eluting solvent.
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Ion-exchange chromatography

• It is defined as the reversible adsorption between charged
molecules and ions in solution and a charged solid
support matrix.

• A positively charged matrix is called an anion exchanger, it
binds negatively charged ions or molecules in solution.

• A negatively charged matrix is called a cation exchanger it
binds positively charged ions or molecules.
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• The protein of interest is first adsorbed to the ion exchanger
buffer conditions maximize the affinity of the protein for
the matrix.

• Contaminating proteins pass through the exchanger
unabsorbed.

• Proteins bound to the exchangers are selectively eluted from
the column by gradually changing the ionic strength or pH
of the eluting solution.

• As the composition of the eluting buffer changes.

• The charges of the proteins change and their affinity for the
ion-exchange matrix is decreased.
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Affinity chromatography

• A type of adsorption chromatography, a protein is separated
in a chromatographic matrix containing a ligand covalently
bound to a solid support.

• Ligands include enzyme inhibitors, enzyme substrates,
coenzymes, antibodies, certain dyes.

• The protein is passed through a column.

• Contaminating proteins and molecules that do not bind the
ligand are eluted.
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• The bound protein is then desorbed or eluted from the
column under conditions that decrease the affinity of the
protein for the bound ligand, by changing the pH,
temperature, or concentration of salt or ligand in the eluting
buffer.

High-performance liquid chromaography (HPLC)

• The use of HPLC to separate proteins was made possible by
development of macroporous, microparticulate packing
materials that withstand high pressures.
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Separation by size

• Protein molecular masses range from about 10,000 to over
1,000,000; size is a parameter to exploit for
separations.

• Actual separation occurs based on the Stokes radius of the
protein, not on the molecular mass.

• Stokes radius is the average radius of the protein in solution
and is determined by protein conformation.
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Dialysis
• Dialysis is used to separate molecules in solution by the use

of semipermeable membranes that permit passage of small
molecules but not larger molecules.

• A protein solution is placed into dialysis tubing that has been
tied or clamped at one end.

• The other end of the tubing is sealed, and the bag is placed in
a large volume of water or buffer, which is slowly stirred.

• Solutes of low molecular mass diffuse from the bag.
• Dialysis is simple; a relatively slow method, usually requiring

at least 12 h.

13



Membrane processes

• Microfiltration, ultrafiltration, nanofiltration, and reverse
osmosis all are processes that use a semipermeable
membrane for the separation of solutes on the basis of size
under an applied pressure.

• Molecules larger than the membrane become part of the
retentate, smaller molecules pass through the membrane
and become part of the filtrate.

• These membrane processes differ mainly in the porosity of
the membranes and in the operating pressure used.
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RO, reverse osmosis; NF, nanofiltration; UF, ultrafiltration;MF, microfiltration.

Range of particle sizes used for various membrane filtration techniques 
compared to particle sizes of milk components and microorganisms.



Size-exclusion chromatography

• Also known as gel filtration or gel permeation
chromatography.

• It can be used to separate proteins on the basis of size.

• A protein solution is allowed to flow down a column packed
with a solid support of porous beads made of a cross-linked
polymeric material.

• Beads of different average pore sizes that allow for efficient
fractionation of proteins of different molecular masses are
commercially available.
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• Applications:
– Microfiltration can be used to remove particles and

microorganisms to remove the bacteria from milk and beer.

– Ultrafiltration and nanofiltration are used to concentrate a protein
solution, remove salts, exchange buffer, or fractionate
proteins on the basis of size.

– Ultrafiltration is used to preconcentrate milk for cheesemaking,
nanofiltration has been used to remove monovalent ions from
salt whey.

– Reverse osmosis is often used to remove aqueous salts, metal
ions, simple sugars, and other compounds with molecular
mass below 2000.
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Separation by 
electrophoresis

Polyacrylamide gel electrophoresis

• Electrophoresis: migration of charged molecules in a solution
through an electrical field.

• In zonal electrophoresis proteins are separated from a complex
mixture into bands by migration in aqueous buffers through a
solid polymer matrix called a gel.

• Polyacrylamide gels are the most common matrix for zonal
electrophoresis of proteins, other matrices such as starch and
agarose may be used.

• Gel matrices can be formed in glass tubes or as slabs between
two glass plates.
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• Proteins are positively or negatively charged, depending on
solution pH and their pI.

• A protein is negatively charged if solution pH is above its pI,
whereas a protein is positively charged if solution pH is
below its pI.

• The magnitude of the charge and applied voltage will
determine how far a protein will migrate in an electrical
field.

• The higher the voltage and stronger the charge on the protein,
the greater the migration within the electrical field.
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• Molecular size and shape, also determine migration distance
within the gel matrix.

• Mobility of proteins decreases as molecular friction increases
due to an increase in Stokes radius; smaller proteins tend to
migrate faster through the gel matrix.

• A decrease in pore size of the gel matrix will decrease
mobility.

• In nondenaturing or native electrophoresis, proteins are
separated in their native form based on charge, size, and
shape of the molecule.
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• Polyacrylamide gel electrophoresis (PAGE) with an anionic
detergent, sodium dodecyl sulfate (SDS), is used to
separate protein subunits by size.

• Proteins are solubilized and dissociated into subunits in a
buffer containing SDS and a reducing agent.

• Reducing agents, such as mercaptoethanol or dithiothreitol,
are used to reduce disulfide bonds within a protein subunit
or between subunits.

• Proteins bind SDS, become negatively charged, and are
separated based on size alone.
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• A power supply and electrophoresis apparatus containing the
polyacrylamide gel matrix and two buffer reservoirs are
necessary to perform a separation.

• The power supply is used to make the electric field by
providing a source of constant current, voltage, or power.

• The electrode buffer controls the pH to maintain the proper
charge on the protein and conducts the current through the
polyacrylamide gel.

• Commonly used buffer systems include an anionic tris-
(hydroxymethyl)aminomethane buffer with a resolving gel
at pH 8.8 and a cationic acetate buffer at pH 4.3.
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Schematic of a slab gel
electrophoresis unit indicating
the pHs of the stacking and
resolving gels and the
electrode buffer in an anionic
discontinuous buffer system.



• The polyacrylamide gel matrix is formed by polymerizing
acrylamide and a small quantity (usually 5% or less) of the
cross-linking reagent, N,N-methylenebisacrylamide, in
the presence of a catalyst, tetramethylethylenediamine
(TEMED), and source of free radicals, ammonium
persulfate.

• The discontinuous matrix consists of a stacking gel with a
large pore size (usually 3–4% acrylamide) and a resolving
gel of a smaller pore size.

• The stacking gel is used to stack or concentrate the proteins
into very narrow bands prior to their entry into the
resolving gel.
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Free radical polymerization reaction of polyacrylamide.



• The pore size of the resolving gel is selected based on the
molecular mass of the proteins of interest and is varied by
altering the concentration of acrylamide in solution.

• Proteins are usually separated on resolving gels that contain
4–15% acrylamide.

• Acrylamide concentrations of 15% may be used to separate
proteins with molecular mass below 50,000.

• Proteins greater than 500,000 Da are often separated on gels
with acrylamide concentrations below 7%.
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• A gradient gel in which the acrylamide concentration increases
from the top to the bottom of the gel is often used to separate a
mixture of proteins with a large molecular mass range.

• To perform a separation, proteins in a buffer of the appropriate
pH are loaded on top of the stacking gel.

• Bromophenol blue tracking dye is added to the protein
solution.

• To monitor the progress of a separation.

• After an electrophoresis run, the bands on the gels are generally
visualized using a protein stain such as Coomassie Brilliant
Blue or silver stain.
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• The electrophoretic or relative mobility (Rm) of each protein
band is calculated as
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Rm = dyetrackingandgelrunningofstartbetweenDistance
gelresolvingofstartfrommigratedproteinDistance



– Electrophoretic techniques can be used in a purification process to
purify large quantities of protein, to determine the purity of a
protein extract, to determine the protein composition of a
food product.

– Differences in the protein composition of soy protein concentrates
and whey protein concentrates produced by different
separation techniques can be detected.

– To determine subunit composition of a protein and to estimate
subunit molecular mass.
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− Molecular mass is determined by comparing Rm of the protein
subunit with Rm of protein standards of known molecular
mass.

– To prepare a standard curve, logarithms of protein standard
molecular mass are plotted against their corresponding Rm
values.

– The molecular mass of the unknown protein is determined from
its Rm value using the standard curve.
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(a) Separation of molecular mass standards and the unknown protein.
(b) Standard curve for estimating protein molecular mass.

Use of SDS-PAGE to determine the 
molecular mass of a protein



Isoelectrix focusing

• Isoelectric focusing is a modification of electrophoresis,
proteins are separated by charge in an electric field on a gel
matrix in which a pH gradient has been generated using
ampholytes.

• Proteins are focused or migrate to the location in the gradient
at which pH equals the pI of the protein.

• Resolution is among the highest of any protein separation
technique and can be used to separate proteins with pIs that
vary less than 0.02 of a pH unit.
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Capillary electophoresis

• Similar principles apply for the separation of proteins by both
capillary and conventional electrophoretic techniques.

• The primary difference between capillary electrophoresis and
conventional electrophoresis is that capillary tubing is
used in place of acrylamide gels cast in tubes or slabs.

• A capillary electrophoresis system comprises a capillary
column, power supply, detector, and two buffer reservoirs.
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Schematic of a capillary 
electrophoresis system



Amino acid analysis
• Amino acid analysis is used to quantitatively determine the

amino acid composition of a protein.

• The protein sample is first hydrolyzed to release the amino
acids.

• Amino acids are then separated using chromatographic
techniques and quantified.

• Ion-exchange chromatography, reversed-phase liquid
chromatography, gas–liquid chromatography are
three separation techniques used.
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• In general, a protein sample is hydrolyzed in constant boiling
6 M HCl for 24 h to release amino acids prior to
chromatography.

• Accurate quantification of some amino acids is difficult.
– Tryptophan is completely destroyed by acid hydrolysis.

– Methionine, cysteine, threonine, and serine are progressively
destroyed during hydrolysis; the duration of hydrolysis will
influence results.

– Asparagine and glutamine are quantitatively converted to aspartic
and glutamic acid cannot be measured.

– Isoleucine and valine are hydrolyzed more slowly in 6 M HCl
than other amino acids, tyrosine may be oxidized.
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• Losses of threonine and serine can be estimated by hydrolysis of
samples for three periods of time (i.e., 24, 48, and 72 h).

• Compensation for amino acid destruction may be made by
calculation to zero time assuming first-order kinetics.

• Valine and isoleucine are often estimated from a 72 h
hydrolysate.

• Cysteine and cystine can be converted to the more stable
compound, cysteic acid, by performic acid, then hydrolyzed
in 6 M HCl and chromatographed.

• Tryptophan can be separated chromatographically after a basic
hydrolysis or analyzed using a method other than amino acid
analysis.
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• In the original method amino acids were separated by cation-
exchange chromatography using a stepwise elution with
three buffers of increasing pH and ionic strength.

• Procedure called postcolumn derivatization, amino acids
eluting from the column were derivatized and quantified by
reaction with ninhydrin to produce a coloured product
that was measured spectrophotometrically.

• Amino acids eluting from the column also may be derivatized
with o-phthalaldehyde (OPA), then measured with a
fluorescence detector.

• The ninhydrin and OPA methods can be used not only for
amino acid analysis but also to monitor hydrolysis of
proteins and to assay for protease activity.
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Determination of the amino acids 
from hydrolysate
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Determination of the free amino 
acids
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• Precolumn derivatization of the amino acids followed by
reversed-phase HPLC.

• Amino acids are derivatized prior to chromatography with
phenylthiocarbamyl or other compounds, separated by
reversed-phase HPLC, and quantified by UV spectroscopy.

• Methods using precolumn derivatizations can detect
picomole quantities of amino acids.

• Chromatographic runs usually take 30 min or less.
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1. Asp,
2. Glu,
3. internal 

standard,
4. Ser,
5. Gly,
6. His,
7. Tau,
8. Arg,
9. Thr, 
10. Ala, 
11. NH3, 
12. Pro, 
13. internal 

standard,
14. Tyr, 
15. Val, 
16. Met, 
17. Ile, 
18. Leu, 
19. Phe, 
20. reagent,
21. Lys

High-performance liquid chromatographic analysis of
phenylthiocarbamyl-derived amino acids from infant
formula separated on a reversed-phase column.

Sample was spiked with taurine.



• The quantity of each amino acid in a peak is usually
determined by spiking the sample with a known quantity of
internal standard.

• The internal standard is usually an amino acid, such as
norleucine, not commonly found in a food product.

• Applications:

– Amino acid analysis is used to determine the amino acid
composition of a protein, determine quantities of essential
amino acids to evaluate protein quality, identify proteins
based on the amino acid profile, detect odd amino acids,
corroborate synthetic or recombinant protein structures.
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Protein nutritional quality
• The nutritional quality of a protein is determined by the

amino acid composition and the digestibility of that
protein.

• Antinutritional factors can affect the nutritional quality of a
protein.

• Foods that contain heat-labile antinutritional factors are
usually cooked prior to consumption, inactivating the
inhibitor that might reduce protein digestibility.

• Heat-stable antinutritional factors that can decrease the
nutritive value of a protein.
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• Essential amino acids cannot be synthesized in the body and
must be present in the diet.

• The amino acids generally categorized as essential (or
indispensable) include His, Ile, Leu, Lys, Met, Phe, The, Trp,
and Val.

• Requirements for these amino acids have been determined for
various age groups of humans.

• The first-limiting amino acid of a human food is defined as the
essential amino acid present in the lowest amount compared to a
reference protein or to human requirements.

• Protein nutritional quality assays may utilize animals in
biological tests (in vivo), chemical or biochemical assays (in
vitro), and simply calculations.

45



46

Amino Acid Requirements of Infants, Preschool Children, Adolescents, 
and Adults (Males and Females Combined)

His, Histidine; Ile, Isoleucine; Leu, Leucine; Lys, Lysine; SAA, Sulfur amino acids; AAA,
Aromatic amino acids; Thr, Threonine; Trp, Tryptophan; Val, Valine.



Protein Digestibility-Corrected Amino Acid Score

• The Protein Digestibility – Corrected Amino Acid Score
(PDCAAS method) estimates protein nutritional quality
by combining information from (1) a calculation that
compares the amount of the first-limiting amino acid in
a protein to the amount of that amino acid in a
reference protein, and (2) an in vivo assay measuring
the digestibility of the protein by rats.
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• Procedure:

1. Determine the amino acid composition of the food.

2. Calculate the amino acid score for the first-limiting amino acid,
using the requirements of preschool age children as a
reference pattern.

3. Feed male weanling rats standardized diets with 10% test protein
or with no protein, following the procedure for true protein
digestibility. True digestibility is calculated based on
nitrogen ingested and feed intake, corrected for
metabolic losses in the feces.

48

Amino acid score = proteinreferenceofg1inacidaminoofmg
proteintestofg1inacidaminoofmg



– Calculate PDCAAS:

Amino acid score ×%True digestibility

– For nutritional labelling: (50 g = Daily Value for protein)

49
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– Protein Efficiency Ratio (PER) method, measures rat growth.

– Rat growth is not comparable to that of adult humans, but it is
more comparable to that of human infants.

– PER method is used to estimate protein quality of only infant
foods.

– The actual digestion of protein by rats is thought to be fairly
comparable to that by humans.
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Protein efficiency ratio

• Procedure:

1. Determine the nitrogen content of the test protein-containing
sample and calculate the protein content.

2. Formulate a standardized test protein diet and a casein control diet
to each containing 10% protein.

3. Feed groups of male weanling rats the diet and water ad libitum
for 28 days.

4. Record the weight of each animal at the beginning of the assay, at
least every 7 days during the assay, and at the end of 28 days.
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5. Record the food intake of each animal during the 28-day feeding
trial.

6. Calculate the PER using the average total weight gain and average
total protein intake for each diet group at day 28:
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(g) consumedproteinTotal
(g)grouptestofgainweightTotalPER =



Other protein nutritional quality tests

• Essential amino acid index (EAAI):

– EAAI estimates protein nutritional quality based on the content of
all essential amino acids compared to a reference protein (or
human requirements).

– The EAAI is a rapid method accounts for all essential amino
acids.

– EAAI does not include any estimate of protein digestibility,
which could be affected by processing method.
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– The essential amino acid content of the test protein is compared to
that of a reference protein.

– Use values for methionine plus cystine, and phenylalanine plus
tyrosine, because they can substitute for one another as essential
amino acids.
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• Lysine availability:

– The nutritional quality of a heat-processed product is lower than
expected from its amino acid composition.

– The free ε-amino group of the essential amino acid lysine can
react with many food constituents during processing and
storage to form biologically unavailable complexes with
reduced nutritional quality.

– Lysine can readily complex with reducing sugars in the Maillard
browning reaction, oxidized polyphenols, and oxidized lipids.
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– Lysinoalanine, often found in alkali-treated proteins, decreases
both the digestibility of the protein and the availability of lysine
as an essential amino acid.

– The most commonly used method to measure available lysine is
a spectrophotometric method that utilizes the reagent 1-fluoro-
2,3-dinitrobenzene (DNFB).

– The DNFB method can be used to determine if food processing
operations have reduced the availability of lysine in a food.
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Protein functional properties

Solubility

• Proteins usually need to be soluble under the conditions of
use for optimal functionality in food systems.

• Solubility is dependent on the balance of hydrophobic and
hydrophilic amino acids that make up the protein.

• Protein solubility is influenced by solvent polarity, pH, ionic
strength, ion composition, and interactions with other
food components, such as lipids or carbohydrates.
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• Procedure:

– A protein is dispersed in water or buffer at a specified pH, and the
dispersion is centrifuged using defined conditions.

– Protein insoluble under the test conditions precipitates while
soluble protein remains in the supernatant.

– Total protein and protein in the supernatant are measured, usually
by the Kjeldahl method or a colorimetric procedure.
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SUMMARY

• There are a variety of techniques used to separate and
characterize proteins.

• Separation techniques rely on the differences in the solubility,
size, charge, and adsorption characteristics of protein
molecules.

• Ionexchange chromatography is used to separate proteins on
the basis of charge.

• Affinity chromatography utilizes ligands, such as enzyme
inhibitors, coenzymes, or antibodies, to specifically bind
proteins to a solid support.

• Proteins can be separated by size using dialysis,
ultrafiltration, and size-exclusion chromatography.
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• Electrophoresis can be used to separate proteins from
complexmixtures on the basis of size and charge.

• SDS-PAGE also can be used to determine the molecular mass
and subunit composition of a protein.

• Isoelectric focusing can be used to determine the isoelectric
point of a protein.

• Chromatographic techniques are used in amino acid analysis to
determine the amino acid composition of a protein.

• The nutritional quality of a protein is determined by the amino
acid composition and protein digestibility.

• The functional properties of proteins are used to characterize a
protein for a particular application in a food.
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APPLICATION OF 
ENZYMES IN FOOD 

ANALYSIS



• Enzymes are protein catalysts that are capable of very great
specificity and reactivity under physiological conditions.

• Enzymatic analysis is the measurement of compounds with the
aid of added enzymes or the measurement of endogenous
enzyme activity to give an indication of the state of a
biological system including foods.

• Enzyme catalysis can take place under relatively mild
conditions allows for measurement of relatively unstable
compounds not amenable to some other techniques.

• The specificity of enzyme reactions can allow for measurement
of components of complex mixtures without the time and
expense of complicated chromatographic separation
techniques.

62



• The thermal stability of enzymes has been used extensively
as a measure of heat treatment; peroxidase activity is used
as a measure of adequacy of blanching of vegetable
products.

• Catalase activity is markedly increased in milk from mastitic
udders.

• Catalase activity also parallels the bacterial count in milk.

• Another use to determine food quality is estimation of protein
nutritive value by monitoring the activity of added
proteases on food protein samples.
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Enzyme kinetics

• Enzymes are biological catalysts that are proteins.

• A catalyst increases the rate (velocity) of a
thermodynamically possible reaction.

• The enzyme does not modify the equilibrium constant of the
reaction, and the enzyme catalyst is not consumed in the
reaction.

• A simple representation of an enzyme-catalyzed reaction:

S + E ES → P + E

64

S = substrate
E = enzyme

ES = enzyme-substrate complex
P = product



65

Time course for a typical
enzyme-catalyzed reaction
showing the pre-steady-state
and steady-state periods.

[P] = product concentration.



• The formation of the enzyme substrate complex is very rapid
and is not normally seen in the laboratory.

• The time in which the enzyme–substrate complex is initially
formed is on the millisecond scale and is called the pre-
steady-state period.

• The slope of the linear portion of the curve gives the initial
velocity (ν0).

• After the pre-steady-state period, a steady-state period exists
in which the concentration of the enzyme–substrate complex
is constant.

• The rate of an enzyme-catalyzed reaction depends on the
concentration of the enzyme and the substrate concentration.
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• As substrate concentration increases, the increase in velocity
slows until, with a very large concentration of substrate, no
further increase in velocity is noted.

• The velocity of the reaction at this very large substrate
concentration is the maximum velocity (Vm) of the reaction.

• The substrate concentration at which one-half Vm is observed is
defined as the Michaelis constant or Km.

• The lower the Km, the greater the affinity of the enzyme for the
substrate.

• Both Km and Vm are affected by environmental conditions such
as pH and temperature.
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Effect of substrate concentration on the 
rate of an enzyme-catalyzed reaction



• Order of Reactions

– The velocity of an enzyme-catalyzed reaction increases as
substrate concentration increases.

– A first-order reaction with respect to substrate concentration is
obeyed in the region of the curve where substrate concentration
is small ([S] « Km).

– The velocity of the reaction is directly proportional to the
substrate concentration in this region.
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– When the substrate concentration is further increased, the
velocity of the reaction no longer increases linearly, and the
reaction is mixed order.

– At large substrate concentrations ([S] » Km), the velocity is
directly proportional to enzyme concentration.

– Where [S] » Km, the rate of the reaction is zero order
independent of substrate concentration.
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Factors that affect enzyme reaction rate
Effect of enzyme concentration

• The velocity of an enzyme-catalyzed reaction will depend on
the enzyme concentration in the reaction mixture.

• Doubling the enzyme concentration will double the rate of
the reaction.

• It is critical that the substrate concentration is saturating
during the entire period the reaction mixture is sampled.

• The plot becomes nonlinear if the substrate concentration
falls below the concentration needed to saturate the
enzyme.
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Expected effect of enzyme 
concentration on observed 

velocity of an enzyme-
catalyzed reaction
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Effect of enzyme concentration
on time course of an enzyme-
catalyzed reaction.

The dashed lines are
experimentally determined

data with enzyme concentration
increasing from 1 to 4.

The solid lines are tangents drawn
from the initial slopes of the
experimental data.

If a single time point, a, is used
for data collection, a large
difference between actual data
collected and that predicted
from initial rates is seen.



Effect of substrate concentration

• The rate of the reaction is first order with respect to substrate
concentration when [S] « Km.

• At [S] » Km, the reaction is zero order with respect to
substrate concentration and first order with respect to
[E].

• At substrate concentrations between the first-order and zero-
order regions, the enzyme-catalyzed reaction is mixed
order with respect to substrate concentration.
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Environmental effects

• Effect of temperature on enzyme activity:

– Temperature affects both the stability and the activity of the
enzyme.

– At relatively low temperatures, the enzyme is stable.

– At higher temperatures, denaturation dominates, and a markedly
reduced enzyme activity represented.

– The temperature optimum is not a unique characteristic of the
enzyme.
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Effect of temperature on velocity
of an enzyme-catalyzed reaction.

Temperature effect on substrate to
product conversion is shown by
line 1.

Line 3 shows effect of temperature
on rate of enzyme denaturation
(right-hand y-axis is for line 3).

The net effect of temperature on
the observed velocity is given by
line 2 and the temperature
optimum is at the maximum of
line 2.



• Effect of pH on enzyme activity:

– Rate of an enzyme-catalyzed reaction is greatly affected by the
pH of the medium.

– Enzymes have pH optima and commonly have bell-shaped
curves for activity vs. pH.

– This pH effect is a manifestation of the effects of pH on enzyme
stability and on rate of substrate to product conversion and
may also be due to changes in ionization of substrate.
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Typical velocity-pH curve for an
enzyme-catalyzed reaction.

The maximum on the curve is
the optimum for the system
and can vary with temperature,
specific substrate, and enzyme
source.



Activators and inhibitors

• Activators:
– Some enzymes contain small molecules that are activators of the

enzyme.

– Some enzymes show an absolute requirement for a particular
inorganic ion for activity while others show increased activity
when small molecules are included in the reaction medium.

– The activator forms a nearly irreversible association with the
enzyme. These non-protein portions are called prosthetic
groups.

– Dissociable non-protein parts of enzymes are categorized as
coenzymes.
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– Example of an essential activator is the pyridine coenzyme NAD+.

– NAD+ is essential for the oxidation of ethanol to acetaldehyde by
alcohol dehydrogenase:

ethanol + NAD+ acetaldehid + NADH + H+

– In the reaction, NAD+ is reduced to NADH and can be considered 
a second substrate.
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• Inhibitors:

– An enzyme inhibitor is a compound that when present in an
enzyme-catalyzed reaction medium decreases the enzyme
activity.

– It can be categorized as irreversible or reversible inhibitors.

– Enzyme inhibitors include inorganic ions, such as Pb2+ or Hg2+,
which can react with sulfhydryl groups on enzymes to
inactivate the enzyme, compounds that resemble substrate,
and naturally occurring proteins that specifically bind to
enzymes (protease inhibitors found in legumes).
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– Irreversible inhibitors. When the dissociation constant of the
inhibitor enzyme complex is very small, the decrease in enzyme
activity observed will be directly proportional to the inhibitor
added. Irreversible inhibitors decrease Vm as the amount of
total active enzyme is reduced.

– Reversible inhibitors. Most inhibitors exhibit a dissociation
constant such that both enzyme and inhibitor are found free in the
reaction mixture. Reversible inhibitors are known:
competitive, noncompetitive, and uncompetitive.
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– Competitive inhibitors compete with substrate for binding to
the active site of the enzyme, and only one molecule of
substrate or inhibitor can be bound to the enzyme at one
time.

– A noncompetitive inhibitor binds to enzyme independent of
substrate and is bound outside the active site of the
enzyme.

– Uncompetitive inhibitors bind only to the enzyme–substrate
complex.



Methods of measurement

• Methods to follow enzyme reactions:
– absorbance spectrometry,
– fluorimetry,
– manometric methods,
– titration,
– isotope measurement,
– chromatography,
– mass spectrometry,
– viscosity.

• The spectra of the pyridine coenzyme NAD(H) and
NADP(H), there is a marked change in absorbance
at 340 nm upon oxidation–reduction.
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Absorption curves of NAD(P) and
NAD(P)H; l = wavelength.

Many enzymatic analysis methods are
based on the measurement of an
increase or decrease in absorbance
at 340 nm due to NAD(H) or
NADP(H).



• Many methods depend on the increase or decrease in absorbance
at 340 nm when these coenzymes are products or substrates in a
coupled reaction.

• α-Amylase cleaves starch at α-1,4 linkages in starch and is an
endoenzyme, cleaves a polymer substrate at internal linkages.

• Reaction can be followed by reduction in viscosity, increase in
reducing groups upon hydrolysis, reduction in colour of the
starch iodine complex, and polarimetry.

• α-Amylase is an endoenzyme, hydrolysis of a few bonds near the
centre of the polymeric substrate will cause a marked decrease
in viscosity, hydrolysis of an equal number of bonds by
the exoenzyme, β-amylase, will have little effect on viscosity.
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Coupled reactions
• Enzymes can be used in assays via coupled reactions.
• Coupled reactions involve using two or more enzyme

reactions so that a substrate or product concentration can
be readily followed.

• In a coupled reaction, there is an indicator reaction and a
measuring reaction.

S1 P1 P1 P2

• The role of the indicating enzyme (E2) is to produce P2,
which is readily measurable and, hence, is an indication
of the amount of P1 produced by E1.
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APPLICATIONS

• Certain information is needed prior to using enzyme assays
analytically.

• Knowledge of:
– Km,

– time course of the reaction,

– the enzyme’s specificity for substrate,

– the pH optimum and pH stability of the enzyme,

– effects of temperature on the reaction.
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Sample preparation

• Sample preparation prior to enzyme analysis is often
minimal and may involve only extraction and removal of
solids by filtration or centrifugation.
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Measurement of sulfite

• Sulfite also can be specifically oxidized to sulfate by the
commercially available enzyme sulfite oxidase (SO):

+ O2 + H2O + H2O2

• The H2O2 product can be measured by several methods
including use of the enzyme NADH-peroxidase:

H2O2 + NADH + H+ 2 H2O + NAD+

• The amount of sulfite in the system is equal to the NADH
oxidized, determined by decrease in absorbance at 340 nm.
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Colorimetric determination of glucose

• Glucose is preferentially oxidized by glucose oxidase to
produce gluconolactone and hydrogen peroxide.

• The hydrogen peroxide plus o-dianisidine in the presence of
peroxidase produces a yellow colour that absorbs at 420 nm.

b-D-glucose + O2 d-gluconolactone + H2O2

H2O2 + o-diansidine H2O + oxidized dye

• Glucose oxidase is quite specific for glucose, it is a useful tool
in determining the amount of glucose in the presence of
other reducing sugars.
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Starch/dextrin content

• Starch and dextrins can be determined by enzymatic
hydrolysis using amyloglucosidase, an enzyme that
cleaves α-1,4 and α-1,6 bonds of starch, glycogen, and
dextrins, liberating glucose.

• The glucose formed can be subsequently determined
enzymatically.

• Glucose can be determined by colorimetric method, in which
glucose is oxidized by glucose oxidase.
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• An alternative method of measuring glucose is by coupling
hexokinase (HK) and glucose-6-phosphate dehydrogenase
(G6PDH) reactions:

glucose + ATP          glucose-6-phosphate + ADP

glucose-6-phosphate 6-phosphogluconate + NADH + H+

• The amount of NADPH formed is measured by absorbance at
340 nm.
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Determination of D-malic acid in apple juice
• L-Malic acid occurs naturally, the D form is normally not found in

nature.

• Synthetically produced malic acid is a mixture of these two
isomers.

• Synthetic malic acid can be detected by a determination of D-malic
acid.

• D-malate dehydrogenase catalyzes the conversion of D-malic acid
as follows:

D-malic acid + NAD+ pyruvate + CO2 + NADH + H+

• The reaction can be followed by the measurement of NADH
photometrically.
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Enzyme activity assays
Peroxidase activity

• The adequacy of the blanching process can be monitored by
following the disappearance of peroxidase activity.

• Peroxidase catalyzes the oxidation of guaiacol (colourless) in
the presence of hydrogen peroxide to form tetraguaiacol
(yellow brown) and water.

H2O2 + guaiacol                tetraguaiacol + H2O

• Tetraguaiacol has an absorbance maximum around 450 nm.

• Increase in absorbance at 450 nm can be used to determine
the activity of peroxidase in the reaction mixture.
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Lipoxygenase

• Lipoxygenase catalyzes the oxidation by molecular oxygen
of fatty acids containing a cis, cis, 1,4-pentadiene system

producing conjugated hydroperoxide derivatives:

• A variety of methods can be used to measure lipoxygenase
activity in plant extracts.

• The reaction can be followed by measuring loss of fatty acid
substrate, oxygen uptake, occurrence of the conjugated
diene at 234 nm.
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Phosphatase assay
• Alkaline phosphatase is a relatively heat stable enzyme found in

raw milk.
• The phosphatase assay has been applied to dairy products to

determine whether pasteurization has been done properly and
to detect the addition of raw milk to pasteurized milk.

• Phosphatase test is based on the phosphatase-catalyzed hydrolysis
of disodium phenyl phosphate liberating phenol.

• The phenol product is measured colorimetrically after reaction
with 2,6-dichloroquinonechloroimide to form a blue
indophenol.

• The indophenol is extracted into n-butanol and measured at
650 nm.
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α-Amylase activity

• The α-amylase activity is measured by changed colour of the
starch iodine complex in the presence of excess β-amylase
used to prepare the limit dextrin.

• The colour is compared to a coloured disc on a comparator.

• α-amylase is an endoenzyme, when it acts on a starch paste
the viscosity of the paste is dramatically reduced, greatly
influencing flour quality.

• Wheat normally has small amounts of α-amylase activity, but
when wetted in the field, preharvest sprouting
(pregermination) can occur in wheat, with a dramatic
increase in α-amylase activity.
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Rennet activity

• Rennet is used as a coagulating agent in cheese manufacture.

• Rennet activity tests are based on noting the ability of a
preparation to coagulate milk.

• 12% nonfat dry milk is dispersed in a 10 mM calcium
chloride solution and warmed to 35 °C.

• An aliquot of the rennet preparation is added and the time of
milk clotting observed visually.

• The activity of the preparation is calculated in relationship to
a standard rennet.
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• Rennet preparations can also be evaluated for proteolytic
activity by measuring the release of a dye from azocasein
(casein to which a dye has been covalently attached)

• The rennet preparation is incubated with 1% azocasein.

• After the reaction period, the reaction is stopped by addition
of trichloroacetic acid.

• The small fragments of coloured azocasein produced by the
hydrolysis of the rennet are left in solution and absorbance
read at 345 nm.
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Biosensors/immobilized enzymes

• Immobilized enzymes can be used repeatedly eliminating a
major cost in enzyme assays.

• The most widely used the glucose electrode in which glucose
oxidase is combined with an oxygen electrode to
determine glucose concentration.

• When the electrode is put into a glucose solution, the glucose
diffuses into the membrane where it is converted to
gluconolactone by glucose oxidase with the uptake of
oxygen.

• The oxygen uptake is a measure of the glucose
concentration.
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• Glucose can also be measured by the action of glucose
oxidase with the detection of hydrogen peroxide.

• Similar systems have been commercialized in which lactate,
ethanol, sucrose, lactose, and glutamate can be measured.
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SUMMARY
• Enzymes, due to their specificity and sensitivity, are valuable

analytical devices for quantitating compounds that are
enzyme substrates, activators, or inhibitors.

• The enzyme and substrate are mixed under specific
conditions (pH, temperature, ionic strength, substrate
concentration, and enzyme concentrations).

• The enzymatic reaction is followed by measuring either the
amount of product generated or the disappearance of the
substrate.
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• Applications for enzyme analyses will increase as a greater
number of enzymes are purified and become commercially
available.

• The measurement of enzyme activity is useful in assessing
food quality and as an indication of the adequacy of heat
processes such as pasteurization and blanching.
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