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Abstract

Tubulin dimer (tT) was purified from turkey erythrocytes. The motor domain of Drosophila non-claret disjunctio-
nal protein, NCD(335-700), was expressed in E. coli and purified. At 37°C in the presence of GTP, the rate of
polymerization of tT to microtubule (tMt) is accelerated over threefold by the presence of NCD(335-700). At 10°C,
the rate of tT polymerization is increased from zero, within experimental error, in the absence of NCD(335-700) to
rates near those observed at 37°C when NCD(335-700) is present. The NCD(335-700) concentration dependence of
the rate indicated the reactive species was NCD(335-700),.tT, with n=2. At 10°C in the absence of GTP,
polymerization does not occur, but tT activates NCD(335-700) MgATPase activity 10-fold. For the same conditions,
using mians-NCD(335-700), which is modified with 2-(4'-maleimidylanilino) naphthalene-6-sulfonic acid, the appar-
ent Ky, for binding to tT is 2.3 X 107> M in the presence of MgADP. Replacing ADP with AMPPNP or ATP has a
negligible effect on K. Mians-NCD(335-700) binding to tMt is 10-fold stronger than to tT. The above data indicate
NCD(335-700) binds at a functional site on tT. The stoichiometry is consistent with the formation of
NCD(335-700),.tT which in vitro accelerates self-assembly initiation and /or polymerization by binding a second tT
in a position favorable for tubulin—tubulin interaction. The data suggest that in vivo functional NCD binding to
microtubule involves one motor domain binding to «- and B-subunits at the interface of two different tubulin dimers
in a protofilament. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Non-claret disjunctional protein (NCD) is a
member of the kinesin family and is involved in
mitotic and meiotic spindle morphogenesis and
assembly [1,2]. It has an ATP-dependent micro-
tubule binding site on each of its two motor
domains, and an ATP-independent microtubule
binding site on the distal globular N-terminus
domain, which is separated from the motor do-
mains by an a-helical coiled-coil stalk and neck
region [3]. In vitro, NCD is a minus-end directed
microtubule-based motor [4,5], which is weakly if
at all processive [6-8]. In vivo, it is required for
normal meiotic spindle development and func-
tion, although its exact role is not known. It may
be required for microtubule bundling, or sliding,
or spindle morphogenesis [1,2,9].

There are other members of the kinesin family
of microtubule-based motors that have motor do-
main structures similar to NCD, but different
properties [10]. Conventional kinesin is a highly
processive dimeric motor that moves toward the
plus end of a microtubule [11]. Its role is to move
vesicular cargo. XKCM1, also dimeric, is a non-
motile species that binds at the ends of micro-
tubules and uses ATP hydrolysis energy to pro-
mote depolymerization [12,13]. Kar3 is a minus-
end directed, non-processive, monomeric motor
[14], which forms heterodimers with regulatory
proteins that determine whether it stabilizes or
destabilizes microtubules [15]. NCD stabilizes mi-
crotubules [16]. In spite of their differing func-
tions, the motor domains of kinesin, NCD and
Kar3 have similar high-resolution structures
[17-19]. A single-headed member of the kinesin
family, KIF1A, is surprisingly processive, by virtue
of an extended electrically charged loop on the
motor domain that can bind to the oppositely
charged C-terminal flexible chain on the a-sub-
unit of a neighboring tubulin dimer in the micro-
tubule protofilament [20,21].

These diverse interactions of microtubules with
structurally similar kinesin family members high-
light that microtubules are dynamic components
of the cytoskeleton, in addition to providing tracks
on which some of the motors move. Microtubules
grow most rapidly at the plus end, where a cap of

tubulins that have GTP bound at the E-site of the
B-subunit protects the assembly from episodes of
catastrophic depolymerization [22-24]. The roles
of some of the motors of the kinesin family are to
regulate microtubule position, growth and func-
tion. NCD may be among these.

The atomic structure of a monomeric NCD
motor domain construct NCD(335-700) has been
solved [18], and there are electron micrograph
image reconstruction structures of NCD(335-700)
bound to microtubule [25-27]. The affinity of
NCD for microtubule is high [28]. The kinetics of
the basal and microtubule-activated MgATPase
cycle in solution has been investigated for the
monomeric motor domain [29-31]. The results
indicate that the hydrolytic cycle includes micro-
tubule-bound and unbound states, as expected for
a motile motor protein system.

A high-resolution structure for microtubule was
solved by electron diffraction [32]. No atomic
structures of microtubule-bound motor complexes
of the kinesin family have been solved, but elec-
tron microscopy image reconstruction, using the
high-resolution motor and microtubule struc-
tures, suggest that kinesin, NCD and KIF1A bind
to the a- and B-subunits of tubulin in micro-
tubule [21,33,34]. The binding of the monomeric
constructs of kinesin and NCD is similar in the
electron micrographs [25,35], and competition ex-
periments indicate their binding sites overlap [36].
The similarity of the motor structures solved thus
far [17-19] suggests that other kinesin motors
bind similarly.

Cross-linking studies confirm that kinesin and
NCD motor domains are proximate to both the
a- and B-subunits [37,38]. But it is not known
from any of the studies whether the a-subunit
involved is intra- or inter-tubulin dimer. The
polarity of tubulin is such that the B-subunit in at
the GTP-tubulin capped plus end of the micro-
tubule, making the protofilaments (—)aBaf
aB...aBaBaB(+). However, the structures of
the intramolecular a—f interface and the inter-
molecular B—a interface are similar [39], in spite
of their different stabilities, and cannot be identi-
fied unambiguously in high-resolution electron
diffraction structures. It is unlikely that the «-
subunit contact is lateral to a tubulin in a neigh-
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boring protofilament [21]. Whether the binding of
a motor domain to the B- and a-tubulin subunits
is intra-tubulin or inter-tubulin interface is im-
portant. The subunit interactions of a particular
motor may be related to its mechanism: for
stabilizing or destabilizing microtubules, for de-
termining polarity and processivity, as well as for
motor force generation.

We report here investigations of the interac-
tions in solution of Drosophila NCD(335-700), a
monomeric motor domain construct, with turkey
erythrocyte tubulin «,B-dimer (tT). Our original
goals were to characterize their interactions and
to develop conditions for crystallizing an NCD-
tubulin complex, so we used tT which is more
homogeneous that bovine brain tubulin [40]. Con-
ditions for crystallization were not found, but our
results indicate that under conditions for which
tT polymerizes to microtubule, NCD(335-700) in-
creases the rate of polymerization, and that under
conditions that do not support polymerization,
NCD(335-700) induces polymerization.
NCD(335-700) and NCD(335-700) modified with
a cysteine-directed fluorescent probe are used to
show that for conditions that do not support
polymerization, tT binds reversibly and stimulates
MgATPase activity of the monomeric motor do-
main. The results are consistent with
NCD(335-700) binding at the interface of two
tubulin dimers.

2. Materials and methods
2.1. Protein preparations

Tubulins were isolated from turkey blood (tT)
[41], and from bovine brain (bT) [42], purified by
phosphocellulose column chromatography [43],
flash-frozen in 50 mM Pipes, 1 mM EGTA, 1 mM
MgCl,, 1 mM DTT pH 6.8, and stored at —80°C
until use. This and other buffers were chosen to
facilitate NCD binding measurements. Upon
thawing, tubulin was stable in this buffer at 0°C
for at least 4 h, as assayed by its ability to poly-
merize at 37°C upon addition of 1 mM GTP and
10% DMSO (v/v). All the measurements re-
ported here for tT were done within 2 h of

thawing, except the gel filtration experiments
monitoring dimer stability.

NCD(335-700) was prepared as described [44],
flash frozen in 25 mM Pipes, 80 mM NaCl, 1 mM
EGTA, 1 mM MgCl,, 1 mM DTT, pH 6.8 and
stored at —80°C until use. Upon thawing,
NCD(335-700) was stable in this buffer at 0°C for
at least 24 h, as assayed by its basal and micro-
tubule-activated MgATPase activity at 10°C.

Protein concentrations were measured by the
method of Bradford [45], using myosin subfrag-
ment 1 or bovine serum albumin as a standard.

2.2. MgATPase activities

NCD(335-700) MgATPase activities were de-
termined for 1.6 pM NCD(335-700) in 10 mM
Mops, 2 mM MgOAc,, 1 mM EGTA, 1 mM
DTT, 0.10 mM ATP, at 10°C, either from phos-
phate production using a malachite green method
[46], or from ADP production using a coupled
assay [47]. In the coupled assays, a low [ATP] was
used to keep above the Ky pp =25 pM for
NCD-mictrotubule [30], but to avoid potential
ATP activation of tubulin polymerization. Tubulin
or microtubule was added in storage buffer. Addi-
tion of comparable volumes of tubulin or micro-
tubule buffer had a negligible effect on NCD
activity. Activation of NCD(335-700) activity by
tubulin and microtubule was analyzed assuming
Michaelis—Menten kinetics to obtain values for
Vuax and K.

A typical ATPase measurement took 20 min.
Control measurements at 10°C were done to en-
sure that tubulin did not polymerize and micro-
tubule did not depolymerize during the measure-
ment. Turbidity at 400 nm did not change signifi-
cantly for either sample, indicating negligible
changes in polymerization. Centrifugation fol-
lowed by assay of the supernate for tryptophan
fluorescence indicated no changes in polymeriza-
tion, within experimental error. The presence of
NCD may be stabilizing the microtubule at 10°C
[16].

2.3. Equilibrium binding

The binding of mians-NCD(335-700) to tubulin
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or microtubule at 10°C in 10 mM Mops, 2 mM
MgOAc,, 1 mM EGTA, or 1.0 mM Mg-nucleo-
tide, pH 7.0 was detected from steady-state fluo-
rescence intensity changes at 425 nm, while irra-
diating at 315 nm. Binding curves were de-
termined by serial additions of tT or tMt to
NCD(335-700) in solution, or by dilution of con-
centrated tT-NCD(335-700) samples into
NCD(335-700) in solution. Repeated transfers
and mixing of NCD(335-700) reduced its fluo-
rescence intensity, and were avoided.

2.4. Tubulin polymerization

Tubulin polymerization was monitored by the
increase in the apparent absorbance at 400 nm at
increasing times. Polymerization was started by
diluting the stock tubulin in 20 mM Pipes, 5 mM
MgOAc,, warming to 10 or 37°C and adding 1
mM GTP and 10% DMSO (v/v). For NCD ex-
periments, NCD was added before warming. Ad-
dition of NCD storage buffer in the absence of
NCD did not change the polymerization de-
tectably. The temperature of the spectrometer
cuvette was maintained at 0.5°C.

2.00

2.5. Gel filtration chromatography

A medium pressure liquid chromatography sys-
tem (Bio-Rad Biologic), maintained at 5°C, was
used to elute Superdex-200 HR 10/30 column
(Pharmacia). Aliquots (100 wl) of 15 uM tT were
loaded and the eluent was analyzed for absor-
bance at 280 nm. Fractions of 0.2 ml were col-
lected for additional analyses. The column volume
was eluted within 35 min.

3. Results

3.1. NCD(335-700) stimulation of tubulin
polymerization

Routine polymerization of turkey tubulin is
complete after 30 min when 8.1 pM t-T is in-
cubated at 37°C in 20 mM Pipes, 5 mM MgOAc,,
1 mM GTP, 10% (v/v) DMSO (Fig. 1). The data
are well-fitted using a single exponential function,
and the apparent rate constant is (1.84 + 0.03) X
107* s~ 1. When 8 wuM NCD(335-700) is included
in the reaction mixture, the polymerization is
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Fig. 1. Turkey tubulin (tT) was polymerized to microtubule at 37°C in the presence of GTP and DMSO. The increase in turbidity
was measured, irradiating at 400 nm. In the absence of NCD(335-700) (squares) the apparent first order rate constant is
1.84 X 1073 s7!, and the data are well-fitted assuming a single exponential reaction. Adding NCD(336-700) increases the rate.
When the ratio is 1 NCD(336-700) per tT (triangles), the reaction is biphasic with the rate constant for the faster reaction
increased to 5.70 X 1073 s~!. When the ratio is 2 NCD(336-700) per tT (circles), the faster reaction dominates. Higher

[NCD(335-700)] did not increase the rate further.
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biphasic, with approximately half of the turbidity
increase occurring in a faster phase, followed by a
slower phase (Fig. 1). The slower reaction has a
rate similar to that observed for tT polymeriza-
tion in the absence of NCD(335-700). When 16
pM NCD(335-700) is included, all of the tT
polymerizes at the fast reaction rate (Fig. 1).
Using a single exponential function to fit the data,
the fast rate constant in the presence of
NCD(335-700) is 5.70 + 0.05 X 10~* s~ !. Increas-
ing [NCD(335-700):[tT] to 2.5 does not further
increase the rate of polymerization, within experi-
mental error. The data indicate more than one
NCD motor domain binds to a single tubulin,
consistent with the reported 2:1 complex of NCD
and bovine tubulin [16]. We observed similar in-
creases for polymerization when bT was substi-
tuted for tT, but did not investigate the rates or
NCD(335-700) concentration dependence (data
not shown).

At 10°C, in the polymerization buffer, 8.1 uM
tT does not polymerize detectably for at least 45
min (Fig. 2). When 8 wM NCD(335-700) is pre-
sent, polymerization occurs after a lag period of
several minutes (Fig. 2). The lag indicates that the
increases observed here and at 37°C above are

1.50

not due to NCD-tT complex formation, which
would occur much more quickly, but are due to
polymer formation, consistent with the amplitude
of the turbidity increase. Using a single exponen-
tial function, the best fit yields k =2.8 + 0.01 X
107 s7! for the apparent rate constant for
polymerization in the presence of NCD(335-700).
The data are statistically somewhat better fit by a
two-exponential function, but the second rate
constant has a large uncertainty associated with
it: kK, =34+01x10"7s" and k,=3.74+2.6X
107* s71. The NCD-induced polymerization at
10°C requires GTP, DMSO and the specific inter-
action of a microtubule-based motor protein.
Monomeric kinesin motor domain, K349, also in-
creases the rate of polymerization at 37°C when
GTP and DMSO are present. If NCD is replaced
by myosin subfragment 1, or if GTP is absent,
polymerization does not occur (data not shown).
Aliquots were taken from the 37°C and 10°C
reactions and analyzed by transmission electron
microscopy after negative staining (not shown).
Microtubules were observed in all the cases for
which there were increases in turbidity. Micro-
tubules were not observed for samples that did
not produce turbidity increases to a stable plateau.
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Fig. 2. Turkey tubulin (tT) incubated at 10°C in the polymerization buffer used at 37°C. The turbidity was monitored using
irradiation at 400 nm. In the absence of NCD(335-700) (squares), no increase in turbidity was observed, as expected. Adding
NCD(335-700) to the solution induced polymerization (circles). When there is 1 NCD(335-700) per tT, the psuedo-first order

reaction rate constant is 2.8 X 1073 s7L



132

3.2. Tubulin activation of NCD(335-700)
MgATPase activity

The MgATPase activity of NCD(335-700) was
0.0019 + 0.0002 s~' at 10°C, for 1.6 pM
NCD(335-700) in 10 mM MOPS (pH 7.0), 2 mM
MgOAc,, 1 mM EGTA, 1 mM DTT, 0.10 mM
ATP. Adding tT increased the activity nearly 10-
fold (Fig. 3). Assuming that the reaction follows
Michaelis—Menten kinetics, K, is 25X 107° M
and Vy.x is 0.018 s~!. The apparent K,, for tT
obtained here is near that reported for bMt acti-
vation of NCD MgATPase (K =3 Xx10"° M),
but V', x for tT activation is much lower than for
bMt [30]. In the low concentration range, bT
activated NCD and mians-NCD MgATPase activ-
ity to a similar degree (data not shown).

Under these conditions, in the absence of GTP
and DMSO, tT polymerization was not observed
in the absence or presence of NCD(335-700) for
up to 60 min. Possible Mt formation was assayed
by measuring intrinsic tryptophan fluorescence
intensity before and after sedimentation at
120000 X g to remove any Mt, or by measuring
turbidity of the tT-NCD(335-700) solution (see
Section 2).
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Fig. 3. The rate of MgATP hydrolysis by NCD(335-700) at
10°C is increased from 1.9 X 1073 s7 1 t0 1.8 X 1072 s 71 (M4 x)
by the addition of tT. The Michaelis constant, Ky, is 2.5 X
107°® M. Under these conditions, with no GTP or DMSO,
polymerization of tT is not detectable (see text).

1.2x10°

3.3. Synthesis of mians-NCD(335-700)

For experiments to measure the affinity of NCD
for tT, NCD(335-700) was covalently modified by
2-(4'-maleimidylanilino)naphthalene-6-sulfonic
acid (mians). Mians (35 wM) was added to 9.5 uM
NCD in 10.0 mM MOPS, 2.0 mM MgOAc,, 1.0
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Fig. 4. The time course of the fluorescence intensity increase of the extrinsic probe 2-(4’-maleimidylanilino) naphthalene-6-sulfonic
acid (mians) as it reacts to form a covalent attachment to NCD(335-700) is shown. The arrow indicates when B-mercaptoethanol
was added to react with excess mians, in order to determine the stoichiometry of the reaction. The kinetic data are well-fitted by a
single exponential function, indicating that only one reaction rate is required. The stoichiometry is 0.82 mians per NCD(335-700),

suggesting that a single sulfhydryl in being modified.
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mM EGTA, pH 7 at 10°C in a quartz cuvette. The
solution was irradiated at 315 nm and the emis-
sion at 425 nm was monitored until the increase
in fluorescence intensity reached a plateau, after
approximately 200 min (Fig. 4). The data were
fitted using a single exponential function to ob-
tain an apparent rate constant, k =(3.61 + 0.02)
X 107* s7 1,

An aliquot of excess B-mercaptoethanol (-ME)
was then added to the cuvette to react with any
remaining mians. The concentration of unreacted
mians was determined from the increase in the
fluorescence intensity due to reaction with B-ME,
by comparison to increases for known amounts of
mians-B-ME. The concentration of mians that
reacted with NCD(335-700) was taken as the
difference of the total mians and the amount that
reacted with B-ME. Inner filter effects were ig-
nored. The stoichiometry of labeling was de-
termined to be 0.82:1 for mians:NCD(335-700).
This stoichiometry is close to that observed for
modification of NCD with a maleimide spin label
[48]. The maleimide fluorescence label, used here,
probably modified the same hyperactive residue,
cys-670, reported by others [16,48]. The basal
MgATPase activity of mians-NCD(335-700) is in-
creased 20 and 40%, at 10 and 37°C, respectively,
compared to unmodified NCD(335-700). Adding
equimolar tMt to 1.3 pM NCD(335-700) and
mians-NCD(335-700) increased the MgATPase
activity 2.5- and 2.1-fold, respectively, compared
to the basal activities. The MgATPase activity of
mians-NCD(335-700) is also activated by tT, ap-
proximately to the same degree as unlabeled
NCD(335-700). Although there are too few data
to determine K, or Vy.x, the results indicate
that NCD(335-700) and mians-NCD(335-700) in-
teract with tT and tMt similarly.

For routine use, frozen purified NCD(335-700)
was thawed, diluted to 66 wM in 10.0 mM MOPS,
2.0 mM MgOAc,, 1.0 mM EGTA pH 7 at 0°C
and 52 pM mians was added. The solution was
incubated on ice overnight, and used without
further purification. Addition of B-ME to mians-
NCD(335-700) prepared this way did not in-
crease the fluorescence intensity significantly, in-
dicating that unreacted mians was negligible.

3.4. Tubulin binding to mians-NCD(335-700)

The fluorescence intensity of mians-
NCD(355-700) in the presence of excess MgADP,
at 10°C, increases when tT is added to the solu-
tion (Fig. 5). Assuming that the stoichiometry of
binding is 2:1, the data are best fit if K, =1.1 X
107 M and the fluorescence intensity of the
tT.mians-NCD(335-700) complex is 1.97-fold that
of free mians-NCD(335-700). Replacing ADP
with AMPPNP or ATP has little effect on Kp,.
We could not detect significant tubulin polymer-
ization during the time required to measure bind-
ing, by monitoring turbidity or tryptophan fluo-
rescence intensity after centrifugation to remove
microtubule from solution. Changes as small as
3% would have been detected.

Results for turkey microtubule (tMt) were com-
pared to those for tT. When tT is polymerized to
tMt at 37°C as described above, and then used at
10°C, the apparent K, decreases to 0.99 X 10~°
M for binding to mians-NCD(335-770) in the
presence of MgADP (Fig. 6). The K, at compa-
rable ionic strength for binding to bovine brain
microtubule of monomeric NCD has been re-
ported as 0.20 X 10~¢ M at 25°C [28,49] and 0.68
X 107% M at 20°C [16], consistent with our result.
No tMt stabilizing agents were used in the pre-
sent experiments, so tMt depolymerization could
make this apparent K higher than the true

Fluorescence Intensity

0.3 | 1 1
1x10 2x10°° 3x10° 4x10°

tT,M

Fig. 5. The dissociation constant for the binding of mians-
NCD(335-700) to tT was determined to be 2.3 X 107> M at
10°C, from the [tT] dependence of the 97% increase in fluo-
rescence intensity.
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Fig. 6. The dissociation constant for the binding of mians-
NCD(335-700) to tMt was determined to be 9.9 X 10”7 M at
10°C, from the observed [tMt] dependence of the 44% in-
crease in fluorescence intensity. Concentrated tMt was formed
at 37°C and diluted into the mians-NCD(335-700) solution.
Depolymerization was not detectable (see text).

value. However, in the absence of mians-
NCD(335-700) no depolymerization was de-
tectable during the 1-h required to measure bind-
ing. Depolymerization is less likely to occur in the
presence of mians-NCD(335-700) [16]. No cor-
rections were made for the residual MgGTP and
DMSO present in the solutions used to measure
the affinity of tMt to mians-NCD(335-770), which
were not present in the tT binding measurements.
The fluorescence intensity of the tMt-mians-
NCD(335-700) complex is 1.44 times that of free
mians-NCD(335-700).

3.5. tT stability

It is crucial for interpretation of many of the
experiments above that dimeric tT be the molecu-
lar species that is causing the observed signal. To
test for the presence of microtubules, aliquots
were taken from the tT solutions before and after
high-speed centrifugation and the intrinsic tryp-
tophan fluorescence intensity was measured. At
10°C, during the 2 h after thawing used to make
the above measurements, the fluorescence inten-
sity of tT solutions was not decreased detectable
by centrifugation at 120000 X g for 20 or 60 min.

These experiments indicate that microtubule for-
mation is negligible for the conditions used. After
polymerization, the fluorescence intensity de-
creased to less than 3% by the same procedure,
indicating polymerization was complete, within
experimental error.

Smaller aggregates of tubulin, which would be
expected to sediment at rates not much greater
than that of dimeric tubulin cannot be resolved
by our centrifugation method. To assay for these
oligomeric species, tT solutions were incubated at
10°C in the buffer used to measure binding to
miansNCD(335-700) and aliquots were taken at
increasing times and eluted on a Pharmacia Su-
perdex 200 HR 10/30 column. Only three peaks
are detected by absorbance at 280 nm (Fig. 7a), a
major peak with an elution time consistent with
the molecular weight of dimeric tubulin, a minor
peak with an elution time consistent with nu-
cleotide or other molecules too small to be pro-
tein, and a minor peak for an unknown larger
species (M, > 10° Da) that is eluted in the exclu-
sion volume. The major tT dimer peak accounts
for over 95% of the total absorbance during the 2
h after thawing, during which the polymerization
and binding experiments were done. At longer
times, the minor peaks associated with the larger
particle and with GDP increase significantly in
size, and the tT dimer peak decreases (Fig. 7b,c).

The apparent higher molecular weight species
presents a potential problem if it interacts with
NCD(335-700). To determine some of the
properties of this material, a tT solution was
incubated at 0°C for 16 h, and the high molecular
weight species was collected. It is not removed
from solution by ultracentrifugation, indicating
that it is not microtubule. Using the fluorescence
method described above for tT and tMt binding
to mians-NCD(335-700), binding of the apparent
high molecular weight material could not be de-
tected. In contrast, material from the tT peak,
isolated after 16 h incubation, gives the same
fluorescence increase per mole, when mixed with
mians-NCD(335-700) as does freshly thawed tT
preparation.

These experiments indicate that the tT dimer is
stable and homogeneous for at least 2 h after
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thawing. Microtubule formation under the condi-
tions used to investigate tT is undetectable. Some
non-microtubule higher molecular weight species
are being formed steadily from tT, but this mate-
rial does not bind mians-NCD(335-700), and
probably does not bind NCD.
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4. Discussion

The effect of NCD(335-700) on tT polymeriza-
tion is striking. At 37°C, under standard condi-
tions that promote polymerization, it increases
the rate threefold (Fig. 1). At 10°C, under condi-
tions that promote depolymerization,
NCD(335-700) induces polymerization, which
proceeds at a rate comparable to rates observed
at 37°C (Fig. 2). In both cases, after the increase
in turbidity, the microtubules are removed by
centrifugation and are observable in electron mi-
crographs. GTP is required for the NCD(335-700)
activation. The quantitative effect at 37°C and the
qualitative change in behavior at 10°C suggest
NCD motor domain interacts with tubulin dimers
to induce polymerization.

When GTP is absent, polymerization in the
presence of NCD(335-700) at 10°C is not
observed, although other experiments reported
here indicate that NCD(335-700) and tT interact.
The activation at 10°C of NCD(335-700) MgAT-
Pase by tT (Fig. 3) and the increase in mians-
NCD(335-700) fluorescence intensity when tT
binds (Fig. 5) occur with no detectable tT poly-
merization. Taken together, these data are consis-
tent with NCD(335-700) promoting tT poly-
merization by decreasing the activation energy of
the rate determining step on the normal tubulin
polymerization pathway.

The [NCD(335-700)] dependence of the rate
enhancement of tT polymerization at 37°C indi-

Fig. 7 A freshly prepared sample of tT in the buffer used for
the binding assay was incubated at 0°C and aliquots were
taken at increasing times and analyzed by gel filtration chro-
matography at 4°C using a Superdex-200 HR 10,/30 column.
Three peaks were observed: an early peak corresponding to
material hydrodynamically larger that tT «,B-dimer; a middle
peak corresponding to «,B-dimer; and a third peak corre-
sponding to GDP and other very low molecular weight species.
Panels a, b and c show elution patterns for aliquots taken at 0,
625 and 1660 min, respectively, after thawing a tT sample. The
material in the first peak does not sediment under conditions
that remove microtubule, and does not bind to mians-
NCD(335-700). The elution times of molecular weight stan-
dards, ferritin (M, 440000), human IgG (M, 150000) and
human transferrin (M, 81000) are shown for comparison in
panel a.
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cates that more than one NCD(335-700) molecule
interacts with tT (Fig. 1). This observation is
consistent with results reported for NCD interac-
tions with bT, which show that two NCD
molecules can bind to bT [16]. In the same study
it was shown that bT activates NCD MgATPase
approximately sixfold, consistent with the 10-fold
enhancement by tT reported here. On the other
hand, some of the results for bT and tT do not
appear to be consistent. Specifically, NCD bind-
ing to bT, in the presence of MgADP in low ionic
strength buffer (~0.02 M) is fourfold stronger
than binding to bMt [16], while for similar condi-
tions NCD(335-700) binding to tT is 10-fold
weaker than binding to tMt (Figs. 6 and 7). The
reason for this difference is not known. The af-
finities for bMt and tMt are approximately equal
(Fig. 6 [16]).

The other apparent inconsistency is that NCD
does not induce bT polymerization [16]. It was
suggested that a second NCD binding site on
tubulin becomes inaccessible once polymerization
occurs, and concluded that the NCD-bT complex
is ‘almost totally inactive’ [16]. The tT and bT
sequences are nearly identical. It is doubtful that
the difference in activation of polymerization is
due to the differences in glycosylation of bT and
tT [40], or in NCD cysteine modification. It seems
more likely that the differences in the observa-
tions and conclusions for bT and tT are due to
the absence or presence of GTP. We observe
stable non-reactive NCD-tT complexes when GTP
is absent (Figs. 4 and 5), consistent with the bT
results [16], but polymerization enhancement
when GTP is present (Figs. 1 and 2). Taken
together, the results suggest that NCD binds
tubulin, and if GTP is present, promotes polymer-
ization. The need for GTP is consistent with its
role in the GTP-tubulin cap that enhances Mt
elongation and protects against catastrophic de-
polymerization [22,50,51].

There are two alternative categorical pathways
by which NCD(335-700) can accelerate tT poly-
merization. In one category are mechanisms in
which NCD(335-700) activates tubulin: it binds to
tT dimer forming a complex, NCD(335-700),,.tT
(m = 1), which nucleates and /or adds to Mt more
rapidly than does tT itself. In the other category

are mechanisms in which NCD(335-700) stabilizes
existing tubulin aggregates: n molecules of tT
aggregate to form tT,, followed by NCD(335-700)
binding to form NCD(335-700).tT,, which elon-
gates more rapidly, or dissociates more slowly,
than does tT, itself. In all cases, the final product
is normal microtubule that has one
NCD(335-700) bound per tubulin dimer subunit
[33].

We cannot choose between these two possibili-
ties with certainty. At 10°C tubulin does not poly-
merize, and microtubules depolymerize, even in
the presence of GTP [52], suggesting that no
aggregates of tT would be present to bind
NCD(335-700) and produce the polymerization
observed at 10°C (Fig. 2). Consistent with this
observation, the activation of NCD(335-700)
MgATPase activity by tT at 10°C occurs with no
detectable formation of microtubule or other ag-
gregated species. These data suggest that en-
hanced polymerization and MgATPase activity are
due to tT dimer binding NCD(335-700). The ap-
parent stoichiometry of ~ 2:1 for
NCD(335-700):tT in the polymerization reaction
in the presence of GTP at 37°C also favors forma-
tion of an activated NCD-tT complex, rather than
stabilization of aggregated tT. NCD(335-700),.tT
complexes are structurally reasonable, while com-
plexes such as NCD(335-700),,. tT, are less
plausible, if they are axial extensions. Laterally
associated complexes made up of more than one
NCD(335-700),.tT cannot be excluded. The 2:1
complex suggested here as a reactive intermedi-
ate in the presence of GTP is consistent with bT
binding two NCD monomers when GTP is absent
[16]. The hypothesis that NCD(335-700),.tT is an
activated species involved in polymerization also
is consistent with the observation that tubulin
dimer undergoes a conformational change to a
more reactive species before it aggregates [53—-55].
This conformational change is followed by GTP
hydrolysis [56], which occurs in microtubule
tubulin subunits below the GTP cap [24,51].

NCD(335-700) binding to form
NCD(335-700),.tT can reduce the activation en-
ergy for polymerization in two ways. Firstly, by
binding to tT, NCD(335-700) can lower the acti-
vation energy by changing the tT conformation.
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Fig. 8. A schematic model and reactions for NCD(335-700) activation of tubulin—tubulin interaction. Two NCD(335-700) (oval
shape) can bind one tT (chevron shape). Binding may change the conformation of tT to make it more reactive. The
NCD(335-700),.tT complex also has unfilled tT binding subsites on each NCD(335-700) molecule (see a and b). When a tT binding
subsite is occupied by NCD(335-700).tT or tT, the tubulins are positioned in a way that promotes initiation and /or polymerization,
in the presence of GTP. The specific geometry shown is arbitrary; the second tT could bind behind, in front of, or next to the tT in
the NCD(335-700),.tT complex. The reactions suggest initiation, but apply to polymerization as well. After polymerization (c),
NCD:tubulin is 1:1, with each NCD motor domain binding at the interface (arrows) of «- and B-subunits on different tubulin

dimers.

Secondly, if NCD(335-700),.tT is a reactive inter-
mediate it can provide an additional tT binding
subsite, which when occupied by tT or
NCD(335-700).tT, positions a second tT in such a
way as to promote tT-tT interaction (see Fig. 8).
This mechanism may be similar to the initiation
of tubulin self-assembly, which involves position-
ing of tubulin dimers to promote longitudinal [57]
or lateral [58] interactions. It is not being sug-
gested that NCD(335-700) is necessarily involved
in in vivo initiation of Mt self-assembly, but that
complexes such as NCD(335-700),.tT (Fig. 8)
have the potential to promote tubulin polymeriza-
tion in vitro by enthalpic and entropic contribu-
tions to lowering the activation energy. However,
the results may be related to in vivo NCD motor
function. Image analysis of NCD-decorated mi-
crotubules indicate that the ratio of motor do-
main to tubulin dimer is 1:1, and that one
monomeric motor domain makes contact with
two tubulin monomers in a single protofilament
[33]. The data reported here help to clarify an

ambiguity in the field and suggest that a NCD
motor domain binds to a microtubule at the inter-
face of a and B subunits of neighboring tubulin
dimers, rather than at the interface of subunits of
the same tubulin.
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