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S U M M A R Y  

The consequences of systematic error in enzyme kinetics was considered by intro- 
ducing a first order error term into the MICHAELIS-MENTEN-BRIGGS-HALDANE 
equation. The situations investigated were those involving over- or undercorrection 
of an enzyme or substrate blank reaction in the absence and presence of product 
inhibition and in the presence of a totally competitive, non-competitive or un- 
competitive inhibitor. In addition, consideration was given to errors arising from a 
departure from the BEER-LAMBERT relationship and those proportional to the velocity 
or substrate concentration. Finally, attention has been called to the questionable 
validity of using weighting procedures to correct for random error in the presence 
of systematic error. 

* Con t r ibu t ion  No. 2560. 
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INTRODUCTION 

The apparent initial rate of many enzyme catalyzed reactions is given by eqn. I,* 

v = d [ P ] / d t  = - - d [ S ] / d t  ~ k [E]  [ S ] / ( K  + IS]) (i) 

provided [E] and CS] are varied over a sufficiently limited range and all other reaction 
parameters are held constant. In this communication we shall be concerned initially 
with the consequences of a systematic error which will introduce an additional first 
order term into eqn. I to give eqn. 2. 

v = kEE ] [S ] / (K  + IS]) + kA[A] (z) 

I t  is assumed in eqn. 2 that A will yield products which are indistinguishable from 
those arising from S. 

When [E] is invarient, eqn. I is linear and eqn. 2 non-linear with respect to 
I/V vs. I/[S], ES]/v vs. ~S] or v vs. v/[S] (see ref. I). Thus, it might be argued that the 
presence of a systematic error, of the type contemplated in eqn. 2, would necessarily 
be revealed by a non-linear relationship between the two members of any one of the 
above three pairs of parameters and that the only hazard would be one of confusing 
a situation described by eqn. 2 with one devoid of systematic error but characterized 
by a dependency upon IS] other than that associated with eqn. I. However, this 
view ignores the fact that many enzymic studies are conducted over such a limited 
range of CS] that an existing non-linear relationship may not be revealed, with the 
result that k and K will be evaluated on the basis of an apparent linear relationship 
which in fact may vary with the relative magnitudes of [S] and K. 

To illustrate the kinetic consequences of several of the more common systematic 
errors, eqn. 2 was evaluated using assumed but reasonable values for the various 
constants and independent variables and the results so obtained were compared 
with those arising in the absence of systematic error or errors. The first cases considered 
were those involving the so-called enzyme and substrate blanks. 

It frequently is observed that products indistinguishable from those formed 
in a total system, otherwise described by eqn. I, will arise from either or both E and S 
when examined separately. In practice the rates of these latter reactions may be 
individually determined and then subtracted from the rates observed for the total 
system**. Thus, the term kA [A] in eqn. 2 may be specified as in Table I to give 
eqns. 2a to 2i***. These latter equations were evaluated for K = 5.o. Io -2 M, k 
2 .o ' Io  M / m i n / M ,  + kA1 -~ ± kA2 ~- ± 2.O-lO -1 M / m i n i M ,  ~ ka3 - :~ 2.O.lO .4 
M / m i n / M ,  [E] = 5.0" lO -5 M and IS] = 5.0. lO -4 M to 5.0 M. The data so obtained 
are presented in Figs. Ia, Ib and IC in the form of v vs. v/IS]plots. 

* Where  [E] and  [S] are  the  i n i t i a l  enzyme  and subs t r a t e  concen t ra t ions  and  k and  K are  
t he  two cons t an t s  de r ivab le  f rom the  dependence  ot v upon  [S] when  [El is i nva r i en t .  For  a discus- 
s ion  of the  procedures  invo lved  see ref. i .  

** For  a discuss ion of the  v a l i d i t y  of th i s  procedure  see ref. 2. 
*** Al though  eqns.  2a and 2b m a y  a p p e a r  to be e q u i v a l e n t  to  equa t ions  2b and 2a i t  wi l l  be shown 

subseo, u e n t l y  t h a t  the  add i t i on  of ± kAl lET] to  eqn. I. l eads  to  different  ra te  equa t ions  t h a n  does 
the  a d d i t i o n  of ± kAa [EF]. This  s i t u a t i o n  ar ises  f rom the  fac t  t h a t  in  the  former  ins t ance  i t  is 
a s s u m e d  t h a t  a l l  of the  enzyme  present ,  lET1, can  give rise to a b l a n k  reac t ion  whereas  in the  l a t t e r  
o n l y  the  free enzyme,  [EF]. can  so react .  Whi le  these  pa i r s  of r a t e  equa t ions  are  different  t h e y  are  
k i n e t i c a l l y  ind i s t ingu i shab le  so long as the  condi t ions  imp l i c i t  in eqn. i are ma in ta ined .  
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SYSTEMATIC ERROR IN ENZYME KINETICS 145 

I t  is evident from Figs. Ia, Ib and IC that the systematic errors considered in 
Table I will lead to errors in the direction indicated in Table II. The information 
summarized in Table I I  may be interpreted in several ways. First, if a non-linear 
plot is observed it follows from Table I I  that the situations described by eqns. 2a, 

TABLE I 

SYSTEMATIC ERRORS ASSOCIATED WITH ENZYME OR SUBSTRATE BLANKS 

Eqn. Source of error k A* [A ] Nature of error 

2a Enzyme  blank hal [ET] ** Undercorr.  for b lank 
2b Enzyme blank kAz [EF]*** Undercorr.  for b lank 
2e Enzyme blank - -  hA1 lET]** Overcorr. for blank 
2 a Enzyme b lank  - -  kA~ lEvi * ** Overcorr. for b lank 
2e Substra te  blank kA3 [S]§ Undercorr.  for b lank 
2r Substra te  b lank - -  kAs IS]§ Overcorr. for b lank  

* I t  is assumed tha t  in every case the  rate of reaction will be first order in [A]. 
** Total  enzyme concentrat ion,  i.e., [ET'I = [E]. 

*** Free enzyme concentrat ion,  i.e., [EF] = [ET] - -  [ES]. 
§ Free subs t ra te  concentration. However,  this will be equivalent  to the initial or total  subs t ra te  

concentrat ion,  i.e., [ST] --  IS], everywhere except  in eqn. 3 where [ST] -- [S] + [P]. The con- 
ditions are necessary for the validity of eqn. i. 

TABLE I I  

RELATION BETWEEN TRUE AND APPARENT VALUES OF K AND k 

kA[A ] = kAx[E T] kA2[EF] --kAI[ET] --kA2[E F] kAa[S] - - k A j S ]  

(2a)* (2b)* (2c) (2d) (2e)* (zf)** 

K'*** ~ K ~ K ~ K  ~ K  > K  ~ K 

k'§ ~ k  < k  ~ k  > k  > k  < k  

* Simulates act ivat ion by  excess substrate .  
* * Simulates  inhibit ion by  excess substrate .  

*** Apparen t  value of K. 
§ Apparen t  value of k. 

2b and 2e will simulate activation by excess substrate, in the sense used by WOLF 
AND NIEMANN 3, and that of equation 2t of inhibition by excess substrate*. Alterna- 
tively, if an apparent linear relationship is observed, over a narrow range of ES], 
constants evaluated on the basis of such a relationship will tend to be in error in the 
directions indicated in Table II. Finally, the data summarized in Table I I  are useful 
in identifying those errors which tend to be predominantly additive, e.g., a combina- 
tion of 2e and 2r, or of 20 and 2v There is no combination involving both enzyme 

* See reI. I, p. 81 for the characteristics of inhibit ion by  excess substra te .  Cases 2e and 2f are 
of par t icular  interest  because of the requi rement  of relatively high values of [S] for the demonst ra-  
t ion of ei ther act ivat ion or inhibit ion by  excess substrate .  In  these cases it is impor t an t  t ha t  the  
subs t ra te  b lank  be evaluated with considerable precision because if it is overest imated inhibit ion 
by  excess subs t ra te  will be s imulated and if underes t imated  act ivat ion by  excess subs t ra te  will 
be mimicked. In  eqns. 2a and 2b the dependency of v upon  [S] is the same as tha t  encountered in 
the  case of in t roduct ion of an  endogenous subs t ra te  with the enzyme prepara t ion  4. However ,  in 
the  la t te r  ins tance the dependency of v upon [El differs f rom tha t  of equat ions  us and  2b. 
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and substrate errors that will be generally compensatory because errors arising from 
improper treatment of the enzyme blank will be dominant at low values of [S] and 
those associated with the substrate blank at high values of [S]. 

An alternative procedure for interpreting the kinetic consequences of systematic 
errors of the above kind, which is also useful for assessing the significance level of 
the individual errors, is based upon transposition of equations 2& to 21 to equations 
2’& to 2’1 inclusive. 

ZJ [Sl + OK = (k + key) [ET] [Sl -t ~~~ [ET] K (2’4 

= k [ET] [Sl + ~~~ [ET] K t2’b) 

= (k-k~~) LETI PI - ~~~ [ET] K (2‘c) 

= k [ET] [Sl - ~~~ PTIK t2’d 

= (k [ET] + kA3 K) PI + kAs [Sl' (2'6) 

= (k [ET] - kA3 K) PI - k.4, [Sl’ (2’1) 

Examination of these latter equations readily discloses how the various systematic 
errors interact with k and K. Furthermore, division of both members of equations 
2’& to 2’f by (K + [S]) reveals that systematic errors of the kind under consideration 
can be ignored only if ZJ > kA1 [ET] or kA1 < k ([S]/(K + [S])) for cases z8 and z8, 
Y > kAa [ET] (K/(K + [S])) or kAz < k ([S]/K) for cases 2b and 2d and z, > kAg 
[S] or kA3 < k [ET]/(K + [S]) for cases z8 and 21. 

It has been suggested upon several occasions that evaluations based upon eqn. I 
should be weighted to compensate for the altered error function arising from trans- 
formation of a hyperbolic to a linear function 5. While this practice may be justified 
for data containing only random error the question arises as to its suitability for data 
containing both random and systematic errors. Values of k and K were obtained from 
equations z8, to 21 for several tenfold ranges in [S] using both weighted and unweighted 
linear least-squares fits of lines based upon I/V vs. I/[S] plots. It was found that 
either procedure could lead to values of k and K which were closer to the true values 
depending upon the particular range of [S] investigated. However, when equations 
z8 and 21 were employed the unweighted fits generally but not invariably led to more 
accurate values of k and K than did the weighted fits. Thus, it is clear that the 
practice of weighting to accommodate random error, when both random and systematic 
errors are present, is no panacea and if used must be used with discretion to avoid 
causing greater errors in the values of the kinetic constants than would obtain were 
it not used. 

Eqn. 2 may be extended to accommodate situations involving reversible in- 
hibition by reaction products or added inhibitorlTs. In the former instance eqn. 2 
may be modified to give eqn. 3. 

7’ = {k (KlI(Kl--)) CEI [SI)I{WWI + kl)IW~---1) + [Sl) + kA [Al (3) 

Evaluation of eqn. 3, with kA [A] defined as in Table I, K, = zK, K and 0.5 K, 
[ST] = K and with the values of k, K, f k Al, + k+ * kA3 and [E] used previously, 
was based upon the treatment of FOSTER AND NIEMANN~-12. In principle, the integral 
Jl (eqn. 3) dt was evaluated for kA [A] = o, to obtain values of t for arbitrarily chosen 
extents of reaction of 20 and 40 y/,. The integral f,’ (eqn. 3) dt was then evaluated 

Biochim. Biophys. Acta, 44 (1960) 143-1p 
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for values of t corresponding to those above to obtain apparent  values of [S'] that  
differed from those of [S] because of contributions arising from the term kA [A]. The 
slopes of ( [ S o ] -  [St])/t vs. (ln ([So]/[St]))/t and ( [ S o ] -  [S't])/t vs. (In ([So]/[S't]))/t 
plots ~-12, which were but slightly curved in the latter instance, were then used to 
arrive at an estimate of the apparent values of K '  1 relative to those of K1, for which 
kA [A] ---- o. I t  was found that  for equations 3a, 3b, and 3e K'z > Kz and for 3e, 
30 and 3t /~7'1 < K1. In other words, systematic error arising from no or under- 
correction of the enzyme or substrate blank reactions could lead one to over-estimate 
the magnitude of an apparent enzyme-product  dissociation constant whereas over- 
correction of either of the two blank reactions could lead to the opposite result. 

For an added inhibitor, eqn. 2 may be transformed into eqns. 4, 5 and 6, which 
may  be associated with "total ly competitive", "total ly non-competitive" 

v = {k [El [S]} /{K (z + [1]//42) + IS]} + kA [A] (4) 

v = {k [El [S]/(I + [ I ] /K~)}/{K + [S]} + k .  [A] (5) 

v = {k [El [S]} / {K + IS] (I + [I]/K,.)} + kA [A] (6) 

and "total ly uncompetit ive" inhibition respectively 1. Eqns. 4, 5 and 6 were evaluated 
for the values of k, K, ± kA1, zL kA2, z~ kA3, [El and IS] used previously but with 
(I + [I]/K=) = z.o, i.z, 2.0 and IO.O respectively. The data so obtained were pre- 
sented in I/V vs. I/IS] plots to produce six sets of curves, each set consisting of a 
family of four curves. When examined over a sufficiently wide range of IS] the non- 
linearity of each curve was readily apparent. However, in contrast to the case in- 
volving only IS] as the independent variable, vide ante, it did not appear to be worth 
while to a t tempt  to identify any of the above curves with those arising in the absence 
of a systematic error from a dependency upon IS] and [I] other than that  assumed 
in eqns. 4, 5 and 6 principally because situations involving a simultaneous dependency 
upon IS] n and [I] m are largely unexplored. Instead, attention was directed to the 
more immediate question as to the possibility of confusing one type of inhibition with 
another by examining a system over a sufficiently narrow range of IS] as to be led 
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b e t w e e n  i / I S ]  = 20 a n d  i o M -:t. 
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SYSTEMATIC ERROR IN ENZYME KINETICS 149 

to the conclusion that the dependence of v upon IS] and [I] was linear rather than 
non-linear. For each family of four curves two or more ranges of [S], each entailing 
a two-fold variation in IS], were selected as to encompass as large a portion of each 
curve without leading to negative values of v. Each of the four chords of the line 
segments associated with a particular range in IS]  was extrapolated to its inter- 
section with the other three chords as illustrated in Fig. 2. These points of intersection 
then were examined to determine their ability to simulate a single point of intersection 
and to determine their proximity to the I/V and I/IS] axes. This procedure was 
repeated for all other ranges of [Sl and for the other five sets of curves. This in- 
formation, interpreted in terms of type of inhibition simulated is given in Table I I I .  

TABLE III  

SIMULATION OF ALTERNATIVE TYPES OF INHIBITION 

AS the significance of the error term kA[A~ diminishes, simulation of alternative types of inhibition 
become less probable. However, even when this element of confusion becomes unimportant  

errors in the magnitudes if k, K and K 2 may persist. 

Eqn. kA[A J k A x [ E T ]  kAJEF] --kAt[ET] --kAjEF] kAt[S ] - -kAjS ] 

4 " C ' *  M**, (N)*** M** M** M** M** M**, (N)** * 

5 "N"§ M** N§§ M**,(C)***,(N)*** N§§ M**, N§§ M**, N§§ 

6 "U"§§§ X* X* M** M** M**,(N)*** X* 

* "Totally competitive" with systematic error. 
** Inhibition of mixed types, i.e., combination of partially competitive and partially non- 

competitive, etc. 
*** Fortuitous simulation for a singular range of IS], or more accurately ~S]]K. 

§ "Totally non-competitive" with systematic error. 
§§ No change in type but  only in magnitude of k, K and K 2. 

§§§ "Totally un-competitive" with systematic error. 
* No currently recognized type. 

I t  is evident from these data that situations interpreted as involving "totally non- 
competitive" inhibition require careful scrutiny in order to be certain that the 
type of inhibition and/or the magnitude of the inhibition constants are not a conse- 
quence of a systematic error arising from improper treatment of the enzyme or 
substrate blank reactions of a system which in fact may be "totally competitive" or 
"totally non-competitive" in basic character. 

In the preceding discussion particular attention has been paid to systematic 
errors arising from enzyme or substrate blank reactions because such reactions are 
a common feature of many enzyme catalyzed reactions. In particular situations 
other systematic errors may arise. For example, if the specific substrate or reversible 
inhibitor is in facile equilibrium with a form, e.g., a micelle, which interacts with the 
enzyme to a lesser degree than the monomer, K or K S will be over-evaluated since the 
observed values of v will exhibit the same dependencies upon IS] and [I~ as in eqns. I 
and 4 with kA [AI ---- o. Alternatively, if a systematic error is present which is pro- 
portional to v, i.e., eqn. 2 with kA EA] ---- kA~ v, then only the value of k will be in- 
fluenced and the plots will remain linear. An example of this situation would be a 
systematic error in the time scale. Similarly, a systematic error in the determination 
of IS] which is proportional to [Sl will be reflected only in the value of K. Finally, 

Biochim. Biophys. Acta, 44 (196o) I43-15o 
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when a reaction is followed spectrophotometrical ly b y  measuring - d  [S]/dt or d [P]/dt, 
most  departures from the BEER-LAMBERT relationship are representable by  an 
equation of the form ~C]obs.----- [C]aet. ± kB ~C] n which can be differentiated to 
dEC]obs./dt = d[C]act./dt :~ kB n [C]I -I  d~C]/dt. When  n = I, the systematic  error 
will be proport ional  to v and, hence, reflected only in the value of k. Determining 
d[P] /d t  when n ~ I will introduce no error since [P] = 0 at zero time. However,  
determining - -  d[S]/dt when n = 2 will give the rate expression the form of eqn. 2e 
or 2t, while other values of n, except n = o, will give somewhat  different curves 
when plot ted in the usual manner. 
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