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Chapter 16 e Application of Enzymes in Food Analysis

16.1 INTRODUCTION

Enzymes are protein catalysts that are capable of very
great specificity and reactivity under physiological con-
ditions. Enzymatic analysis is the measurement of
compounds with the aid of added enzymes or the mea-
surement of endogenous enzyme activity to give an
indication of the state of a biological system including
foods. The fact that enzyme catalysis can take place
under relatively mild conditions allows for measure-
ment of relatively unstable compounds not amenable
to some other techniques. In addition, the specificity of
enzyme reactions can allow for measurement of com-
ponents of complex mixtures without the time and
expense of complicated chromatographic separation
techniques.

There are several uses of enzyme analyses in food
science and technology. In several instances, enzyme
activity is a useful measure for adequate processing
of a food product. The thermal stability of enzymes
has been used extensively as a measure of heat treat-
ment; for example, peroxidase activity is used as a
measure of adequacy of blanching of vegetable prod-
ucts. Enzyme activity assays are also used by the food
technologist to assess potency of enzyme preparations
used as processing aids.

The food scientist can also use commercially avail-
able enzyme preparations to measure constituents of
foods that are enzyme substrates. For example, glu-
cose content can be determined in a complex food
matrix containing other monosaccharides by using
readily available enzymes. A corollary use of commer-
cially available enzymes is to measure enzyme activity
as a function of enzyme inhibitor content in a food.
Organophosphate insecticides are potent inhibitors of
the enzyme acetylcholinesterase and hence the activ-
ity of this enzyme in the presence of a food extract is
a measure of organophosphate insecticide concentra-
tion in the food. Also of interest is the measurement of
enzyme activity associated with food quality. For exam-
ple, catalase activity is markedly increased in milk from
mastitic udders. Catalase activity also parallels the bac-
terial count in milk. Another use of enzyme assays to

_determine food quality is estimation of protein nutri-

tive value by monitoring the activity of added proteases
on food protein samples (see Chapter 15). Enzymes
can be used to measure the appearance of degrada-
tion products such as trimethylamine in fish during
storage. Enzymes are also used as preparative tools in
food analysis. Examples include the use of amylases
and proteases in fiber analysis (Chapter 10) and the
enzymatic hydrolysis of thiamine phosphate esters in
Vitamin analysis.

To successfully carry out enzyme analyses in
foods, an understanding of certain basic principles of

principles, examples of the use of enzymatic analyses
in food systems are examined.

16.2 PRINCIPLES

16.2.1 Enzyme Kinetics
16.2.1.1 Overview

Enzymes are biological catalysts that are proteins.
A catalyst increases the rate (velocity) of a thermo-
dynamically possible reaction. The enzyme does not
modify the equilibrium constant of the reaction, and
the enzyme catalyst is not consumed in the reaction.
Because enzymes affect rates (velocities) of reactions,
some knowledge of enzyme kinetics (study of rates) is
needed for the food scientist to effectively use enzymes
in analysis. To measure the rate of an enzyme-catalyzed
reaction, typically one mixes the enzyme with the sub-
strate under specified conditions (pH, temperature,
ionic strength, etc.) and follows the reaction by measur-
ing the amount of product that appears or by measuring
the disappearance of substrate. Consider the follow-
ing as a simple representation of an enzyme-catalyzed
reaction:

S+E=ES— P+E [1]
where:
S = substrate
E=enzyme
ES = enzyme-substrate complex
P = product

The time course of an enzyme-catalyzed reaction is
illustrated in Fig. 16-1. The formation of the enzyme-
substrate complex is very rapid and is not normally
seen in the laboratory. The brief 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 following the pre-steady-state period gives us the
initial velocity (vp). After the pre-steady-state period,
a steady-state period exists in which the concentration
of the enzyme-substrate complex is constant. A time
course needs to be established experimentally by using
a series of points or a continuous assay to establish
the appropriate time frame for the measurement of the
initial velocity.

The rate of an enzyme-catalyzed reaction depends
on the concentration of the enzyme and also depends
on the substrate concentration. With a fixed enzyme
concentration, increasing substrate concentration will
result in an increased velocity (see Fig. 16-2). As sub-
strate concentration increases further, the increase in
velocity slows until, with a very large concentration
of substrate, no further increase in velocity is noted.




272

Partill e Chemical Properties and Characteristics of Food

The velocity of the reaction at this very large sub-
strate concentration is the maximum velocity (Vi)
of the reaction under the conditions of that particu-
lar assay. The substrate concentration at which one

] 1
17

P]

-+— Steady State

/—— Pre-Steady State
] L

Milliseconds Seconds/Minutes
Time

half V,, is observed is defined as the Michaelis con-
stant or Ky. Ky, is an important characteristic of an
enzyme. It is an indication of the relative binding affin-
ity of the enzyme for a particular substrate. The lower
the K, the greater the affinity of the enzyme for the
substrate.

If we examine relationships that hold in the
steady state period, the Michaelis-Menten equation
can be derived for the simplified enzyme-catalyzed
reaction:

k k
E+Sk\=*1ES—2>E—|-P 2]
1
where: )
k1,k_1, ko = reaction rate constants for reactions
indicated

In the steady state, the rate of change in enzyme-
substrate complex concentration is zero: dES/dt = 0
and:

Rate of disappearance of ES = k_1[ES] + k2[ES] [3]

Rate of appearance of ES = k;[E][S] [4]
@2 Time course for a typical enzyme-catalyzed .
16-1 reaction showing the pre-steady-state then ki [E][S] = k-1[ES] + k2[ES] (5]
m and steady—state periods. [P] = product [Eol = [E] + [ES] [6]
concentration.
Vm

5= Velocity, Vo
<
3

-

A L

o] Y-

ul
m 2 4 6 8

Menten equation.

10 12 14 16 18 20
Substrate Concentration (IS,1/K,)

Effect of substrate concentration on the rate of an enzyme-catalyzed reaction. Plotted according to the Michaelis-
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where:
Eg =total enzyme

E =free enzyme
ES = enzyme-—substrate complex

Substituting [E] = [Eq] — [ES] [7]
k1 ([Eo] — [ESD[S] = k-1[ES] + k2[ES]
= (k_1 + k2)[ES] (8]

Rearranging and solving for [ES]:

_ ki[Eol[S]
 kalS]+ (k-1 + ko)
_ [BolS]

T (ke + k) /k

+ [S] [9]

If the collection of rate constants in the denominator is
defined as the Michaelis constant (Ky,):

_kath

f [10]

Km

Note that Kp, is not affected by enzyme or substrate
concentration. Then:

ug _ [EollS]

= 1
Km +[S] ]

If we define the velocity (vp) of the enzyme-catalyzed
reaction as:

vo = k[ES] [12]
Then:
_ kolEoliS]
0= Ko+ 18] 13l

When all the enzyme is saturated—all substrate bind-
ing sites on the enzyme are occupied—at the large sub-
strate concentrations in Fig. 16-2, we have maximum
velocity, Vm: All of Ep is in the ES form and

ko[ES] = ka[Ep] at [S] > Km [14]
_ VmlS]
Kl [15]

This is the Michaelis-Menten equation, the equation for
a right hyperbola; the data plotted in Fig. 16-2 fit such
an equation. A convenient way to verify this equation is
to simply remember that vg = 1/2 Vi, when [S] = K.
Therefore, by simple substitution

1 m
V= T 16
2 ™7 K+ Km 2 L16]

16.2.1.2 Order of Reactions

The velocity of an enzyme-catalyzed reaction increases
as substrate concentration increases (see Fig. 16-2). A
first-order reaction with respect to substrate concen-
tration is obeyed in the region of the curve where
substrate concentrationis small ([S] <« Kp). This means
that the velocity of the reaction is directly proportional
to the substrate concentration in this region. When
the substrate concentration is further increased, the
velocity of the reaction no longer increases linearly,
and the reaction is mixed order. This is seen in the
figure as the curvilinear portion of the plot. If substrate
concentration is increased further, the velocity asymp-
totically approaches the maximum velocity (Vi).
In this linear, nearly zero slope portion of the plot,
the velocity is independent of substrate concentration.
However, note that at large substrate concentrations
([S1 >» Km), the velocity is directly proportional
to enzyme concentration (Vim = kp[EoD). Thus, in
this portion of the curve where [S] > Kp, the rate
of the reaction is zero order with respect to sub-
strate concentration (is independent of substrate con-
centration) but first order with respect to enzyme
concentration.

If we are interested in measuring the amount of
enzyme in a reaction mixture, we should, if possible,
work at substrate concentrations so that the observed
velocity approximates V. At these substrate concen-
trations, enzyme is directly rate limiting to the observed
velocity. Conversely, if we are interested in measuring
substrate concentration by measuring initial velocity,
we must be at substrate concentrations less than K, in
order to have a rate directly proportional to substrate
concentration.

16.2.1.3 Determination of Michaelis
Constant (K;;) andV,

To properly design an experiment in which velocity
is zero order with respect to substrate and first order
with respect to enzyme concentration, or conversely
an experiment in which we would like to measure
rates that are directly proportional to substrate con-
centration, we must know the K. The most popular
method for determining Ky, is the use of a Lineweaver-
Burk plot. The reciprocal of the Michaelis-Menten
equation is:
1 Km 1

%~ VoIS + Vo [17]

This equation is that of a straight line y = mx + b
where m = slope and b = y-intercept. A plot of sub-
strate concentration versus initial velocity as shown in
Fig. 16-2 can be transformed to a linear form via use of
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1/Vo

Slope = K,
Vi

Intercept = = 1/Km
N ~— Intercept = 1/Vm

18,1
16-3 Plot of substrate-velocity data by the
Tigure | Lineweaver—Burk method.

the reciprocal Equation [17] and Fig. 16-3 (Lineweaver—
Burk plot) results. The intercept of the plotted data
on the y (vertical) axis is 1/Vyn while the intercept
on the x (horizontal) axis is —1/Kn. The slope of the
line is Kim/Vm. Consequently, both Ky, and Vi, can be
obtained using this method.

A disadvantage of the Lineweaver—Burk plot is that
the data with the inherently largest error, collected at
very low substrate concentrations and consequently
low rates, tend to direct the drawing of a best fit line.
An alternative method of plotting the data is the Eadie
Hofstee method. The Michaelis—-Menten equation can
be rearranged to give:

UOKm

—_— 18
5] (18]

vg=Vm—

Equation [18] is also the equation of a straight line and
when vy versus vg/[S] are plotted, the slope of the line
is —Km, the y-intercept is Vi, and the x-intercept is
Vim/Km. A more even spacing of the data is achieved
by this method than by a Lineweaver-Burk plot.

16.2.2 Factors that Affect Enzyme
Reaction Rate

The velocity of an enzyme-catalyzed reaction is affected
by a number of factors, including enzyme and substrate
concentrations, temperature, pH, ionic strength, and
the presence of inhibitors and activators.

Observed Velocity

| | 1 1 1

1 2 3 4 5
Enzyme Concentration

16-4 Expected effect of enzyme concentration on
observed velocity of an enzyme-catalyzed
| figure |

reaction.

16.2.2.1 Effect of Enzyme Concentration

The velocity of an enzyme-catalyzed reaction will
depend on the enzyme concentration in the reac-
tion mixture. The expected relationship between
enzyme activity and enzyme concentration is shown in
Fig. 16-4. Doubling the enzyme concentration will dou-
ble the rate of the reaction. If possible, determination
of enzyme activity should be done at concentrations of
substrate much greater than K. Under these condi-
tions, a zero-order dependence of the rate with respect
to substrate concentration and a first-order relation-
ship between rate and enzyme concentration exist.
It is critical that the substrate concentration is saturat-
ing during the entire period the reaction mixture is
sampled and the amount measured of product formed
or substrate disappearing is linear over the period
during which the reaction is sampled. The activity of
the enzyme is obtained as the slope of the linear part of
the line of a plot of product or substrate concentration
versus time.

If a large number of samples is to be assayed, a sin-
gle aliquot is often taken at a single time. This can be
risky and will give good results only if the time at which
the sample is taken falls on the linear portion of a plot of
substrate concentration or product concentration ver-
sus time of reaction (see Fig. 16-5). The plot becomes
nonlinear if the substrate concentration falls below the
concentration needed to saturate the enzyme, if the
increase in concentration of product produces a signif-
icant amount of back reaction, or if the enzyme loses
activity during the time of the assay. Normally, one
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[P]

Time

16-5 Effect of enzyme concentration on time course
of an enzyme-catalyzed reaction. The dashed
| figure | 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 sin-
gle time point, 4, is used for data collection, a
large difference between actual data collected
and that predicted from initial rates is seen.

designs an experiment in which enzyme concentration
is estimated such that no more than 5-10% of the sub-
strate has been converted to product within the time
used for measuring the initial rate. In the example
shown in Fig. 16-5, by sampling at the single point, a, an
underestimation of the rate is made for curves 3 and 4.
A better method of estimating rates is to measure initial
rates of the reactions, in which the change in substrate
or product concentration is determined at times as close
as possible to time zero. This is shown in Fig. 16-5 by
the solid lines drawn tangent to the slopes of the initial
parts of the curves. The slope of the tangent line gives
the initial rate.

Sometimes it is not possible to carry out enzyme
assays at [S] » K. The substrate may be very expen-
sive or relatively insoluble or K, may be large (ie.,
K > 100 mM). Enzyme concentration can also be esti-
mated at substrate concentrations much less than K.
When substrate concentration is much less than Ky,
the substrate term in the denominator of the Michaelis—
Menten equation can be ignored and v = (Vin[S1)/Km
which is the equation for a first-order reaction with
respect to substrate concentration. Under these condi-
tions, a plot of product concentration versus time gives
a nonlinear plot (Fig. 16-6). A plot of log([S,1/[S]) ver-
sus time gives a straight line relationship (Fig. 16-6,
inset). The slope of the line of the log plot is directly
related to the enzyme concentration. When the slope of

(P}

Log [Sol/IS]

Time

16- 6 Product concentration [P] formed as a function

of time for an enzyme-catalyzed reaction. Line

| figure | 1is linear indicating a zero-order reaction with

respect to substrate concentration [S]. The slope

of line 1 is directly related to enzyme concen-

tration. Line 2 is nonlinear. A replot of line 2

data, plotting log [Sol/[S] versus time is lin-

ear (insert), indicating the reaction is first order

with respect to substrate concentration. The

slope of the replot is directly related to enzyme
concentration.

a series of these log plots is further plotted as a function
of enzyme concentration, a straight line relationship
should result. If possible, the reaction should be fol-
lowed continuously or aliquots removed at frequent
time intervals and the reaction allowed to proceed to
greater than 10% of the total reaction.

16.2.2.2 Effect of Substrate Concentration

The substrate concentration velocity relationship for
an enzyme-catalyzed reaction in which enzyme con-
centration is constant is shown in Fig. 16-2. As noted
before, the rate of the reaction is first order with respect
to substrate concentration when [S] « K. At [S] >
K, the reaction is zero order with respect to sub-
strate 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.
However, when initial rates are obtained, a linear
relationship between vg and Eg should be seen.

16.2.2.3 Environmental Effects

16.2.2.3.1 Effect of Temperature on Enzyme Activity
Temperature can affect observed enzyme activity in
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Velocity for lines 1 and 2
1/Velocity for line 3

1 1 ] 1
Temperature

Effect of temperature on velocity of an enzyme-
catalyzed reaction. Temperature effect on sub-
strate 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.

several ways. Most obvious is that temperature can
affect the stability of enzyme and also the rate of the
enzyme-catalyzed reaction. Other factors in enzyme-
catalyzed reactions that may be considered include the
effect of temperature on the solubility of gases that are
either products or substrates of the observed reaction
and the effect of temperature on pH of the system.
A good example of the latter is the common buffering
species Tris (tris [hydroxymethyl] aminomethane), for
which the pK, <changes 0.031 per 1°C
change.

Temperature affects both the stability and the activ-
ity of the enzyme, as shown in Fig. 16-7. At relatively
low temperatures, the enzyme is stable. However,
at higher temperatures, denaturation dominates, and
a markedly reduced enzyme activity represented by
the negative slope portion of line 2 is observed. Line
1 of Fig. 16-7 shows the effect of temperature on
the velocity of the enzyme-catalyzed reaction. The
velocity is expected to increase as the temperature is
increased. As shown by line 1, the velocity approx-
imately doubles for every 10°C rise in temperature.
The net effect of increasing temperature on the rate
of conversion of substrate to product (line 1) and on
the rate of the denaturation of enzyme (line 3) is
line 2 of Fig. 16-7. The temperature optimum of the
enzyme is at the maximum point of line 2. The tem-
perature optimum is not a unique characteristic of the
enzyme. The optimum applies instead to the entire sys-
tem because type of substrate, pH, salt concentration,

slope = -E4/R
(conversion of S —> P) —

2.3 log k

slope = E,/R
(denaturation)

Eqctive ™ Ennactive -

| L 1 | 1
1/T (°K)

Effect of temperature on rate constant of an
enzyme-catalyzed reaction. The data are plot-
ted 2.3 logk versus 1/T (K) according to the

Arrhenius equation, k = Ae~Ea/RT

substrate concentration, and time of reaction can affect
the observed optimum. For this reason, investiga-
tors should fully describe a system in which the
effects of temperature on observed enzyme activity are
reported.

The data of line 2 of Fig. 16-7 can be plotted
according to the Arrhenius equation:

k = Aef/KT [19]

which can be written:

E
logk =log A — —=
8% =084 23RT (20}
where:
k = a specific rate constant at some temperature,

T(K)

E, =activation energy, the minimum amount of
energy a reactant molecule must have to be
converted to product

R =gas constant
A = a frequency factor (preexponential factor)

The positive slope on the left side (high tempera-
ture) of the Arrhenius plot (Fig. 16-8) gives a measure
of the activation energy (E,) for the denaturation of the
enzyme. Note that a small change in temperature has a
very large effect on the rate of denaturation. The slope
on the right side of Fig. 16-8 gives a measure of the Ea
for the transformation of substrate to product catalyzed
by the enzyme. If the experiment is carried out under
conditions in which Vy, is measured ([S] > Kn,), then
the activation energy observed will be for the catalytic
step of the reaction.
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16.2.2.3.2 Effect of pH on Enzyme Activity The
observed 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 versus pH (Fig. 16-9). This pH effect
is a manifestation of the effects of pH on enzyme stabil-
ity and on rate of substrate to product conversion and
may also be due to changes in ionization of substrate.

The rate of substrate to product conversion is
affected by pH because pH may affect binding of sub-
strate to enzyme and the ionization of catalytic groups
such as carboxyl or amino groups that are part of the
enzyme’s active site. The stability of the tertiary or
quarternary structure of enzymes is also pH dependent
and affects the velocity of the enzyme reaction, espe-
cially at extreme acidic or alkaline pHs. The pH for
maximum stability of an enzyme does not necessarily
coincide with the pH for maximum activity of that same
enzyme. For example, the proteolytic enzymes trypsin
and chymotrypsin are stable at pH 3, while they have
maximum activity at pH 7 to 8.

To establish the pH optimum for an enzyme reac-
tion, the reaction mixture is buffered at different pHs
and the activity of the enzyme is determined. To deter-
mine pH enzyme stability relationships, aliquots of the
enzyme are buffered at different pH values and held
for a specified period of time (e.g., 1 hr). The pH of the
aliquots is then adjusted to the pH optimum and each
aliquot is assayed. The effect of pH on enzyme stability
is thus obtained. These studies are helpful in establish-
ing conditions for handling the enzyme and also may be
useful in establishing methods for controlling enzyme
activity in a food system. Note that pH stability and
the pH optimum for the enzyme activity are not true

1 1 1 T T T
100 |- -
2 80— -
2
=
5}
<
[}
£ 60 .
>
N
=
w
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= 4 -
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20— -
1 1 1 1 i 1
3 4 5 [} 7 8 @
pH

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.

constants. That is to say, these may vary with partic-
ular source of enzyme, the specific substrate used, the
temperature of the experiment, or even the buffering
species used in the experiment. In the use of enzymes
for analysis, it is not necessary that the reaction be car-
ried out at the pH optimum for activity, or even ata pH
at which the enzyme is most stable, but it is critical to
maintain a fixed pH during the reaction (i.e., use buffer)
and to use the same pH in all studies to be compared.

16.2.2.4 Activators and Inhibitors

16.2.2.4.1 Activators Some enzymes contain, in
addition to a protein portion, 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.
These small molecules can play a role in maintaining
the conformation of the protein, or they may form an
essential component of the active site, or they may form
part of the substrate of the enzyme.

In some cases, the activator forms a nearly irre-
versible association with the enzyme. These nonprotein
portions of the enzyme are called prosthetic groups.
The amount of enzyme activator complex formed is
equal to the amount of activator present in the mix-
ture. In these cases, activator concentration can be
estimated up to concentrations equal to total enzyme
concentration by simply measuring enzyme activity.

In most cases, dissociation constants for an enzyme
activator complex are within the range of enzyme con-
centration. Dissociable nonprotein parts of enzymes are
categorized as coenzymes. When this type of activator
is added to enzyme, a curvilinear relationship similar
to a Michaelis-Menten plot results, making difficult
the determination of an unknown amount of activa-
tor. A reciprocal plot analogous to a Lineweaver-Burk
plot can be constructed using standards and unknown
activator concentrations estimated from such a plot.

An example of an essential activator is the pyridine
coenzyme NAD". NAD™ is essential for the oxidation
of ethanol to acetaldehyde by alcohol dehydrogenase:

alcohol dehydrogenase acetaldehyde
+NADH +H*

[21]

ethanol + NAD*

In the reaction, NAD™ is reduced to NADH and can
be considered a second substrate. Another example of
an activator of an enzyme is the chloride ion with a-
amylase. In this case, a-amylase has some activity in
the absence of chloride. With saturating levels of chlo-
ride, the a-amylase activity increases about fourfold.
Other anions, including F~, Br™, and I", also activate
a-amylase. These anions must not be in the reaction
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mixture if a-amylase stimulation is to be used as a
method of determining chloride concentration.

16.2.2.4.2 Inhibitors An enzyme inhibitor is a com-
pound that when present in an enzyme-catalyzed reac-
tion medium decreases the enzyme activity. Enzyme
inhibitors can be categorized as irreversible or
reversible inhibitors. Enzyme inhibitors include inor-
ganic ions, such as Pb*t 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 (such as protease inhibitors found in
legumes).

1. 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. The speed
at which the irreversible combination of enzyme and
inhibitor reacts may be slow, and the effect of time
on the reduction of enzyme activity by the addition
of inhibitor must be determined to ensure complete
enzyme-inhibitor reaction. For example, the amylase
inhibitor found in many legumes must be preincu-
bated under specified conditions with amylase prior to
measurement of residual activity to accurately estimate
inhibitor content (1).

2. Reversible Inhibitors. Most inhibitors exhibit
a dissociation constant such that both enzyme and
inhibitor are found free in the reaction mixture. Several
types of reversible inhibitors are known: competitive,
noncompetitive, and uncompetitive.

Competitive inhibitors usually resemble the sub-
strate structurally and compete with substrate for bind-
ing to the active site of the enzyme, and only one
molecule of substrate or inhibitor can be bound to the
enzyme at one time. An inhibitor can be characterized
as competitive by adding a fixed amount of inhibitor
to reactions at various substrate concentrations and
by plotting the resulting data by the Lineweaver-Burk
method and noting the effect of inhibitor relative to that
of control reactions in which no inhibitor is added. If
the inhibitor is competitive, the slope and x-intercept of
the plot with inhibitor are altered while the y-intercept
(1/V) is unaltered. It can be shown that the ratio of
the uninhibited initial velocity (vg) to the inhibited
initial velocity (v;) gives:

o [1Km ’
— = [22]
v KKy +[SD
where:
K; =dissociation constant of the enzyme-inhibitor

complex
[I] = concentration of competitive inhibitor

Thus, a plot of vg/v; versus inhibitor concentration
will give a straight line relationship. From this plot
the concentration of a competitive inhibitor can be
found (2).

A noncompetitive inhibitor binds to enzyme inde-
pendent of substrate and is bound outside the active
site of the enzyme. A noncompetitive inhibitor can
be identified by its effect on the rate of enzyme-
catalyzed reactions at various substrate concentrations
and the data plotted by the Lineweaver-Burk method.
A noncompetitive inhibitor will affect the slope and
the y-intercept as compared to the uninhibited system
while the x-intercept, 1/Ky,, is unaltered. Analogous to
competitive inhibitors, a standard curve of vg/v; ver-
sus inhibitor concentration may be prepared and used
to determine the concentration of a noncompetitive
inhibitor (2).

Uncompetitive inhibitors bind only to the
enzyme-substrate complex. Uncompetitive inhibition
is noted by adding a fixed amount of inhibitor to reac-
tions at several substrate concentrations and plotting
the data by the Lineweaver-Burk method. An uncom-
petitive inhibitor will affect both the x- and y-intercepts
of the Lineweaver-Burk plot as compared to the unin-
hibited system, while maintaining an equal slope to the
uninhibited system (i.e., a parallel line will result). A
plot of vy /v; versus inhibitor concentration can be pre-
pared to use as a standard curve for the determination
of the concentration of an uncompetitive inhibitor (2).

16.2.3 Methods of Measurement
16.2.3.1 Overview

For practical enzyme analysis, it is necessary to be
familiar with the methods of measurement of the reac-
tion. Any physical or chemical property of the sys-
tem that relates to substrate or product concentration
can be used to follow an enzyme reaction. A wide
variety of methods are available to follow enzyme
reactions, including absorbance spectrometry, fluo-
rimetry, manometric methods, titration, isotope mea-
surement, and viscosity. A good example of the use of
spectrophotometry as a method for following enzyme
reactions is use of the spectra of the pyridine coenzyme
NAD(H) and NADP(H), in which there is a marked
change in absorbance at 340 nm upon oxidation-
reduction (Fig. 16-10). Many methods depend on the
increase or decrease in absorbance at 340 nm when
these coenzymes are products or substrates in a coupled
reaction.

An example of using several methods to measure
the activity of an enzyme is in the assay of a-amylase
activity (3). a-Amylase cleaves starch at o-1,4 link-
ages in starch and is an endoenzyme. An endoenzyme
cleaves a polymer substrate at internal linkages. This
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reaction can be followed by a number of methods,
including reduction in viscosity, increase in reduc-
ing groups upon hydrolysis, reduction in color of the
starch iodine complex, and polarimetry. However, it
is difficult to differentiate the activity of «-amylase
from B-amylase using a single assay. a-Amylase cleaves
maltose from the nonreducing end of starch. While
a marked decrease in viscosity of starch or reduction
in iodine color would be expected to occur due to
a-amylase activity, f-amylase can also cause changes
in viscosity and iodine color if in high concentration.
To establish whether a-amylase or f-amylase is being
measured, the analyst must determine the change in
number of reducing groups as a basis of compari-
son. Because a-amylase is an endoenzyme, hydroly-
sis of a few bonds near the center of the polymeric
substrate will cause a marked decrease in viscosity,
while hydrolysis of an equal number of bonds by
the exoenzyme, B-amylase, will have little effect on
viscosity.

In developing an enzyme assay, it is wise to first
write out a complete, balanced equation for the par-
ticular enzyme-catalyzed reaction. Inspection of the
products and substrates for chemical and physical
properties that are readily measurable with available
equipment will often result in an obvious choice of
method for following the reaction in the laboratory.
~If one has options in methodology, one should
select the method that is able to monitor the reaction
continuously, is most sensitive, and is specific for the
enzyme-catalyzed reaction.

16.2.3.2 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 using a coupled reaction,
thereis an indicator reaction and a measuring reaction.
For example:

E1
S1 — P1 [23]
[measuring reaction]
E2
Pl — P2 [24]
[indicating reaction]

The role of the indicating enzyme (E2) is to produce P2,
which is readily measurable and, hence, is an indica-
tion of the amount of P1 produced by E1. Alternatively
the same sequence can be used in measuring S1, the
substrate for E1. When a coupled reaction is used to
measure the activity of an enzyme (e.g., E1 above),
it is critical that the indicating enzyme E2 not be rate
limiting in the reaction sequence: the measuring reac-
tion must always be rate determining. Consequently,
E2 activity should be much greater than E1 activity
for an effective assay. Coupled enzyme reactions can
have problems with respect to pH of the system if
the pH optima of the coupled enzymes are quite dif-
ferent. It may be necessary to allow the first reaction
(e.g., the measuring reaction catalyzed by E1 above,
Equation [23]) to proceed for a time and then arrest the
reaction by heating to denature E1. The pH is adjusted,
the indicating enzyme (E2, Equation [24]) added, and
the reaction completed. If an endpoint method is used
with a coupled system, the requirements for pH com-
patibility are not as stringent as for a rate assay because
an extended time period can be used to allow the
reaction sequence to go to completion.

16.3 APPLICATIONS

As described previously, certain information is needed
prior to using enzyme assays analytically. In general,
knowledge of Ky, time course of the reaction, the
enzyme’s specificity for substrate, the pH optimum and
pH stability of the enzyme, and effects of temperature
on thereaction and stability of the enzyme are desirable.
Many times this information is available from the liter-
ature. However, a few preliminary experiments may be
necessary, especially in the case of experiments in which
velocities are measured. A time course to establish lin-
earity of product formation or substrate consumption
in the reaction is a necessity. An experiment to show
linearity of velocity of the enzyme reaction to enzyme
concentration is recommended (see Fig. 16-5).
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16.3.1 Substrate Assays

The following is not an extensive compendium of
methods for the measurement of food components by
enzymatic analysis. Instead, it is meant to be repre-
sentative of the types of analyses possible. The reader
can consult handbooks published by the manufactur-
ers of enzyme kits, for example, Boehringer-Mannheim
(4), the review article by Whitaker (2), and the series
by Bergmeyer (5) for a more comprehensive guide to
enzyme methods applicable to foods.

16.3.1.1 Sample Preparation

Because of the specificity of enzymes, sample prepa-
ration prior to enzyme analysis is often minimal and
may involve only extraction and removal of solids by
filtration or centrifugation. Regardless, due to the wide
variety of foods that might be encountered by the ana-
lyst using enzyme assays, a check should be made of
the extraction and enzyme reaction steps by standard
addition of known amounts of analyte to the food and
extract, and measuring recovery of that standard. If the
standard additions are fully recovered, this is a positive
indication that the extraction is complete, that sam-
ple does not contain interfering substances that require
removal prior to the enzymatic analysis, and that the
reagents are good. In some cases, interfering substances
are present but can be readily removed by precipitation
or adsorption. For example, polyvinylpolypyrrolidone
(PVPP) powder can be used to decolorize juices or red
wines. With the advent of small syringe minicolumns
(e.g., C18, silica, and ion exchange cartridges), it is also
relatively easy and fast to attain group separations to
remove interfering substances from a sample extract.

16.3.1.2 Total Change/Endpoint Methods

While substrate concentrations can be determined in
rate assays when the reaction is first order with respect
to substrate concentration ([S] <« Ky,), substrate con-
centration can also be determined by the total change
or endpoint method. In this method, the enzyme-
catalyzed reactionis allowed to go to completion so that
concentration of product, which is measured, is directly
related to substrate. An example of such a system is
the measurement of glucose using glucose oxidase and
peroxidase, described below.

In some cases, an equilibrium is established in an
endpoint method in which there is a significant amount
of substrate remaining in equilibrium with product.
In these cases, the equilibrium can be altered. For
example, in cases in which a proton-yielding reaction
is used, alkaline conditions (increase in pH) can be
used. Trapping agents can also be used, in which prod-
uct is effectively removed from the reaction, and by

mass action the reaction goes to completion. Exam-
ples include the trapping of ketones and aldehydes
by hydrazine. In this way, the product is continually
removed and the reaction is pulled to completion. The
equilibrium also can be displaced by increasing cofactor
or coenzyme concentration.

Another means of driving a reaction to comple-
tion is a regenerating system (5). For example, in the
measurement of glutamate, with the aid of glutamate
dehydrogenase, the following can be done:

gT;?EST glutamate dehydrogenase afgz%?{tarate
+H,0 +N HI
[25]
pyruvate lactate dehydrogenase NAD+
+NADH +H™T +lactate
[26]

In this system, NADH is recycled to NAD" via
lactate dehydrogenase until all the glutamate to be mea-
sured is consumed. The reaction is stopped by heating
to denature the enzymes present, a second aliquot of
glutamate dehydrogenase and NADH is added, and
the a-ketoglutarate (equivalent to the original gluta-
mate) measured via decrease in absorbance at 340 nm.
An example in which the same equilibrium is displaced
in the measurement of glutamate is as follows:

thNai]ajtf glutamate dehydrogenase ufgﬁ%l}tltar ate
+HO +NH;/

[27]

diaphorase

NADH + INT ———— NAD" + formazan [28]

Iodonitrotetrazolium chloride (INT) is a trapping
reagent for the NADH product of the glutamate dehy-
drogenase catalyzed reaction. The formazan formed is
measurable colorimetrically at 492 nm.

16.3.1.3 Specific Applications

16.3.1.3.1 Measurement of Sulfite Sulfite is a food
additive that can be measured by several techniques,
including titration, distillation followed by titration,
gas chromatography, and colorimetric analysis. Sul-
fite also can be specifically oxidized to sulfate by the
commercially available enzyme sulfite oxidase (SO):

SO + 0, + H,0 23 802 + H,0,  [29]

The H;O, product
several methods including use of the enzyme

can be measured by
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NADH-peroxidase:

NADH-peroxidase 2H,0 + NAD +

[30]

H,0, + NADH + H*

The amount of sulfite in the system is equal to the
NADH oxidized, which is determined by decrease in
absorbance at 340 nm. Ascorbic acid can interfere with
the assay but can be removed by using ascorbic acid
oxidase (6).

16.3.1.3.2 Colorimetric Determination of Glucose The
combination of the enzymes glucose oxidase and per-
oxidase can be used to specifically measure glucosein a
food system (7) (see also Chapter 10, section 10.3.4.3.3).
Glucose is preferentially oxidized by glucose oxi-
dase to produce gluconolactone and hydrogen per-
oxide. The hydrogen peroxide plus o-dianisidine in
the presence of peroxidase produces a yellow color
that absorbs at 420 nm (Equations [31] and [32]). This
assay is normally carried out as an endpoint assay and
there is stoichiometry between the color formed and
the amount of glucose in the extract, which is estab-
lished with a standard curve. Because glucose oxidase
is quite specific for glucose, it is a useful tool in deter-
mining the amount of glucose in the presence of other
reducing sugars.

glucose oxidase - §-gluconolactone
Z—

B-D-glucose + O2 T H,0,

[31]

H>Oy peroxidase H,O + oxidized dye
+o-diansidine (colored) [32]

16.3.1.3.3 Starch/Dextrin Content Starch and dex-
trins can be determined by enzymatic hydrolysis using
amyloglucosidase, an enzyme that cleaves a-1,4 and a-
1,6 bonds of starch, glycogen, and dextrins, liberating
glucose (see Chapter 10). The glucose formed can be
subsequently determined enzymatically. Glucose can
be determined by the previously described colorimetric
method, in which glucose is oxidized by glucose oxi-
dase and coupled to a colored dye via reaction of the
glucose oxidase product, hydrogen peroxide, with per-
oxidase. An alternative method of measuring glucose is
by coupling hexokinase (HK) and glucose-6-phosphate
dehydrogenase (G6PDH) reactions:

glucose + ATP LN glucose-6-phosphate + ADP
[33]

glucose-6-phosphate  G6PDH  6-phosphogluconate

+NADPT +NADPH +H+ (4]

The amount of NADPH formed is measured by
absorbance at 340 nm and is a stoichiometric mea-
sure of the glucose originating in the dextrin or starch

hydrolyzed by amyloglucosidase. The amount of starch
determined by this method is calculated as follows:

VMW

= VW A4 35
€= ebo1000 < SO0 135]

where:
¢ = starch in sample solution (g/L)

V = volume (ml).of reaction mixture
MW = molecular weight of starch
(Because this method measures glu-
cose derived from starch, use 162.1,
Mngucose - MWwater)
e =absorption coefficient of NADPH at
340 nm (6.3 L mmol ! em™?)
b=light pathlength of cuvette (1 cm)
v =volume of sample (ml)
A Azgo = Asso, sample — Az, reagent blank

Note that HK catalyzes the phosphorylation of fruc-
tose as well as glucose. The determination of glucose is
specific because of the specificity of the second reaction,
catalyzed by G6PDH, in which glucose-6-phosphate is
the substrate.

This assay sequence can be used to detect the dex-
trins of corn syrup used to sweeten a fruit juice product.
A second assay would be needed, however, without
treatment withamyloglucosidase to account for the glu-
cose in the product. The glucose determined in that
assay would be subtracted from the result of the assay
in which amyloglucosidase is used.

The same HK-G6PDH sequence used to measure
glucose can also be used to measure other carbohy-
drates in foods. For example, lactose and sucrose can
be determined via specific hydrolysis of these disac-
charides by p-galactosidase and invertase respectively,
followed by the use of the earlier described HK-G6PDH
sequence.

16.3.1.3.4 Determination of b-Malic Acid in Apple Juice

Two stereoisomeric forms of malic acid exist. L-Malic
acid occurs naturally, while the D form is normally not
found in nature. Synthetically produced malic acid is a
mixture of these two isomers. Consequently, synthetic
malicacid can be detected by a determination of b-malic
acid. One means of detecting the malic acid is through
the use of the enzyme decarboxylating D-malate dehy-
drogenase (DMD) (8). DMD catalyzes the conversion
of D-malic acid as follows:

p-malic acid + NADT 25 pyruvate + CO,  [36]
+NADH +H™*

The reaction can be followed by the measurement
of NADH photometrically. Because CO; is a product of
this reaction and escapes, the equilibrium of the reac-
tion lies to the right and the process is irreversible. This
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assay is of value because the addition of synthetic D/L
malic acid can be used to illegally increase the acid
content of apple juice and apple juice products.

.

16.3.2 Enzyme Activity Assays
16.3.2.1 Peroxidase Activity

Peroxidase is found in most plant materials and is
reasonably stable to heat. A heat treatment that will
destroy all peroxidase activity in a plant material is
usually considered to be more than adequate to destroy
other enzymes and most microbes present. In vegetable
processing, therefore, the adequacy of the blanching
process can be monitored by following the disappear-
ance of peroxidase activity (9). Peroxidase catalyzes
the oxidation of guaiacol (colorless) in the presence
of hydrogen peroxide to form tetraguaiacol (yellow
brown) and water (Equation [37]). 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.

peroxidase .
———— tetraguaiacol +H,0

H>O; + guaiacol
(colored)
[37]

16.3.2.2 Lipoxygenase

Recently it has been pointed out that lipoxygenase may
be a more appropriate enzyme to measure the adequacy
of blanching of vegetables than peroxidase (10). Lipoxy-
genase refers to a group of enzymes that catalyzes the
oxidation by molecular oxygen of fatty acids containing
a cis, cis, 1,4-pentadiene system producing conjugated
hydroperoxide derivatives:

(—CH=CH—CH;—CH=CH—) + O,

lipoxygenase
—— (—C—CH=CH—CH=CH—)
| (conjugated)
O
| [38]
O
I
H

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 sub-
strate, oxygen uptake, occurrence of the conjugated
diene at 234 nm, or the oxidation of a cosubstrate such
as carotene (11). All these methods have been used,
and each has its advantages. The oxygen electrode
method is widely used and replaces the more cum-
bersome manometric method. The electrode method
is rapid and sensitive and gives continuous recording.
It is normally the method of choice for crude extracts,

but secondary reactions involving oxidation must be
corrected for or eliminated. Zhang et al. (12) have
reported the adaptation of the O, electrode method to
the assay of lipoxygenase in green bean homogenates
without extraction. Due to the rapidity of the method
(<3 min including the homogenization), on-line pro-
cess control using lipoxygenase activity as a control
parameter for optimization of blanching of green beans
is a real possibility. The formation of conjugated diene
fatty acids with a chromophore at 234 nm can be fol-
lowed continuously. However, optically clear mixtures
are necessary. Bleaching of carotenoids has also been
used as a measure of lipoxygenase activity. However,
the stoichiometry of this method is uncertain, and all
lipoxygenases do not have equal carotenoid bleaching
activity. Williams et al. (10) have developed a semi-
quantitative spot test assay for lipoxygenase in which
I is oxidized to I in the presence of the linoleic acid
hydroperoxide product and the I, detected as an iodine
starch complex.

16.3.2.3 Phosphatase Assay

Alkaline phosphatase is a relatively heat stable enzyme
found in raw milk. The thermal stability of alkaline
phosphatase in milk is greater than the non-spore
forming microbial pathogens present in 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 pas-
teurized milk. A common phosphatase test is based
on the phosphatase-catalyzed hydrolysis of disodium
phenyl phosphate liberating phenol (13). The phenol
product is measured colorimetrically after reaction with
CQC (2,6-dichloroquinonechloroimide) to form a blue
indophenol. The indophenol is extracted into n-butanol
and measured at 650 nm. This is an example of a
physical separation of product to allow the ready mea-
surement of an enzyme reaction. More recently, a rapid
fluorometric assay was developed and commercial-
ized for measurement of alkaline phosphatase in which
the rate of fluorophore production can be monitored
directly without butanol extraction used to measure
indophenol when phenylphosphate is used as substrate
(14). The fluorometric assay was shown to give greater
repeatability compared to the standard assay in which
phenylphosphate is used as substrate and was capa-
ble of detecting 0.05% raw milk in a pasteurized milk
sample. Similar chemistry has been applied to the mea-
surement of acid phosphatase activity in meats as a
means of ensuring adequate cooking via correlation of
enzyme activity to endpoint temperature (21).

16.3.2.4 a-Amylase Activity

Amylase activity in malt is a critical quality parameter.
The amylase activity in malt is often referred to as
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diastatic power and refers to the production of reducing
substances by the action of a- and f-amylases on starch.
The measurement of diastatic power involves digestion
of soluble starch with a malt infusion (extract) and fol-
lowing increase in reducing substances by measuring
reduction of Fehling’s solution or ferricyanide. Specif-
ically measuring a-amylase activity (often referred to
as dextrinizing activity) in malt is more complicated
and is based on using a limit dextrin as substrate.
Limit dextrin is prepared by action of p-amylase (free
of a-amylase activity) on soluble starch. The f-amylase
clips maltose units off the nonreducing end of the starch
molecule until an a-1,6- branch point is encountered.
The resulting product is a f-limit dextrin that serves as
the substrate for the endo cleaving a-amylase. A malt
infusion is added to the previously prepared limit dex-
trin substrate and aliquots removed periodically to a
solution of dilute iodine. The a-amylase activity is mea-
sured by changed color of the starch iodine complex in
the presence of excess p-amylase used to prepare the
limit dextrin. The color is compared to a colored disc
on a comparator. This is continued until the color is
matched to a color on a comparator. The time to reach
that color is dextrinizing time and is a measure of a-
amylase activity, a shorter time representing a more
active preparation.

Because a-amylase is an endoenzyme, when it acts
on a starch paste the viscosity of the paste is dra-
matically reduced, greatly influencing flour quality.
Consequently, a-amylase activity is of great importance
in whole wheat. Wheat normally has small amounts of
a-amylase activity, but when wetted in the field, pre-
harvest sprouting (pregermination) can occur in wheat,
with a dramatic increase in a-amylase activity. Prehar-
vest sprouting cannot be easily detected visually, so
measurement of a-amylase activity can be used as a
sensitive estimate of preharvest sprouting. The falling
number method is a procedure in which ground wheat
is heated with water to form a paste, and the time it
takes for a plunger to fall through the paste is recorded
(15). Accordingly, the time in seconds (the falling num-
ber) is inversely related to the a-amylase activity and
the degree of preharvest sprouting. This method of
measuring enzyme activity is a good example of using
change in physical property of a substrate as a means
of estimation of enzyme activity.

16.3.2.5 Rennet Activity

Rennet, an extract of bovine stomach, is used as a
coagulating agent in cheese manufacture. Most rennet
activity tests are based on noting the ability of a prepa-
ration to coagulate milk. For example, 12% nonfat dry
milk is dispersed in a 10 mM calcium chloride solution
and warmed to 35°C. An aliquot of the rennet prepa-
ration is added and the time of milk clotting observed
visually. The activity of the preparation is calculated in

relationship to a standard rennet. As opposed to coagu-
lation ability, 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 cova-
lently attached). In this assay, the rennet preparation is
incubated with 1% azocasein. After the reaction period,
the reaction is stopped by addition of trichloroacetic
acid. The trichloroacetic acid precipitates the protein
that is not hydrolyzed. The small fragments of colored
azocasein produced by the hydrolysis of the rennet are
left in solution and absorbance read at 345 nm (16, 17).
This assay is based on the increase in solubility of a
substrate upon cleavage by an enzyme.

16.3.3 Biosensors/Immobilized Enzymes

The use of immobilized enzymes as analytical
tools is currently receiving increased attention.
An immobilized enzyme in concert with a sensing
device is an example of a biosensor. A biosensor is a
device comprised of a biological sensing element (e.g.,
enzyme, antibody, etc.) coupled to a suitable trans-
ducer (e.g., optical, electrochemical, etc.). Immobilized
enzymes, because of their stability and ease of removal
from the reaction, can be used repeatedly, thus elimi-
nating a major cost in enzyme assays. The most widely
used enzyme electrode is the glucose electrode in which
glucose oxidase is combined with an oxygen electrode
to determine glucose concentration (18). 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 glu-
cose concentration. Glucose can also be measured by
the action of glucose oxidase with the detection of
hydrogen peroxide, in which the hydrogen peroxide
is detected amperometrically at a polarized electrode
(19). A large number of enzyme electrodes (biosen-
sors) have been reported in the literature recently. For
example, a glycerol sensor, in which glycerol dehy-
drogenase was immobilized, has been developed for
the determination of glycerol in wine (20). NADH pro-
duced by the enzyme was monitored with a platinum

electrode.

16.4 SUMMARY

Enzymes, due to their specificity and sensitivity,
are valuable analytical devices for quantitating com-
pounds that are enzyme substrates, activators, or
inhibitors. In enzyme-catalyzed reactions, the enzyme
and substrate are mixed under specific conditions (pH,
temperature, ionic strength, substrate concentration,
and enzyme concentrations). Changes in these con-
ditions can affect the reaction rate of the enzyme
and thereby the outcome of the assay. The enzymatic
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reaction is followed by measuring either the amount
of product generated or the disappearance of the sub-
strate. Applications for enzyme analyses will increase
as a greater number of enzymes are purified and
become commercially available. In some cases, gene
amplification techniques will make enzymes avail-
able that are not naturally found in great enough
amounts to be used analytically. 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. In the future,
as in-line process control (to maximize efficiencies
and drive quality developments) in the food industry
becomes more important, immobilized enzyme sen-
sors, along with microprocessors, will likely play a
prominent role.

16.5 STUDY QUESTIONS

1. The Michaelis-Menten equation mathematically defines
the hyperbolic nature of a plot relating reaction velocity to
substrate concentration for an enzyme-mediated reaction.
The reciprocal of this equation gives the Lineweaver—
Burk formula and a straight line relationship as shown
below.

a. Define what vy, Ky, Vin, and [S] refer to in the
Lineweaver-Burk formula.

b. Based on the components of the Lineweaver-Burk for-
mula, label the y-axis, x-axis, slope, and y-intercept on
the plot.

c. What factors that control or influence the rate of
enzyme reactions affect Kiy and Viy,?

1 _Km1 1

Km
Vi
[S]

c¢. Km
Vi

2. Explain, on a chemical basis, why extremes of pH and
temperature can reduce the rate of enzyme-catalyzed
reactions.

3. Differentiate among competitive, noncompetitive, and
uncompetitive enzyme inhibitors.

4. You believe that the food product you are working with
contains a specific enzyme inhibitor. Explain how you
would quantitate the amount of enzyme inhibitor (I)
present in an extract of the food. The inhibitor (I} in

question can be purchased commercially in a purified

10.

11.

form from a chemical company. The inhibitor is known to
inhibit the specific enzyme E, which reacts with the sub-
strate S to generate product F, which can be quantitated
spectrophotometrically.

. What methods can be used to quantitate enzyme activity

in enzyme-catalyzed reactions?

. What is a coupled reaction, and what are the concerns

in using coupled reactions to measure enzyme activity?
Give a specific example of a coupled reaction used to
measure enzyme activity.

. Explain how D-malic acid can be quantitated by an

enzymatic method to test for adulteration of apple juice.

. Why is the enzyme peroxidase often quantitated in

processing vegetables?

. Explain the purpose of testing for phosphatase activity in

the dairy industry, and explain why it can be used in that
way.

The falling number value often is one of the quality con-
trol checks in processing cereal-based products. What is
the falling number test, and what information does it pro-
vide? What other tests could be used to assay this quality
factor?

Explain how glucose can be quantitated using a specific
immobilized enzyme.
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