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Abstract

The most potent microtubule assembly inhibitor of newer diphenylpyridazinone derivatives
examined was NSC 613241. Because NSC 613241 and (-)-rhazinilam also induce the formation
of similar 2-filament spirals, these aberrant reactions were compared. Spiral formation with both
compounds was enhanced by GTP and inhibited by GDP and by 15 other inhibitors of microtubule
assembly. Similarly, microtubule assembly induced by paclitaxel or laulimalide is enhanced by
GTP and inhibited by GDP and assembly inhibitors, but neither [BH]NSC 613241 nor [3H](-)-
rhazinilam bound to microtubules or inhibited the binding of [2H]paclitaxel or [3H]peloruside A to
microtubules. Differences in the pitch of aberrant polymers were found: NSC 613241-induced and
(-)-rhazinilam-induced spirals had average repeats of 85 and 79-80 nm, respectively. We found no
binding of [BH]NSC 613241 or [3H](-)-rhazinilam to af-tubulin dimer, but both compounds were
incorporated into the polymers they induced in substoichiometric reactions, with as little as 0.1-
0.2 mol compound/mol of tubulin, and no cross-inhibition by NSC 613241 or (=)-rhazinilam into
spirals occurred. Under reaction conditions where neither compound induced spiral formation,
both compounds together synergistically induced substantial spiral formation. We conclude that
(-)-rhazinilam and NSC 613241 bind to different sites on tubulin that differ from binding sites for
other antitubulin agents.
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1. Introduction

Microtubules and tubulin continue to be an important target for cancer therapy. Newer
clinically approved agents that interfere with the function of these organelles are the
epothilone analogue ixapebilone [1], the halichondrin B analogue eribulin [2], and the taxoid
cabazitaxel [3]. The tubulin-microtubule equilibrium has become a major target for
antibody-drug conjugates, with brentuximab vedotin (a complex containing a dolastatin 10
analogue) and ado-trastuzumab emtansine (a complex containing a maytansinoid) being
recently approved for use in patients expressing the appropriate antigens on their tumors
[4,5]. These antibody-drug conjugates contain analogues of highly cytotoxic natural
products that failed to demonstrate sufficient antitumor activity at acceptable doses in human
patients.

Tubulin and microtubules contain a variety of binding sites for agents that interfere with
either their assembly or disassembly. However, a number of compounds interact at sites that
are ill-defined, in comparison with more well-defined binding sites, such as those for
colchicine [6] and paclitaxel [7]. Two examples of such compounds (structures in Fig. 1) are
(-)-rhazinilam [8], derived from a natural product, and the synthetic diphenylpyridazinones
(DPPs3) [9]. These agents appear to be related to each other in that they each cause aberrant
assembly reactions with formation of well-defined spiral structures of similar morphology
[8-10]. In addition, both (=)-rhazinilam and the DPPs can inhibit tubulin assembly in vitro
at substoichiometric concentrations, relative to the amount of tubulin in the reaction mixture
[9,10]. Inhibition occurs with lower compound concentrations than those required for spiral
formation.

(-)-Rhazinilam was isolated from plants of the Apocynaceae family. Not a true natural
product, it is formed by rapid degradation of the original natural product [11,12]. Cells
treated with (-)-rhazinilam show ICs values for the compound in the low uM range
[8,10,12,13], as compared with nM and pM 1C5q’s for the most potent antitubulin agents.
Cells treated with (=)-rhazinilam show the typical mitotic arrest observed with antitubulin
compounds. Most strikingly, despite the inhibition of assembly and the aberrant assembly
reaction described above, cells treated with (=)-rhazinilam show the bundled microtubules
observed with paclitaxel and other taxoid site agents [8]. During an analysis of effects
obtained with (-)-rhazinilam analogues, we observed that if GTP was omitted from the
reaction mixture, both microtubules and the characteristic spirals were formed, in
approximately equal amounts [10]. We then performed extensive experiments, so far without
success, to find reaction conditions that would tip the assembly balance further in the
direction of microtubules.

3 Abbreviations used: DPP, diphenylpyridazinone; HPLC, high-performance liquid chromatography; MAPs, microtubule-associated
proteins; Mes, 4-morpholineethanesulfonate; gMTs, glutaraldehyde-fixed microtubules.
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The original DPP compounds were synthesized as antihypertensives [14,15], and some of
them had herbicidal activity [16]. In a toxicological study, mitotic figures were found in
renal tissue [17,18]. In our laboratory, we examined many DPPs for interactions with tubulin
[9]. The most active compounds caused mitotic arrest in cultured cells, although, like (-)-
rhazinilam, 1Csq’s were generally about 1 uM. Since our original study, additional DPPs
were synthesized, and some had greater antitubulin activity than the original compounds, but
maximum cytotoxicity was unchanged (unpublished observations).

Intrigued by the similarities between (=)-rhazinilam and the DPPs in their effects on tubulin,
we arranged for the synthesis of [3H](-)-rhazinilam and [3H]NSC 613241, which was the
DPP derivative with the greatest inhibitory effect on tubulin assembly. We also performed
comparative studies on the aberrant assembly reactions. Our goal was to gain insight into the
binding sites for these compounds on tubulin.

2. Materials and methods

2.1. Materials

The DPP derivatives were synthesized in the laboratory of the late Dr. Larry J. Powers of
Ricerca Biosciences, Concord, Ohio. High-performance liquid chromatography (HPLC)
analyses indicated > 99% purity of NSC 613241 and 92% purity of NSC 608593. (-)-
Rhazinilam was a generous gift of Dr. F. Guéritte, Centre National de la Recherche
Scientifique, Gif-sur-Yvette, France. HPLC analysis indicated 96% purity. The racemic
rhazinilam analogue shown in Fig. 1 was generously provided by Dr. W. G. Bornmann,
University of Texas M. D. Anderson Cancer Center. Podophyllotoxin and nocodazole were
from Aldrich. All DPPs were provided by the Developmental Therapeutics Program,
National Cancer Institute compound repository, as were paclitaxel, [3H]paclitaxel (16. 2 Ci/
mmol; radiochemical purity 97% on two TLC and one HPLC analysis), vinorelbine,
vinblastine, vincristine, and maytansine. Synthetic laulimalide and peloruside A were
generous gifts of Dr. A. Ghosh, Purdue University. Combretastatin A-4, dolastatins 10 and
15, halichondrin B, and spongistatin 1 were generous gifts of Dr. G. R. Pettit, Arizona State
University. Thiocolchicine was a generous gift of the late Dr. Arnold Brossi, National
Institute of Diabetes and Digestive and Kidney Diseases. Epothilone B and cryptophycin 1
were generously provided by Merck Research Laboratories. The pentapeptide N,N-
dimethylvalyl-valyl-A-methylvalyl-prolyl-proline was a generous gift of the Genzyme
Corporation. This pentapeptide has been found to be formed intracellularly from dolastatin
15, as well as from related synthetic analogues (such as cemadotin and tasidotin), as a
metabolite more active than the parental depsipeptides [19,20] as an antitubulin agent. The
isolation of hemiasterlin was described previously [21]. [3H](-)-Rhazinilam (7.0 Ci/mmol;
radiochemical purity 97.5% on two TLC and one HPLC analysis), [BHINSC 613241 (1.4 Ci/
mmol; radiochemical purity 98% on two TLC and one HPLC analysis), and [3H]peloruside
A (1.2 Ci/mmol; radiochemical purity 97% on two TLC and one HPLC analysis) were
prepared from the nonradiolabeled compounds by AmBios Laboratories. Electrophoretically
homogenous bovine brain tubulin and microtubule-associated proteins (MAPS) were
prepared as described previously [22], including removal of unbound nucleotide from the
tubulin by gel filtration chromatography [23].
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2.2. Methods

Turbidity development in tubulin solutions at 350 nm was followed in Gilford model 250
recording spectrophotometers equipped with electronic temperature controllers. Temperature
increases at about 0.5 °C/s. All reaction components except tubulin and compounds of
interest were thoroughly mixed in cuvettes that were held a 0 °C in the spectrophotometer.
Tubulin was mixed into the reaction mixtures, and baselines were established. Compounds,
dissolved in dimethyl sulfoxide, were next mixed into the reaction mixtures, and, if
necessary, baselines were reestablished. The reaction was followed sequentially for 20 min
each at 0, 10, and 20 °C, unless otherwise indicated. Sometimes, aliquots were removed
from the reaction mixtures for electron microscopy. The 0.25 mL reaction mixtures
contained 0.6 M monosodium glutamate (from a 2.0 M stock solution adjusted to pH 6.6
with HCI), 1.0 mg/mL (10 pM) tubulin, 1.0 mM MgCl,, 50 uM GTP, 2% (v/v) dimethyl
sulfoxide, unless indicated otherwise, and compounds as indicated.

For electron microscopy, about 10 pL of a reaction mixture was placed on a 200-mesh
carbon-coated, Formvar-treated copper grid and immediately stained with several successive
drops of 1% (w/v) uranyl acetate, with excess stain wicked from the grid with torn filter
paper. The grids were examined in a Zeiss model 10CA electron microscope.

In some experiments, compound effects were studied in an assembly system in which MAPs
were required for tubulin polymerization. Reaction mixtures contained 1.0 mg/mL tubulin,
0.5 mg/mL MAPs purified by DEAE-cellulose chromatography, 1.0 mM GTP, 0.1 M Mes
(taken from a 1.0 M stock solution adjusted to pH 6.9 with NaOH), 0.5 mM MgCls, and 2%
dimethyl sulfoxide as compound solvent. Assembly was at 37 °C for 20 min, with extent of
the reaction the parameter measured for determination of I1Csq values.

Binding of drugs to microtubules was measured with glutaraldehyde-fixed microtubules
(gMTs), prepared as described by Diaz et al. [24]. Reaction details are described in Table 2.

Binding of [3H](-)-rhazinilam and [H]NSC 613241 to tubulin was examined by several
techniques. These included centrifugal gel filtration [25] and size exclusion HPLC [26],
neither of which was useful. We therefore evaluated incorporation of the radiolabeled
compounds into the spiral polymers, which were harvested by ultracentrifugation. Reaction
mixtures (100 puL volume) contained 0.6 M monosodium glutamate (pH 6.6), 1.0 mg/mL
tubulin, 1.0 mM MgCls, 50 uM GTP, 2% dimethyl sulfoxide, and compounds as indicated.
Samples were incubated at room temperature (about 22 °C) for 30 min, then centrifuged at
45,000 rpm for 10 min at 22 °C. A TLA 55 rotor and an Optima TLX ultracentrifuge from
Beckman Instruments were used. The supernatants were discarded, and the pellets were
dissolved in 0.25 mL 8.0 M urea. Protein (Lowry reaction) and radiolabel were determined
on 100 pL of the urea solutions. For stoichiometry determinations (compound/tubulin) a
molecular weight of 100 kDa was used for tubulin, based on the primary sequences of a-
and B-tubulin [27,28].

In ultacentrifugation experiments with nonradiolabeled drugs, GTP was not included in the
reaction mixtures, incubation was for 20 min at 0 °C, and centrifugation was at 2 °C. The
dimethyl sulfoxide concentration was 4%. Protein concentration was determined on the
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supernatants, and the amount of polymer formed was determined by subtraction from the
protein concentration of uncentrifuged reaction mixtures.

3. Results

3.1 Inhibition of MAP-dependent microtubule assembly by newer DPPs and by (-)-

rhazinilam

Previously [9], ICsq’s for microtubule assembly for the most active DPPs were determined
to be 5-10 uM. When determined more precisely, the compound that yielded the lowest ICgq
was NSC 362455 (5.8 £ 0.23 [SD] uM). In terms of structure-activity relationships, the
substituent at N-2 had unpredictable effects on activity, the nitrile group at C-4 was
important, an analogue lacking both phenyl rings was inactive, and chlorine substituents on
the phenyl rings enhanced activity. Among newer analogues, three had greater activity than
NSC 362455: NSC 613241 (ICsp, 2.5 £ 0.13 uM), NSC 608593 (ICsp, 3.0 £ 0.23 pM), and
NSC 614930 (ICsg, 4.2 £ 0.076 uM). Thus, fluorine substituents, like chlorine substituents,
on the phenyl rings modestly enhanced activity (see Fig. 1). The methyltetrazole substituent
at N-2 was the best alkyl group of those examined. Two analogues of NSC 362449, each
missing one of the two phenyl rings, had no significant effect on microtubule assembly
(NSC 608602 lacked the phenyl ring at C-5, NSC 608600 at C-6).

With different tubulin and MAPs preparations, we examined the effects of (—)-rhazinilam on
microtubule assembly, in comparison with NSC 613241, obtaining ICsg values of 1.9 £ 0.11
and 2.3 £ 0.071 uM for NSC 613241 and (=)-rhazinilam, respectively. The turbidity tracings
indicated that aberrant assembly reactions (reactions that were not cold reversible) occurred
with as little as 2.0 pM NSC 613241 and 3 pM (-)-rhazinilam at 37 °C. With either
compound at 20 uM, there was aberrant assembly at 0 °C, with a slight further increase in
turbidity at 37 °C.

3.2. Induction of spiral formation in reaction mixtures containing glutamate but not

MAPs

We had found that (-)-rhazinilam induced partial microtubule formation in reaction mixtures
containing 0.75 M monosodium glutamate but no GTP [10]. Adding GTP significantly
enhanced the aberrant assembly reaction, but only spirals were formed. Many experiments
aimed at generating (=)-rhazinilam-induced microtubules and no spirals were unsuccessful,
including adding GDP to the reaction mixture. We should also note that use of glutamate to
induce tubulin assembly eliminates the confounding problem of MAPSs in the reaction
mixture, because inclusion of MAPs raises the possibility of a drug reaction with MAPs or
with a MAPs-tubulin complex.

For comparative studies, we selected NSC 613241, the most active of the DPP derivatives.
Under all glutamate-based conditions we examined, as well as in MAP-dependent assembly,
NSC 613241 was more active than (=)-rhazinilam in inducing aberrant assembly reactions,
even at 0 °C. We found that aberrant assembly at 0 °C was delayed for about 1 min
following addition of NSC 613241 with 0.6 M monosodium glutamate, supplemented with
50 uM GTP, 1 mM MgCl,, and 2% dimethyl sulfoxide.
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In the experiments summarized in Fig. 2, all reaction mixtures contained tubulin and either
NSC 613241 (Panel A, curves 1-4) or (-)-rhazinilam (Panel B, curves 5-8) at 10 uM,
together with 0.6 M glutamate and 2% dimethyl sulfoxide. With both compounds, GTP
dramatically enhanced the assembly reactions, and the reactions were further enhanced by
MgCls,, especially with (-)-rhazinilam (compare curves 7, without Mg2*, and 8, with Mg2*).
Addition of 500 UM GDP to the complete reaction mixtures was inhibitory with both
compounds (dashed curves 4a and 8a). In the absence of GTP, MgCl, had no effect on the
reaction induced by NSC 613241 (compare curves 1 and 2) and inhibited the weak reaction
induced by (-)-rhazinilam (compare curves 5 and 6). In 0.6 M glutamate, while not
essential, GTP strongly enhanced the aberrant assembly reactions with both (=)-rhazinilam
and NSC 613241.

The experiments presented in Fig. 2 were performed in temperature steps, about 20 min each
at 0, 10, 20, and 30 °C. Generally, there was little change following the 30 °C step, so this
phase of the reaction is not shown (but see Supplemental Figures 2—4). The reaction
represented by curve 4 began shortly after adding the NSC 613241 to the reaction mixture
held at 0 °C. Within 20 min at 0 °C the reaction was at about 30—-35% of its maximum, with
the reaction reaching about 90% of maximum at 10 °C. The comparable study with (-)-
rhazinilam (curve 8) showed little or no change in turbidity after 20 min at 0 °C, reaching
75-80% of maximum at 10 °C, with a further increase at 20 °C, reaching the same turbidity
level as occurred with NSC 613241, Without compound there was no change in turbidity
(curves 4b and 8b).

The temperature difference observed with the two compounds did not derive from a
difference in affinity for tubulin. Increasing compound concentrations to 20 uM had little
effect on turbidity development under this reaction condition. With 20 uM (=)-rhazinilam,
the reaction rate was somewhat faster than with 10 uM compound at 10 °C, but there was
still almost no reaction at 0 °C.

The GTP requirement observed in these experiments could be reduced by changing the
concentrations of the reaction components. Even more dramatic, it practically disappeared if
(-)-rhazinilam and NSC 613241 were both added to the reaction mixtures (see below).

3.3. Aberrant polymer morphologies

Figs. 3 and 4 present electron micrographs of negatively stained polymer formed with (-)-
rhazinilam or with NSC 613241, respectively, under the reaction conditions used in the
studies presented in Fig. 2, following the 0 to 10 to 20 °C transitions. The morphologies
observed here did not differ significantly from those described previously [9,10].

With (-)-rhazinilam, there were many areas on the grids where multiple, relatively short
spiral structures were observed (Fig. 3A). There were also many densely stained structures
from which single spirals seemed to peel off at the periphery (Fig. 3B). The pitch of the
spirals seemed relatively irregular, but, in the highest magnification views obtained (Fig.
3C), a two filament substructure (arrow) was clearly observed. We also pretreated the (-)-
rhazinilam structures with glutaraldehyde (0.2%) before applying them to a grid, and this
maneuver made the spirals more regular in appearance (Fig. 3D). The glutaraldehyde-fixed
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spirals had a mean pitch of about 79 nm. Non-fixed spirals yielded a similar pitch (mean, 80
nm).

With NSC 613241, there were also many areas where multiple spiral structures were
crowded together (Fig. 4A). They were denser than was the case with (=)-rhazinilam and,
perhaps somewhat longer. As with (-)-rhazinilam, there were also dense structures with
single spirals peeling off at the periphery (Figs. 4B and 4C). Generally, the images,
particularly at higher magnification (Fig. 4D), were less sharp than those obtained with (-)-
rhazinilam, and no improvement was observed with a glutaraldehyde treatment.
Nonetheless, a filamentous substructure was observed. Two filament structures are indicated
by the single arrows. In other structures (double arrow), there is a suggestion of a three
filament substructure, but this may be caused by overlapping spirals. The mean pitch of the
spirals was 85 nm, somewhat larger than the pitch obtained with the (-)-rhazinilam
structures.

In summary, the (-)-rhazinilam-induced structures stain with uranyl acetate more readily
than those formed with NSC 613241 (i.e., sharper images were obtained) and had a
somewhat shorter pitch. The (=)-rhazinilam structures, but not the NSC 613241 structures,
took on a more regular appearance following glutaraldehyde treatment.

We should stress that the spirals formed with both (=)-rhazinilam and NSC 613241 differ
markedly from those formed in the presence of vinblastine (Fig. 5), whether in the absence
(Panel A) or presence of GTP (Panel B). We have generally found that in glutamate the
vinblastine-induced spirals are tightly coiled, making determinations of pitch impossible, at
least by methods available to us. However, in our micrograph collection we did find one
vinca-induced structure (Supplemental Materials Fig. 1) with loops of individual coils that
could be measured. We obtained an average pitch from this structure of 27 nm, but we are
unable to appreciate a filament substructure in these spirals.

We should also note that many workers have studied vinca alkaloid-induced spirals over the
years, and variations in structures and in the tightness of the coils have been described.
MAPs in sulfonate buffers clearly affect polymer morphology (see ref. 26 for an example
from our studies), but, as far as we know, no morphological differences have been observed
with guanine nucleotides. Workers have described stronger aberrant assembly reactions with
GDP vs GTP (e.g., ref. 29,30), but others have noted a requirement for GTP in the aberrant
assembly reaction [31]. Variations in the tightness of the spirals formed are clear from
published electron micrographs, but in only one report [32] was pitch measured. These
workers found a repeat of 26-30 nm, depending on reaction conditions. This agrees with
what we found in the micrograph presented in Supplemental Materials Fig. 1, but these
workers noted a two filament substructure [32]. In contrast, Jordan et al. [33] observed
vinblastine-induced disassembly of microtubules, and the spirals they observed were similar
in appearance to those shown in Fig. 5 and in Supplemental Materials Fig. 1. Because
multiple spirals were observed contiguous with microtubule ends, Jordan et al. [33]
interpreted each spiral as being derived from a microtubule protofilament, and no filament
substructure was described.
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3.4. Effects of other compounds that inhibit microtubule assembly on spiral formation
with 10 pM (-)-rhazinilam or 10 pM NSC 613241

We examined the effects of 15 inhibitors of microtubule assembly at 50 uM on the aberrant
assembly reactions induced by either (=)-rhazinilam or NSC 613241 at 10 uM. In all cases,
whether or not the inhibitor itself induced an aberrant assembly reaction (examples:
vinblastine and dolastatin 10), the (-)-rhazinilam and NSC 613241 reactions were inhibited.
This was especially obvious at the lower reaction temperatures. Our results are summarized
in Table 1, and the turbidity tracings on which these conclusions are based are shown in the
Supplemental Materials Figures 2-5. These inhibitory effects are reminiscent of the
inhibition by many of these compounds on assembly induced by the microtubule stabilizing
agents paclitaxel, epothilone B, discodermolide, and laulimalide [34,35]. In addition, spiral
formation by (-)-rhazinilam and NSC 613241, like microtubule assembly with taxoid and
laulimalide site agents [35,36; unpublished data], is enhanced by GTP and inhibited by GDP.

3.5. (-)-Rhazinilam and NSC 613241 did not inhibit the binding of [3H]paclitaxel or
[3H]peloruside A to gMTs, and [3H](-)-rhazinilam and [3BH]NSC 613241 did not bind avidly to

gMTs

In addition to their inhibitory effects on the assembly of purified tubulin with and without
MAPs and their induction of aberrant assembly reactions, both (=)-rhazinilam and DPP
derivatives are unusual antimitotic agents in that they can induce formation of tubular
structures. We found that (=)-rhazinilam could induce partial formation of microtubules [10]
from purified tubulin, while David et al. [8] observed bundled microtubules in (-)-
rhazinilam-treated cells. The finding that DPP derivatives have herbicidal activity led to
studies in plants that included the observation in root tip tissue that the disappearance of
microtubules was accompanied by the appearance of macrotubules that were 75 nm in
diameter [9]. These polymerization effects raised the possibility that (-)-rhazinilam or NSC
613241 might bind in one of the two sites on microtubules occupied by microtubule
stabilizing agents [37].

Morphological observations combining either compound with either a taxoid site or a
laulimalide site compound were inconclusive. Adding either epothilone B or laulimalide to
the spirals induced by (=)-rhazinilam or NSC 613241 led to formation of a variety of
disorganized structures (see Supplemental Materials Figs. 7-9), with an occasional structure
that seemed to have a protofilament substructure (Supplemental Materials Fig. 9). Adding
either (-)-rhazinilam or NSC 613241 to microtubules induced by laulimalide or epothilone
B led to persistence of the preformed microtubules (see Supplemental Materials Figs. 6-8).

We thought that the gMTs that have been extremely useful in evaluating taxoid site
compounds [24] might provide information about potential binding sites for (=)-rhazinilam
and/or NSC 613241. These experiments were negative. As shown in Table 2, neither
compound in 10-fold molar excess inhibited the binding of either [3H]paclitaxel or
[3H]peloruside A to gMTs. The control compounds, epothilone B and laulimalide, inhibited
[3H]paclitaxel and [3H]peloruside A binding, respectively.
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Neither [3H](-)-rhazinilam nor [3H]NSC 613241 had significant affinity for the gMTs,
Binding stoichiometries were less than 0.04/tubulin in the gMTs, in contrast to the
stoichiometries of 0.53 obtained with [3H]paclitaxel and of 0.67 obtained with
[3H]peloruside A (Table 2).

3.6. Binding of [3H](-)-rhazinilam and [3H]NSC 613241 to aberrant tubulin polymer

We were unable to demonstrate binding of either [3H](-)-rhazinilam or [3H]NSC 613241 to
the ap-tubulin dimer. We therefore explored their incorporation into spiral polymers
harvested by centrifugation. Relatively low concentrations of either agent led to large
polymer pellets (Fig. 6A). With 10 uM tubulin, 5 uM compound led to pellets containing
73% of the tubulin with NSC 613241 and 53% with (=)-rhazinilam. In keeping with the
apparently greater activity of NSC 613241 in inducing spiral formation, the DPP compound
was more active than (=)-rhazinilam, in that a larger pellet was formed with the former as
compared with the latter compound. At 20 pM, with both compounds the pellets contained
about 90% of the tubulin in the reaction mixtures.

When incorporation of radiolabeled compounds into the pellets was examined, there was
little apparent difference between them, and the stoichiometry of compound incorporation
versus the amount of tubulin in the pellet was low (Fig. 6B). When compound and tubulin
were equimolar (10 pM each), the stoichiometry of compound to tubulin in the pellets was
0.13 for [3H](-)-rhazinilam and 0.11 for [3H]NSC 613241. The stoichiometry of compound
incorporation into the aberrant polymers rose as compound concentration increased,
reaching maxima of 0.68 for (-)-rhazinilam and 0.62 for NSC 613241 at 80 uM. A slightly
higher stoichiometry occurred with (=)-rhazinilam than with NSC 613241.

Both compounds induced substantial aberrant assembly reactions at substoichiometric
concentrations. Combining the data of Figs. 6A and 6B, with 5 UM (-)-rhazinilam,
stoichiometry in the polymer pellet was 0.13, with the pellet containing 53% of the tubulin
in the original reaction mixture. This was even more dramatic with 5 uM NSC 613241, with
stoichiometry 0.11 and 73% of the tubulin in the pellet. With 40 uM compound, nearly
100% of the tubulin was in the polymer with both compounds, and less than half the tubulin
in the pellets had bound compound — stoichiometries were 0.47 and 0.42 tubulin with (-)-
rhazinilam and NSC 613241, respectively.

With the radiolabeled ligands, we were unable to demonstrate cross inhibition of
incorporation of either NSC 613241 or (-)-rhazinilam into spirals. An example of such an
experiment is shown in Table 3. There was no definite inhibition by one ligand of the
incorporation of the other into polymer. Addition of the nonradiolabeled ligand in both cases
caused a significant increase in polymer formed.

3.6. Apparent synergy of (-)-rhazinilam and NSC 613241 in inducing spiral formation
under “restrictive” reaction conditions

We previously demonstrated synergy between all taxoid site compounds and both
laulimalide site compounds in any combination in inducing microtubule assembly, but this
required finding restrictive reaction conditions where single compounds had little or no
activity [38]. This observation bolstered the argument for separate binding sites on
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microtubules predicted by the failure of laulimalide to inhibit the binding of taxoids to
microtubules [39], subsequently confirmed by X-ray crystallography [37]. Could an
analogous observation be made with NSC 613241 and (-)-rhazinilam?

Such experiments at 0 °C were undertaken in the absence of GTP. Fig. 7A shows a
centrifugation study with 10 pM tubulin and (=)-rhazinilam alone, NSC 613241 alone, or a
mixture of both compounds at concentrations up to 30 uM. Spiral formation was minimal
with either compound alone but extensive with both compounds at 10 uM and above. Fig.
7B shows a turbidity experiment with the compounds at 15 UM, either separately or together,
and of the individual compounds at 30 pM.

We explored this potential synergy further by examining combinations of the DPP
derivatives NSC 613241 and NSC 608593 and of (-)-rhazinilam and an active rhazinilam
analogue (structure in Fig. 1). The analogue was a racemic mixture, only one of which is
probably active [10], so it was used at twice the concentration of the other compounds. The
data in Table 4 show that spiral formation at 0 °C required the presence of both a DPP
derivative and (=)-rhazinilam or the rhazinilam analogue.

4. Discussion

The predominant effect of interactions of (-)-rhazinilam and the DPP derivative NSC
613241 with tubulin appeared to be similar, induction of spiral polymers of apparently
identical morphology. This suggested the compounds likely interacted at the same site on
tubulin despite their disparate chemical structures. To demonstrate this unambiguously, we
obtained radiolabeled versions of both compounds, and we studied the aberrant assembly
reactions in greater detail.

We selected a reaction condition that reduced the rapid assembly induced by NSC 613241 at
0 °C. The assembly reactions were markedly enhanced by GTP and inhibited by GDP. Both
aberrant assembly reactions were inhibited by all classes of agents that inhibit microtubule
assembly. Taken together, these findings were highly reminiscent of the effects of taxoid site
agents and of laulimalide on tubulin assembly into microtubules (assembly reactions
enhanced by but not absolutely dependent on GTP, inhibited by GDP, and inhibited by drugs
that inhibit microtubule assembly). The idea that (=)-rhazinilam, especially, might bind to a
site on microtubules was appealing because of our finding [10] that, under at least one
reaction condition, partial formation of microtubules from purified tubulin was induced by
(-)-rhazinilam, and the agent can induce microtubule bundles in cultured cells [8]. Using
gMTs, however, we found no evidence that either [3H](-)-rhazinilam or [SH]NSC 613241
bound readily to microtubules, while the gMTs avidly bound [3H]paclitaxel and
[3H]peloruside A to the taxoid and laulimalide sites, respectively.

There was a difference in the pitch of the spirals formed with (-)-rhazinilam and NSC
613241, and they differed in how readily they stained with uranyl acetate. Those formed
with (=)-rhazinilam were better visualized with uranyl acetate and had a pitch of 79-80 nm.
The NSC 613241 structures were less clearly stained, and their pitch was 85 nm.
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We were not able to demonstrate significant binding of either radiolabeled compound to the
ap-tubulin dimer, but both radiolabeled compounds were incorporated into polymer
harvested by ultracentrifugation. With both compounds, we found that the aberrant assembly
reactions were substoichiometric in that polymer contained relatively low amounts of
compound as compared with its tubulin content. Moreover, we found that we were not able
to prevent incorporation of [3H](-)-rhazinilam into polymer with nonradiolabeled NSC
613241 nor of [3H]NSC 613241 with nonradiolabeled (-)-rhazinilam. Although this could
be a result of our not being able to achieve saturating concentrations of nonradiolabeled
compound in view of the substoichiometric aberrant assembly reactions, it nevertheless
seems most likely that (=)-rhazinilam and NSC 613241 bind to different sites on tubulin
with a similar morphological outcome, reminiscent of what happens with taxoid and
laulimalide site agents.

We further explored the two site possibility by examining a restrictive reaction condition
where neither (-)-rhazinilam, an active rhazinilam analogue, nor the DPP derivatives NSC
613241 and NSC 608593 induced aberrant polymer formation alone. The two DPP
derivatives together and (=)-rhazinilam combined with the rhazinilam analogue were also
inactive. In contrast, significant polymer formation occurred when the two classes of drugs
were used together in any combination. This synergy was parallel to what was observed
previously when laulimalide or peloruside A was combined with a wide variety of taxoid
site agents under restrictive reaction conditions where a single agent had little activity, even
when combined with another agent of the same class [38].

We cannot exclude the possibility that (-)-rhazinilam and/or NSC 613241 might bind to one
of the sites that accommodate inhibitors of microtubule assembly. We considered exploring
this with our radiolabeled compounds. However, the studies presented above, showing that
all inhibitors, no matter the binding site, inhibit both aberrant assembly reactions make this
difficult, if not impossible, to study. One might also argue that the differences in inhibitor
effects on the two aberrant assembly reactions (Table 1) further supports the conclusion that
(-)-rhazinilam and DPP derivatives must bind to two different sites on tubulin.

We have no specific information that indicates where on the af-tubulin dimer either (-)-
rhazinilam or NSC 613241 might bind. The (-)-rhazinilam- and DPP-induced spirals are
very different morphologically from those induced by the vinca alkaloids, as shown above.
Nevertheless, the crystal structures of tubulin with bound vinblastine [40] or a bound
dolastatin 10 analogue [41,42] strongly suggest that the binding sites of compounds that
induce aberrant assembly reactions are generated by the interaction of two tubulin dimers. In
these crystals, the binding sites are formed by the interaction of a-tubulin on one dimer with
B-tubulin on a second dimer. This was predicted in the pioneering work of Timasheff [43],
who argued on kinetic grounds that the apparent biphasic Scatchard plots for radiolabeled
vinca alkaloid binding to tubulin did not indicate two binding sites but cooperativity of
tubulin af-dimers in binding the vinca alkaloids. We observed [26] the same phenomenon in
the binding of [3H]dolastatin 10 to tubulin, together with observing that the radiolabeled
dolastatin 10 was bound initially to a 200 kDa species, presumably two af-dimers.
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However, compounds binding in the ap interface between two dimers generally inhibit
tubulin-dependent GTP hydrolysis, while DPPs [9] enhance GTP hydrolysis, as do many,
but not all, compounds binding in the colchicine site located at the af} interface within a
tubulin dimer [6]. It is unlikely that (-)-rhazinilam would inhibit GTP hydrolysis, since the
effect of the compound on spiral formation, like that of NSC 613241, was strongly inhibited
by GDP. These effects on GTP hydrolysis could indicate that (-)-rhazinilam and DPP
derivatives bind to a site on p-tubulin, as do paclitaxel and laulimalide [7,37], both of which
induce assembly reactions with nucleotide properties similar to those observed with (-)-
rhazinilam and NSC 613241.

In closing, we should note that some of the observations reported here with (=)-rhazinilam
were reported previously by David et al. [8]. They found that vinblastine and maytansine,
but not colchicing, inhibited the aberrant assembly reaction, while we found that the tubulin-
thiocolchicine complex had a reduced ability to form aberrant polymer. We also found
complete inhibition of spiral formation by podophyllotoxin and partial inhibition by
combretastatin A-4 and nocodazole, three well-characterized colchicine site agents. David et
al. [8] also described a GTP requirement for spiral formation, although they did not point out
that GTP was not a mandatory requirement for the reaction, probably because of differences
in reaction conditions. With [3H](-)-rhazinilam, they found binding to tubulin spirals but not
to af-dimer, as did we, and even at high compound concentrations binding to tubulin was
substoichiometric for them, too. David et al. [8] also mentioned experiments they had
performed with unspecified DPP derivatives. In contrast to the dramatic spiral formation we
observed with NSC 613241 at 0 °C, and spiral persistence at higher temperatures (also cf.
ref. 9), David et al. [8] reported that spiral formation did not occur at 37 °C. They also
described differing effects of DPP derivatives and (=)-rhazinilam on preformed
microtubules, but we have not performed any analogous studies here with preformed
microtubules.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. (-)-Rhazinilam and NSC 613241 induce formation of spirals of
different repeats.

. (-)-Rhazinilam and NSC 613241 do not bind avidly to microtubules or
tubulin dimer.

. (-)-Rhazinilam and NSC 613241act substoichiometrically and
synergistically.

. (-)-Rhazinilam and NSC 613241 do not inhibit each other’s binding to
spirals.

. Spiral formation : enhanced by GTP; inhibited by assembly inhibitors
and by GDP.
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Fig. 1.
Structures of (=)-rhazinilam, a racemic rhazinilam analogue, and several DPP derivatives,

including NSC 613241. 1Csq’s for microtubule assembly for NSC 362449 and NSC 602746
were 6.2 £ 0.38 and 6.2 £0.44 UM, respectively, obtained at the same time as the ICsq of 5.8
+ 0.23 pM was obtained for NSC 362455, as described in the text. These were the most
active DPP derivatives described previously [9].
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A. Effects of NSC 613241
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Fig. 2.

Aberrant tubulin assembly reactions induced by NSC 613241 (Panel A; curves 1-4) and (-)-
rhazinilam (Panel B; curves 5-8). All reaction mixtures contained 10 uM tubulin, 0.6 M
monosodium glutamate (pH 6.6), 2% dimethyl sulfoxide, and either 10 pM NSC 613241 or
10 pM (-)-rhazinilam, as indicated. There was no further addition to the reactions
represented by curves 1 and 5. Further additions were 1.0 mM MgCls only (curves 2 and 6),
50 pyM GTP only (curves 3 and 7), both 1.0 mM MgCl, and 50 uM GTP (curves 4 and 8),
and 1.0 mM MgCl,, 50 uM GTP, and 500 uM GDP (dashed curves 4a and 8a). In addition,
the arrows pointing to the baselines labeled curves 4b and 8b represent reaction mixtures
containing 1.0 mM MgCl, and 50 uM GTP but no NSC 613241 (curve 4b) or no (-)-
rhazinilam (curve 8b). Baselines at 350 nm were set with all components except NSC
613241 or (-)-rhazinilam mixed in the cuvettes. Addition of either NSC 613241 or (-)-
rhazinilam, with rapid mixing into the reaction mixture, initiated the timing of the reaction.
At the times indicated on the abscissa, the temperature was set at the temperatures indicated
to the left of the dashed lines. Temperature rose in the cuvettes, once the temperature was set
on the temperature controller at about 0.5 °C/s. It should be noted that 10 uM (-)-rhazinilam
had no significant absorbance at 350 nm, whereas 10 pM NSC 613241 had absorbance of
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about 0.1 Azgg unit. This sudden jump when the cuvette chamber was closed could be
readily distinguished from the increase in turbidity that began 30-60 s later.
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Fig. 3.

El?ectron micrographs of aberrant polymer formed with (=)-rhazinilam. Magnification is
indicated by the bars in each panel. A. Lower magnification view. B. Middle magnification
view. C. Higher magnification view. The arrow indicates a segment of polymer where a 2
filament substructure is clearly visible. D. Middle magnification view of polymer mildly
fixed with glutaraldehyde (0.2%) before sample was applied to the grid.
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Fig. 4.

El?ectron micrographs of aberrant polymer formed with NSC 613241. Magnification is
indicated by the bars in each panel. A and B. Lower magnification views. The dashed box in
panel B indicates an area shown at higher magnification in panel C. C. Middle magnification
view. D. Higher magnification view. Single arrows indicate areas with a 2 filament
substructure. The double arrow indicates an area where there appears to be a 3 filament
substructure, although this may be caused by overlapping spirals.
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100:nm

Fig. 5.
Electron micrographs of aberrant polymer formed with vinblastine in the absence (A) and

presence of GTP (B). Reaction mixtures contained 10 uM tubulin, 0.75 M monosodium
glutamate, 20 pM vinblastine, and, if present, 10 uM GTP. The tubulin used in these studies
was not subjected to gel filtration chromatography.
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Fig. 6.

ancentration effects of (=)-rhazinilam and NSC 613241 on amount of tubulin in
sedimentable polymer (A) and on stoichiometry of compounds in sedimentable polymer (B).
Experimental details are described in detail in the text. In brief, reaction mixtures containing
the indicated concentrations of [3H](-)-rhazinilam (triangles) or [BH]NSC 613241 (circles)
were incubated at 22 °C for 30 min, and the polymer was harvested by centrifugation.
Protein and radiolabel content of the pellets was determined, and these data were used to
calculate the values shown in the Figure.
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Fig. 7.

Bgth (-)-rhazinilam and NSC 613241 are required for aberrant assembly at 0 °C in the
absence of GTP. Reaction mixtures contained 10 uM tubulin, 0.6 M monosodium glutamate
(pH 6.6), 1.0 mM MgCl,, 4% dimethyl sulfoxide, and NSC 613241 and/or (-)-rhazinilam,
as indicated. A. Aberrant polymer harvested by ultracentrifugation as described in the text
following a 20 min incubation at 0 °C. Symbols: circles, (-)-rhazinilam and NSC 613241 at
the indicated concentrations; upright triangles, (=)-rhazinilam at the indicated
concentrations; inverted triangles, NSC 613241 at the indicated concentrations. B.
Formation of aberrant polymer by turbidimetry. Reactions were followed at 0 °C in a Gilford
250 spectrophotometer equipped with an electronic temperature controller. Curve 1, 15 uM
(-)-rhazinilam and 15 uM NSC 613241, curve 2, 15 pM (-)-rhazinilam; curve 3, 30 UM (-)-
rhazinilam; curve 4, 15 uM NSC 613241; curve 5, 30 uM NSC 613241.
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Table 2

Page 25

Binding of [3H]paclitaxel or [®H]peloruside A, but not [3H](-)-rhazinilam or [BH]NSC 613241 to gMTs?

Radiolabeled Iigandb Potential inhibitor¢  Ligand bound/tubulin in gMTs + SD

Paclitaxel
Paclitaxel
Paclitaxel
Paclitaxel
Paclitaxel
Peloruside A
Peloruside A
Peloruside A
Peloruside A
Peloruside A
(-)-Rhazinilam

NSC 613241

0.53 +0.094
Epothilone B 0.16 +0.043
Laulimalide 0.50 +£0.018
(-)-Rhazinilam 0.62 £0.17
NSC 613241 0.59+0.24
0.67 +0.12
Epothilone B 0.78 £0.033
Laulimalide 0.088 £ 0.0023
(-)-Rhazinilam 0.69 + 0.039
NSC 613241 0.63 +0.030
0.038 +0.0071
0.035+0.014

aReaction mixtures (100 uL) contained 0.25 mg/mL gMTs (equivalent to 2.5 uM tubulin), 3.4 M glycerol, 6.0 mM MgCl2, 1.0 mM GTP, 1.0 mM
EGTA, 10 mM phosphate buffered saline (pH 6.8), 3% dimethyl sulfoxide, and radiolabeled ligand and inhibitor as indicated. Incubation was at
room temperature (about 22 °C) for 10 min, and centrifugation was at 45,000 rpm for 10 min at 22 °C. Pellets were dissolved in 110 pL 8.0 M urea.
Radiolabel and protein (Lowry assay) were each determined on 50 L of the urea solution.

bRadioIabeIed ligands, all tritiated, were at 2.5 uM. Cpotential inhibitors, all nonradiolabeled, were at 25 uUM.
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Table 3

(-)-Rhazinilam and NSC 613241 do not appear to affect each other’s binding to aberrant polymer?

Radiolabeled ligand Potential inhibitor Ligand bound/tubulin in aberrant polymer + SD (% tubulin recovered in pellet)
10 M (-)-Rhazinilam 0.37 +0.053 (37 £ 5.1)
10 UM (-)-Rhazinilam 80 pM NSC 613241 0.32 +0.022 (89 + 6.4)
10 pM NSC 613241 0.15+0.013 (72 £5.4)
10 UM NSC 613241 80 M (-)-rhazinilam 0.16 +0.014 (95 £ 5.2)

a . - I . . . - _— . -
Experimental conditions were as described in the text. In brief, reaction mixtures containing the indicated concentrations of [3H](—)—rhazm|lam,

[3H]NSC 613241, nonradiolabeled NSC 613241, or nonradiolabeled (=)-rhazinilam were incubated at 22 °C for 30 min, and the polymer was
harvested by centrifugation. Protein and radiolabel content of the pellets was determined, and these data were used to calculate the values shown in
the Table.

Arch Biochem Biophys. Author manuscript; available in PMC 2017 August 15.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Bai and Hamel

Table 4

Page 27

Both a DPP and (-)-rhazinilam or a rhazinilam analogue are required for polymer formation without GTP at

0°c?

Compound(s) added

(-)-Rhazinilam?

Racemic rhazinilam analogue®

NSC 6132410

NSC 6085937

(—)—Rhazinilamd; racemic rhazinilam analogue®
NSC 6132417 NSC 6085939

(-)-Rhazinilam? NSC 6132417
(-)-Rhazinilam? NSC 6085939

Racemic rhazinilam analogueb; NSC 6132417

Racemic rhazinilam analogueb; NSC 6085937

% tubulin in polymer + SE

0+2

72+14
17+19

19+3.8

aReaction mixtures contained 1.0 mg/mL tubulin, 0.6 M monosodium glutamate (pH 6.6), 1.0 mM MgCl2, compounds at the indicated
concentrations, and 4% dimethyl sulfoxide. Incubation was for 20 min at 0 °C, with centrifugation as described in the text. The protein

concentration in the supernatants was compared to the protein concentration in uncentrifuged samples to determine the % tubulin in the polymer

pellets.
b .

Compound concentrations were 30 pM.
[5 .

Compound concentrations were 60 UM.

a .
Compound concentrations were 15 UM.
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