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“roadway” MT. In vivo analysis of Ncd mutants also
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Non-claret disjunctional (Ncd) is a Drosophila
inesin-like motor required for spindle assembly and
aintenance in oocytes and early embryos. Ncd has an
TP-independent microtubule binding site in the
-terminal tail domain as well as an ATP-dependent
icrotubule binding site in the C-terminal motor do-
ain. The Ncd tail domain shares many properties
ith the microtubule-associated proteins that regu-

ate microtubule assembly, including microtubule
inding and bundling activity and an abundance of
asic and proline residues. Given these similarities,
e examined the ability of Ncd tail domain proteins to
romote MT assembly and stability. The results indi-
ate that the Ncd tail domain can promote MT assem-
ly and stabilize MTs against conditions that induce
T disassembly, and suggest that Ncd may influence
T dynamics within the spindle. © 1999 Academic Press

Non-claret disjunctional (Ncd) is a Drosophila minus
nd-directed, kinesin-like motor protein required for
pindle assembly and maintenance during meiosis in
ocytes and early mitosis in embryos (1–6). The
-terminal motor domain (residues 356-700) contains
n ATP-dependent microtubule (MT) binding site, and
s attached to the N-terminal tail domain (residues
-200) by an a-helical stalk domain responsible for
ubunit dimerization (1, 2). The Ncd tail (NT) domain
equence is unique among kinesin superfamily motors
nd is rich in basic and proline residues (1, 2, 7). Based
n in vitro experiments in which Ncd bundled MTs (8),
nd NT proteins both bound and bundled MTs (7), it
as been suggested that the Ncd tail contains an ATP-

ndependent MT binding site (7, 8) that may aid in MT
undling and/or the sliding of a “cargo” MT along a

1 Corresponding author. Fax: (540) 231-9307. E-mail: rawalker@
t.edu.
Abbreviations used: Ncd, non-claret disjunctional; MT(s), microtu-

ule(s); TMT(s), taxol-stabilized microtubule(s); TrxNT, thioredoxin-
cd tail fusion protein; MAP(s), microtubule associated protein(s);
SA, bovine serum albumin; EM, electron microscopy.
39
upports the presence of an ATP-independent MT
inding site in the tail of Ncd (3, 5). Recently, we have
hown that Ncd residues 83-100 and 115-187 contain
ites that exhibit ATP-independent MT binding with
igh and low affinity respectively, and have suggested
hat these MT interaction sites structurally combine in
he native protein to form a single MT binding site (9).

The abundance of basic and proline residues in the
T domain is a common feature of many MT-
ssociated proteins (MAPs), such as MAP2 and tau,
hat promote and stabilize MT assembly (see 10 and 11
or review). Given these similarities, we have exam-
ned the ability of the NT domain to promote microtu-
ule assembly and to stabilize assembled MTs. Two
ifferent NT proteins were expressed as thioredoxin
Trx) fusions in E. coli and evaluated: TrxNT6, which
orresponds to residues 83-187 and contains both the
igh and low affinity MT binding sites; and TrxNT8,
hich corresponds to residues 115-187 and contains
nly the low affinity MT binding site. MT sedimenta-
ion, turbidity measurements, video-enhanced differ-
ntial interference contrast (VE-DIC) microscopy and
lectron microscopy (EM) were used to determine if
rxNT proteins promote MT assembly. MT sedimenta-
ion and turbidity measurements were also used to
etermine whether the TrxNT proteins stabilized MTs
gainst conditions that induce MT depolymerization.
e have found that TrxNT6 but not TrxNT8 can pro-
ote tubulin assembly into MTs and can stabilize MTs.
hese results suggest that the tail of Ncd, in addition
o bundling spindle MTs (5–8), may also influence MT
ynamics within spindles.

ATERIALS AND METHODS

Protein preparation. TrxNT6 and TrxNT8 were expressed in E.
oli and purified as previously described (9). Tubulin was purified
rom porcine brain (12). Purified proteins were quick frozen in liquid
itrogen and stored at 270°C. Protein concentrations were deter-
ined by the Bradford assay (Bio-Rad) using bovine serum albumin

BSA) as a standard.
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
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MT sedimentation and turbidity assays. MT sedimentation as-
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ays were performed in AB buffer (20 mM Pipes, pH 6.9, 1 mM
gCl2, 1 mM EGTA) containing 1 mM MgGTP and 100 mg/ml BSA.

n a reaction volume of 100 ml, TrxNT6 or TrxNT8 (typically 5-35 mM
nal) was mixed with tubulin (5 mM final). After incubation for 15
inutes at 23°C, reactions were centrifuged at 100,000 3 g for 15
inutes at 23°C. The resulting supernatants and pellets were then

nalyzed by SDS–PAGE (9). For MT stability assays, 50 mM tubulin
as first polymerized at 37°C for 15 minutes and then diluted 10-fold

nto a reaction mixture containing TrxNT6 or TrxNT8. After 15
inutes at 23°C, identical reaction mixtures were either placed on

ce, diluted a further 5-fold, or supplemented with either CaCl2 (5
M final) or NaCl (500 mM final). After 30 minutes, the reactions
ere centrifuged and processed as described above (except cold sam-
les were centrifuged at 4°C).
MT assembly and stability were also evaluated by measuring

urbidity at 350 nm in a Beckman DU-640 spectrophotometer. Tu-
ulin (5 mM final) was mixed with TrxNT6 or TrxNT8 (1:1 TrxNT:
ubulin), and A350 was measured for 30 minutes at 23°C. At 30
inutes, samples were either diluted 5-fold or supplemented with
aCl2 (5 mM final), and A350 was measured for an additional 30
inutes.

Microscopy. Tubulin (5 mM final) was mixed with either TrxNT6
r TrxNT8 (2:1 or 4:1 TrxNT:tubulin), incubated for 15 minutes at
3°C, and observed with VE-DIC as described previously (12). Alter-
atively, the effect of TrxNT proteins on seeded MT assembly was
xamined in experiments in which tubulin was mixed with either
rxNT protein and immediately perfused into a slide-coverslip flow
ell containing sea urchin (Lytechinus pictus) axonemes affixed to the
lass surfaces (12).
For visualization by negative stain EM, tubulin (5 mM final) was
ixed with either TrxNT6 or TrxNT8 (4:1 TrxNT:tubulin), incubated

or 15 minutes at 23°C, adsorbed to carbon-coated 200 mesh grids,
nd stained with 2% uranyl acetate. In some cases taxol-stabilized
Ts (TMTs) were substituted for tubulin. Stained samples were

bserved on a JEOL JEM-100CXII electron microscope.

ESULTS

To evaluate the ability of TrxNT6 or TrxNT8 to pro-
ote MT assembly, various concentrations of each
rxNT protein (5-35 mM final) were mixed with tubulin

5 mM final) and incubated at 23°C for 15 minutes. At
his tubulin concentration and temperature, no MT
ucleation or elongation is expected since 5 mM is well
elow the critical concentration for both nucleation and
longation of purified tubulin (12, 13). Samples were
hen subjected to centrifugation at 100,000 3 g to
ellet any polymer that formed, and supernatant and
ellet fractions were analyzed by SDS–PAGE. In con-
rol reactions that contained tubulin, TrxNT6 or
rxNT8 individually, almost no protein was found in
he pellet fraction (Figure 1a). However, when TrxNT6
as combined with tubulin, there was a concentration-
ependent increase in the amount of tubulin (and
rxNT6) found in the pellet fraction as the TrxNT6:
ubulin molar ratio was increased to 3:1. Above 3:1, the
mount of tubulin and TrxNT6 in the pellet fraction
emained constant (Figure 1b). In contrast, addition of
rxNT8 did not increase the amount of tubulin that
elleted even at a 7-fold molar excess of TrxNT8 over
ubulin (Figure 1c). The ability of TrxNT6 but not
40
rxNT8 to promote tubulin assembly was confirmed by
easurements of sample turbidity at A350 (Figure 2).
either tubulin, TrxNT6, nor TrxNT8 produced a sig-
ificant change in sample turbidity compared to the
uffer only control. However, addition of TrxNT6 to
ubulin caused a rapid and significant increase in tur-
idity (Figure 2a and c), while addition of TrxNT8 to
ubulin had no effect (Figure 2b and d).

To examine the structures that pelleted in the sedi-
entation assay and caused turbidity at A350, TrxNT-

ubulin samples were observed by VE-DIC microscopy
Figure 3). TrxNT6 or TrxNT8 was mixed with tubulin
5 mM final) at 2:1 and 4:1 TrxNT:tubulin ratios and
hen observed after 15 minutes at 23°C. Consistent
ith the results of the sedimentation and turbidity
xperiments described above, no MTs were observed in
eactions that contained only tubulin or tubulin and
rxNT8 (data not shown). However, TrxNT6 at both
atios induced polymerization of tubulin into MTs and
enerated bundling of the resulting MTs (Figure 3a
nd b). To determine if TrxNT6 or TrxNT8 promoted
eeded tubulin assembly onto sea urchin axoneme frag-
ents, each TrxNT protein was mixed with tubulin

4:1 TrxNT:tubulin ratio) and immediately perfused
nto a flow cell containing axonemes attached to the
overslip surface. No assembly onto axoneme ends was
bserved for samples that contained either tubulin
lone or tubulin and TrxNT8 (data not shown). How-
ver, MT assembly was observed at axoneme ends for
amples containing tubulin and TrxNT6 (Figure 3c),
lthough these seeded MTs were subsequently ob-

FIG. 1. Effects of TrxNT6 and TrxNT8 on tubulin assembly as
easured by a sedimentation assay. MT sedimentation assays were

erformed as described under Material and Methods, and superna-
ant (S) and pellet (P) fractions were separated by SDS–PAGE and
roteins stained with Coomassie Blue. Results for tubulin (T),
rxNT6 (6), and TrxNT8 (8) individually are shown in (a), and
esults for the indicated molar ratios of TrxNT6:tubulin and TrxNT8:
ubulin are shown in (b) and (c) respectively.
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cured by multiple, short, thick MT bundles that as-
embled de novo (Figure 3d-f).
To obtain a higher resolution view of the polymers

ssembled in the presence of TrxNT6, TrxNT6-tubulin
amples were observed by negative stain EM (Figure
a). The polymers and bundles generated in samples
ontaining 4:1 TrxNT6:tubulin appeared identical to
hose observed in samples of TrxNT6 and TMTs (Fig-
re 4b). Further, the polymers present in the TrxNT6-
ubulin samples were identical to polymers observed in
amples of TMTs (Figure 4c), indicating that TrxNT6
romoted assembly of MTs rather than simply gener-
ting tubulin aggregates.
To evaluate the ability of TrxNT6 and TrxNT8 to

tabilize MTs under conditions that induce MT disas-
embly, a modified MT sedimentation assay was used
Figure 5). In initial experiments, 50 mM tubulin was
olymerized at 37°C to form MTs and then diluted
0-fold into AB buffer containing TrxNT6 or TrxNT8
20 mM final to give a 4:1 TrxNT:tubulin molar ratio).
fter incubation at 23°C for 15 minutes, reaction mix-

ures were subjected to centrifugation to determine the
bility of each TrxNT protein to stabilize MTs following
ilution below the critical concentration for elongation.
n the absence of TrxNT protein, tubulin was found in
he supernatant fraction indicating that the MTs had
isassembled following dilution (see Figure 1). Dilution
f MTs into a solution containing TrxNT8 resulted in
he majority of tubulin partitioning to the supernatant
raction, indicating that TrxNT8 did not stabilize MTs

FIG. 2. Effects of TrxNT6 and TrxNT8 on tubulin assembly as
rxNT6 (a and c) or TrxNT8 (b and d), and A350 was measured f
upplemented with CaCl2 to 5 mM (c and d), and A350 was measured f
otted line, TrxNT only samples are indicated by the dashed line, a
41
nder these conditions (Figure 5). In comparison, dilu-
ion of MTs into a solution containing TrxNT6 resulted
n the majority of tubulin partitioning to the pellet
raction, suggesting that TrxNT6 was able to stabilize

Ts. To characterize further the MT stabilizing ability
f TrxNT proteins, MTs were diluted into a solution
ontaining TrxNT6 or TrxNT8 as described above, and
hen subsequently exposed to additional MT-destabi-
izing conditions (cold, further dilution to 1 mM tubulin,
a11) or to 500 mM NaCl for 30 minutes before cen-

rifugation. Consistent with the failure of TrxNT8 to
tabilize polymerized MTs against dilution to 5 mM
ubulin, TrxNT8 had no stabilizing effect on MTs sub-
ected to cold, dilution to 1 mM tubulin, Ca11, or NaCl
data not shown). However, for MTs stabilized by
rxNT6, incubation on ice (Figure 5: cold), dilution to 1
M tubulin (data not shown), or addition of CaCl2 to 5
M (Figure 5: CaCl2) did not alter the relative distri-

ution of tubulin into supernatant and pellet fractions,
ndicating that TrxNT6 also stabilized MTs against the
ffects of these disassembly-inducing conditions. Tur-
idity measurements of TrxNT6-tubulin samples ei-
her diluted 5-fold (Figure 2a) or supplemented with 5
M CaCl2 yielded results (Figure 2c) consistent with

hose observed in the sedimentation assay. Upon 5-fold
ilution, sample turbidity also decreased '5-fold,
hile addition of CaCl2 actually caused an increase in

urbidity. The only agent that was effective at disas-
embling TrxNT6-MT complexes was 500 mM NaCl,

sured by a turbidity assay. Tubulin (5 mM) was mixed with 5 mM
30 minutes then samples were either diluted 5-fold (a and b) or
n additional 30 minutes. Tubulin only samples are indicated by the

TrxNT and tubulin samples are indicated by the solid line.
mea
or
or a
nd
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hich caused tubulin to redistribute to the superna-
ant fraction in the sedimentation assay (Figure 5).

ISCUSSION

Like tau and MAP2, the Ncd tail domain binds and
undles MTs and contains an abundance of basic and
roline residues (1, 2, 10). These similarities suggest
hat the Ncd tail may be capable of influencing MT
ssembly. To address this possibility, two proteins that
orrespond to different portions of the Ncd tail domain
ere assayed for the ability to promote tubulin assem-
ly and stabilize MTs. Both TrxNT6 (thioredoxin
inked to Ncd residues 83-187) and TrxNT8 (thiore-
oxin linked to Ncd residues 115-187) have previously
een shown to bind and bundle MTs (9). TrxNT6 con-
ains two sites that interact with MTs, a high affinity
ite within residues 83-100 and a low affinity site
ithin residues 115-187, while TrxNT8 contains only

he low affinity site (9).
Promotion of tubulin assembly was analyzed by sed-

mentation and turbidity assays. In these assays,
rxNT8 did not increase the amount of tubulin that
elleted in the sedimentation assay (even at 7:1 molar
xcess over tubulin (Figure 1)) or the A350 value in the
urbidity assay (Figure 2). In addition, when mixtures

FIG. 3. TrxNT6-promoted MT assembly observed by VE-DIC mi
elf-assembly and seeded assembly as described under Materials an
rxNT6-promoted MT self-assembly (TrxNT6:tubulin 5 4:1) are show
ixture was perfused into a flow cell containing axonemes. Assembly

rrow in (c) indicates MTs assembling onto the end of an axoneme and
eld at 20 minutes post-perfusion is also shown (f ). The width of ea
42
f TrxNT8 and tubulin were observed by VE-DIC or
egative stain EM, no MTs were ever observed. Taken
ogether, these results indicate that even though

FIG. 4. EM images of TrxNT6 with tubulin and TMTs. Samples
ontaining 4:1 TrxNT6:tubulin (a) or TrxNT6 and TMTs at a 4: 1
rxNT6:tubulin ratio (b) were prepared and processed for negative
tain EM as described under Materials and Methods. TMTs (c) are
hown for comparison. Magnification '130,000.

scopy. Samples were prepared to observe TrxNT6 promotion of MT
ethods. Two example fields of MTs and MT bundles resulting from

a, b). To determine effects on seeded assembly, a 4:1 TrxNT6:tubulin
MTs at '1 (c), 5 (d) and 15 (e) minutes post-perfusion is shown. The
e asterisk indicates a self-assembled MT. MT assembly in a different
image is equivalent to 25 mm.
cro
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rxNT8 can bind TMTs (9), this protein, which con-
ains only the low affinity MT interaction site, cannot
romote tubulin assembly. Further, TrxNT8 was inca-
able of stabilizing MTs that were subjected to MT
epolymerizing conditions such as dilution, cold, or
a11 ions. In comparison, TrxNT6 increased the amount
f tubulin that pelleted in the sedimentation assay as
ell as increasing sample turbidity at A350. TrxNT6
as able to assemble tubulin at a 1:1 TrxNT6:tubulin

atio (Figure 1 and 2), and was maximally effective at
3:1 ratio (Figure 1), which corresponds to the maxi-
al binding stoichiometry of TrxNT6:tubulin (9). In

ddition to promoting tubulin assembly, TrxNT6 was
ble to stabilize MTs under conditions that induce MT
epolymerization. In fact, CaCl2 caused an unexpected
ncrease in turbidity. The reason for this increase is
nclear but may be due to increased MT bundling. The
nly condition that resulting in depolymerization of
rxNT6-stabilized MTs was 500 mM NaCl, which pre-
iously was shown to cause complete release of TrxNT6
rom MTs (9). Although both the sedimentation and
urbidity results support the hypothesis that TrxNT6
romotes tubulin assembly, neither assay provided in-
ormation concerning the structures assembled. How-
ver, direct observation of the assembled products
y VE-DIC and EM demonstrated that tubulin did in
act assemble into MTs in the presence of TrxNT6
Figure 4).

FIG. 5. The effects of TrxNT6 and TrxNT8 on MT stability. MT
tability assays were performed as described under Material and
ethods, and supernatant (S) and pellet (P) fractions were separated

y SDS–PAGE and proteins stained with Coomassie Blue. The re-
ults for dilution of MTs to 5 mM tubulin in the presence of either
rxNT6 or TrxNT8 are shown (control), and the effects of additional
T destabilizing conditions (cold, CaCl2, NaCl) on MTs (left 2 lanes)

nd TrxNT6-stabilized MTs (right 2 lanes) are also shown. The
ositions of tubulin (T), TrxNT6 (6), and TrxNT8 (8) are indicated.
43
he assembly of tubulin into MTs and stabilizes MTs
rovides further evidence that the two previously iden-
ified MT-interaction sites in the Ncd tail (9) may com-
ine to form a single MT binding site in the native
rotein, and suggests that the Ncd tail may be involved
n regulation of MT assembly as well as attachment to
cargo MT. This is the first demonstration that the tail
omain of a kinesin family motor may influence the
ynamics of a cargo MT.
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