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Enzyme activity refers to the general catalytic properties of an enzyme, and enzyme assays

are standardized procedures for measuring the amounts of specific enzymes in a sample.

Factors that Affect Enzymatic Analysis

Enzyme activity is measured in vitro under conditions that
often do not closely resemble those in vivo. The objective of
measuring enzyme activity is normally to determine the
amount of enzyme present under defined conditions, so
that activity can be compared between one sample and
another, and between one laboratory and another. The
conditions chosen are usually at the optimum pH,
‘saturating’ substrate concentrations, and at a temperature
that is convenient to control. In many cases the activity is
measured in the opposite direction to that of the enzyme’s
natural function. Nevertheless, with a complete study of
the parameters that affect enzyme activity it should be
possible to extrapolate to the activity expected to be
occurring in vivo.

The factors that affect the activity of an enzyme include
substrate concentrations(s), pH, ionic strength and nature
of salts present, and temperature. Activity is measured as
the initial rate of substrate utilizationwhennoproducts are
present (a situation that rarely occurs in vivo). There are
many compounds that may act as inhibitors which repress
the activity, so they should not be present. The subject of
enzyme inhibitors is a complex one which will not be dealt
with here. However, it is worth noting that the converse,
namely the involvement of nonsubstrate activators, must
be attended towithmany enzymes, since they can be totally
inactive without an activator present.

The effect of substrate concentration

The traditional enzyme has a hyperbolic response to
substrate concentration, according to the Michaelis–
Menten equation:
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where [S] is the substrate concentration, v is the rate
measured, Vmax is the maximum theoretical rate at infinite
substrate concentration, andKm is the Michaelis constant.
Applying this formula we find that the rate v is one-half of
Vmax when [S]5Km, and 91% of Vmax when [S]5 10 �
Km. The substrate concentration that is used in enzyme
assays is chosen according to parameters such as the Km,
the solubility of the substrate, whether high concentrations
may inhibit, and the cost of the substrate. If values much
less than 2 � Kmare used, it becomesmore critical to know

exactly what the concentration is (some preparations of
unusual substrates may be impure, or the exact amount
present may not be known). This is because the rate
measured varieswith substrate concentrationmore rapidly
as the substrate concentration decreases, as can be seen in
Figure 1. In most cases an enzyme assay has already been
established, and the substrate concentration, buffers and
other parameters used previously should be used again.

There are many enzymes which do not obey the simple
Michaelis–Menten formula. The most extreme deviations
are with those enzymes known as ‘allosteric’, in which a
sigmoid shape of response is found (Figure 1). With many
allosteric enzymes an activator is required, and this can
convert the sigmoid shape to a hyperbolic curve. Each
allosteric enzyme has its own specific characteristics, so we
cannot generalize about their behaviour.

The effect of pH on enzyme activity

Enzymes are active only within a limited range of pH. But
the limits may be wide, e.g. pH 5 to 10, or narrow, e.g. over
1 pH unit. Within the range there will be an optimum at
which the maximum activity (the highest value forVmax) is
attained: this could be a short range in itself. The activity
can also be affected by the nature of the buffer used. There
could be a discontinuity in activity over the pH range tested
because of the use of different buffers. Alternative buffers
for a given pH should be tested.

The effect of pH is generally tested at high substrate
concentration.However, if tested at lowconcentration, it is
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Figure 1 Comparison of a conventional Michaelis–Menten enzyme with

an allosteric enzyme: the rate variation with substrate concentration.
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possible that the value of vmay change with pH because of
an effect not on Vmax, but on Km. For standard enzyme
assays, a value of pH is chosen that is close to the optimum,
unless some other component of the assay mixture cannot
operate at that pH.

It should be noted that the optimum pH is reaction
direction-specific. Inmore cases than not, the optima in the
two directionswill be different, especially if there is uptake/
evolution of a proton in the reaction. Some examples of
this are with nicotinamide cofactor (NAD(P))-specific
dehydrogenases, in which the optimum pH with
NAD(P)1 as oxidizing cofactor is generally in the range
9 to 10, whereas the optimum for reduction of substrate by
NAD(P)H is around pH 6 to 7.

Effect of temperature

Temperature affects enzyme activity inmuch the sameway
as it affects other chemical reactions. Rates increase by
between 4 and 8% per degree C, although at high
temperatures denaturation of the enzyme protein de-
creases product formation. Thus it is important when
carrying out an enzyme assay to ensure that the tempera-
ture remains constant, and also that you know exactly
what it is. For comparisonwith other results thatmay have
been reported at other temperatures, the exact temperature
coefficient should be known; if not, a figure of 6% per
degree is a useful approximation.

Effect of ionic strength, salts

This is a complex subject as each enzyme responds in a
uniqueway to ionic strength I (salt content). Someenzymes
are maximally active at the lowest I, while others require
substantial levels of salt for significant activity. Most are
inhibited at high (4 0.5mol L2 1) salt. For most enzymes
there is a variation of activity with I, so the value should be
fixed and recorded (it is implicit in the total composition of
the assay buffer). A natural intracellular ionic strength is
typically in the range of 0.15 to 0.2mol L2 1.

Initial Rates and Steady State Turnover

Definition of the initial rate of an enzymatic
reaction

An enzyme assay is set up with appropriate buffers and
with the substrates present, but no products. The enzyme is
added, and products begin to be formed. The initial rate of
reaction occurs at this moment (after a short lag, which
may be only milliseconds). In theory the reaction rate
declines thereafter, owing to product accumulation. This
decline is often not observable because the thermody-
namics of the reaction being catalysed greatly favours

product formation. However, if the equilibrium of the
reaction substantially favours the starting reactants, then a
significant slowing of product formation may be observed
early, owing to reverse reaction. It is the aim of a successful
enzyme assay to measure the product formation before it
has accumulated sufficiently to affect the initial rate.
Coupled reactions (see below) help by removing the
product as it forms.

Steady state turnover

This term refers to the situation in which there is a steady
and unchanging flow of substrate through to product.
‘Initial steady state’ is the term sometimes used to describe
the initial rate as above. More useful, though, is the use of
the term steady state in a metabolic pathway, in which the
net flow through an enzyme is determined by both the
concentration of its substrate, which is constantly being
replenished by the previous enzyme, and of its product,
which is steadily being removed by the next enzyme, all
enzymes having the same flux, or steady state net forward
rate.

Measurement of Enzyme Activity

Stopped assays

To measure the activity of an enzyme one must measure
how much product is formed over a given time or, in some
cases, how much substrate has been used up, which should
be the same thing. Thus ideally a method for measuring
either product or substrate in the presence of the other is
required. There aremany different approaches; this section
will deal with what are known as ‘stopped assays’. Stopped
assays involve stopping the reaction after a fixed time, then
measuring how much product has been formed. Any
method is possible, from chemical, enzymatic to bioassay,
and generally the simplest is chosen provided it is reliable.
In many cases a selective method can distinguish between
substrate and product, so that no separation step is
required. For example, phosphate release from a phos-
phate ester can be measured by the standard phosphomo-
lybdate procedure. Otherwise separation of unused
substrate from product may be needed. This is essential
with radiochemical assays, in which the measurement is of
radioactivity, not a specific test for the product itself.
Separation methods include chromatographic (thin-layer
chromatography, TLC; high-performance liquid chroma-
tography, HPLC), solubility and partition procedures.

Methods for stopping the reaction include those which
denature the enzyme, such as strong acid, alkali or
detergent; heat; or treatments with irreversible inhibitors
such as heavy metal ions. In some cases the enzyme can be
stopped by addition of a complexing agent such as
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ethylenediaminetetraacetic acid (EDTA), which removes
metal ions essential for activity; even chilling on ice may be
sufficient.

It is important that stopped assays are checked at least
once with varying times of incubation, to ensure that the
rate is linear through the period selected for the standard
method.

Continuous assays

The alternative to a stopped assay is a continuous one in
which the progress of the reaction is followed as it occurs.
Continuous assays are much more convenient in that the
result is seen immediately, and any deviation the initial rate
shows from linearity can be observed. On the other hand
not all enzymes have an assaymethod that can be observed
continuously. The simplest continuous assay is one in
which the action of the enzyme itself can be followed by
changes in absorbance (e.g. NAD(P)H at 340 nm with
dehydrogenases), fluorescence, viscosity, pH, or one of
several other possible physical parameters. In many
examples of hydrolase assays, an artificial substrate which
releases a coloured or fluorescent product is used. Butmost
enzymes do not produce any change in a readily detectable
physical parameter by their activity. This can be overcome
using a coupled continuous method. In this process, the
product is acted on further (usually by other enzymes that
are added to the mixture), until an ultimate product is
formed which can be observed physically. A great
advantage of coupled assays is that the product is removed,
so helping to keep the measured rate constant over a long
period by avoiding product inhibition and reversal of
reaction.

The example of four different assays for the enzyme
invertase, illustrating both stopped and continuous meth-
ods, is shown in Figure 2.

Measurement of Protein Concentration

The determination of how much protein is present is very
important when purifying an enzyme, since purity depends
on the removal of unwanted proteins, and can be assessed
by relating the activity to total protein present (the specific
activity). There are many methods for measurement of
protein, and its importance can be gauged by the fact that
at least two favourite methods have been among the most
quoted papers ever published in the scientific literature.

With the exception of direct spectrophotometry, protein
methods are based on a chemical reaction, and comparison
of the colour produced with a standard protein. This
standard protein is normally bovine serumalbumin (BSA),
and one feature of a goodmethodmust be that variation of
colour production must be minimal compared with BSA.
A second important feature is sensitivity; one does not
want to sacrifice a large proportion of a precious protein
just tomeasure howmuch is (was) there. Third, themethod
shouldbe simple to carryout andadaptable tomultisample
handling.

Three chemical methods have been used most widely.
The first dates from the early 1900s, and is still for some
purposes the best; it is the biuretmethod, which produces a
purple colour with alkaline copper. Thismethod has a very
low variability between proteins, but suffers from a very
low sensitivity: several mg are needed for good colour
development. It is an excellent method if there is plenty of

Sucrose Fructose + Glucose

1. Stopped assay. Measure reducing sugars (F + G) with the Somogyi–Nelson reagent (chemical)

2. Continous, direct assay. Measure change in optical rotation with polarimeter        
      This is the original assay, and the reason why the enzyme is called invertase,       
      as it is an 'inversion' of the rotation

3. Continous coupled assay. Uses glucose oxidase plus peroxidase to produce colour:

4. Continuous coupled assay. Converts the glucose to glucose 6-phosphate, which is then 
      oxidized using NAD +  

Glucose Gluconate + H2O2

Peroxidase

Reduced dye Oxidized dye (coloured)

Glucose Glucose 6-P 6-P-Gluconate
Hexokinase

ATP ADP NAD+ NADH (absorbance at 340 nm)

Glucose 6-P 
dehydrogenase

Glucose oxidase

Figure 2 Four different ways of assaying the enzyme invertase.
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protein to spare. In the 1950s the ‘Lowry’ method was
invented. This also uses alkaline copper, but produces a
stronger colour by oxidation of residues in the protein with
a phosphotungstomolybdate reagent (Folin reagent).
Sensitivity is some 100 times better than the biuretmethod,
but variability between proteins is rather high, and quite a
lot of substances interfere with the colour formation. Some
20 years later the simplest and now probably the most
widely used method came into force, the ‘Bradford’
(Coomassie blue) method. This relies on the interaction
between protein and a dye at very low pH, where the dye
changes its spectral properties on binding to the protein.
Even more sensitive than the Lowry method, a micro-
Bradford procedure can accurately measure as little as 1–2
mg of protein. Interference can be a problem, especially by
strong buffers; however, the higher the sensitivity of a
method, the less of interfering compounds in the sample
need to be added. Variability between proteins is a little
better thanwith the Lowrymethod, but variability can still
introduce errors of over 10% when comparing with BSA.

There are other colorimetricmethodswhich can be used,
some of which overcome specific problems of interference
and variability. But the final method which will be
mentioned is direct ultraviolet spectrophotometry. Unlike
the chemical methods, this is nondestructive, and simply
requires measuring the absorbance of the protein in the
ultraviolet range. The traditional method is to measure at
280 nm. Up to 1mgmL2 1 will give an accurate reading,
but the problem is extreme variability between proteins,
because the extinction coefficient depends solely on the
content of tyrosine and tryptophan residues (plus any
other chromophoric prosthetic group). A 1mgmL2 1

solution of protein may have an absorbance at 280 nm
anywhere between zero and 31 , though the typical
protein will be in the range 0.5 to 1.5. BSA has a value of
0.66, but there is no point in ‘comparing’ the result with
BSA in this method. For a mixture of proteins, a round
figure of 1.0 is commonly used, and this does give some idea
of the relative amounts of protein in different fractions. On
the other hand, for a pure protein, the absolute extinction
coefficient can be determined once (preferably on a dry
weight basis), and then used for all future measurement.
Alternatively, if the exact Tyr/Trp content and molecular
weight is known,which is the case formany proteins whose
gene has been sequenced, an estimate of the extinction
coefficient can be made, within about 10% accuracy. One
formula is:
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where MW is the molecular weight of the protein, NTyr is
the number of tyrosine residues, andNTrp is the number of
tryptophan residues per molecule.

An alternative method involves the use of the far-
ultraviolet, where the absorbance is mainly due to peptide
bonds. Since the peptide bond content is roughly propor-
tional to mass of the protein, this method has relatively
little variability between proteins. It is very sensitive, but
also very susceptible to interference by other compounds
absorbing in the far-uv. By also making a measurement at
280 nm, the contribution in the far range by the aromatic
amino acids (Tyr, Trp) canbe corrected for.A formula that
can give the extinction coefficient at 205 nm to an accuracy
within 2% is:

O-PQRSPQTR STUVVQSQURP VTW /+X +Y�/
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The absorbance at 205 nm will need to be made on a
solution that has been diluted some 50-fold from the one
used formeasuring at 280 nm, and the dilution factor taken
into account. From these readings and calculations one can
then determine the extinction coefficient at 280 nm, which
can be used for future measurements on the protein.
Recording the absorbance at a wavelength close to 205 nm
is also themethodof choice for high sensitivity detecting, as
well as quantitating, protein eluted from various chroma-
tographic columns.

Methods for Purifying Enzymes

This section can only be a brief outline of the many
methods that are available for purifying enzymes. How-
ever, it is timely to say thatmethods can be divided into two
groups: first, the traditional one in which the enzyme is
purified from its natural source, and second, the modern
recombinant enzyme production using molecular biology
techniques to obtain the raw material.

Traditional methods

These have developedover a periodofmore thana century,
and have reached degrees of sophistication that can enable
rapid purification on scales varying from micrograms to
kilograms. Methods can be divided into categories, a
convenient grouping being the three categories of pre-
cipitation, adsorption and ‘in solution’ methods.

Precipitation methods

Different proteins have different solubilities, and can be
precipitated with a variety of additives. The main one that
is used is salt, especially salts with divalent anions,
commonly ammonium sulfate. Addition of this salt to a
solution containing the desired enzyme and other proteins
results in proteins progressively precipitating. The proteins
precipitating through one short range of salt concentration
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are expected to include the majority of the desired enzyme.
By collecting this precipitate by centrifugation, a purifica-
tion is achieved. This is one of the oldest procedures, but
still finds use in many situations.

Other precipitants include water-miscible organic sol-
vents, which should be used at low temperature to avoid
denaturing the proteins, polyethylene glycol, and some
more specific reagents that precipitate the desired enzyme
selectively.

Adsorption methods

There are many adsorbents for proteins. They include ion
exchangers, specific ‘affinity’ adsorbents, hydrophobic and
mixed-function materials. Adsorption is generally carried
out in columns as chromatography. A mixture of proteins
containing the desired enzyme is applied to the column,
and if it is adsorbed, a change in buffer properties is used to
elute it. By using subtle gradients of buffer, a high degree of
resolution between different proteins can be obtained, and
so a high degree of purification of the desired enzyme.

Affinity adsorbents are designed to interact specifically
with the desired enzyme, either through its active site, or
with some other surface feature of the enzyme. The
interacting ‘ligand’ is chemically attached to neutral beads
which constitute the adsorbent in the column. This ligand
can be an antibody to the enzyme, making an ‘immunoad-
sorbent’. Antibody columns are highly specific, but there
are many problems in using them on a routine basis.
Affinity adsorbents are also used for modified proteins, as
described below. A further class is the ‘pseudoaffinity’ or
‘biomimetic’ adsorbents, which consist of ligands that do
not necessarily resemble any known feature of the enzyme,
but which have been discovered by empirical experimenta-
tion to have a specific interactionwith it. Important among
these are numerous dye molecules which interact with
proteins by a variety of electrostatic, hydrophobic and
other forces.

‘In solution’ methods

The third category of protein separation methods consists
of a group in which the proteins remain in solution while
the separation takes place. These are in turn either
electrophoretic separations based on net charge, or
‘ultrafiltration’ in which separation is by molecular size
by diffusion through pores in a membrane or in a bead
particle. Electrophoresis separates principally according to
the charges on the protein molecules, and in some systems
by their relative size also. Although widely used for
analysis of protein mixtures, electrophoresis has had less
success as a preparative system, despite being an early
development in protein studies. Themain problem is in the
design of suitable equipment that is easy and safe to use.

The ultrafiltration methods separate by molecular size,
and include procedures such as forcing samples through
porous membranes that do not allow the larger proteins

through. The most widely used method is called gel
filtration. In this method a column is packed with bead
particles that are porous, with the pores ranging in size
from too small to allow the desired protein through, to
much larger ones which the protein can access. The
proteins diffuse into the beads and occupy space according
to their size. On running a gel filtration column, the largest
proteins emerge first, and the smallest last. This is a very
gentle process, and should result in a good recovery of
enzyme activity.

Recombinant enzyme production

Over the past few years the ability to express proteins in a
recombinant form has greatly advanced and, together with
the exponential rise in knowledge of gene structures, this
now enables proteins, including enzymes, to be made
without ever using the natural source material (except
perhaps forDNA isolation). Expression in a host organism
has many advantages. These include (1) the probability
that the expressed enzyme will make up a far larger
proportionof the starting extract thanoccurs in the natural
source, (2) the production of the raw material under
controlled conditions at a convenient time, and (3) the
ability to modify the protein to make purification easier. It
is the latter that hasmade protein purification a very simple
process, even for the inexperienced. But is not always
appropriate for large-scale work, in which costs can be a
major consideration.

The host organism is most often Escherichia coli.
Expression of foreign proteins can reach exceptionally
high levels, sometimes asmuch as 80%of all the protein the
organismmanufactures, butmore normally in the range 5–
10%. But often this protein does not fold correctly, and is
precipitated in insoluble ‘inclusion bodies’. In such cases,
the inclusion bodies themselves can be purified bywashing,
then dissolved with denaturant solvent, and under appro-
priate conditions folded correctly to generate active
product. A further cleaning up by one of the traditional
techniques such as ion exchange chromatography or gel
filtration completes the process.

When the protein is soluble in the host organism, and
highly expressed, then all that is needed is to use a
conventional technique to separate away the host proteins.
One trend for commercial enzyme production is to source
the enzyme from a thermophilic bacterium, so that the
enzyme is very heat-stable. The E. coli extract can then be
heat-treated, which denatures most of the host proteins.

The alternative way, which is now widely used for
purifying expressed proteins in general, is to modify the
enzyme (at the gene level) by adding a ‘tag’ which can be
recognized by an affinity adsorbent. A short stretch of
amino acids added either to the N- or C-terminal can be
used; typically a six-histidine stretch may be added,
allowing selective adsorption on an immobilized metal
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column, which coordinates with the histidines. Alterna-
tively there are several sequences that are recognized by
antibodies, and many other systems. If necessary, the tag
can be removed by specific proteolysis, but usually the
presence of a short tag does not affect the enzyme’s
properties. Some tags are very large; for instance whole
proteins such as glutathione S-transferase,whichbinds to a
glutathione column, and a maltose-binding protein which
binds to an amylose column. The main advantage of these
whole-protein tag systems is that the expression level of an
otherwise poorly expressed protein is much enhanced. But
because of the large tag, it is preferable to remove it after
purification; this is not always a simple matter.

Summary

For consistent and reproducible results, an enzyme assay
should be carried out inwell-defined conditions that can be
duplicated in other laboratories. The parameters of
substrate concentration, pH and buffer type, ionic strength
and temperature must be controlled. This will define how
much enzyme is present in a sample compared with others,

but generally will not indicate the flux of metabolites
through that enzyme in vivo.

All enzymes are proteins, and methods for general
protein purification apply to enzymes. Classic methods of
precipitation, adsorption and in solution are used, but if
the enzyme is produced recombinantly,modification of the
polypeptide at the gene level can greatly simplify the
purification process.
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