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A method is described for the enthalpimetric determination of inhibition constants 
based on a previously reported procedure for the determination of Km, using the 
integrated Michaelis-- Menten equation. The inhibition of the cholinesterase-catalyzed 
hydrolysis of butyryl-choline by morphine, quinine and procaine is chosen as a model. 
The results compare favourably with Lineweaver-Burk data. 

The determination of enzymatic inhibition constants has significance in several 
areas of chemistry. Many antibiotics and some other drugs produce their bio- 
logical effects by acting as enzyme inhibitors. Their selection, although still made 
on empirical grounds, is based on their inhibitory action of a metabolic step more 
critical to an infective cell or virus than to the host. A rational approach to chemo- 
therapy would therefore be the identification of a strategic enzymatic reaction 
followed by a synthesis of suitable inhibitors. In this context, the magnitude of  
K i, the dissociation constant of  the enzyme-inhibitor complex, becomes impor- 
tant. In purely analytical applications, knowledge of the magnitude of Ki allows 
predictions regarding the analytical sensitivity of  art inhibition-based analysis 
since it reflects the "potency" of the inhibitor with respect to a particular enzyme- 
catalyzed reaction. 

Enthalpimetric methods have been reported for the determination of biochemi- 
cal kinetic parametres. Beezer et al. [l ] discussed the advantages and limitations 
of  applying flow calorimetry to the determination of K m, the Michaelis constant, 
for the urea-urease system. Tangential extrapolation of kinetic direct injection 
enthalpograms has also been used for the determination of Km [2]. Lineweaver- 
Bark "double-reciprocal" plots have typically been employed to obtain the value 
of K m from such data. The limitations of  such plots have been discussed at length 
elsewhere [3, 4]. 

An alternative and more convenient approach to the determination of Km is 
to generate a single enthalpimetric progress curve and then fit the data to the 
integrated Michae l i s -Menten  equation. This principle has been used successfully 
for the enthalpimetric determination of Km for the chymotrypsin-catalyzed hydro- 
lysis of  N-acetyl-L-tyrosine ethyl ester [5 ]. In the present report it is shown that 
a similar procedure can be used for the enthalpimetric determination of Ki, the 
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inhibition constant. This method requires one experiment if K m is already known, 
two experiments if not. 

The competitive inhibition of serum cholinesterase by morphine, quinine and 
procaine have been chosen as model systems. It was shown in a separate study [6] 
that the competitive inhibition mechanism is involved in these reactions. 

Theoretical principles 

The Michaelis-Menten equation for an uninhibited enzyme-catalyzed reaction 
can be written, 

- d S d d T  = VmaxSt/(K m + St) (1) 

where S t is the number of moles of substrate at time t. Integrating between the 
limits S = So and S t and t = 0 and t gives 

(So - St)I t  -- Vmax - [Kmln So /S t ( l / t ) ]  (2) 

where So is the initial number of moles of substrate. Thus a plot of (So - S t ) / t  
versus (l / t)In So /S  t will be linear with an ordinal intercept of Vmax and a slope 
of - Kin. It can easily be shown that for a competitively inhibited enzymatic 
reaction, Eq. 2 becomes, 

(So - S t ) I t  = Vma x - -  /Kin(1 + [I]/Ki)  In So/S t ( l / t ) ]  (3) 

The slope is now given by - Km(1 + [Ij/go where [I] is the concentration of  the 
inhibitor, Evidently, Km and Ki can be determined from successive progress curves 
monitoring reactions in the absence and presence of inhibitor respectively. 

The heat output at any instant during the course of a reaction can be repre- 
sented by 

qt = (So - S t ) A H  (4) 

where A H  is the enthalpy of reaction (J mol-  1). Alternatively, a purely calibrative 
approach can be used if the relationship, 

(So - St) = (qt /q)So (5) 

is utilized. In Eq. 5, q represents the total heat effect of the reaction going to com- 
pletion (see Fig. 1). In either case it is apparent that the  dependent variable in 
Eq. 3 (or 2), S t, can be determined directly from an enthalpimetric progress curve. 
Equation 5 was utilized in the present study. It transpires that the enthalpy 
associated with the enzymatic hydrolysis of butyrylcholine per se is not sufficient 
to monitor the reaction. In the presence of Tris buffer, however, the concurrent 
protonation of Tris amplifies the heat change to acceptable proportions [7]. 
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Fig. 1. Typical enthalpimetric progress curves a) K m data, in the absence of inhibitor and 
b) K l data in the presence of inhibitor. Both curves are corrected for heat losses 

Experimental 

Reagents and apparatus 

Type IV horse serum cholinesterase (E.C.3.1.1.8; nominal activity 15 IU  m g -  ~ 
protein) and butyrylcholine iodide (99 ~ )  were purchased f rom Sigma Chemical 
Co. (St. Louis, Missouri, U.S.A.). The alkaloids (pharmaceutical grade) were 
gifts from R. H. McKeown, Department of  Pharmacy, University of  Otago, 
Dunedin, New Zealand. Details of the enthalpimetric instrumentation can be 
found elsewhere [5]. 

Procedure 

In order to determine Kin, approximately 0.5 cm 3 of  solution containing 80 IU  
enzyme was injected into 100 pmol of substrate dissolved in 10.0 cm 3 Tris buffer 
(0.2 mol cm 3 pH 8.0). Both solutions were pre-equilibrated to the thermostat  
bath temperature of  25.0 ~ (short term stability +_0.0002 ~ ) as evidenced by an 
isothermal baseline. The enthalpimetric progress curve was monitored on a strip- 
chart potentiometer and the data treated according to Eq. 2. A similar experi- 
mental procedure was adopted for the determination of K i with the exception that 
the substrate solution was allowed to equilibrate with a known amount  of  inhibi- 
tor prior to injection. Characteristically for reversible inhibition, equilibration 
time had no observable effect on the data. The amount of inhibitor was adjusted 
so that the final concentration (in the cell) was close to the expected value of Ki. 
The data were plotted according to Eq. 3. A selection of data treated according 
to the integrated Michaelis - Menten equation was compared with results obtained 
using the conventional Lineweaver-Burk approach. The enthalpimetric measure- 
ment of  initial reaction rates required for a double reciprocal plot necessitated a 
change in reagent parameters. In these experiments, 1.0 cm 3 of solution containing 
5.0 IU  enzyme was equilibrated with 9.0 cm ~ of Tris buffer and 1.0 cm 3 of inhibitor 
solution. Reactions were initiated by injection of 0.5 cm :~ of substrate solution 
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containing between 20 pmol and 100 Fmol of butyrylcholine. Gravimetrically 
calibrated gas-tight syringes with Chaney adaptors gave the required precision 
for injection of known amounts (mol) of substrate. 

Results and discussion 

The graphical determination of K i according to the procedure described requires 
knowledge of the magnitude of K m. Results for the enthalpimetric determination 
of  Km for the cholinesterase-butyrylcholine system are presented in Table 1. This 
result compares favourably with other literature values [8,9] and was used in all 
subsequent Ki determinations. 

A typical plot for the graphical determination of K i is shown in Fig. 2. Data 
points in this plot are taken from the progress curve associated with the inhibition 
of  cholinesterase by quinine. Deviations from absolute linearity were more appar- 
ent in inhibition plots when compared to (uninhibited) K m plots. In order to 
maximize linearity three practical precautions should be observed. 

a) Enthalpograms should be corrected for any heat losses occurring during 
the measurement period. This can be achieved empirically by the arithmetic addi- 
tion of the slope o f  the post-reaction baseline to the progress curve after 0.5 t, 
where t is the measurement period for the entire curve. Failure to do this will 

Table 1 

The enthalpimetric determination of Km for the cholinesterase-catalyzed hydrolysis of butyryl- 
choline. Results calculated by extrapolation of the integrated Michaelis-- Menten plot 

Kin, mmol din-8: 1.85 1.88 1.61 1.71 1.68 1.55 1.57 

Mean value: 1.70-t-0.13 mmol dm -3 

c o ~  7.0 

6.0 

5.O 

1.7 2.1 2.5 

( S o - S O f t  x10 -6 , tool s - I  

Fig. 2. Typical integrated Michaelis-- Menten plot. Quinine inhibition 
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result in spurious Ki assignments since heat loss is manifested as an apparent 
decrease in reaction rate. 

b) Data  for the plot should be extracted f rom the second half of  the enthalpo- 
gram. In the initial stages of  the reaction St > Km and accordingly d~SJdt 2 _~ 0 
as evidenced by the linearity in the early portion of  the enthalpogram. Typical 
enthalpograms are shown in Fig. 1. 

c) Inhibitor concentration should be numerically close to the predicted value 
of Kx. High inhibitor concentration lengthens the time base of  the enthalpogram 
and leads to increased heat loss. 

Table 2 

Comparison of Ki data obtained by the integrated Michaelis-- Menten and 
Lineweaver-- Burk plots 

Integrated Michaelis--  LB plot  
Inhibi tor  Menten plot  KI, Kl, mol d m -  8 I~,  mo|  d m -  n 

mol drn-  s 

Morphine 6.3• 10 -4 6.27• 10 -4 7.5• 10 -4 [10] 
Quinine 1.4• 10 -5 1.35• 10 -5 
Procaine 8.4• 10 -5 8.03• 10 -5 2• 10 -~ [11, 12] 

Ki assignments made using the recommended procedure are shown in Table 2; 
the results represent the mean of duplicate measurements made at a single inhib- 
itor concentration. Assignments made using Lineweaver-Burk plots are included 
in Table 2 for comparison. A literature search failed to produce any correlation 
data for Ki. 150 values have been reported for morphine and procaine inhibition 
and these are also presented in Table 2. 

The 150 value is an empirically defined parameter, representing the concentration 
of inhibitor required to decrease the enzyme activity by 50 ~ .  Although I~0 values 
are not fundamental parameters and are by no means synonymous with Ki, they 
do approach K i under certain conditions. This can be seen by inspection of the 
rate equation for a competitively inhibited enzyme reaction (obtained by differentia- 
tion of Eq. 3), 

VmaxS, 
- d S t / d t  = 

st + I(:m (1 + tIl/Ki). 

Clearly at small values of St, the rate of the reaction will be halved when [I] = Ki. 
The data compares favorably with the result obtained by the double reciprocal 

plot. Direct comparison of K i with/5o is dubious for reasons mentioned above; 
however, the similarity between K i and 150 figures does reduce the possibility of  
any gross inaccuracies in the data. 

The data does illustrate the potential of  enthalpimetry as a universal method 
for the determination of K m, K i, and Vmax in two experiments. Qualitative informa- 
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t ion regarding the type of  inhibition is also available f rom the change in slope or 
ordinal intercept in the same number  o f  experiments. Lineweaver-Burk plots would 
require a min imum o f  six experiments to obtain the same data. Perhaps the most  
important  advantage for fundamental  studies is the fact that  kinetic parameters 
need not  he affected by the presence o f  a secondary reagent necessary with many  
instrumental approaches to produce a measurable species e.g. a chromophore .  
In  many cases, the pr imary enzymatic event can be moni tored enthalpimetrically. 

The manual  extrapolat ion procedure used to obtain data  f rom enthalpimetric 
progress curves does detract f rom the convenience o f  the technique in that  it is 
t ime-consuming. Work  is currently in progress to allow microcomputer  controlled 
acquisition and treatment of  enthalpimetric data. Once completed, Km and K i 
assignments could be made in several minutes following the completion o f  the 
experiment. 

The inhibition o f  a serum enzyme by alkaloids o f  pharmaceutical  importance 
clearly has physiological consequences. However,  caution is necessary when 
attempting to correlate in vitro data  (where the substrate concentrat ion is known 
and usually relatively large) with in vivo data  (where little, if anything, is known 
about  the substrate concentrat ion,  and it is likely to be exceedingly small). 

One of us (BT) thanks the University of Otago, Dunedin, New Zealand for the provision 
of a Senior Demonstratorship during this period of research. 
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R~SUM~ -- On d6crit une m6thode pour d6terminer les constantes d'inhibition, qui repose 
sur un proc6d6 publi6 auparavant off Km est obtenu ~t partir de l'6quation de Michaelis-- 
Menten int6gr6e. On a choisi comme mod61e l'hydrolyse de la butyrylcholine catalys6e par 
la cholinest6rase et inhib6e par la morphine, la quinine et la procaine. Les r6sultats peuvent 
~tre compar6s favorablement aux donn6es obtenues par Lineweaver--Burk. 
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ZUSAMMENFASSUNG - -  Eine Methode zur enthalpimetrischen Best immung von Hemmungs -  
konstanten  wird beschrieben, welche auf  einem frfiher bekanntgegebenen Verfahren zur 
Bes t immung yon K m unter Anwendung der integrierten Michael i s - -Menten  Gleichung 
beruht. Die H e m m u n g  der dutch Cholinesterase katalysierten Hydrolyse yon Butyrylcholin 
durch Morphin,  Chinin und Procain wird als Modell gew/ihlt. Die Ergebnisse sind in guter 
1]bereinstimmung mit Lineweaver--Burk Angaben.  

Pe31oMe. - -  O I I I , I G R H  MeTO~I. 31-1Ta.rlbrlHMeTpl4qeCKOrO o/ipe)Ie.rteH~I~l KOBCTaHT TOpMO~KeHH~t peaK- 
llI4t4Ha OCHOBe paHee coo~meI-IHoro MeTO,/la onpe~e~eHrr~ gm nprt kICHOYlb3OBaHtIFI nHTerpaJn,- 
HOFO ypaBHerH4n Mrlxa3~r~ca--MeHTeHa. B KaqecTBe Mo)IeJ~H BbI6paHa peaxttnn xoJ~r~HocTepa3- 
KaTaYm3npyeMoro rrl~lpoJi~t3a 6yxHpnnxoJ1Hna Mop~HHOM, XI, IH~IHOM 14 npoKaHnoM. Pe3ynbTaTr~r 
xopomo cornacy~oTcs c ~aHHblMH .Jla~HBr~Bep--/3apKa. 
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