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A B S T R A C T

Microtubules are involved in numerous cellular processes including chromosome segregation during

mitosis and, as a result, their constituent protein, tubulin, has become a successful target of several

chemotherapeutic drugs. In general, these drugs bind indiscriminately to tubulin within both cancerous

and healthy cells, resulting in unwanted side effects. However, differences between b-tubulin isotypes

expressed in a wide range of cell types may aid in the development of anti-tubulin drugs having increased

specificity for only certain types of cells. Here, we describe a digital signal processing (DSP) method that is

capable of predicting hot spots for the tubulin family of proteins as well as determining relative

differences in binding affinities to these hot spots based only on the primary sequence of 10 human

tubulin isotypes. Due to the fact that several drug binding sites have already been characterized within b-

tubulin, we are able to correlate hot spots with the binding sites for known chemotherapy drugs. We have

also verified the accuracy of this method using the correlation between the binding affinities of

characterized drugs and the tubulin isotypes. Additionally, the DSP method enables the rapid estimation

of relative differences in binding affinities within the binding sites of tubulin isotypes that are yet to be

experimentally determined.

� 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Microtubules (MTs) are polymeric protein complexes con-
structed from a heterodimer of two highly homologous proteins
known as a- and b-tubulin. The assembly of tubulin heterodimers
into a macromolecular MT complex is a tightly regulated and
dynamic process [1]. MTs are involved in a broad range of cellular
processes, including the maintenance of cellular morphology and
active transport of cellular components throughout the cytoplasm
[2,3]. One of the most critical roles MTs play, is the formation of the
mitotic spindle apparatus, providing the mechanical force required
for chromosome separation during mitosis [4]. During mitosis, MTs
are essential for the proper assembly of the mitotic spindle
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apparatus, the organelle responsible for the segregation of aligned
chromosomes prior to cell division. As such, MTs have become the
target of numerous anti-mitotic agents, including colchicine and
antitumor drugs such as the taxanes, epothilones, and Vinca
alkaloids. Colchicine, a water-soluble alkaloid binds to the
intradimer interface between a- and b-tubulin dimers, presum-
ably disrupting the correct orientation of protofilaments within the
MT [5]. Paclitaxel, which continues to be one of the most successful
cancer therapeutic agents, has a unique mechanism of action as it
binds to and results in the stabilization of MTs within all cells [6,7].
Derivatives of paclitaxel, such as docetaxel, have been synthesized
to address the limited solubility of paclitaxel and show increased
binding to a site within b-tubulin [8]. Two additional families of
similar tubulin-binding drugs are the epothilones and dolastatins,
which share a similar mode of action. Through structural studies,
both the taxanes and epothilones were shown to bind a unique site
within the b subunit of the a/b-tubulin heterodimer [9,10].
Unfortunately, neither of the structures has been able to reveal the
precise mechanism of MT stabilization by these drugs. Finally, the
Vinca alkaloids include vincristine, vinblastine, and vinorelbine,
and are used most commonly in combination chemotherapy
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regimes for the treatment of leukemia’s and lymphomas.
Vinblastine was shown to bind longitudinally at the inter-tubulin
dimer interface, ultimately resulting in the net reduction of
polymerized tubulin concentration [11]. Interestingly, at high
concentrations vinblastine binds to MTs and results in their
depolymerization. However, at low concentrations it is thought to
bind to MT tips and suppresses their dynamic instability, leading to
MT stabilization [12].

Unfortunately, these anti-tubulin chemotherapeutic agents
have a main flaw, namely an array of associated debilitating side
effects. This is due to the fact that they bind tubulin indiscrimi-
nately, leading to the widespread destruction of both cancerous
and healthy cells. However, the expression of several b-tubulin
isotypes in a wide range of cell types may provide a foundation for
the development of anti-tubulin drug derivatives with increased
specificity for particular cancer cells. Recently, the role of b-tubulin
isotypes in resistance to anti-mitotic drugs has become a topic of
great interest, as the design of isotype-specific drugs would
ultimately result in better treatment protocols [13]. Successful
chemotherapeutic drugs must take advantage of the differences in
the relative vulnerabilities of some target pathways in cancer cells
versus normal cells. It is this varied distribution of tubulin isotypes
that provides us with a possible link to their role in the
polymerization and stability of MTs. Through a search of available
protein sequence databases, we have previously identified a total
of 10 unique human b-tubulin isotypes, all of which have related
distinct amino acid sequences and are generally well conserved
[14]. Despite having very similar sequences, specific regions of
higher sequence variability have been identified (see Fig. 1). Each
b-tubulin isotype has a unique pattern of expression ranging from
highly specific expression for classes bIII, bIVa and bVI to
constitutive expression for classes bI and bIV [15,16]. Class I b-
tubulin is the most commonly expressed isotype in humans, and as
such is also the most common isotype found in cancer cells [17].
Both bII and bIII tubulins have been observed at increased levels in
human tumors [18–24].

Structural bioinformatics, which is based on predictions from
primary protein sequences, has previously been shown to
stimulate development of novel strategies for drug development
[25]. Similarly, our aim is to develop a computational method that
is capable of predicting relative differences in binding affinities to
known drug binding sites within different tubulin isotypes, based
on their primary amino acid sequences. More specifically, our
technique aims at finding interaction sites (also called hot spots)
Fig. 1. Comparison of the 10 human b-tubulin sequences used in this study. Here, a schem

regions of dissimilarity. The first row represents the secondary structure of tubulin as de

within each polypeptide that have been shown to interact directly with paclitaxel (

differences observed between the isotypes and a consensus sequence are represented b

consensus sequence. Vertical gray boxes represent the location of all hot spots identifie

terminal tail, for which no structural information exists), has not been shown.
that are located within existing binding sites. Hot spots are
defined as a small subset of residues that account for most of the
free energy of binding of a protein interface [26]. More precisely,
they are usually associated with active sites where mutations
cause a significant increase in the binding free energy [27,28]. The
experimental detection and analysis of hot spots is currently
performed through the use of techniques such as Ala scanning
mutagenesis. This procedure is slow and labor-intensive as
individual mutant proteins must be purified and analyzed
separately [29]. Several computational methods also exist for
the prediction of hot spots. One example also utilizes alanine
scanning; however this is a virtual mutagenesis technique that
uses potential energy functions and thermodynamic cycles to
predict the change in the free energy of binding for a theoretical
mutation within a protein interface [30]. Another method is based
on identifying sequentially or structurally conserved residues
with respect to the structure of a set of related protein complexes
[31]. Finally, hot spot prediction can also be implemented by
identifying chemically complemented polar residues surrounded
by a ring of hydrophobic residues [27], thereby identifying
interface regions with a well-matched protrusion and crevice
[32], and by utilizing non-covalent interactions and structural
information [33].

Each of the abovementioned methods requires detailed knowl-
edge of the corresponding protein structure, which, for all but
bovine tubulin isotype bII, is unavailable. As a result, we have
chosen to use a class of computational prediction methods that
searches for the locations of hot spots using only the primary
protein sequence. One of the existing methods is based on the
observation that active sites are often flanked by Pro [34]. Another,
more rigorous prediction method is based on the observation that
the selectivity of the protein–target interactions is characterized
by the matching of periodicities within the energy distribution of
electrons of the interacting molecules. Hot spots are those amino
acids that contribute the most to the characteristic frequency of a
given protein and, as a result, to the interaction energy with ligands
[35]. These residues are generally found clustered within the
vicinity of the protein’s active sites, and as such, they play a crucial
role in determining the structure of the sites [36]. We have chosen
to utilize a technique referred to as the digital signal processing
(DSP) method [37], which uses ‘‘characteristic frequencies’’ to
identify regions of interest within a protein sequence [38]. DSP-
based predictions have already been successfully applied in a
number of studies investigating proteins such as interleukin-2
atic representation of the consensus sequence of human tubulin isotypes illustrates

termined by Nogales et al. [42]. This is followed by the regions (identified by boxes)

magenta), colchicine (green), vinblastine (yellow) and peloruside (blue). Finally,

y vertical ticks, which correspond to residues at which the sequence differs from a

d in Fig. 2. The hypervariable region, beginning after residue 425 (known as the C-
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[39], SV40 enhancer [40], Ha-ras p21 oncogene product, hemo-
globins, myoglobins and lysozymes [41], p21 [36], and cytochrome
C [37]. Here, we describe a method that predicts the relative
differences in binding affinities by combining the characteristic
frequency-based method for the prediction of hot spots and a novel
scoring function which uses the predicted hot spots to compute a
score that approximates the relative binding affinity. Using this
method, we have correctly confirmed the locations of all known
binding sites within tubulin and have computed the binding
affinity scores for all known drug binding sites within 10 different
isotypes of b-tubulin. In this way, the DSP computational
prediction method can be used to predict high affinity interactions
with novel ligands in isotypes or mutants that are yet to be
experimentally explored.
Fig. 2. Representative DSP spectrograms. DSP spectrograms for b-tubulin I (A) and b-tubu

include peaks with amplitudes of above 30% of the maximal amplitude and their imm

binding sites as shown in Fig. 1.
2. Methodology

2.1. Identification of tubulin isotypes

Based on our previous examination of over 500 tubulin isotypes
across all species in the SwissProt database, we chose a consensus
set of 10 human tubulin sequences corresponding to isotypes bI,
bIIa, bIIb, bIII, bIVa, bIVb, bV, bVI, bVII and bVIII upon which to
perform the DSP analysis [14] (Fig. 1).

2.2. Structural analysis and binding site assignments

A number of structures of tubulin provide us with information as
to the specific binding site locations for known chemotherapeutic
lin III (B) were prepared using DSP analysis. Predicted hot spots have been chosen to

ediate neighbors. Vertical gray boxes represent the location of the aggregate drug
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agents. The first tubulin structure with PDB identifier 1TUB was
crystallized using docetaxel as a stabilizing agent [42]. However, due
to difficulties in fitting electron density, this structure contained
misalignments and was superseded by 1JFF, in which paclitaxel was
subsequently utilized as a stabilizing agent [9]. Two higher
resolution tubulin structures, 1SA0 and 1SA1, provide binding
locations for colchicine and podophyllotoxin [5], while both the
colchicine and vinblastine binding sites are observed in 1Z2B [11]. In
addition to these crystallographically determined ligand binding
sites, we have also analyzed residues within the putative binding site
for peloruside, which was determined through hydrogen–deuter-
ium exchange mass spectrometry and computational docking
studies [57]. In the case of the present study, each of the binding
surfaces was defined as those residues that were up to 6 Å from the
bound ligand.

2.3. Computational prediction of hot spots

The hot spot prediction method involves applying the short-time
discrete Fourier transform (STDFT) [43,44] and a model of protein–
target interactions known as the resonant recognition model (RRM)
[35,38]. First the sequences for a set of proteins (10–15) belonging to
the same family, in this case the 10 tubulin isotypes, are converted
into numerical sequences using electron–ion interaction potential
(EIIP) values [45]. The EIIP value of a given amino acid denotes its
average energy of valence electrons, which has been shown to be an
optimal amino acid property that can be used in Fourier-based
analyses of protein structure/function studies [45]. Next, a discrete
Fourier transform (DFT) is computed for each numerical protein
sequence and all DFTs are multiplied point-wise. The resulting
product is known as the consensus spectrum and it reveals a
characteristic frequency for the protein family. The characteristic
frequency of a protein represents the frequency of the signal
obtained from the energy distribution of the electrons in the
molecule. According to the RRM, this signal is periodic and its
frequency and phase characteristics are responsible for the selective
interaction between a protein and its target(s). For a successful
protein–target interaction, both the protein and the target must
share the same characteristic frequency but have opposite phase.
This corresponds to the fact that a peak in the squared magnitude of
the bandpass-filtered protein sequence must match a corresponding
trough in the squared magnitude of the bandpass-filtered target
sequence. This matching resembles resonance and hence the
characteristic frequency is said to provide resonant recognition
between a protein and its target. As a result, regions in a protein
sequence (using its numerical, EIIP-based, form) where its
characteristic frequency is dominant correspond to hot spots.

Hot spots are then determined by using the STDFT, which is a
widely used technique that performs time–frequency analysis of
numerical sequences. In this technique, the protein sequence of
interest is divided into a number of short overlapping sections
using a sliding window function. The DFT of each section is then
calculated and all these DFTs are consecutively arranged to form
the columns of a matrix known as the STDFT matrix. Then, each
column of the STDFT matrix is multiplied by the consensus
spectrum. Plotting the resulting squared magnitude of the
modified STDFT, we obtain a spectrogram in which the locations
of the hot spots can be identified by the presence of distinct peaks
(Fig. 2). For more details on the STDFT-based hot spot location
technique please see Ramachandran et al. [37].

2.4. Hot spot scoring functions

The squared magnitude of the STDFT computed by the hot spot
prediction algorithm can be used to quantify significance of a
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particular hot spot with respect to a given binding site [37].
Additionally, although a peak in the spectrogram denotes an
individual residue, the actual hot spot may also encompass several
neighboring residues. The STDFT divides the protein sequence into
a number of overlapping segments and processes these segments
individually. Due to the fact that the segments are overlapping, the
number of output values from the DSP is often bigger than the total
number of residues. To correct for this discrepancy, we can simply
rescale the x-axis of the generated plots to the correct range. Due to
this post-processing, an exact one-to-one mapping between the
amino acids and the output values cannot be obtained. In effect,
this technique scans a small group of residues at a time to detect
the strength of the characteristic frequency; it does not scan each
amino acid separately. Since the hot spot prediction algorithm
identifies small stretches rather than individual amino acids as hot
spots, it is a small group of amino acids clustered around a peak
that is taken as the hot spot.

2.5. Binding affinity estimations

Following the identification of possible hot spots, we are then
able to compute relative binding affinity for a given binding site.
Fig. 3. The five ligands in their corresponding b-tubulin-binding site with the predicted ho

coordinates. In all panels, red cartoons indicate those residues within 6 Å of the ligands, b

closest neighbors of the hot spots. (A) Binding site for paclitaxel, (B) colchicine, (C) vin
We note that simply using the number of hot spots in a given site
to quantify the relative binding affinity of that site is not
sufficient (some binding sites may include several predicted hot
spots, but have a low squared STDFT magnitude). Therefore, we
have chosen to utilize both the number of the predicted hot spots
together with their corresponding squared magnitude of the
STDFT to develop two scoring functions. The first is an inter-
binding-score that for a given binding site can be used to
quantify the relative differences in potential ligand binding
affinity across different isotypes and the other is an intra-binding
score that reflects relative binding affinity of different binding
sites within the same isotype.

The inter-binding score is based on the sum of squared STDFT
magnitudes of all hot spots located within a given site:

inter-binding-scorei ¼
X

k2BSi

smk � 100

where smk is the STDFT squared magnitude of the kth residue that
includes a peak and the two neighboring amino acids while BSi

denotes the ith binding site. The magnitudes are summed only for
the peaks and two neighboring residues that constitute the binding
site, the squared magnitude of the neighbors are assumed equal to
t spots. Drug positions within tubulin have been obtained from their respective PDB

lue cartoons with residue labels denote the predicted hot spots, while cyan denotes

blastine, (D) peloruside and (E) GDP.
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the magnitude of the corresponding peak, and the sum is
multiplied by 100 for convenience in order to obtain integer values.

While the above score is capable of expressing relative
differences for the same site across proteins, the cumulative value
may provide misleading results when evaluating binding across
different sites (a site with a few strong interactions, i.e., large
magnitudes, could be overshadowed by a site with large number of
weaker interactions).

The intra-binding score is defined as the average score over all
hot spots in a given site, i.e., the cumulative value is divided by the
number of hot spots, which expresses the overall strength of the
binding for a given site:

intra-binding-scorei ¼
X

k2BSi

smk

Ni
� 100

where Ni denotes the total number of hot spots (the peaks and two
neighbors) found in the ith binding site.

This score should not be used to evaluate differences within a
given site, i.e., it would provide a larger value for a site with strong
hot spots (large magnitudes) when compared with the same site
that includes the same strong hot spots and additional weak hot
spots (small magnitudes). Finally, we note that the values obtained
for both of these scores depend not only on the protein under
investigation (and the resulting predicted hot spots), but also on
the binding conformation of the specific ligands. This is because
they are computed using only the hot spots found within the
binding surface that is defined using a previously docked ligand.

3. Results and discussion

Using the DSP method, we have produced spectrograms for 10
identified human b-tubulin isotypes. However, due to the high
degree of similarity between them, we have only shown two
representative examples (Fig. 2). We have selected the spectro-
gram of bI tubulin as it is the most prevalent tubulin isotype, and
the spectrogram of bIII tubulin as it is the most promising target
for cancer chemotherapy development due to its over-expression
in cancerous cells [18–24]. Each of the predicted hot spots from
Fig. 2 has been chosen to include residues and their neighbors with
peak amplitudes of at least 30% of the maximal amplitude (Table 1)
[37]. The gray boxes shown in Fig. 2 correspond to the location of
the aggregate binding sites, which allows for direct comparison
between the two isotypes with respect to differences in the
predicted hot spots that are located in the binding sites. This
information could be coupled with the annotation of the predicted
Fig. 4. Distribution of RSA values for the entire b-tubulin sequence, the residues that comp

predicted hot spots. The RSA values were binned into 0.1 wide intervals with the exc

separately.
hot spots for the 10 considered human b-tubulin sequences, which
is shown using gray bars in Fig. 1. We observed that several hot
spots are predicted in locations where the two isotypes differ,
which is denoted by vertical ticks on the corresponding two rows (I
and III) which overlap with the gray shading. In order to facilitate
the computation of binding affinity scores, the peaks from the
histograms have been grouped by the corresponding binding sites
for paclitaxel, colchicine, vinblastine, peloruside, and GDP. Within
the b-tubulin monomer, the paclitaxel binding site is located on
the face that contacts the MT lumen, while vinblastine, peloruside,
and GDP bind at the inter-dimer interface between a- and b-
tubulin heterodimers. Colchicine binds within the intradimer
interface, presumably interfering with tubulin dimer assembly
into MTs (Fig. 3). In each of these cases, there are several residues
located within each binding site that the DSP method has identified
as a potential hot spot. However, there seems to be no particular
spatial order of the detected residues, other than perhaps that they
are not located in the centers of the binding sites. For instance, the
paclitaxel, colchicine, and peloruside binding sites show hot spots
that flank the binding site, giving its general contour (Fig. 3).

In general, we observed that the predicted hot spots were
distributed throughout the entire primary tubulin amino acid
sequence. However, almost all of the hot spots that were identified
as significant were restricted to residues located on the surface of
tubulin, as identified by relative solvent accessibility (RSA) values.
Fig. 4 compares the distribution of RSA values along the entire
tubulin sequence, when constrained to the residues that compose
the binding sites for GDP, paclitaxel, colchicine, vinblastine, and
peloruside, and for the predicted hot spots. Among the predicted
hot spots only seven residues, which corresponds to about 13% of
all predictions, are buried (RSA value equals 0). Similar fraction of
buried residues is observed among the amino acids that constitute
the five binding sites. This was an interesting result and validation
of this technique for identifying druggable sites, due to the fact that
no information regarding the tertiary structure of tubulin was
included in the analysis, yet almost 87% of the identified hot spots
are restricted to the protein surface. At the same time, we observed
that although some hot spots were associated with typically
druggable sites such as grooves and pockets, other predictions
were located on ridges and flats. Additionally, those surface hot
spots that do not directly correlate to drug binding sites are located
within a narrow band on the exterior surface of tubulin as it would
be observed in a MT structure (Fig. 5). This is an interesting
observation because this is the surface of b-tubulin that is most
capable of making direct contact with MT associated proteins
ose GDP, paclitaxel, colchicine, vinblastine, and peloruside binding sites, and for the

eption of the deeply buried residues, i.e., those with RSA = 0, which were shown



Fig. 5. Surface map of unassigned hot spots in all human b-tubulin isoforms. A

solvent accessible surface was drawn onto the b-tubulin monomer (center)

obtained by Nogales et al. [9] (PDB identifier 1JFF). This figure shows a single b-

tubulin monomer within an MT containing 13 protofilaments, which was

reconstructed as described by Li et al. [59]. Adjacent a-tubulin surfaces are

colored pink and adjacent b-tubulin surfaces are colored cyan. Unassigned surface

hotpots are colored red. Panel A illustrates the MT from the luminal surface. Panel B

illustrates a 1808 rotation about the y-axis to show the exterior surface of the

microtubule.
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(MAPs). Additionally, the majority of these ‘‘unassigned’’ hot spots
that are not located on the surfaces of tubulin correlate with either
their lateral or longitudinal interaction surfaces. This observation
implies a conservation of function, during MT assembly, across all
isotypes within these surface regions.

When we compare the bI and bIII spectrograms (Fig. 2), we
note that several hot spots are shared between these isotypes (15,
80, 120/121, 156/157, 193/194, 199, 208, 221, 225/226, 242, 250,
254, 305, 325, 416/418, and 429/432), while some peaks are
present only in the spectrogram of bI tubulin (30, 279, 315, 348,
and 370). However, positions 30 and 370 are not associated with
known binding sites, while 279, 315, and 348 are located within
the paclitaxel and colchicine binding sites. This unique distribu-
tion of hot spots indicates a difference within the binding sites of
these two proteins and may provide a reference point from which
to construct drugs that differentiate between the bI and bIII
isotypes.

Using the predicted hot spots in Table 1, we then computed
inter-binding scores for the ligand binding sites across each isotype
(Table 2). Interestingly, we observed a correlation between the
order of known binding affinities to isotypes and the differences in
the values of the proposed scores. We note that although our scores
are quantitative, the known binding affinities for each ligand
across isotypes can be expressed only in a qualitative fashion, as it
is virtually impossible to normalize individual results.

For the paclitaxel site, we have based our relative values for
binding affinity on the sensitivity of MT stabilization effects of each
drug [46,47]. Using this measure, the order of isotype sensitivity to
paclitaxel is bII > bIV > bIII, which differs from the order of hot
spot scores although the three scores are all quite close. Our inter-
binding scores indicate that bIV should bind paclitaxel more
strongly than either bIII or bII, the latter having approximately the
same binding affinity to paclitaxel, a result that qualitatively
agrees with experimental results [46].

For colchicine and vinblastine, the experimentally determined
order for binding affinity is loosely bIV > bII > bIII and
bIV � bII� bIII, respectively. This trend correlates with our
predicted inter-binding scores (see Table 2). On-rate measure-
ments for colchicine [48] indicate that bIV > bII > bIII binding is
preferred, while dynamic stability of the MT complex, as measured
by the decay of binding, indicates that bIII > bII, or shows a reverse
order to that of the weaker isotypes. Our inter-binding scores favor
the dynamic order of isotypes, which tends to be a more complete
set of experimental data. Vinblastine binding to tubulin isotypes
has been quantitatively assessed using the half maximal inhibitory
concentration (IC50) technique for MT depolymerization and by
measuring tubulin polymerization rates under various conditions
of vinblastine concentration [46,47]. The IC50 measurements
suggest that preferred binding affinity is bIV � bII� bIII. In
essence, vinblastine binds most strongly to bIV, almost as strongly
to bII, and much less strongly to bIII. It should be kept in mind,
however, that these binding values were not measured directly in
these studies. Nonetheless, our inter-binding scores match exactly
this order of isotype affinities for vinblastine.

Peloruside is a recently discovered macrolide that appears to
occupy a site distinct from that of the taxanes and functions
synergistically with other MT stabilizing agents [49,50]. Peloruside
is an attractive chemotherapy drug, as it retains activity in
multidrug resistance lines and is able to block growth in cell lines
resistant to paclitaxel and epothilone A arising from induced
mutations in b-tubulin [49,51]. While there is currently no
published data available on the location of the peloruside binding
site on tubulin, we have recently performed an analysis using
ligand–receptor docking, coupled with deuterium exchange mass
spectrometry to identify a putative peloruside binding site on the
surface of tubulin [57]. In this study, the lowest energy peloruside
conformation was identified as interacting with residues 296–304
and 333–342 within b-tubulin. Using our hot spot analysis within
this region, we can make a prediction that binding affinities among
the three isotypes tested should be bIV > bII = bIII. This result
remains to be experimentally verified. Interestingly, the peloruside
isotype inter-binding affinity ordering is very close to that
observed for the paclitaxel intra-binding affinity.

The binding of guanosine triphosphate (GTP) to tubulin affects
the stability of MTs, as only tubulin dimers with both the a- and b-
tubulin sites bound with GTP are considered assembly competent.
Conversely, the hydrolysis of GTP into GDP at the exchangeable site
within b-tubulin leads to MT disassembly. Previously, MT
dynamicity assays measured the assembly and disassembly rates
of the three tubulin isotypes and found that the on-rates, as well as



Table 2
Ligand binding scores over all binding sites and tubulin isotypes

Binding site b-Tubulin isotype

I IIa IIb III IVa IVb V VI VII VIII

Inter

GDP 30 27 27 28 30 24 30 30 14 16

Paclitaxel 12 10 10 10 12 12 18 16 22 19

Colchicine 32 23 23 14 32 32 22 21 44 25

Vinblastine 29 34 34 28 34 34 34 34 28 16

Peloruside 14 14 14 14 18 18 22 22 16 15

Intra

GDP 5.0 4.5 4.5 4.7 5.0 4.8 5.0 5.0 4.7 5.3

Paclitaxel 4.0 5.0 5.0 5.0 4.0 4.0 3.0 3.2 4.4 3.8

Colchicine 3.2 3.3 3.3 3.5 3.2 3.2 3.7 3.5 4.0 3.6

Vinblastine 5.8 5.7 5.7 4.7 5.7 5.7 5.7 5.7 4.7 5.3

Peloruside 4.0 3.9 3.9 5.0 3.7 3.3 3.5 5.5 5.0 4.0

The intra-binding affinity scores represent comparisons between binding sites within each isotype (columns). The inter-binding affinity scores represent comparisons for

each binding site across all isotypes (rows). Each score was computed based on STDFT squared magnitude values for hot spots, which include each predicted peak and its two

neighboring residues that belong to a given binding site.
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overall dynamicity were ordered according to bIII > bIV > bII,
suggesting that bIII is the most dynamic and bII is the least
dynamic of these three isotypes [52]. Additionally, measurement
of MT decay rates at 0 8C for MTs composed of purified tubulin
isotypes also found that bIII produced MTs that were more stable
than those composed of bII [53]. Our own intra-binding affinity
predictions for the GTP site suggests that bIII is more stable than
bIVb but less than bIVa and should also be more stable than either
bIIa or bIIb. The same conclusion also applies to bIVa but not bIVb.
In other words, the results from our analysis are a bit more subtle,
due to the distinction between the a and b variants of both bII and
bIV. Moreover, there is an additional complication due to the fact
that GTP binding affinity determines both the on- and off-rate for
tubulin dimers, each of which affects a different process
(dynamicity and stability). Furthermore, more recent data on
the assembly dynamics of isotypically purified tubulin [58]
indicate much smaller differences between the isotypes that has
been reported in earlier publications.

As we are unable to directly compare the intra-binding affinity
scores between isotypes, we cannot comment on their relative
magnitudes and how this relates to drug binding between different
sites on tubulin. We can, however, compare the qualitative trends
for drug binding affinities within the binding sites of each
individual isotype. In general, we can see from Table 2 that each
of the intra-binding site affinity scores follows the overall trend of
GDP > vinblastine > colchicine > peloruside > paclitaxel. While
this general trend is observed for all of the isotypes, the GDP
and colchicine binding-site affinity scores deviate from this trend
in the bVII and bVIII isotypes. This general trend for drug binding
affinity correlate with experimental binding affinities that
demonstrate the greatest binding affinity for vinblastine [11],
followed by peloruside [50] and paclitaxel [54], with the lowest
binding affinities reported for colchicine [55]. While we are unable
to definitively comment on the differences in binding affinity
scores across isotypes, the observation that differences in MT
isotype composition [55] alter colchicine binding kinetics is
supported by the variability in our intra-binding site scores.

4. Conclusions

Through the use of DSP analysis of human tubulin isotype
sequences, we can report on a number of encouraging results
regarding known tubulin-binding ligands. In this study we have
demonstrated that the binding affinities of tubulin-binding ligands
qualitatively correlate between previously reported experimental
results and our present computational predictions. In addition, we
have also identified several interesting residues that may lead to
the identification of putative binding sites and which have not yet
been assigned to any known tubulin-binding compounds or
protein interaction surfaces. It will be of great interest to
experimentally examine these residues in future research aimed
at discovering new chemotherapy agents that target tubulin and,
more specifically, tubulin isotypes. The computational prediction
methods that are outlined here can also be used to predict possible
high affinity regions within the binding sites of other proteins. The
key feature of the proposed method is the fact that it requires only
the knowledge of the corresponding primary structures, which
would allow applications into proteins with unsolved tertiary
structures.

The above results could be attributed to the performed DSP
analysis that draws upon the biochemical properties of a protein’s
sequence, namely the EIIP sequence, which signifies the average
energy of each residue’s valence electrons. Since ionization
potential correlates with the strength with which attractive Van
der Waals energies can bind atoms from molecules in the
surrounding environment, e.g., from a ligand, the performed
DSP-based prediction of hot spots may relate to the identification
of amino acids positioned to form such contacts. This point of view
would link the success of DSP predictions to thermodynamic
binding computations indicating that favorable Van der Waals
contacts at a binding interface provide the largest contributions to
hot spot interactions [56].
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