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Abstract There are several conditions which might modulate polymerization to produce
polymers having normal lattice structure. In the absence of 1 mM MgCl, the assembly was
reduced by 36% in Capsicum annuum tubulin (CAnm tubulin). There was no significant
difference in the final assembly formation in the presence of 5% to 10% glycerol. However,
nucleation rate was slow and apparent study state was achieved lately in the presence of 10%
glycerol. Taxol at 100 uM concentration increased 23% tubulin assembly. One millimolar
CaCl,, >1% dimethyl sulfoxide (DMSO) and physiologically low temperature reduced CAnm
tubulin assembly. A value of 0.089 mg/ml was obtained as critical concentration for
polymerization. Benomyl significantly reduced the number of cysteine residues accessible to
5,5’-dithiobis-(2-nitrobenzoic acid); there were 4.77+0.21 and 3.49+0.35 residues accessible
per tubulin dimer in the presence of 50 and 100 pM benomyl respectively.
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Introduction

Microtubules are filamentous structure found in virtually all eukaryotic cells. The basic
structural unit of microtubules is the «3-tubulin dimer, each subunit with a molecular mass
near 50 kDa. Tubulin dimers arrange head to tail to form protofilaments that associate
laterally into a polar microtubule structure. The extent of microtubule polymerization is
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dependent upon a critical concentration (Cc) of tubulin dimer, below which tubulin assembly
will not spontaneously occur, and the mass of polymer formed above the Cc increases with
the tubulin concentration [1]. Although effect of taxol and colchicine on plant tubulin
structures is well understood, conditions which might modulate polymerization to produce
polymers having normal lattice structure have not been adequately explored. Certain
reaction conditions (temperature, pH) and reaction mixture components (Mg2+, glycerol,
microtubule stabilizing buffer, DMSO, taxol) are believed to be required for proper
microtubule assembly [2, 3]. These factors influencing microtubule polymerization were
markedly characterized using tubulin from yeast, fungi, parasites, and mammalian brain.

All the cysteine residues except 5239 of type III are highly conserved [4] and many
appear to be ‘buried’ according to the 3.5 A (1 A=10"'" m) electron diffraction structure
[5], but are, nevertheless, accessible to reagents. No definitive function has been ascribed to
these cysteine residues; no enzymatic redox function is known; cysteines might be
transiently involved in folding [6] or oligomerization [7], and it has been suggested that one
or two disulphide bonds are required in vivo to promote optimal polymerization [8].
However cysteine accessibility in protein can be instrumental in understanding the correct
folding of recombinant protein at ligand binding site.

Microtubules have been characterized from plants that host pathogenic fungi.
Considerable efforts are underway to find an antimitotic agent against plant pathogens
like Phytophthora capsici. However, screening the effects of antifungal agents on plant
tubulin in vivo or using purified native microtubule in vitro is a time-consuming process. A
recombinant, correctly folded, microtubule-like structure forming tubulin could accelerate
research in this area. The objectives of the present work were to find optimum polymerizing
conditions of Capsicum annuum tubulin (CAnm tubulin) and to study the effect of benomyl
on sulthydryl group accessibility by DTNB in CAnm tubulin.

Materials and Methods
Materials

Taxol, 5,5’-dithiobis-(2-nitrobenzoic acid) (DTNB), and benomyl were purchased from
Sigma (Sigma Aldrich, ST. Louis, Missouri). Stock solution of taxol (2.0 mM) and
benomyl (20.0 mM) were made in dimethyl sulfoxide (DMSO). The final DMSO
concentration was 5% (v/v) in polymerization buffer. Stock solutions of DTNB
(10.0 mM) were prepared in buffer of pH 8.2 and then adjusted to pH 7.0. The
concentration was estimated using e=17.78 mM ' ecm ' at 324 nm [9].

Purification of «- and {3-tubulin

The «- and B-tubulin of C. annuum were purified as reported previously [10].
Polymerization of Tubulin

The time course of microtubule assembly was monitored at Asso [10] using an Optizen
2,120 UV spectrophotometer equipped with a digital temperature control assembly. The
reaction mixture (400 ul) contained 0.5 mg/ml of x- and (3-tubulin in polymerization buffer

(80 mM Pipes, pH 6.8, | mM EGTA, 1 mM MgCl,, and 5% v/v glycerol). The reaction was
initiated by adding guanosine-5'-triphosphate (GTP) at a final concentration of 2 mM. The
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contents were mixed and turbidity was measured at 37 °C over a time scale of 95 min,
reading at every 5 s. Using this polymerization procedure, the effect of various components
and conditions on - and (-tubulin polymerization were assessed. These included varying
glycerol, DMSO, taxol, and tubulin concentrations, and temperature conditions. Effect of
MgCl, and CaCl, on polymerization was also reported. The degree of polymerization was
assessed by subtracting the initial absorbance reading from the final reading obtained after
95 min. The critical protein concentration, Cc, was determined by incubating tubulin
samples, at a series of concentrations, at 37 °C for 95 min and measuring the increase in
turbidity at 350 nm [11]. Transmission electron microscopy (TEM) analysis of tubulin
polymerized at different conditions was carried out as reported previously [10].

Titration of Tubulin Sulfhydryl Groups

DiAminoacid Neural Network Application (DIANNA 1.1) was used to determine the
cysteine species (free cysteine, half-cystine, or ligand-bound) in «- and (3-tubulin using a
support vector machine (SVM) with degree 2 polynomial kernel for the spectrum
representation [12]. The SH modifications of tubulin with DTNB was followed in an
Optizen 2,120 UV spectrophotometer at 37 °C by following the 441, of the product,
thionitrobenzoate (TNB; £=14.15 mM ' em™) [13]. Tubulin (1 uM) was incubated in
polymerization buffer with and without, 50 and 100 uM benomyl at 4 °C for 15 min. Then
1 mM DTNB was added. The number of sulthydryl groups modified after 40 min of
reaction was determined at 412 nm. As a non-SH-containing control, RNase A was used.
DTNB absorbance remained unchanged. All values were given for the SH groups reacted.

Results and Discussion
Effect of MgCl,, Glycerol, and Taxol

Magnesium is believed to be required for microtubule polymerization and stability and to allow
correct folding of tubulin [14]. In the absence of 1 mM MgCl, the assembly was reduced by
36%. Glycerol is believed to lower the AG and the critical tubulin concentration required for
the polymerization reaction as well as increasing microtubule stability by increasing the
strength of interactions between individual tubulin subunits [15, 16]. There was no significant
difference in the final assembly formation in the presence of 5% to 10% glycerol. However,
nucleation rate was slow and apparent study state was achieved lately in the presence of 10%
glycerol. The assembly was reduced by 23% without glycerol (data not shown). Taxol has
been used to promote assembly of tubulin into microtubules from a wide variety of organisms
[2, 17]. Increasing taxol concentration from 10 to 100 uM resulted in 23% increase in the
amount of tubulin assembly. Taxol concentration between 10 and 20 uM was effective in
promoting assembly of CAnm tubulin into microtubules; however concentration from 20 to
100 uM did not cause any significant change in the total assembly (Fig. 1a).

CaCl, and DMSO Decreases the Polymerization
It has been proposed that Ca®" acts to promote disassembly by binding to free GTP which
prevents it from contributing to polymerization and increases the hydrolysis of stabilizing

GTP in the microtubule cap [18]. CaCl, at 1 mM concentration reduced assembly by 69% for
initial 20 min incubation period which was further reduced to promote complete disassembly.
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DMSO is believed to behave like D,O in that it forms stronger hydrogen bonds with
protein functional groups than does H,O [19]. DMSO is demonstrated as a proper reagent
to enhance lily pollen tubulin assembly [20]. The effect of the concentration of DMSO on
CAnm tubulin assembly was investigated using the polymerization assay. Tubulin was
assembled in pipes buffer with 1% and 5% DMSO concentration. The amount of
polymerization decreased with >1% DMSO (Fig. 1b). In all cases, when the apparent
absorbance increased to a plateau value, there was no continual increase because of non-
specific aggregation of the protein. TEM analysis of sample prepared with >1% DMSO
showed distorted structure of tubulin (data not shown).

Fig. 2 a Critical concentration of polymerization of C. annuum tubulin. Tubulin (0.1-0.25 mg/ml) was P>
polymerized at 37 °C as described in the “Materials and Methods”. 435, at saturation of polymerization
(60 min) was plotted as a function of tubulin concentration. b Reaction kinetics of DTNB with tubulin-SH in
the presence of benomyl. Tubulin (1 pM) was incubated with 4 M urea, without benomyl, 50 pM benomyl,
and 100 pM benomyl at 4 °C for 15 min, and then treated with 1 mM DTNB. The rate and extent of
sulfhydryl group modification were monitored by measuring the absorbance at 412 nm. Data is generated
from three independent measurements
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Effect of Temperature

Tubulin assembly in vitro does not occur when temperature is decreased to a physiologically
low temperature (Fig. 1c). At the temperature <25 °C, the net polymerizing system showed
a slow nucleation rate. TEM analysis showed that long microtubule-like structures were
increased markedly when the temperature increases from 20 to 40 °C (data not shown).

Critical Concentration for Polymerization of CAnm Tubulin

We measured the critical subunit concentration for tubulin polymerization by measuring the
Asso as a function of the initial tubulin concentration (Fig. 2a). At tubulin concentrations
<0.01 mg/ml, no polymeric structures were observed. From 0.01 to 0.2 mg/ml each tubulin
concentration assembly increased linearly with typical long microtubule-like structures. A
value of 0.089 mg/ml was obtained as critical concentration for polymerization. In the
absence of taxol Cc for purified maize and tobacco tubulins was in the range of 0.8 to
0.9 mg/ml [2], and that of lily pollen tubulin was 1.2 mg/ml [20].

Binding of Benomyl to CAnm Tubulin Sulfthydryl Groups

CAnm o- and {3-tubulin contains 12 and 11 cysteines, respectively, where 18 cysteines are
free in sulthydryl state (data not shown). We used the sulthydryl-specific reagent DTNB to
determine the accessibility of the cysteine residues of tubulin toward modification in
association with benomyl binding. Figure 2b depicts a comparison of the reaction of
1.0 uM purified CAnm tubulin with DTNB (1 mM), at a molar ratio (reagent/SH) of 50:1
in the presence or absence of benomyl. The reaction was >99% complete for DTNB
without benomyl by 40 min reacting 17.82+0.04 cysteine residues per tubulin dimer. The
remaining approximately one cysteine equivalent of tubulin become instantly accessible in
4 M urea. Benomyl significantly reduced the number of cysteine residues accessible to
DTNB; there were 4.77+0.21 and 3.49+0.35 residues accessible per tubulin dimer in the
presence of 50 and 100 uM benomyl, respectively. The difference in the number of
modified cysteine residues in the absence and presence of 50 uM benomyl was 13.05, and
that of 100 uM benomyl was 14.33 (P<0.001, Tukey—Kramer Multiple Comparisons Test,
one-way ANOVA).

There are some reports on herbicide binding to plant tubulin but there is no insight on
antifungal binding to plant tubulin. It is believed that the benzimidazole drugs bind to the
colchicine binding site on the tubulin molecule [21]. It is known that colchicine protects
one sulthydryl group from reaction with other sulfhydryl reagents [22]. Our report indicates
that benomyl binding site is different as compared to known benzimidazole binding site as
the number of sulfhydryl group protected in the presence of benomyl are significantly high.
There has been much speculation regarding the position of the benzimidazole binding site
on the tubulin molecule. The majority of studies have proposed that benzimidazoles bind to
{3-tubulin. However, others have suggested that the binding site is situated; on «-tubulin
[23], on «-tubulin and regulated by the 3-subunit [24], on both - and (3-tubulin [25], or at
the o/B-tubulin interface [26]. In this study, the binding of benomyl to CAnm tubulin
affected the accessibility of the sulfhydryl groups of tubulin to DTNB, indicating that
benomyl binding to the tubulin induced a conformational change in the tubulin.
Accessibility of cysteine residues of tubulin revealed that important ligand binding sites
were folded correctly. This recombinant tubulin could serve as a control of phytotoxicity of
selected antimitotic fungicide compounds during in vitro screening experiments.
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