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Fig 1 Schematic of a representative enzymatic assay to illustrate its component parts The re- 
a&on mixture 1s prepared (Mix Preparation) and the reaction can be started (Imtlatlon) by the 
addition of the enzyme During the reaction (Incubation), samples are removed at intervals la- 
beled tl, tat tz, and the reaction 1s stopped (Termmatlon) by mactlvatmg the enzyme The mcu- 
batlon mixture 1s fractionated (m the lllustratlon a tradltlonal chromatographlc column 1s being 
used), and the product 1s Isolated from the substrate (Separation) In the assay llhlstrated, a 
radlolabeled substrate has been used and therefore the amount of product that formed IS deter- 
mined by collection of fractions, the addltlon of scmtlllatlon fluid to each fraction, and the mea- 
surement of radloactlvlty In each fraction by scmtlllatlon counting (Detection) The progress of 
the reaction 1s even by the amount of radloactlve product recovered (Data Reduction) (Re- 
printed with permlsslon from ref 1 ) 

establish the correct pH, the substrate, and any cofactors such as metals that 
may be required for catalysis Preparation of the reaction mixture mvolves 
mlxmg these ingredients In a reaction vessel such as a test tube or, for some 
assay methods, a cuvette Often, the reaction mixture 1s brought to a specified 
temperature prior to u-utlatlon of the reaction 

The second component part of an assay IS mltlatlon/mcubatlon A reaction 
1s often started by adding the enzyme to the substrate m the reaction mixture 
This combmatlon mltlates the mcubatlon phase, and all subsequent time points 
are referenced to this time as zero 

Many reactions require a third component, namely termination, to stop the 
reaction Termination usually mvolves mactwatlon of the enzyme Termlna- 
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tlon can be followed by a fourth component, separation. Most often separation 
mvolves lsolatmg the substrate from the reaction product. Detection, the fifth 
step, refers to that process by which the product is located, identrfied, and the 
amount formed during the mcubatlon quantitated. Finally, the last step m an 
assay mvolves reduction of the data This step includes all procedures m which 
the data are analyzed and graphed to determine uutlal rates as well as kinetic 
constants These six component parts of an enzyme assay are illustrated m 
Fig 1 

2 2 Class~f~catmn of enzymatzc assay methods 

Using the scheme described above as a framework, the methods for assay of 
activity can be divided mto three classes a contmuous type of assay, a coupled 
assay and a dlscontmuous assay The three methods differ on then mcluslon 
of termination and separation steps as components of the assay Thus, whereas 
those assays m the first two classes require neither termination nor that the 
product be separated from the substrate, those m the last require both steps. 

2 3 HPLC as a dlscontmuous method 

Wlthm the framework of this classification, the HPLC method would be 
classrfied as dlscontmuous, because both termmatlon and separation steps are 
part of the procedure However, because termmatlon can be accomplished by 
mJectmg the sample duectly onto the column, both separation and termmation 
can be performed m one operation Also note that since with the HPLC method 
detection is usually ‘on-lme’, that rs, carried out contmuously with separation, 
the termmatlon, separation and detection steps merge mto a single operation 

Fmally it should be noted that, unlike many other dlscontmuous assays that 
focus on only one of the reaction components, usually the reaction product, 
the HPLC assay offers the advantage of momtormg several For example, con- 
sider adenosme kmase, the enzyme activity that uses to substrates and forms 
two products according to the reaction Ado + ATP+ AMP + ADP Since HPLC 
can readily separate all four components and all four can be detected at 254 
nm, the level of each can be monitored during the reaction providing a com- 
plete analysis at each time point. Having a complete analysis of the contents 
of the reaction vessel during the mcubatlon can be helpful m another way it 
provides mformatlon on what is not present as well making it possible to ac- 
count for unexpected results 

3 DESIGN OF THE HPLC ASSAY 

In this sectron, a strategy will be presented for the design of an assay system 
By focusmg on one enzymatic reaction, the steps leadmg to the development 
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TABLE I 

STEPS IN DESIGN OF AN ASSAY FOR ENZYMATIC REACTION 

Reprmted with permlsslon from ref 1 

1 Analyze the primary reaction 
2 Analyze all secondary reactions 
3 Select the method of analysis that will allow for measurement of substrates from products 
4 If a dlscontmuous assay method 1s chosen, select the method for termmatlon and separation 
5 Select appropriate detectlon system Will It be necessary to collect fractions? 

of the assay for this activity can be described. These steps are previewed m 
Table 1 

3 1 Analyszs of the primary reactton 

The design of an assay system for an enzymatic activity begins with a com- 
plete analysis of the primary reaction, which, by defimtlon, 1s that reaction 
catalyzed by the enzyme under study To being this analysis, indicate all sub- 
strates, products, and cofactors of the reaction If metals are required for ca- 
talysls, include them In the case of the metals, however, it 1s useful to note 
whether they are an mtegral part of the substrate, for example, when the com- 
plex Mg-ATP 1s the substrate, or whether they are required for some other 
function, such as activation of the enzyme It 1s also useful to indicate the pH 
of the reaction as well as the type and concentration of the buffer to be used 
The goal of this analysis 1s to list all the components present m the reaction 
mixture before the start of the reaction 

To illustrate this approach, consider the assay of a pyrophosphohydrolase, 
an enzyme that catalyzes the reaction 

Mg-ATP+AMP+PP, 

Mg-ATP 1s the substrate, and AMP and pyrophosphate (PP,) are the prod- 
ucts Since this actlvlty 1s usually assayed at a pH of 7 5 using a Trls-HCl 
buffer system, the reaction tube will contain ATP, Mg, and Trls-HCl as lllus- 
trated m Fig 2 

3 2 Analyszs of secondary reactzons 

The HPLC method can be used to advantage m the assay of actlvltles m 
crude extracts or m preparations only partially purified Such samples will 
usually contam additional actlvltles that catalyze other reactions These other 
reactions have been referred to as secondary reactions [ 11 Secondary reac- 
tions may use the same substrate as the primary reaction or they may use the 
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“ENZYME” 
FRACTION 

Fig 2 Overview of strategy for design of a method to determine enzymatic activity The reaction 
tube contains a mix preparation to measure the activity of an ATP pyrophosphohydrolase which 
catalyzes the formation of AMP and PP, from ATP The mix includes the substrate, ATP, the 
buffer, Tns-HCl, and magnesium, a metal cofactor The addition of a sample from the ‘enzyme’ 
fraction mltlates both the primary reaction and several secondary reactions as shown m the lllus- 
tratlon (Reprmted with permission from ref 1 ) 

product of the primary reaction In either case their presence m the prepara- 
tlon can affect the quantltatlve analysis of the enzyme under study 

For example, AMP, the product of the primary reaction, may undergo sec- 
ondary reactions to form adenosme and phosphate or IMP and ammonia In 
addltlon, other secondary reactions could mvolve ATP, an example 1s the deg- 
radation of ATP to ADP A summary of these secondary reactions 1s also given 
m Fig 2 m the step marked “Incubation” While these secondary reactions can 
be eliminated or their slgmficance mmlmlzed, they should not be overlooked 
m the analysis and design of the assay system 

3 3 Selectton of the method of analysts 

With the list of reactants, cofactors, and reaction condltlons complied, the 
stationary phase can be selected. Since the reactants differ m charge as well as 
solublhty, either ion-exchange or reversed-phase stationary phases can be used 
However, m contrast to reversed-phase, a choice of the ion-exchange mode 
would require gradient elutlon 

3 4 ModlfLcat5on.s of reactron condlttons for the HPLC assay method 

Those reaction condltlons acceptable for use with other assays may require 
some modlficatlon to be usable with the HPLC procedure For example, It may 
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be necessary to change the concentration of such components as hydrogen ions 
or metals smce both might be detrimental to the operatron of the column Often 
some changes can be made without sigmficant loss of enzymatic actlvlty. Often, 
especially with metals, substitutions can be made Also, some decrease m en- 
zyme (protein) concentratron may be required, especially when the reaction IS 
to be terminated by 1nJectmg a sample directly from the mcubatlon vessel onto 
the column Excess protein will only clog the column Note that when a sample 
is Injected drrectly onto the column for analysrs, it brmgs with it everythmg 
present in the reaction mixture Most of these problems can, if necessary, be 
solved by termmatmg the reaction and performmg some clean-up operations 
prior to analysis 

3 5 Samplwg methods 

Since the HPLC method is a discontmuous technique, obtauung kinetrc data 
requires multiple samples, each one representmg a smgle time point Reactions 
requlrmg multiple samphng can be arranged in one or two ways. In one ar- 
rangement, Illustrated m Fig 3A, separate reaction mixtures are set up, each 
one representing a smgle time pomt In this case, the total volume required for 
a single reaction mixture would be the volume required for a smgle analysis 
The number of mcubatlon tubes would be determined by the number of time 
pomts requrred by the experiment In the second arrangement, shown m Fig 
3B, a single mcubatlon mixture is prepared, and samples re removed from rt at 
suitable intervals for analysis In this arrangement, the volume required for 
the reactron mixture would be determined as the product of the volume needed 
for each analysis multlphed by the total number of analyses 

TIME TIME 

Fig 3 Representation of two procedures used to obtain multiple samples for analysis (A) In this 
arrangement, several identical reactlon mixtures are prepared, and the enzyme will be added to 
each to start the reaction Durmg the Incubation each tube will be sampled only once (B) In this 
arrangement, only one reaction mixture 1s prepared and the enzyme IS added to start the reactlon 
The mcubatlon mixture 1s sampled repeatedly during the course of the reaction Note that the 
volume of the reaction mixture m arrangement (B) 1s usually greater than m arrangement (A) 
(Reprmted with permlsslon from ref 1 ) 



Since with both arrangements the volume of a smgle analysis is the impor- 
tant variable, it would appear that once this value is determined the overall 
reaction volume can be established 

3 6 Termm.atmg the reachon 

In designing the HPLC assay, it may be necessary to mtroduce a termmation 
step into the protocol There are a variety of ways to accomplish this including 
the addrtlon of acids, bases, or other denaturants A method that offers an 
alternative to these is the addition of chelators such as EDTA. This technique 
is suitable only for reactions m which the enzymatic activities have an absolute 
requirement for a metal whose removal will terminate the activities. 

An alternative method we have found useful for terminating reactions is to 
heat the incubation mixture to a temperature that results m mactlvatlon of 
the enzyme. Usually temperatures m excess of 100’ C are required. One of the 
techniques often used is to immerse the reaction tube in a bath of boiling water 
In our laboratory, this method is not employed because the mcubatlon mixture 
cannot be brought to 100°C quickly enough to effect instantaneous termma- 
tion Commercially available heating blocks are also suitable 

Fmally, a simple device (a sand bath) has been described [ 1 ] and found to 
be effective m termmatmg reactions instantly. We filled a stamless-steel rec- 
tangular pan (ca 20.32 cm X 25.4 cm) wrth ca 5.08 cm of sand and placed it 
on a hot plate This set-up is illustrated m Fig 4A. The temperature of the 
sand bath is easily brought to 155 “C, and this temperature can be maintained 
throughout the working day without fear of evaporation There is never a prob- 
lem of fitting the tubes one simply thrusts any size capped glass tube directly 
mto the sand The msertion of an mcubation tube contammg as much as 500 
~1 of mcubation mixture resulted m the temperature inside the solution reach- 
mg 100” C ‘mstantly’, thus termmatmg the reaction. 

Termination of most enzymatic reactions with heat results m precipitation 
of any proteins present m the reaction mixture Because this precipitation is 
irreversible, and because when crude extracts are being assayed the amount of 
protein may be considerable, it is often necessary to remove the precipitate 
prior to sample. The precipitate can be removed either by filtration or by cen- 
trifugatlon as illustrated m Fig 4B Because of the small volumes usually used 
m the reaction mixture, volumes between 100 and 500 ~1, centrlfugatlon is 
difficult. Recently, filters with ‘hold-up’ volumes of about 50 ,LL~ have been de- 
veloped that make the removal of precipitate less tedious Followmg the re- 
moval of the precipitate, a sample may be removed from the filtrate and 
analyzed 
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Fig 4 Preparation of a sample from a reaction mixture that contains an excess amount of protein 
poor to u-qectlon and analysis (A) Termination carried out by lmmerslon of reactlon sample m 
a sand bath maintained at 155 “C (see ref 1 for details), (B) removal of the preclpltated protein 
by either centrlfugatlon or flltratlon (Reprinted with permlsslon from ref 1 ) 

4 OPTIMIZING ENZYMATIC REACTIONS WITH THE HPLC METHOD 

4 1 Composrtlon of the react&on mixture 

The HPLC method 1s particularly useful for obtaining the mltlal rate data 
necessary to the study of an enzymatic reaction To obtain initial rate data, 
optimal assay condltlons must be established Optlmlzatlon mvolves the de- 
termination of several variables, such as substrate concentration, pH, temper- 
ature, and enzyme concentration 

Some Idea of the optimal substrate concentration can be obtained from the 
value of the Mlchaehs constant (K,), the concentration of the substrate at 
which the rate will be one half of its maxlmum rate If the Khl value can be 
obtained from the hterature, then it 1s possible to begin experiments with a 
substrate at a concentration of two or three times the KIM value (assummg the 
absence of ‘substrate mhlbltlon’ ) Such a concentration would be adequate for 
use m early experiments The hterature can often provide mformatlon on 
startmg values for other parameters, such as pH, any requirement for actlva- 
tars, and the optimal temperature for the mcubatlon Armed with this mfor- 
mation, a trial reactlon mixture can be prepared 

What remains to be determined prior to the mltlatlon of the reaction are the 
amount of enzyme to be added to the reaction mixture, the time course of the 
reaction, and, for dlscontmuous assays, the time between samplmgs and the 



370 

volume of these samples These questions can be answered by a process of trial 
and error using the following scheme 

First an arbitrary amount of enzyme is selected While any concentration 
can be used, excess protem should be avoided to ehmmate clogging the column. 
Therefore, choose the least amount possible to start the reaction. Add this 
amount of enzyme to the reaction mixture to start the reaction, and the sam- 
pling (analysis) can begm at any convenient time. The chromatogram ob- 
tained from this single sample is examined for a new peak, the product Two 
outcomes are possible Either product is present or not If a product peak is 
detected, and its amount (area of the peak) 1s very small compared to the total 
amount of the substrate, then a second sample can be withdrawn from the 
mcubation mixture and analyzed Again the areas of the product and substrate 
peaks should be compared. If the area of the product peak is more than 50% of 
that of the substrate, the reaction has progressed too far, and it is necessary to 
start agam by preparing a new reaction mixture. Since the previous reaction 
progressed too fast, the reaction rate should be lowered by addmg less enzyme 
to the new mixture. This adjustment will allow more time points to be obtained 
before a maJority of the substrate is consumed 

Alternatively, m the absence of the formation of any product, incubation 
should be continued and samples should be withdrawn every hour and ana- 
lyzed The incubation can be contmued for several hours until product is de- 
tected In the absence of any detectable product, a new reaction mixture can 
be prepared which contains more enzyme than the first If this does not result 
m the formation of detectable product, the possibihty should be considered 
that the fraction being assayed contains no activity 

4 2 Obtarnmg u-&al rate data 

As a result of the preliminary trials described above, values will have been 
obtained for two parameters the amount of the enzyme required to form suf- 
ficient detectable product and the mcubation time required to form this amount 
of product To obtain these values, it may be necessary to alter the reaction 
rate as follows if the rate of product formation is too high, that is, the reaction 
rate becomes non-linear to soon, then the rate should be lowered by decreasing 
the amount of enzyme Alternatively, if the rate of the reaction 1s too low, that 
is, if it takes all day to form product, the enzyme concentration should be m- 
creased so that a linear rate can be observed m about 2 h In the absence of 
termination what governs the sampling interval is the time for the HPLC anal- 
ysis Clearly, it will not be possible to apply the second sample until the anal- 
ysis of the first has been completed and the column readied again For example, 
if elution and preparation take 15 mm, then it is this value that establishes the 
mmimum sampling time In this way, the time for analysis determines in part 
the concentration of the enzyme used m the reaction Once a suitable concen- 
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has been established, and three four samples analyzed, 
then quantitative data can the reaction 
mixture sampled, and amount 

from chromatogram usmg either height 
the peaks. 

and third series with 
enzyme one half and twice the value used m 
first are started, sampled, chromatograms and 
data presented as a function that at this 

the optlmlzatlon the assay it is advisable the m- 
cubatlons the rate the amount 

This prolonged mcubatlon provides mfor- 
matlon the extent the primary reaction and allows time for the 
formation 

Inspectron of the chromatogram and quantrtatton of the reactron 

The chromatograms obtained above can provide lnformatlon on any alter- 
native fates for the substrate. For example, assuming no secondary reactions, 
the amount of product formed should equal that of substrate lost. A careful 
inspection of the chromatograms should be sufficient to establish this point as 
well as to note the presence of peaks other than these two. 

It 1s also useful at this stage to convert the amount of product formation 
from the ‘machine units’, arbitrary integration units or percent obtained, dl- 
rectly to units of mass Such a conversion requires a cahbratlon curve that 
relates the machine units to more specific units of mass Having made the 
conversion, the mltlal rate of product formation determined above can now be 
plotted as a function of enzyme concentration as part of the optlmlzation 
process 

As a result of these procedures, a graphical representation of the rate of 
product formation will be obtained. Such data can be analyzed visually or be 
subjected to statlstlcal analysis [2] Initial rate data can be used to produce 
double-reciprocal plots 1/ (u&al velocity) versus 1/ (substrate concentra- 
tion) 
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HPLC detectors contain range switches that make this a simple matter When 
range swltchmg is carried out, it is useful to determlne if the calibration curves 
constructed at one range setting are still valid at another Next, the amount of 
product bemg detected may be increased by increasing the volume of the re- 
action mixture. 

There have been situations m whrch obtammg enough reaction product re- 
quires the concentration of a large volume of reaction mixture Following con- 
centration, the residue is resuspended m a small volume of buffer and analyzed 

Finally, it is always possible to increase sensitivity by using analogues, such 
as radiochemicals, as substrates and determine the amount of radioactive 
product that has formed 

4 5 Understandmg and dealrng wtth secondary reacttons 

When workmg with enzyme preparations that are only partially purified, 
the importance of understanding secondary reactions cannot be overempha- 
sized This knowledge is invaluable to the mterpretatron of the results of en- 
zymatic assays ‘Beware of secondary reactions’ is a rule that should always be 
kept m the forefront 

How can secondary reactions be handled’ Some procedures are presented 
m Table 2 These mclude purifying the activity of the primary reaction to ho- 
mogeneity However, this may not always be possible or desirable Therefore 
some other solution must be found. The use of analogues is one such solution 
[4] For example, if an analogue of the substrate is used, then an analogue of 
the product will be formed If the latter is not a suitable substrate for the sec- 
ondary enzyme, then no secondary reactions will occur Alternatively, one can 
try to adlust the reaction condition m such a way that the enzymes catalyzmg 
the secondary reactions will not be active For example, if the primary reaction 
does not require metals but the secondary reaction does, adding a chelator will 
inhibit the latter 

TABLE 2 

BASIC RULES FOR AVOIDING SECONDARY REACTIONS 

Reprinted with permlsslon from ref 1 

Secondary reactions are the result of enzymatic actlvltles present m the sample that lead to 
destruction of the substrate and/or the formation of additional products, which can alter the 
results 
Avolduq them 
1 Purify the enzyme to homogeneity 
2 Use analogues whose products are not substrates for secondary reactions 
3 Adjust reaction condltlons to mmlmlze actlvlty of secondary reactlons 
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In those cases where secondary reactions make it dlfflcult to quantltate the 
primary reaction, one solution 1s to use an analogue as the substrate The anal- 
ogue should be chosen such that while it 1s a substrate for the primary reactlon, 
the product will not be a substrate for the secondary reaction 

Analogues can be used m another way Consider the case of developmg an 
assay procedure for adenosme kmase, the enzyme that catalyzes the primary 
reaction Ado + ATP + AMP -t ADP Problems will arise during the assay of this 
activity m crude extracts, since other enzymes may be present that can form 
AMP directly from ATP 

Radlochemlcal analogues such as radiolabeled adenosme are ideal for solv- 
mg this problem, because if the formation of radiolabeled AMP 1s monitored, 
it 1s possible to dlstmgulsh the AMP formed from adenosme form that formed 
from ATP, which, of course, would not be labeled 

Alternatively, this same reaction can be assayed If adenosme 1s replaced by 
a fluorescent analogue [ 51 With such an analogue as a substrate, both it and 
the reaction product can agam be followed with a separate detector 

4 6 Quantztatzon 

Internal standards, compounds added at any stage of the analytical proce- 
dure, can be useful m cahbratmg and/or calculating the effect of that proce- 
dure on the recovery of the substrate or product of the reactlon The com- 
pounds chosen as internal standards should have similar detection 
characterlstlcs 

One more potential problem concerns the question of selectmg the range of 
substrate concentrations to be used throughout the study Consldermg the sen- 
sltlvlty of most detectors and the apparent Khl values of most enzyme actlvl- 
ties, the selection of the upper limit of concentration 1s usually not a problem 
A problem will develop, however, when rate determmatlons are made at low 
substrate concentrations, since at these concentrations the amount of product 
formed during the course of the reaction will be small and may be below the 
monitor’s level of detection Therefore, prior to executing any experimental 
protocols dealing with low substrate concentrations, It 1s prudent to ascertain 
the lower limits of the detector being used m order to determine what product 
concentrations can be detected 

5 CONCLUSION 

HPLC 1s ideally suited to the study of many enzymes and to date the activity 
of over 100 has been determined with this method While appropriately class- 
ified as a dlscontmuous method, because the termination, separation and con- 
centration determmatlons occur simultaneously, HPLC methods approach the 
speed and convemence of the tradltlonal contmuous methods 
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TABLE 3 

SURVEY OF SOME REPRESENTATIVE ENZYMATIC ACTIVITIES ASSAYED BY THE 
HPLC METHOD 

For a more complete hstmg of examples and summary of methods and findings see ref 1 

Type of actlvlty assayed 

Catecholamme metaboham 
Tyrosme hydroxylase 
5-Hydroxytryptophan decarboxylase 
DOPA-decarboxylase 

Ref 

6 
7 
899 

Protemase 
Vertebrate collagenase 
Papain e&erase 
Dlpeptldase 

Ammo acid metabohsm 
Ormthme ammotransferase 
Tryptophanase 

10 
11 
12 

13 
14 

Polyammes 
Ormthme decarboxylase 15 

Carbohydrate metabolism 
P-Galactosldase 16 

Purme metabohsm 
5’ -Nucleotldase 
Alkalme phosphataRe 
Adenosme deammase 
AMP deammase 
Creatme kmase 
Adenylate cyclase 
CAMP phosphodlesterase 

17 
18 
19 
5 

20 
21 
18 

Sulfur metabolism 
Adenosme 3’ -phosphate 5’-sulfophosphate sulfotransferase 22 
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Followmg the optlmizatlon procedure, the HPLC method can be used to 
obtain uutlal rate data and a determmatlon of kmetlc constants using tradl- 
tlonal computational methods 

6 SUMMARY 

In this article some basic concepts and practical information are presented 
on the use of high-performance hquid chromatography (HPLC) to assay en- 
zymatic activities A classlficatlon of enzymatic assays 1s developed based on 
the reqmrements for termination and separation, and the placement of the 
HPLC method wlthln this classlficatlon is discussed The focus of the chapter 
1s on developing a strategy for settmg up assays, a discussron of some problems 
that must be avoided, and procedures to deal with these concerns Some ex- 
amples have been presented in Table 3, but for a more complete hstmg and 
details on the numerous activities assayed by this method ref 1 should be 
consulted 
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