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ABSTRACT: A new mathematical formalism is deduced which allows for the calculation okghever

Kwm ratio based on measurements of the enzyme kinetics with substrate concentrations much lower than
Km. The equations are also applied on the action of an inhibitor on enzyme activity yielding the binding
constantK;, of an inhibitor molecule. For practical evaluation of the new theoretical approach, the enzymatic
reaction of CD45 phosphatase was used as a well-characterized model system with known inhibitors for
testing theK value determination scheme. Tkg/Ky ratio was calulated to be 4 10° M~1 s71, the

K of the inhibitor molecule PKF52-524 was estimated to beZ)Lx 107 M and the association rate of

the inhibitor PKF52-524 to CD45 phosphatase was estimated to be 3%¥

The measurement of enzyme kinetics and the derivation First, it is more probable that substrate aggregates will be
of the Michaelis constanky,, and the turnover numbéek,y; formed which complicate the reaction mechanism, or even
is a standard approach in order to determine enzymerender the substrate incapable of being processed by the
efficiency. Brown () was the first who proposed a reliable enzyme. This would obscutéy andk., values since they
general model of enzyme action which was strictly intuitive would be determined without considering substrate aggrega-
and lacked a mathematical foundation. Then it was Henri tion. Second, at high substrate concentration, it becomes
(2) who advanced a mathematical treatment of this model more likely that more than one substrate molecule binds to
but he did not derive an analytical solution of the system of the enzyme. This could yield enzymsubstrate complexes
differential equations. Michaelis and Mente3) proved the which could be activated or inhibited compared to the
validity of Henri’s formalism by defined and controlled enzyme-substrate complex with 1:1 ratiy andkevalues
experiments. They assumed that the enzysbstrate  determined under these conditions would also be inaccurate.

complex was in equilibrium with the reactands. Haldane and  Third, if the substrate of the enzymatic reaction is a large
Briggs @) showed that the equilibrium concept of Michaelis molecule like for protein kinases or protein phosphatases,
and Menten was not essential and demonstrated that enzymeubstrate excess might be difficult to achieve experimentally.
action could be described satisfactorily using a steady-stateForth, in new detection methods for miniaturized screening,
approach. Their formalism is traditionally regarded and used |ike fluorescence correlation spectroscopy, low (nanomolar)
as that of Michaelis and Menten. The steady-state treatmentamounts of fluorescently labeled substrate are a prerequisite
is based on the hypothesis that the concentration of theto achieve single molecule detection conditions.

enzym&fsuhbstrate _comphlex does TOth chang(f:,-_ during d’ghe These arguments emphasize the requirement for evaluating
course of the reaction. The temporal change of intermediate g,y me reactions with low substrate concentrations, when

complex concentration should be small compared to the rateye yraitional Michaelis approach cannot be applied. Reiner
of substrate utilization. This point was elaborated by Wong ;4 schulz §, 7) used complex equations which took the
®)- mass conservation of substrate concentration into account
Traditionally, the most common way to determine the to analyze enzyme reactions. But these equations were not
Michaelis constant and turnover rate was to measure theconvenient to work with. In principle, the time course of
initial rate over a small range of the reaction for which the substrate, intermediate, and product can be compared with
change in substrate concentration is negligible compared toanalytical mathematical solutions of systems of differential
the total substrate available, which is usually much higher equations for enzyme-catalyzed reactions which are de-
concentrated than the enzyme. There are several drawbackscribed, e.g., by KucheBf and Cantor and Schimmed)(
associated with experiments using high substrate concentraor in this study (see eq 3). This kind of analysis of enzyme
tions. kinetics requires time-resolved data of at least one or, better,
two molecular entities involved in the enzyme reaction and
T would be an iterative troublesomely process. Forsblom et
o whom correspondence should be addressed. .
* EVOTEC Analytical Systems GmbH. al. (10) treated the elementary steps of single substrate
8 Novartis Forschungsinstitut. binding and catalytic cleavage of the substrate to the product
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by the eigenvalue approach. They have been able to analyze [TAMRA TRTARA
the kinetics of DNA cleavage by restriction endonuclease

EcaoRl at very low substrate concentrations. This approach 2 J ¢
was based on the assumption of a rapid preequilibrium and o) 4 —'\ g
not extended to enzyme inhibition. P‘g + N — P-3

In the present study a new formalism is deduced which = 3
allows for the calculation of thi.,; over Ky ratio based on ! §

measurements of the enzyme kinetics with substrate con- Enzyme
centrations much lower thaKy. An extension of our
approach allows the calculation of binding constants of
enzyme inhibitors from measurements of enzyme kinetics
in the presence and absence of inhibitor molecules.
For practical evaluation of the new theoretical approach
the enzymatic reaction of CD45 phosphatase was used as a
well characterized model system with known inhibitors for
testing theK| value determination scheme. CD45 phosphatase

plays a pivotal role i_n antigen stimulat_ed proliferation_ of Reaction Conditiongn the majority of the enzyme activity
T_-Iymphocytes. It activates two src-family protein tyrosine experiments, 12.5 nM TAMRA-Ick-peptide and 10 nM CD45
kinases Fyn and Lck by dephosphorylating the negative yyrosine phosphatase where incubated at22 °C). The
regulatory tyrosine residu.p). reaction was stopped by the addition of a mixture of 100
MATERIALS AND METHODS nM antiphosphotyrosine antibody and 30 mMQ4 (Figure
1). The percentage of slow diffusing complexes consisting

The plasmids for bacterial expression of the D1D2 catalytic of antibody and unprocessed substrate peptide was measured
domains of human CD45 under control of the T7-promoter ysing FCS. Mean diffusion times of unbound substrate
were obtained from H. Saito (Dana Farber Cancer Institute). peptide and the complex comprising peptide and antibody
CD45 PTPasewas purified fromEscherichia coliBL21 through the observation volume were (18®) and (570t
cultures by ammonium-sulfate precipitation and three chro- 2g) s, respectively.
matographic separations on DEAE sepharose, blue sepharose, pData Evaluation. Evaluation of the autocorrelation curves
and phospho-cellulose columns, respectivdlg, 13). The  was carried out with a Marquardt nonlinear least-squares
final enzyme preparation was80% pure as indicated by fitting routine using the following two-component model
Coomassief/silver staining after SBBAGE under reducing  corresponding to free and bound TAMRA-Ick-peptide:
conditions. The enzyme stock solution (2§mL in 16 mM
Tris-HCI, pH 8, 1.25 mM EDTA, 25 mM NaCl, 5 mM
2-mercapto-ethanol, and 50% glycerol) was stored frozen
in aliquots at—80 °C.

The labeled Ick-peptide substrate, 5,6-TAMRA-6-Ahx- 1-Y +
TEGQY(PQH,)QPQP, containing a phosphorylated tyrosine
was synthesized at Novartis according to standard peptide (1 + LJ
synthesis procedures. The peptide concentration was calcu Tire
lated from its dry weight. The calculated concentration agreed
with the particle number of the FCS experiment with a
confocal volume element of 0.5 1075 L. The inhibitor whereT is the average fraction of dye molecules in the triplet
PKF52-524 had been identified in an ELISA-based high state with relaxation timer, N is the total average number
throughput screen at Novartis Forschungsinstitut. Anti- of fluorescent molecules in the observation voluMés the
phosphotyrosine antibody (PT 66) was purchased from relative concentration fraction of bound TAMRA-Ick-peptide
SIGMA. Its concentration was determined using the BCA with respect to the total peptide concentratiofe andznound
protein assay of Pierce. Simulations were done using thedefine the average diffusion times for detected free and bound
program MathCad (MathSoft). Enzyme kinetics were mea- peptide molecules, respectively, andindz, are the lateral
sured using Fluorescence Correlation Spectroscopy (FCS)and axial distances between the coordinate where the
and the experiments were carried out on a ConfoCor (Carl Gaussian emission light distribution attains the maximum
Zeiss, Jena/EVOTEC BioSystems AG, Hamburg) equipped value and the point where the light intensity decreases to
with helium—neon laser (543 nm line, Uniphase), C- 1/e? of the maximum value (observation volume). Equation
APOCHROMAT 40x/1.2 objective (Carl Zeiss Jena), inter- 1 is only valid, if the relaxation timecnem Of the chemical
ference filter 605DF50 (Omega) and a pinhole with40 reaction between free and bound TAMRA-Ick-peptide is
diameter. The photon count signals were autocorrelated overmuch larger than the diffusion timegz. The Ky of the
a period of 20 s. antibody antigen interaction is about 1 nM. With a diffusion-

controlled association rate of 1M~! s* the dissociation

1 Abbreviations: TAMRA, tetramethylrhodamine; Ahx, aminohex-  rate is calculated to be 1®s™1. Using a concentration of

anoic acid; ELISA, enzyme-linked immunosorbent assay; FCS, fluo- 100 nM of antibody and 12.5 nM TAMRA-Ick-peptid&nem

rescence correlation spectroscopy; SIPRGE, sodium dodecyl — can pe estimated to be roughly 1 s, which is much larger
sulfate-polyacrylamide gel electrophoresis; Tris, tris-(hydroxymethyl)- ’

aminomethane; EDTA, ethylenediaminetetraacetic acid; DEAE, di- thantair of the antibody-peptide Complex (57). There-
ethylaminoethyl; PTPase, protein tyrosine phosphatase. fore, eq 1 can be applied to all experimental data.
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Ficure 1: CDA45 phosphatase assay scheme.
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Algorithm for derivation ofk:o/Km andK; much belowKy

SimulationsThe system of ordinary differential equations
which describe the Michaelsvienten model have been
solved numerically using the Rosenbrock methad) (in
order to calculate the temporal change in concentration of

the molecular species under investigation during the course

of the reaction. The differential equations of the enzyme
reaction with competitive inhibition are summarized in eq
3.

RESULTS

Theory.The conventional MichaelisMenten model with
competitive inhibition (eq 2) is the basis of the following
mathematical transformations which yield a simple expres-
sion for the description of enzyme reaction at substrate
concentrations significantly below th&,

Ky Kea
E+S<k:>ES—>P+E
X 0
+1 k_ﬁk»_—I @
EI

where E= enzyme, S= substrate, ES- complex of E and

S, P= product, I= inhibitor, EI= complex of E and I. The
sequence of chemical reactions as depicted in eq 2 is
described by the following system of ordinary differential
equations (eq 3):

% = —K[EI[S] + (K1 + ke [ES] —

K[EI[N + k_[Ell
% = K [E][S] + k_,[ES]
A=l rEns] - (k ; + kIES]
) iEs) @
% = —K[E][N + k_[EN
A — i - e

with the initial conditions as [RB]= 0, [ES}h = 0, and [El}p
= 0 and the conservation laws as [E][E]o — [ES] — [El],
[S] = [S]o — [ES] — [P], and [I] = [I]o — [E].

Enzyme Reaction without Inhibitor (j}= 0). Under the
conditions of very low substrate concentration and catalytic
enzyme concentration, it is assumed that only a small fraction
of the available enzyme is utilized ([E$] 0) and that the
intermediate concentration [ESk [E]o, [S]lo during the
measurement. Therefore, [E [E]o. The assumption is
verified by simulations of the time course of ES. (For
example, itk =10 M ts k1 =10*s?, kege= 300 s,

[Slo = 12.5 nM, and [E] = 10 nM, then the concentration
of intermediate ES is less than 20 M after 50 s, when the
first FCS measurement is carried out.)

If [E] = [E]o, then
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A ESI+ (ky + kIESI=0
~ [ES] =%1km[E]o[S] @
Substitution into d[P]/tl= ke Yields

T ) ©
Simple transformations yield

The analytical solution of the differential equation d[$]/d
= [(—kikead/(k-1 + kead][E]o[S] with respect to substrate
concentration is

151 = [Skexi{ ]
with

= k*l + kcat= KM
klkcal[ E] 0 kcal[ E] 0

This means that the ratio of turnover numlies and the
Michaelis constanky which characterizes the efficiency of
a certain enzyme can be simply calculated from the time
constant of the enzyme kinetics, if the enzyme concentration
is known.

Enzyme Reaction with Inhibitofhe impact of an inhibitor
on the enzymatic activity is usually measured after mixing
of the inhibitor with substrate and initiating the reaction by
subsequent addition of enzyme. Given a very low substrate
concentration and a slow association rate, this leads to a
complex time course for the molecular species involved. If
the chemical equilibrium between inhibitor and enzyme is
established before the reaction is started by addition of
substrate, the following presuppositions and assumptions can
be made in order to simplify the equations which allow for
the calculation of the equilibrium constant of the inhibitor,
Ki:

(7)

1. 10> [Elo

2. [ES]< [E],, then [E], = [E] + [EI]

dlEl] d[E]
Tdt a0 ®)
Ki is defined to be the ratio d€_i/k;. Therefore,
_ki B, o [Eldll
Tk e K+ 1], ©)

The enzyme concentration does not change (see above):

d
I8 S + (ks + kIEST -

K[EIl + ky[Ell =0
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ES]= L E][S
[ES]= ¢ _[EIS]
K [Elol1]
<[ES]= mt[s] ]o - mu (10)
Since d[S} dt = - d[P]/ dt, the following equations can
be deduced:
d[s d[P
a8 T ke
dS] kit . [Eloll] o
T kG kca#s]Eh0 TR oD -
_dis]_ —ka] Mo
a Ky Br K, + [|]0Eh°[s]
The solution of the differential equation is
[S] =[S, exp(—%) with 7 = Al (12)

kcat[E]OH o %D

The ratio of the time constants in the presence)((see eq
12) and in the absence of inhibitar—() (see eq 7) is given
below:

K

1
Ty K+l
Rearrangement of the equation yields

1— -l
+1

[lo=K; W

+I
Range of Validity of the Equations. preassumption of
eq 7, which describes the enzyme kinetics, is that [ES]

(13)

[E]o. This means that the enzyme kinetics is independent of
substrate concentration. The amount of [ES] increases if
higher substrate concentrations are used. To determine the
limitation of eq 7 with respect to substrate concentration,
the enzyme kinetics were simulated using the parame&ters

=10M st k;=10's"! k=300 s?, and [Ep = 10

nM. From the rate constant&y can be calculated to be
1.03 mM. The simulated time course of product concentration

Meyer-Almes and Auer

Table 1: Ki-Values Calculated for Measurements with Different
Concentrations of PKF52-524 According to Eq 13

inhibitor concentration [{ («M) Ki(10"M)

15!
5.8!
2.1
5 1.9
1.0

A WWN P

Table 2: Deviation of Fit Enzyme Reaction Time Constarfitom
Eq 7

[S]o (M) 7(s) deviation (%)
108 343 0
107 343 0
10°¢ 343 0
105 345 0.6
104 363 5.8
1073 538 57
1072 b b

aDeviation of fit enzyme reaction time constanfrom eq 7 with
respect to substrate concentration,[8} = 1.03 mM, [Ep = 10 nM,
keat = 300 s*. P Product formation is no longer described by a single
exponential

A plot of [I]o versus [1— G—/t+V[@- )/t Os linear with
a slope ofK; and an intercept of O (eq 13). The theory has
been tested by simulations of the kinetics of the enzymatic
reaction at several inhibitor concentrations.

Equation 13 describes the impact of competitive inhibitors
on the activity of an enzyme when the substrate concentration
and enzyme concentration are much smaller #arand if
K > [E]o

In fact, the agreement between simulated and fitted
values K; is identical with the slope of a plot of [Jversus
[1 — @/t E_/r+) is perfect when [E]= 10 nM and
Ki = 1 uM (Figure 2A). If K; = [E]o = 10 nM, the data
begin to deviate from the theoretical linear behavior, but the
deviation between inpW; and fit K; remains small (theoreti-
cal, 10 nM; calculated, 10.9 nM; Figure 2B).Kf is chosen
to be 1/10 of [E} (Ki = 1 nM and [E} = 10 nM), a plot of
the simulated data curves downward in a concave manner
and clearly deviates from linear form. TKgobtained when
fitting a selected range of data is significantly different from
the input value used for the simulation procedure (Figure
2C).

In summary, deviation from the linear behavior of a plot
of [I]o versus [1— -/t -/t Oindicates aK; lower
than the starting concentration of the enzymep[All K;
values higher or equal than [an be calculated from the
slope of the plot with less than 10% deviation from the
theoreticalK; value.

is fit using a monoexponential function with time constant
7. Various substrate concentrations and the correspondinggypeRIMENTS:

time constants are summarized in Table 2. The time constant

is virtually independent of substrate concentration unti} [S] Enzyme Kinetics of CD45 Phosphatasae dephospho-

= 0.0Ky. At [S]o = 0.1Ky, the deviation from eq 7 is 5.8%, rylation kinetics of the TAMRA-labeled Ick-peptide substrate
which could be of sufficient precision for most applications. by CD45 phosphatase was measured by mixing substrate and
But at [Sp = Ku, the deviation between simulated time enzyme and by stopping the reaction after different points
course and eq 7 is 57%, which reflects the influence of the in time by adding a mixture of 100 nM antiphosphotyrosine
substrate concentration. If even higher substrate concentraantibody and 30 mM kD,. The CD45 phosphatase was
tions, e.g., 1By, are used the exponential increase of product completely inactivated within less than 1 min, whereas the
concentration becomes linear and eq 7 is no longer able tobinding of anti-phosphotyrosine antibody to phosphorylated
describe the data. peptide substrate was not disturbed. The dephosphorylation
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A 10 80
-
g | Y
= 60-
S a
[=]
S Y % 40+
v = 1 uM
2 _g’ ® 25 ﬂM
0 2 20- A 4 M
7] v 5 uM
> ® 6 M
B 0.10 1 ; X 75 zM
0
< 008 o 10 200 30 400
2 006 Time / min
= Ficure 3: Binding degree of TAMRA-Ick peptide to the anti-
o 0041 phosphotyrosine antibody is plotted versus time. The association
kinetics of 10 nM CD45 phosphatase and different concentrations
0.02 + of inhibitor PKF52-524 has been measured by incubating the
enzyme and the inhibitor for the noted periods of time and
0.00 - ' ' ' ' performing a subsequent enzyme reaction on the TAMRA-Ick
peptide for 20 min at (22 2) °C.
C 20 4
association and dephosphorylation were started at the same
15 | time by addition of CD45 phosphatase.
= To estimate the association rate, the inverse time constants
= 1. of the association curves were plotted against the starting
L concentration [IJ of PKF52-524. Since [fjwas much higher
© 5 ] than [E], pseudo-first-order conditions were fulfilled and
the slope of this plot should be the association rate according
o to the following equation:
0 2 4 6 8 10 12

1
(1=t 1t Wt ik,) ~ = Kasdll o+ kiss (14)
FiGure 2: Starting concentrations of inhibitor are plotted versus
(1 = 7-/t)/(z-/74). Wherer- andz,. denote the time constants of  The deduced association ratgss is 59 M s The

simulated substrate turnover in absence and presence of inhibitor. y; - ) ; : .
Simulated data of enzyme kinetics are #8)= 1M, (B) K; = 10 dissociation ratekyss cannot be determined with sufficient

nM, (C) Ki = 1 nM. The off rates (Ak_; = 103 s°1, (B) 105 precision because the value appears to be close to zero and
s71, (C) 1076 s2 of the inhibitor enzyme complex were used. The the inaccuracy in the estimation of the intercept is relatively
following parameters were used in simulations@: [E]o = 10 large. A smalkgissis consistent with the low.ssand a small

nM, [Slo = 12.5 nM,k; = 10/ M2 573, ko = 10° 571, kege = 300
s1, k= 1000 M1 s71, The data points in panels A and B were fit
by linear regression.

Ki. This association rate is very small compared to a diffusion
controlledkassof about 16 M~ s71,

The point in time when chemical equilibrium between
kinetics fits well to a monoexponential decay with a time inhibitor and CD45 phosphatase is reached, which is the
constant of 214 s at [E}= 10 nM. Therefore, théca: /Ku presupposition for the formalism developed in eq 13, can
ratio is estimated to be 4.¥ 10° M~1 st using eq 7. be deduced easily. If prolonged incubation times between

Association Kinetics of PKF52-524 and CD45 Phos- inhibitor and enzyme do not cause a further change in
phataseAfter incubating a mixture consisting of 10 nM LCA  enzyme kinetics, chemical equilibrium conditions are achieved.
and different concentrations of inhibitor for various lengths  Estimation of the KValue of the Inhibitor PKF52-524.
of time, 12.5 nM TAMRA labeled Ick-peptide substrate was Equation 13, which describes the kinetic behavior of enzymes
added. The enzyme reaction was stopped after 20 min byin the presence of very low substrate concentration, was
adding a mixture of 100 nM anti-phosphotyrosine antibody applied to the CD45 assay. To fulfill the required preas-
and 30 mM HO,. The degree of binding was measured using sumptions for the theoretical treatment, CD45 phosphatase
FCS (see Figure 3). The inhibitor PKF52-524 and CD45 and different PKF52-524 concentrations were incubated long
phosphatase associate with an unusually low association rateenough to achieve chemical equilibrium. In our experiments,
Even at relatively high inhibitor concentrations, e.qg., i\, dephosphorylation was initiated by the addition of TAMRA-
the time constant for the kinetics was 46 min, which means Ick-peptide substrate after 14 h incubation time. The reaction
that the dephosphorylation kinetics (time constant for was stopped at different time intervals by addition of an
substrate turnover with [} 10 nM and [S§ = 12.5 nM antibody/HO, mixture, and FCS measurements were taken.
is about 3.6 min) is much faster than the association of the The time courses of enzyme reactions in absence and
inhibitor. This explains the fact that in initial experiments presence of various concentrations of PKF52-524 are shown
no significant inhibition could be observed when TAMRA- in Figure 4. The corresponding time constants were used to
Ick peptide and PKF52-524 were premixed and both inhibitor calculate the; for different inhibitor concentrations (Table
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80 from Michaelis-Menten kinetics upon substrate aggregation

| are revealed in experimental examples at high substrate
concentrations. Characteristic examples comprise the strong
impact of cholesterol aggregation on its oxidation by

~
o
i

- Inhibitor (t= 0.9 min)
1 UM (= 1.5min)
2 PM (t= 4.0min)

P

+ o4 ponm

fa 50 3 uM (c=137 min) cholesterol oxidaselg) and apparent substrate inhibition of
2 | 35uM (:=17.1min) the enzymes esterase E-119}, f-galactosidase?(), and rat
§s 40- 4 pM (v=38.1min) tissue kallikrein 21). Also the low solubility ofp-nitroaniline
> 20 which can be generated, e.g., by chymotrypsin hydrolysis
§ | of p-nitroanilide @2) could cause problems at high substrate
.5 204 concentrations.
10 In addition, low substrate concentrations are a prerequisite
1 to apply single molecule analysis techniques such as FCS,
0 Mva b ¥ e — since this confocal method works effectively only at suf-
0 10 20 30 40 50 60 70 80 90 100 110 ficient low concentrations of fluorescently labeled substrate.
Time / min These arguments emphasize the requirement for evaluating

FIGURE 4: Binding degree of TAMRA-Ick peptide to the anti- €Nnzyme reactions with low substrate concentrations, when
phosphotyrosine antibody is plotted versus time. The data depictthe conventional Michaelis approach cannot be applied. At
time courses of the dephosphorylation kinetics of 12.5 nM TAMRA-  sufficiently low substrate level, the substrate concentration

Ick peptide substrate using 10 nM CDA45 phosphatase in absencejecreases significantly in the early phase of the reaction.

and presence of various concentrations of the inhibitor PKF52- . . - . . .
524 at (22+ 2) °C. Simultaneously, the intermediate concentration rises rapidly

within milliseconds and decays again after reaching a

1). TheKs, calculated for each inhibitor concentration range Maximum with a rate which is similar to that of product
between 1x 10-7 and 2x 10~7 M with exception of those formation. Often there is on_ly a short time perlod (a few
for the two lowest concentrations, which are significantly S€conds or less) during which the change in intermediate
higher. Maybe one reason for this observation is that the concentration is approximately zero (d[ES]# 0). There-
chemical equilibrium between CD45 phosphatase and PKF52-f0r€, steady-state conditions are in many cases only met
524 was not reached, resulting in excessively rapid dephos-Within a short time window, which is not known before the
phorylation kinetics. Another more plausible reason for the €NZymatic parameters have been determined. There are
downward concave curvature could be that PKFE52-524 difficulties in the determination of true initial rates. It is
adsorbs or decays at lower concentrations which leads to an€cessary to check that the change in substeteyme
higher free enzyme concentration and thus faster dephos_complex concentration during the period of initial rate

phorylation kinetics. This hypothesis is supported by the fact Measurement is sufficiently small so that the observed rate
that PKF52-524 which is stored several hours in a micro- IS correct for each specified value of substrate concentration.

zentrifuge tube loses its inhibitory activity. If the data for 1 After a preliminary estimate fdfw andVmay, one can readily
and 2uM PKF52-524 are neglected because of suspectedcalCU|ate whether these parameters would cause a significant

enhanced surface adsorption or chemical destructiorithe ~ deviation from steady-state conditions. An expendable
at the higher inhibitor concentrations, which are quite inStrumentation (e.g., stopped flow) would be required in

consistent, should give an estimate fqr order to ensure very fast and efficient mixing and to enable
measurements of the product formation within the time range,
DISCUSSION for which steady-state conditions are given. Several attempts

for the treatment of enzyme kinetics at low substrate

The kinetic properties of enzymes are conventionally concentrations have been made: Substitution of a substrate
analyzed in the steady-state according to the Michaelis conservation expression into the Michaelis equation for the
Menten model. The concentration of substrate is in excessconcentration of the intermediate [ES] yields a rather
over the enzyme concentration allowing for simplification Comp|ex po|ynomia| which is an appropriate expression for
of the mathematical description.This enables the simple the rate of the reaction when the assumption [S][E]o is
evaluation of characteristic parameters such as the turnovemnot satisfied:
number and the Michaelis constaldt,, allowing to compare
the activities of different enzymes. The impact of inhibitors Kea
on enzymatic activity can easily be deduced from the altered v = 7T(Km +[S] + [E]) —
kinetics on varying inhibitor concentratiod, 16).

Ky and ke values determined under high substrate \/(Km+[5]+[E])2—4[E][5] (15)
concentration conditions could be disturbed due to the
possible formation of substrate aggregates or deviation fromThis extended Michaelis equatio8, (7) is not convenient
1:1 enzyme substrate complex ratio. These problems areto work with. When substrate and enzyme levels in non-
treated in detail by Teasdale et al7). It is emphasized  steady-state conditions are used, the rate equations can
that for systems in which the possibility of substrate become so complex that special and tedious numerical
aggregation has not been dismissed on other valid groundsprocedures must be followed to obtain solutions. Another
and particularly where kinetic data are characterized asrealistic mathematical model for low substrate concentrations
negatively cooperative, substrate aggregation should certainlywas derived by Forsblom et all@), which helped to
be considered. Self-association is known to occur widely with understand the dynamic processes involved in the cleavage
large or small molecules. Deviations of enzyme behavior of DNA from Adenovirus Type 1, Type 5, and Type 6 by
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the restriction endonucleag&edRl. Under the assumptions based on X-ray or NMR-structure data and molecular
of constant enzyme concentration and a rapid preequilibrium modeling @6).

between enzym, substrate and their intermediate complex

an eigenvalue approach revealed an expression for the CONCLUSION

experimental cleavage rate+ ([E]kea)/([E] + Kum)] which A mathematical formalism that can be applied to enzyme
is similar to eq 7. Forsblom’s equation was used for example reactions with substrate concentrations much smaller than
to analyze the exonuclease activity of T7-DNA polymerase the Michaelis constariy has been developed and experi-
by Fddes-Papp et al.2Q). mentally tested. Experimental data of CD45 phosphatase
Within this study a new simple mathematical expression enzyme activity could be well explained by the theoretical
is deduced which enables the calculatiokgfKu from the expressions deduced. Using our novel algorithm the enzyme
transient kinetics of substrate turnover at substrate concentrareaction was characterized in termskgf overKy ratio (4.7
tions much belowKy where the intermediate concentration x 10° M~1s7%) as well as association rate (59-Ms™%) and
[ES] is much smaller than the substrate and enzyme inhibition constantK; [(1—2) x 107 M] of the test
concentration. In contrast to the eigenvalue approach of compound PKF52-524. Our approach opens new quantitative
Forsblom there was no assumption of a rapid preequilibrium access to enzyme reactions and their inhibition using natural
necessary for the derivation of eq 7. Equation 7 is valid even substrates which do not generate a chromogenic or fluoro-
if the relaxation time of the preequilibrium is assumed to be genic signal change. Since FCS allows for very short
larger than M., €.9., for very smalk-;. The mathematical ~ measurement times of less tha s with high precision, the
treatment was also extended to enzyme inhibition and to anmethod for determining<; values of potential inhibitor
expression for the accurate determinatiorKof molecules provides for a new quality in high-throughput
This formalism can be applied to all enzyme reactions for compound screening in enzymatic assays.
which the turnover of small substrate concentrations is to
be determined. The new algorithm is particularly useful for ACKNOWLEDGMENT
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