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ABSTRACT: The kinetics of the binding of MDL 27048 to tubulin have been studied by fluorescence stopped
flow. The binding is accompanied by a fluorescence increase. The time course can be described by a sum
of two exponentials, assumed to be due to the presence of two major tubulin isoforms. The observed rate
constants depend in a nonlinear way on the concentration of MDL in pseudo-first-order conditions. This
concentration dependence can be described by the presence of a fast equilibrium of low affinity, followed
by an isomerization of the initial complex. The dissociation kinetics have been studied by displacement
experiments, in which MTC was used as a competitive ligand. The reaction enthalpy change for the first
binding equilibrium and the activation energies for the forward and reverse steps of the isomerization were
determined from the temperature dependence. This was possible for the two tubulin isotype populations.
The kinetics of the binding of MDL to tubulin are slowed down in the presence of 3/,4’,5-trimethoxyac-
etophenone, a fast binding analog of the colchicine A-ring, but are not influenced by the binding of tropolone
methyl ether, indicating that the binding site of MDL has the A-subsite in common with colchicine, but
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not the C-subsite.

The binding to tubulin of colchicine and related molecules
has been studied in great detail. Equilibrium measurements
were performed for those molecules as well as for constituent
separated rings (Bhattacharyya & Wolff, 1974; Andreu &
Timasheff, 1982a,b; Medrano et al., 1989). Stopped-flow
kinetic studies allowed the binding mechanism to be dissected
further into two steps: a fast initial binding of relatively low
affinity followed by a rather slow conformational change of
the initial complex (Garland, 1978; Lambeir & Engelborghs,
1981). The analysis of the kinetics was further complicated
by the presence of parallel reactions, which were interpreted
as belonging either to two major tubulin isoforms or to two
states in slow equilibrium. Later on it was proven that the
two parallel phases were due to separable tubulin isoforms
(Banerjee & Ludueiia, 1987). The temperature dependence
of the equilibrium constants and the kinetic parameters
obtained from stopped flow experiments allowed the deter-
mination of the thermodynamic parameters of the individual
steps (Lambeir & Engelborghs, 1981), i.e., the reaction
enthalpy of the initial fast equilibrium and the activation
parameters for the second step. The strong resemblance
between the thermodynamic parameters of the initial step
obtained from kinetics and the binding parameters for
tropolone methyl ether (Medrano et al., 1989) led Andreu
and Timasheff (1982a) to suggest that the first step of
colchicine binding must be due to its interaction with the
tropolone ring.
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MTC! is a simple bifunctional analog of colchicine, lacking
the middle ring (Fitzgerald, 1976). A thermodynamic study
of its binding to tubulin was performed (Menendez et al.,
1989). A kinetic study of this compound (Bane et al., 1984;
Engelborghs & Fitzgerald, 1986, 1987) revealed interesting
differences between MTC and colchicine (See Discussion)
and warrants further study of analog compounds.

MDL 27048 is a new antimitotic drug, the structure of
which is described in the preceding paper and which has the
methoxy benzene (A) ring in common with MTC and
colchicine. However, MDL 27048 has only two methoxy
groups in para position relative to each other. Anequilibrium
binding study and a detailed description of its action on
microtubules is presented in the preceding paper (Peyrot et
al.,, 1992). Its in vivo effect on PtK2 cells is described by
Peyrot et al. (1989).

Compared to the overall equilibrium binding studies, a
detailed study of the kinetics of MDL 27048 binding will
reveal more details of the mechanism of its interaction with
tubulin. Hopefully, individual parameters can be obtained
for two subpopulations of tubulin isoforms, if the kinetic
parameters are sufficiently different. Competition experi-
ments with the constituent rings of colchicine will reveal which
subsites of colchicine are involved in the binding site of MDL
27048,

MATERIALS AND METHODS

Microtubule protein was purified from pig brain homo-
genates by two cycles of temperature-dependent assembly/
disassembly according to the method of Shelanskiet al. (1973)

! Abbreviations: MDL 27048, trans-1-(2,5-dimethoxyphenyl)-3-[4-
(dimethylamino)phenyl}-2-methyl-2-propen-1-one; MTC, 2-methoxy-
5-(2’,3’,4’-trimethoxyphenyl)tropone; TMA, 3/,4’,5'-trimethoxyacetophe-
none; TME, tropolone methyl ether.
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and modified as previously described (Engelborghs et al.,
1977). Glycerol was added only in the first cycle to increase
the yield. This preparation contained about 15% of micro-
tubule associated proteins (MAPs). Protein concentrations
were estimated by the procedure of Bradford (1976).

Pure tubulin was obtained by phosphocellulose chroma-
tography (Whatman P11) according to Weingarten et al.
(1975) and gel filtration chromatography on Sephadex G-25
in Mes buffer. Its purity was checked by SDS electrophoresis.
The concentration of pure tubulin-GTP; and free nucleotide
was determined by two-component analysis using the measured
absorption at 278 and 255 nm and the following extinction
coefficients: for tubulin 1.2 (mg/mL)! cm™ at 278 nm
(Harrisson et al., 1976) and 0.65 (mg/mL)~! cm™! at 255 nm
(own calibration with Sephadex G-25 purified tubulin-GTP,
complex) and for GTP 12.17 and 7.66 mM~! cm™! at 255 and
278 nm, respectively.

All kinetic studies were done with pure tubulin in a buffer
consisting of 50 mM Mes, 70 mM NaCl, 1 mM MgCl;, 1 mM
EGTA, and 1 mM NaNj, adjusted to pH 6.4 with NaOH and
to 10% DMSO upon mixing in the stopped flow. The ionic
strength of this buffer was 0.1 M. GDP was added to a final
concentration of 1 mM to prevent polymerization.

MDL 27048 was a gift of Merrel Dow Laboratory. An
extinction coefficient of 21.0 £ 1.1 mM~! cm™! at 398 nm
(Peyrotetal., 1989) was used. It was dissolvedin DMSO and
diluted in MES buffer adjusted toa final DMSO concentration
of 20% (v/v) before the 2-fold dilution in the stopped flow.

MTC wasa gift of Dr. T. J. Fitzgerald (College of Pharmacy,
Florida Agricultural and Mechanical University, Tallahassee,
Florida). Its concentration was determined spectrophoto-
metrically with an extinction coefficient of 18.8 mM™! cm™!
at 350 nm (Bane et al., 1984). TME was also prepared by
Dr. T. J. Fitzgerald, as described by Andreu and Timasheff
(1982a), and its purity was checked by NMR. An extinction
coefficient of ez36nm = 25.9 mM-! cm! was used (Andreu &
Timasheff, 1982a).

Colchicine was purchased from Aldrich Chemical Co. Its
concentration was determined spectrophotometrically with
€3500m = 16.6 MM~ cm™!. TMA was purchased from Janssen
Chimica.

The kinetics of the binding were measured in a stopped
flow apparatus described elsewhere (Lambeir & Engelborghs,
1981). For MDL binding studies, excitation was done at 440
nm, and emission was collected through a Kodak Wratten
filter nr 4 (cutoff below 480 nm). For colchicine binding
studies, excitation was at 380 nm, and a Kodak Wratten filter
nr 2B (cutoff below 395 nm) was used in the emission pathway.
The dead-time of the instrument was determined with the
reaction of N-bromosuccinimide with N-acetyltryptophana-
mide (Peterman, 1979) and was found to be around 1.5 ms.

The kinetic curves were analyzed for multiple exponentials
by nonlinear least-squares fitting based on the Marquardt
algorithm (Bevington, 1969). The concentration dependence
of the observed rate constants was fitted using the program
Sigmaplot.

RESULTS

Figure 1 shows the time course of the increase of MDL
27048 fluorescence when binding totubulin. The fluorescence
increase has to be fitted with a sum of two exponentials, based
on the value of the x2 and on the spreading of the residuals:

F=F,+ AF;exp(—ky, ) + AF exp(—kq,, ) (1)
where F, is the fluorescence at time zero and AFy, Kops g, AF,
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FIGURE 1: Fluorescence increase upon the binding of MDL 27048
(25 uM) to tubulin (5 uM), observed in the stopped flow experiment
at 25 °C. The experimental curve is fitted to a sum of two
exponentials. The calculated rate constants are Kops faee = 1.32 £ 0.10
s~ and Kopsslow = 0.27 £ 0.05 571, The residuals (experimental curve
— calculated curve) are 4-fold amplified and plotted near the origin
of the Y axis. The full line represents the residuals for a two-
exponential fit, the dotted line for a single-exponential fit.
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FIGURE 2: Nonlinear concentration dependence of the observed rate
constants (ko) for the binding of MDL to the fast- and the slow-
reacting isoforms of tubulin. Measurements were done at 313 K.
(O) Fast phase; (O) slow phase.

and kopss are the amplitudes and the observed rate constants
of the fast and slow phases, respectively. Figure 2 shows the
concentration dependence of the observed rate constants for
the two phases. Both show a very pronounced deviation from
the linear relation expected for a simple pseudo-first-order
concentration dependence. Therefore, for each phase, the
following two-step mechanism is suggested, analogously to
colchicine binding (Garland, 1978):
K ky
T+ MDL = T-MDL ;——‘ T-MDL* 2)
-2
where K; is the association constant for the first fast
equilibration stepand k; and k_; are the forward and backward
rate constants for the isomerization of the initial complex.
For such a scheme, the following rate constant can be derived
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FIGURE 3: Displacement of bound MDL by excess MTC at 30 °C.
The fluorescence decrease is shown, with the fit to the sum of two
exponentials. The observed rate constants are 0.049 & 0.009 5! and
0.017 £ 0.001 s™!. The remaining least-squares sum was 367 for a
single- and 323 for a double-exponential fit. The residuals (exper-
imental curve — calculated curve) are 4-fold amplified and plotted
near the origin of the ¥ axis. The full line represents the residuals
for a two-exponential fit, the dotted line for a single-exponential fit.
The single-exponential fit is practically as good and gives rate constants
12% higher than those of the slow phase.

(Garland, 1978):
ko = k_, + k,K,[MDL}/(1 + K,[MDL]) 3)

As in the case of colchicine and its bicyclic analog (MTC),
the two phases are attributed to the presence of two major
isoforms of tubulin. So, for each isoform, the same equation
for kss can be used. The intercept characterizing the
dissociation rate constant (k-;) is too small to allow for an
unambiguous determination in this way. Therefore, the
dissociation rate constant was determined by displacement
experiments, where an excess of MTC is added toa preformed
complex of tubulin and MDL 27048. Bound MDL will then
be replaced by MTC (Peyrot et al., 1992). When the overall
association rate of MTC [(K;k2)mtc[MTC]] is much larger
than the overall association rate of MDL [(K;k>)mpL [MDL]],
every dissociating molecule of MDL will be replaced by a
molecule of MTC, and the dissociation of MDL will be the
rate-limiting step. In our conditions of 12.8 uM MDL 27048
and 3.85 mM MTC, at 25 °C,

(K, ky)yyrc[MTC] =273 M X 58.5 57! X 3.85 X
10°M =61.55""
and

(K k)yp [MDL] = 2.5 X 10° M™" X 2.14 57! X 12.8 X

10°M = 0.684 57"
Consequently, the observed rate constant Kqps equals k5. A
typical fluorescence curve is shown in Figure 3. Fitting the
data with a sum of two exponentials gives a much smaller
residual least-squares sum and a somewhat better spreading
of the residuals than with one exponential, despite the fact
that the two rate constants do not differ more than a factor
of 2-4. (Since the rate constants are so close, this splitting
in two exponentials is not essential.)
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FIGURE 4: van’t Hoff plot for the initial low-affinity equilibrium

binding of MDL to tubulin, for the fast (O) and slow (@) reacting
isoforms of tubulin.
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FIGURE 5: Arrhenius plot for the rate constants of the conformational
change of the initial complex in forward (O and @ = k,) and backward
(O and M= k_,) direction for the fast (open symbols) and slow (filled
symbols) reacting isoforms of tubulin.

The study of the binding kinetics at different temperatures
allows for the calculation of the AH®; of the fast initial
equilibration and the activation energy AE, , of the confor-
mational change in the association direction. The activation
energy (AE, ;) of the conformational change in the disso-
ciation direction can be obtained from the temperature
dependence of the displacements experiments (for the fast
and the slow tubulin isoforms separately). The equilibrium
constant K; and the rate constants obtained at different
temperatures are plotted in Figures 4 and 5. The thermo-
dynamic and activation parameters derived from these plots
areshowninTablel. From thesedata,the reaction (enthalpy)
pathway for the binding of MDL 27048 can be constructed.
This is shown in Figure 6 and 7 together with the pathway
for MTC and colchicine.

Inorder to obtain a more detailed localization of the binding
site, kinetic experiments were performed in the presence of
the constituent rings of colchicine. TME binds tothe C-subsite
of colchicine. The kinetics of colchicine binding were studied
at 0.4 mM colchicine and 5.4 uM tubulin preincubated for
30 min with 10 mM TME. The amplitude of the reaction is
found to be decreased to 36% of the reference reaction in the
absence of TME (64% of the amplitude was recovered in an
extremely slow displacement reaction of bound TME). The
same preincubation with TME, however, does not influence
the amplitude of the MDL binding kinetics, studied at 40 uM
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Table I: Thermodynamic and Kinetic Parameters Describing the
Two-Step Binding of MDL 27048 to the Two Populations of Tubulin
Isoforms (Fast and Slow Isoforms)?

fast phase slow phase
K (M) 2.5(x1) X104 9.1 (£3)x 104
AH®; (kJ mol™!) -18x4 —6+£8
AS®; (J mol™t K1) 23£16 76 + 26
ka (s7Y) 2.14x0.77 0.26 £ 0.07
E, 5 (kJ mol™1) 74 £ 7 75+3
ko (sh) 0.016 & 0.001 0.008 % 0.003
E, -3 (kJ mol!) 104 £ 10 111210
KKy (M) 3.34 X 106 2.95 X 108

4 The equilibrium constant K and the rate constants k; and k_, are
given at 25 °C.
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FIGURE 6: Reaction path for the binding of colchicine, MTC, and
MDL 27048 to the fast isoforms of tubulin. (0) MDL 27048; (¥)
MTC; (O) colchicine. Dotted lines are used to represent initial binding
because the activation barriers, although small, are unknown. The
filled symbol represents the transition state for the second step as
well as for overall binding.
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FIGURE 7: Reaction path for the binding of MDL 27048 and MTC
to the slow isoforms of tubulin. (O) MDL 27048; (v) MTC. The
filled symbol represents the transition state for the second step, as
well as for overall binding.

MDL. Thisclearly showsthat MDL does not use the C-subsite
of colchicine. In contrast, addition to tubulin of TMA at4.16
mM slows down the binding of MDL, giving rate constants
that are reduced to 71% of the reference values (for the two
phases), without influencing the amplitudes. This clearly

Silence et al.

indicates that TMA competes very fast for the same subsite
as MDL.

DISCUSSION

Equilibrium binding to tubulin and the effect on tubulin
behavior of many analogs of colchicine have been studied.
These properties are described in an excellent review (Bane-
Hastie, 1991). However, detailed kinetic studies have only
been performed for colchicine (Garland, 1978; Lambeir &
Engelborghs, 1981), MTC (Engelborghs & Fitzgerald, 1986,
1987), and in this paper for MDL 27048.

For reasons of limited solubility of MDL 27048, the kinetics
studies were all done with the same final concentration of
10% DMSO. However, DMSO only has a very limited effect
on the binding of these drugs. The overall binding constant
of 3.3 X 106 M-! determined from these kinetic studies (Table
I) perfectly agrees with the value of 2.8 X 106 M~! determined
by equilibrium titrations at 1% DMSO in practically the same
buffer (Peyrot et al., 1989). Previous studies (Engelborghs
& Fitzgerald, 1987) alsoshowed that DMSO has a very limited
effect on the kinetics of MTC binding.

The overall enthalpy change for MDL binding deduced
from the kinetic experiments is —48 (£20) kJ/mol for the fast
tubulin isoform and —42 (£20) kJ/mol for the slow isoform
(errors were calculated by addition of the individual errors of
the parameters AH1, E, 5,and E, _,, themselves obtained from
the fitting program Sigmaplot). On average for the two
isoforms, a value of -26 (£7) kJ/mole was obtained form
calorimetric experiments (Peyrot et al., 1992). Inview of the
highly different techniques used, the agreement can be
considered to be fair.

The kinetic behavior of MDL is formally very analogous
to that of colchicine and MTC. In pseudo-first-order con-
ditions, two phases are observed which are attributed to the
binding to different isoforms (or classes of isoforms) of tubulin,
For colchicine, this has been confirmed by Banerjee and
Luduena (1987).

The nonlinear concentration dependence of the two rate
constants can again be explained by a two-step binding
mechanism: an initial fast equilibration followed by a slow
second step. In the case of colchicine and MTC, the second
stepis accompanied by a change in the protein far-UV circular
dichroism and by the appearance of GTPase activity, clearly
proving the involvement of a conformational change of the
protein, which propagates from the colchicine site to the GTP-
bindingsite. The binding of MDL doesnot lead to CD changes
or to induced GTPase activity (Peyrot et al., 1992). This fact
indicates that the second step is not to be attributed to the
same conformational change of tubulin. The second step of
MDL binding must therefore represent a smaller conforma-
tional change or a deformation of the drug only.

The experiments with the constituent rings of colchicine,
TMA and TME, clearly demonstrate that MDL only uses the
A-subsite of colchicine: TMA rapidly competes for binding
and slows down MDL binding, while TME has no influence
at all on the binding kinetics. This observation with MDL
also confirms that the two molecules (TMA and TME) act
atdifferent sites. Itistemptingto assumethat the dimethoxy-
benzene ring of MDL occupies the A-subsite, even if there is
no strict evidence for this assumption, and it should be noted
that the two methoxy groups are at different positions
compared to colchicine.

As discussed in the preceding paper (Peyrot et al., 1992),
MDL 27048 binding to tubulin has much in common with
podophyllotoxin. This is also a molecule that shares the
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A-subsite of colchicine (Andreu & Timasheff, 1982a). In
contrast to MDL, its binding kinetics show a linear concen-
tration dependence up to 1 mM (Engelborghs & Fitzgerald,
1987), leading to a bimolecular association rate constant of
195 M1 57! at 15 °C. This molecule, therefore, fits into its
binding site in a single step. The small value of the rate
constant is to be understood on the basis of a simple model
where a fast equilibrium is assumed between an open and a
closed site, with the equilibrium position strongly poised toward
the closed conformation. MDL has an apparent bimolecular
rate constant of 5.3 X 104 M1 sl at 25 °C, but its binding
rate reaches a plateau below 0.1 mM. This molecule has
easier access to an initial site, but the initial complex needs
to be deformed or repositioned to enter the final state.

For colchicine and MTC, the affinities of the initial step
are rather low, of the order of 2 X 102 M-, and a big gain
in affinity occurs upon the second step. (Only MTC binding
to the slow isoform of tubulin gives a higher initial binding
constant of 1.19 X 10} M-t). For MDL the situation is
different: the affinity in the first step is already 104 M1, and
the gain in the second step is 100 or smaller.

The differences in the kinetic behavior of MDL 27048,
MTC, and colchicine are shown in Figures 6 and 7, where the
molar (activation) enthalpy changes along the reaction
pathway are shown. Sofar only three compounds have been
studied in detail (MDL, colchicine, MTC). The different
behavior of colchicine and MTC has been discussed in terms
of the two-site model by Andreu et al. (1991), who suggested
it is due to the theoretical possibility of MTC to enter its
binding site in two ways: with either the A- or the C-ring
first.

The most remarkable feature of the comparison of the
reaction pathways of all three compounds is that the overall
activation enthalpy change is between 60 and 70 kJ/mol for
allof them. This overall activation barrier corresponds to the
process T + X — TX**, where X refers to each of the three
ligands, and TX** refers to the transition state toward the
final complex. This means that the negative enthalpy changes
in the initial binding step are largely compensated by a large
positive activation enthalpy for the second step. So it is
suggested that some of the bonds formed in the initial complex
have to be broken or distorted again in going to the transition
state and possibly also to the final complex. This is an aspect
that has not been considered in previous two-site binding
models, where initial binding is always assumed to be going
straight to the final complex.
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