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NCD MOTOR TAIL DOMAIN INTERACTIONSWITH MICROTUBULES
by Arzu Karabay
(ABSTRACT)

Drosophila nonclaret digunctional (Ncd) is akinesin-like C-terminal motor protein
that isinvolved in spindle assembly in oocytes during meiosis and in spindle maintenance in
early embryos during mitosis. Ncd interacts with both “highway” and “cargo” microtubules
(MTs) in meiotic and mitotic spindles through the action of ATP-dependent and ATP-
independent MT binding sitesin the head and tail domains, respectively. Through the action
of these binding sites, Ncd bundles and, perhaps, slides MTsrelative to each other. These
functions are important for the in vivo role of Ncd in the formation of the bipolar spindle and
maintenance of the spindle assembly.

Despite the high homology of the Ncd head domain to the kinesin head domain, the
Ncd tail domain is unique among kinesin-like motor proteins. Characterization of ATP-
independent interactions of Ncd with cargo MTs and identification of MT binding sites
(located in amino acid residues 83-100 and 115-187) in the tail region by MT co-
sedimentation assays revealed that the Ncd tail has functional similarities to microtubule-
associated proteins, especialy to tau and MAP2, that regulate MT assembly. Liketau MT
binding motifs, MT binding sites of the tail domain arerich in basic amino acids that are
flanked by proline residues. Cross-linking and MT co-sedimentation assays with subtilisin-
digested M Ts demonstrated that Ncd tail binding sites (located at the extreme C-terminus and
inthe H11-H12 loop / H12 helix of each tubulin monomer) on tubulin correspond to tau
binding sites. Further, the Ncd tail domain, like tau, can promote and stabilize MT assembly

under conditions that induce MT disassembly.

Taken together, these results suggest that the Ncd tail functions both in the transport
of cargo MTsto spindle poles for the formation of the spindle assembly during meiosis, and
in maintenance of spindle assembly during mitosis. How these different functions of Ncd are
regulated still remains unknown, however further understanding of the regulation of Ncd
function should contribute to our knowledge of cell cycle regulation in both meiotic and
mitotic cells.
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CHAPTER1
LITERATURE REVIEW AND PROJECT INTRODUCTION



LITERATURE REVIEW

INTRODUCTION

The cytoskeleton of eukaryotic cellsis acomplex network providing an architectural
framework with three major structural elements. microtubules, microfilaments and
intermediate filaments. Cytoskeletal elements give cells strength and rigidity, hence enable
them to assume and maintain their shape, but contrary to the meaning that the term
“skeleton” conveys, the cytoskeleton of the cellsis highly dynamic and changeable in nature.
Cytoskeletal elements also control movements within the cells and provide anchoring points
for other cellular structures.

MICROTUBULES

Among the structural elements of the cytoskeleton, the microtubules (MTs) are
thought to be the fundamental organizers of avariety of cellular processes, such as
generation of cell shape and polarity, cell growth, chromosome segregation during mitosis,
intracellular organelle positioning and transport. Like the other structural elements, MTs are
highly dynamic and labile, and these properties are crucia in MT-dependent cellular
processes that require rapid reorganization of MTs. MTs are polymers of a- and b-tubulin
heterodimers, and each tubulin monomer has approximately 450 amino acids and a molecular
weight of about 50 kDa. Tubulin dimers self-assemble into long protofilaments and, because
of the asymmetry of tubulin subunits, MTs have intrinsic polarity, such that a-tubulin is
exposed at one end and b-tubulin is exposed at the opposite end. The two ends of MTs are
distinguished by the differencesin rate of assembly. Invitro, MTs self-nucleate and grow
from both ends, whilein vivo, MTs nucleate from the MT organizing center (MTOC). The
end that remains attached to the MTOC is named the minus end, and the distal end to MTOC
is named the plus end. The plus end grows 2-3 times faster than the minus end (Mitchison
and Kirschner, 1984). It has been shown that the MT minus ends can be labeled with a
phage-derived antibody specific to a-tubulin, indicating that the minus end is comprised of
a-tubulin; hence the b-tubulin is the terminal subunit at the plus end (Fan et a., 1996)
(Figure 1).

Dynamic instability is the major pathway of MT turnover in living cells (Cassimeris
et a., 1988). This process, which can be defined as alternating phases of elongation and
rapid shortening, is afunction of GTP hydrolysis (Mitchison and Kirschner, 1984). During
the elongation phase of dynamic instability, MTsincrease in length before a catastrophe
occurs. With the catastrophe, M Ts switch to arapid shortening phase until arescue occurs
and then convert back to an elongation phase (Walker et a., 1988, 1991; Tran et al., 1997).

While dynamic instability is an inherent property of tubulin, MTs assembled from
pure tubulin in vitro are much less dynamic than MTs in vivo, indicating the presence of



other factors modulating dynamic instability in the cells. Indeed, many of the functions of
MTsare carried out by associated proteins. Research has led to the identification and
characterization of two classes of proteins that co-purify with MTs. One group of these
proteins interacts with M Ts in a nucleotide-independent manner and is co-purified with MTs
through several cycles of polymerization and depolymerization. This group of proteinsis
involved in polymerization of tubulin and stabilization of MTs and named “ microtubule-
associated proteins’ (MAPS) (reviewed in Desai and Mitchison, 1997). The second group of
proteins interacts with M Ts in a nucleotide-dependent manner and shares the ability to
couple the energy from ATP hydrolysis to force generation and movement; hence these
proteins are named “M T-dependent motor proteins’ (reviewed in Hirokawaet al., 1998).



FIGURE 1: MT structure

MTs are polymers of a- and b-tubulin heterodimers and have intrinsic polarity such that a-
tubulin is exposed at the minus end and b-tubulin is exposed at the plus end.






MICROTUBULE-ASSOCIATED PROTEINS (MAPS)

Invivo, MTs grow about five times faster than in vitro for an equivalent concentration
of tubulin (Sammak and Borisy, 1988). This enhancement of growth rate in vivo is due to
MAPs, which stabilize MTs by binding to the walls of MTs. The stimulation of MT growth
can also be mimicked in vitro by addition of MAPs to pure tubulin (Pryer et a., 1992). The
best-characterized MAPs, MAP1, MAP2 and tau, are particularly highly expressed in
mammalian brain tissue, which is the most abundant source for MTs, and are distributed
along the lengths of MTsin neurons. Recent research has led to the identification of several
new non-neuronal MAPSs, including E-MAP-115 in human Hel a cells, XMAP215,
XMAP230, and XMAP310.

Neuronal MAPs and regulation of MT dynamic instability in non-dividing cells

MAP1 and MAP2 are high molecular weight MAPs, 277 and 200 kDa, respectively,
whereas tau isoforms range from 50 to 68 kDa. MAP1a, the adult isoform of MAPL, is
found in axons, dendrites and neuronal cell bodies, as well asin many glial cells (Huber and
Matus, 1984; Bloom et a., 1984; Matus, 1988), while the embryonic isoform MAP1b is
expressed only in growing axons (Garner et al., 1990, Mansfield et al., 19991; Avilaet al.,
1994). MAP2 is a heat-stable protein, and occurs as four primary isoforms, MAP2a,
MAP2b, MAP2c and MAP2d (Chapin et al., 1995). MAP2c and MAP2d are the
predominant isoforms in embryonic and postnatal brain, but disappear from most of the brain
during adulthood when MAP2a and MAP2b become the major isoforms (Matus, 1988;
Garner and Matus, 1988). All four isoforms of MAP2 are located in the cell bodies and
dendrites, but are not present in axons (Matus 1988); only MAP2d isfound in glial cells
(Dall et al., 1993). Human tau occursin six main isoforms ranging from 352 to 441 amino
acidresiduesin size (Leeet al., 1988). The only isoform present in the fetal brain
corresponds to the smallest isoform in the adult brain, which contains all six isoforms
(Goedert et al., 1989). Like MAP2, tau is also athermostable protein (Cleveland et al., 1977)
and found mainly in the axons where it maintains the axonal transport (Binder et al., 1985).

The neuronal MAPs weakly increase the rate of MT polymerization and rescue
frequency, but also strongly inhibit the catastrophe frequency and reduce the shortening rate
(Pryer et al., 1992; Drechsel et a., 1992; Kowalski and Williams, 1993). This mechanism of
regulation of dynamic instability in neurons by MAPs s different than that observed in
proliferating cells. In neurons, MTs are resistant to MT depolymerizing drugs and are less
dynamic; thisincreased stability is believed to be necessary for neuronal morphogenesis.
MAPL, MAP2 and tau have been shown to promote tubulin assembly into MTs by
stimulating rates of MT nucleation and elongation, and the MT binding property of neuronal
MAPsis associated with the stabilization of MTs, areduction in dynamic instability, and an



increase in MT rescue events (Pedrotti and Islam, 1994; Takemuraet al., 1992; Itoh and
Hotani, 1994; Gamblin et al., 1996).

Tau and MAP2 have homologous M T binding sites located at the C-terminus,
containing a set of 3 (MAP2a-c and fetal tau isoform) or four (MAP2d, adult tau isoforms)
imperfect repeats. Each repeat representsaMT binding site and is composed of 31-32 amino
acidsincluding several basic residues. In each MT binding site, an 18 amino acid imperfect
repeat with a distinctive Pro-Gly/Lys-Gly-Gly motif is separated by a 13 or 14 amino acid
inter-repeat region (Lewiset al., 1988; Joly et al., 1989; Ludin et al., 1996; Ennulat et al.,
1989; Goode et al., 1997).

Although the mechanisms of binding of tau and MAP2 to M Ts have been shown to
involve an ionic interaction between the basic MT binding domain of these MAPs and the
acidic C-terminus of tubulin (Chau et al., 1998; Paschal et a., 1989), MAPla has a unique
MT binding site that is acidic rather than basic (Cravchik et al., 1994). Theacidic MT
binding domain of MAPlaliesin the middle of the primary amino acid sequence, and unlike
the other MAPs, has no identifiable sequence repeats. Based on experiments indicating that
MAPlaand MAP2 do not compete for binding to MTs, MAPlais believed to bind aregion
of tubulin distinct from the C-terminus (Pedrotti and Islam, 1994). The MT binding domain
of MAP1b is associated with aregion near the N-terminus consisting multiple copies of the
motifs KKEE or KKE(I/V) (Noble et al., 1989). Although this MT binding domain of
MAP1b isalso basic, it bears no sequence relationship to MAP2 or tau.

Non-neuronal MAPs and regulation of MT dynamic instability in dividing cells
Knowledge about how MT dynamics are regulated in vivo has been greatly enhanced
by studies of the neuronal MAPs, however these proteins are not found in dividing cells
where MTs undergo dramatic rearrangements. Formation of the mitotic spindlein dividing
cells requires depolymerization of the interphase MT network, followed by MT growth
around chromosomes. This reorganization of MTs at the onset of mitosis involves drastic
changesin MT dynamics. Thiswould require modulators that would promote el ongation and
rescue frequency and also increase catastrophe frequency. Apparently, the characteristics of
neuronal MAPSs, which strongly inhibit catastrophe frequency and only weakly increase
elongation, are not suitable for dividing cells. The Xenopus egg-extract system has been
invaluable in the identification of non-neuronal MAPs with the functions that would be
needed for dividing cells, and the best-characterized non-neuronal MAPs, XMAP215,
XMAP230, and XMAP310 have been isolated from Xenopus eggs. Like neuronal tau and
MAP2, XMAP230 is a so thermostable, and with the exception of prophase it islocalized to
spindle M Ts throughout the cell cycle (Faruki and Karsenti, 1994; Andersen et a., 1994).
XMAP215 isfound to localize to spindle M Ts with the exception of astral MTs (Gard and
Kirschner, 1987; Vasquez et a., 1994), and XMAP310 islocalized to the nucleus during



interphase and to spindle MTs during mitosis (Andersen and Karsenti, 1997). XMAP230isa
MT polymerization stimulator and stabilizer; it increases MT growth rate, decreases
shortening rate and eliminates catastrophes (Anderson et a., 1994). Unlike XMAP230,
XMAP310 has no effect on the growth rate or catastrophe frequency of MTs; but instead acts
asaMT dtabilizer by increasing the rescue frequency (Andersen and Karsenti, 1997). In
contrast to XMAP230 and XMAP310, XMAP215 does not affect catastrophe or rescue
frequency, but dramatically increases MT elongation at the plus ends of MTs (Gard and
Kirschner, 1987).

Another well characterized MAP is MAP4, which is a ubiquitous protein found from
Drosophila to humansin both neuronal and non-neuronal cells (Bulinski and Borisy, 1980;
Goldstein et al., 1986). MAP4 isthermostable and shares sequence homology in the basic
domain with tau and MAP2 (Olmsted et al., 1989). MAP4 promotes MT polymerization by
increasing the rescue frequency (Ookata et al, 1995).

MICROTUBULE-DEPENDENT MOTOR PROTEINS

Most of the cellular functions of MTs are carried out by M T-dependent motor
proteins. In contributing to these cellular functions, M Ts serve as roadways for these
mechanochemical motors capable of using the energy of ATP hydrolysis to drive movements
inthe cells. There are two major motor protein families, the dynein family and the kinesin
family. Members of these two families share certain structural and functional features. All
motor proteins recognize the asymmetry of MTs and move along these tracks with a defined
polarity. MTs provide a navigational system for motor proteins that move towards either the
minus ends (minus end-directed motor proteins) or the plus ends (plus end-directed motor
proteins) of MTs. Motor proteins are composed of three structural domains. head/motor,
stalk and tail domains. The motor domain consists of 2-3 large globular heads and contains
an ATP-binding site and a nucleotide-dependent M T binding site. The head domain is
responsible for the mechanochemical function of the motor protein. The rod-like stalk
domain forms an a-helical coiled-coil and is responsible for dimerization. The globular tail
domainisinvolved in binding of the motor to the specific cargo, such as organelles, various
vesiclesor MTs. Tailsthat bind MTs as cargo contain a nucleotide-independent M T binding
site.

Dynein Family

Dynein was first discovered in cilia (axonemal dynein) in the early 1960s (Gibbons,
1963) and later shown to be present in the cytoplasm (cytoplasmic dynein) of all eukaryotic
cells (Porter and Johnson, 1989). Axonemal dynein is responsible for the beating movements
of ciliaand flagellain eukaryotes (Gibbons and Rowe, 1965) and cytoplasmic dynein is



involved in retrograde axonal transport, mitosis and organelle positioning (Paschal and
Vallee, 1987; Echeverri et a., 1996; Vaisberg et a., 1993 and 1996; Heald, 1996).

All dyneins discovered so far are minus end-directed motor proteins. Dyneins are
very large motor proteins and have a subunit composition of 2 or 3 heavy chains (470-530
kDa each), 2 or 3 intermediate chains (69-130 kDa) and 4-6 light chains (8-30 kDa). The
heavy chains form the head and stalk domains of the dynein and are responsible for ATPase
activity and force production. Intermediate chains form the tail domain of dynein and are
involved in subcellular targeting (Paschal and Vallee, 1987). Light chains are thought to
have roles in regulation of motility and tail domain interactions with cargo (Vale and
Toyoshima, 1988).

Kinesin Family

Conventiona kinesin, the founding member of the family, was first detected (Allen et
al., 1982 and 1985) and identified (Brady, 1985; Vae et a., 1985a) in the axoplasm of the
squid. Conventional kinesin moves towards the plus ends of MTsand isinvolved in
organelle transport along MTs (Vale et al., 1985b). For five years after its discovery, kinesin
was thought to be the only member of its class. However, the determination of the kinesin
heavy chain sequence (KHC) (Yang et a., 1989) facilitated the identification of proteins
related to kinesin, resulting in an explosion in the number of new kinesin-like proteins that
are either plus end- or minus end-directed motors. The methodol ogies used for identification
of these proteins have ranged from analysis of mutant phenotypes to the use of conserved
kinesin motor domain degenerate primers for PCR screening and antipeptide antibodies
directed against conserved regions of the kinesin motor domain. Currently, there are 215
sequences containing the kinesin motor domain present in the databases; of these, 166 entries
contain a complete motor domain. Based on sequence similarities and/or functional roles,
many of these proteins can be assigned to one of ten subfamilies: KHC, KRP85/95, Unc104,
Kar3/Ncd, BimC, MKLP1, Chromokinesin/KIF4, MCAK/KIF2, KIP3 or Cel subfamily
(Kinesins home-page: http://www.blocks.fhcrec.org/~kinesin/). It should be noted that there
are many kinesin-related motors that have been identified by sequence homology, but for
which motor function has not been directly tested and confirmed.

Conventional kinesin: The N-terminal 340 amino acids of the conventional kinesin heavy
chain constitute the catalytic core of the motor domain, which containsthe ATPand MT
binding sites (Huang and Hackney, 1994). Thisdomain is highly conserved throughout the
kinesin superfamily (Goodson et a., 1994). The adjacent 45-50 amino acids are termed the
neck domain, which is thought to be important for kinesin mechanics. Following the neck
domain is an extended coiled-coil domain, identified the stalk (Huang et al., 1994). The
globular tail domain isinvolved in light chain and/or cargo binding interactions.



Conventional kinesin is a heterotetramer of approximately 360 kDa molecular weight. Two
kinesin heavy chains (105-130 kDa, each) form a homodimer via the apha helical coiled-coil
stalk region, giving rise to an elongated molecule with two globular heads and a fan-shaped
tail (Bloom and Wagner, 1988). Two highly conserved light chains (60-75 kDa, each)
associate with the kinesin heavy chains at the tail region (Kuznetsov and Vaisberg, 1988;
Gauger and Goldstein, 1993) (Figure 2).

Kinesin isahighly processive enzyme, able to take approximately 100 steps along a
MT without detaching. This property makes kinesin a highly efficient organelle transport
motor (Howard, 1989). The kinesin step size has been shown to be 8 nm (Svobodaet al.,
1993), which corresponds to the length of an ab-tubulin dimer. Kinetic experiments
revealed a coordination of the ATPase cyclesin the two heads of the kinesin dimer
(Hackney, 1994; Maand Taylor, 1997). Most models for kinesin movement are consistent
with two head domains operating by a hand-over-hand mechanism. In this mechanism of
movement, one head of the kinesin bindsto aMT and undergoes a conformational change as
aresult of ATP hydrolysis. This conformational change brings the other head forward to its
binding site on the M T, releasing the first head for binding to a new site.

KinesinisaMT-activated ATPase that generates movements onthe MTsin a
nucl eotide-dependent manner. In the ATP-bound state kinesin bindsto MTs very strongly
with positive cooperativity between two heads; hydrolysis of ATP to ADP+Pi and then the
release of the phosphate convert the binding to aweak state (Romberg and Vale, 1993;
Hackney, 1994 and 1995; Gilbert and Webb, 1995; Hirose et al., 1995).

Kinesin has been extensively studied for itsrole in neuronal cells where it has been
shown to be associated with various membrane vesicles (Hirokawaet al., 1991). In neurons,
kinesin has been implicated as the anterograde axonal transporter (Brady et a., 1990;
Amaratunga et al., 1993; Elluru et al., 1995; Hurd et al., 1996). In non-neuronal cells,
kinesin has been localized to the Golgi complex and suggested to have arolein the Golgi to
ER recycling of vesicles (Lipponcott-Schwartz et al., 1995; Marks et al., 1994; Johnson et al.,
1996). Conventional kinesin has also been implicated in lysosomal movement,
mitochondrial distribution, and delivery of secretion vesicles (Nakata and Hirokawa, 1995;
Hollenbeck and Swanson, 1990; Jellali et al., 1994; Bi et al., 1997; Meng et al., 1997; Tanaka
et al., 1998).

Regulation of kinesin activity is still not well understood. The kinesin heavy chainis
targeted to different cargos by the activity of kinesin light chains, which are regulated by
phosphorylation and dephoshorylation (Khodjakov et al., 1998). Control of kinesin motor
activity by phosphorylation has aso been reported (Lindesmith et al., 1997).

10



FIGURE 2: Structure of the conventional kinesin motor.

The conventional kinesin is a heterotetramer composed of two dimerized heavy chains and
two light chains. The heavy chains have three structural domains. head, stalk and tail. The
light chains are associated with the heavy chains at the tail region.
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Kinesin-like proteins. The number of identified kinesin-like proteins has expanded
enormously in recent years. The membership card for belonging to the kinesin superfamily
isamino acid identity within the motor domain. Each kinesin-like protein shares a putative
motor domain of approximately 340 amino acids, which is usually 35-45% identical among
all kinesin superfamily members. Based on the location of the motor domain, kinesin-like
proteins can be divided into three major groups: N-terminal, C-terminal and internal. There
are two subclasses of C-terminal motors and seven subclasses of N-terminal motors. Many
kinesin-like proteins, however, do not belong to any identified class of motors at present and
are termed “orphans’.

N-terminal kinesin-like proteins:

The BimC subfamily: N-terminal-bipolar kinesin-like proteins

The BimC subfamily of proteins are plus-end directed motors that move ten-fold
slower than the conventional kinesin (Sawin et al., 1992; Cole et a., 1994).
Immunolocalization experiments showed that these proteins are located on the spindle MTs
near the centrosomes (Enos and Morris, 1990; Hagan and Y anagida, 1992). Biochemical and
genetic analysis have indicated that these proteins are needed for the separation of
centrosomes during early prophase and for the maintenance of the metaphase spindle at the
later stages of mitosis and meiosis (Samegjimacet a., 1993; Blangy et a., 1995). BimC, one
of the first kinesin-like proteins identified, was isolated from Aspergillus nidulans. Homo
sapiens Egb, Xenopus laevis Eg5 and Drosophila melanogaster KIp61F are the other well-
characterized members of this subfamily.

. The Chromokinesin/K1F4 subfamily: N-terminal chromokinesins

The chromokinesin subfamily includes recently discovered kinesin-like proteins that
are associated with chromosome arms during mitosis (Wang and Adler, 1995; Vernos and
Karsenti, 1995). This group of motors contains what is termed the chromokinesin functional
domain composed of a nuclear localization signal in the stalk, a zinc-finger like domain and a
cdc2 sitein the tail (Wang and Adler, 1995). Among the chromokinesins, only Mus
musculus KIF4 has been characterized and found to move towards the plus ends of MTs
(Sekine et al., 1994). Other well-studied members of thisfamily are X. laevis klp and Gallus
gallus Chrkin.

[1l.  The KRP85/95 subfamily: N-terminal heteromeric kinesin-like proteins

Members of this subfamily move towards the plus ends of MTs and consist of two
distinct heterodimerized kinesin subunits (Cole et al., 1993; Scholey, 1996). Well-
characterized members of this subfamily include D. melanogaster KIp68, M. musculus Kif 3a

13



and 3b, which are involved in anterograde axonal vesicle transport, and Chlamydomonas
rFlal0, whichisinvolved in flagellar assembly (Aizawaet al., 1992; Pesavento et a., 1994;
Y amazaki et al., 1995).

V.  The UNC-104/KIF1 subfamily: N-terminal monomeric kinesin-like proteins

The M. musculus Kif 1laand 1b members of this subfamily move towards the plus
ends of MTsand are involved in intracellular transport of membranous organelles such as
synaptic vesicle precursors and mitochondria, respectively (Nangaku et al., 1994; Okada et
al., 1995). Another member of thisfamily, Caenorhabditis elegans UNC-104, isinvolved in
anterograde transport of synaptic vesicles (Otsukaet al., 1991; Hall and Hedgecock, 1991).

V. The KHC subfamily: N-terminal conventional kinesin proteins

All conventional kinesins move towards the plus ends of MTs. This group of proteins
shares an amino acid sequence identity extending beyond the motor domain region. The
best-characterized members of thisfamily, H. sapiens KHC and Lytechinus pictus KHC,
have been implicated in the transport of synaptic vesiclesin axons (Vale et al., 1985a; Niclas
et a., 1994). D. melanogaster KHC isinvolved in neuromuscular function (Hurd et al.,
1996). The other members of KHC subfamily are involved in organelle transport and
positioning (Lipponcott-Schwartz et al., 1995).

V1.  TheKIP3 subfamily: N-terminal

The founding member of this subfamily, the Saccharomyces cerevisiae KIP3 motor
protein, isinvolved in spindle positioning (Miller et a., 1998). The polarity of this motor
protein has not yet been determined.

VII.  The MKLP1 subfamily: N-terminal

C griseus CHOL1 and H. sapiens MKLP1 have been shown to localize to spindle,
midbody and poles, and suggested to be involved in spindle pole separation (Sellitto and
Kuriyama, 1988; Kuriyamaet al., 1994). H. sapiens MKLP1 moves towards the plus ends
of MTs (Nislow et al., 1992).

Internal kinesin-like proteins:

The MCAK/KIF2 subfamily:

All internal motor domain kinesin-like proteins are homodimers. M. musculus KI1F2
is associated with synaptic vesicles and a plus end-directed motor protein (Aizawaet al.,
1992). MCAK and X. laevis XKCM1 localize to the centrosomes of the mitotic spindle and
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centromeres of mitotic chromosomes, and have been shown to depolymerize MTs
(Wordeman and Mitchison, 1995; Walczak et al., 1996).
C-terminal kinesin-like proteins:
l. The Cel (C. elegans 1) subfamily:

This subfamily was formed based on the sequence homology of C. elegans motor
proteins (Kinesins home-page: http://www.blocks.fhcrc.org/~kinesin/). The subcellular
localization and motor properties of these proteins have not yet been determined.

Il. Kar3/Ncd subfamily:

Members of this subfamily move towards the minus ends of MTs. The best-
characterized members of this subfamily, S. cerevisiae Kar3 and D. melanogaster Ncd,
localize to spindles and centrosomes (Meluh and Rose, 1990; Hatsumi and Endow, 1992).

Kar3 isrequired for karyogamy and associated with a centomere-binding complex, indicating
arole for the motor in mitotic chromosome movement (Endow et al., 1994). Ncd isrequired
for normal chromosome segregation during meiosis in oocytes and for spindle formation and

maintenance in mitosisin early embryos (Endow and Komma, 1996). The Ncd protein will
be discussed in detail in the project introduction section of this dissertation.
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PROJECT INTRODUCTION
NON-CLARET DISJUNCTIONAL (NCD) MOTOR PROTEIN

The claret (ca) locusin Drosophila has been studied intensively since Sturtevant
(1929) reported that the ca mutations in D. simulans caused females to produce very few
offspring, many of which were abnormal and recessive phenotypes of claret eye color in both
femalesand males. A D. melanogaster mutant produced by X-radiation (Lewis and
Gencarella, 1952) was recovered with the same phenotype and named claret non-
disunctional (ca™). Later, the discovery of an allele, non-claret disjunctional (Ncd) that
causes abnormal chromosome segregation but does not affect the eye color suggested that
there were two genes present at the ca locus (O’ Tousa and Szauter, 1980). Drosophila
females carrying mutations in the chromosome segregation gene of this locus showed high
frequency of non-digunction and loss of chromosomes in meiosis. Embryos produced by
mutant females also showed loss of chromosomes in early embryonic mitotic divisions.
Because loss of either the X or the fourth chromosome is non-lethal in Drosophila, offspring
that have lost these chromosomes can be recovered as gynandromorphs (X/X, X/0 mosaics)
or as haplo-4, diplo-4 mosaics (Yamamoto et al., 1989).

Subsequent DNA sequence analysis of the Ncd gene revealed a high degree of
homol ogy to the motor domain of kinesin (Endow et al., 1990). The homology of the Ncd
gene to kinesin heavy chain was also determined by McDonald and Goldstein (1990) using
PCR primers derived from the conserved region of the Drosophila kinesin heavy chain with
Drosophila embryonic cDNA. Ncd encodes a protein of approximately 700 amino acidsin
length with a predicted molecular weight of 77 kDa. Unlike the kinesin heavy chain, the
motor domain (residues 356-700) of Ncd islocated at the C-terminus of the protein. The
Ncd motor domain shares 41% sequence identity with the kinesin motor domain, and the
region of similarity includes the putative ATP binding site (residues 428-448) and M T
binding site (residues 516 to 668). The tail domain (residues 1-200) of Ncd is located at the
N-terminal region of the protein and is rich in basic amino acids and prolines. The central
stalk region of the protein includes heptad repeats and is involved in subunit dimerization
(Endow et a., 1990; McDonald and Goldstein, 1990a and b; Chandra et al., 1993).

Despite the high homology to the kinesin heavy chain, Ncd is a minus end-directed
motor protein (Walker et al., 1990; McDonald and Goldstein, 1990b). Recent research has
identified that polarity determinants, the residues that contribute to the direction of
movement, are present in the neck region of Ncd, while the polarity determinants of kinesin
are located in the motor core of the kinesin heavy chain (Endow and Waligora, 1998; Sablin
et al., 1998; Henningsen and Schliwa, 1997).

The motor properties (ATP and MT binding sites in the head domain), the
directionality of movement of the Ncd protein, and abnormal chromosome distribution in
mutant oocytes and embryos have implicated the Ncd protein in spindle function and
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chromosome segregation during meiosis and mitosis (Endow et al., 1990; McDonald et al.,
1990; Kommaeet al., 1991; Hatsumi and Endow, 1992a). Immunolocalization of Ncd to the
meiotic spindlein all stages of meiosis suggested that the Ncd motor is required for
chromosome segregation during meiosis in oocytes, where it has been proposed to function
in assembly of bipolar meiotic spindles (Hatsumi and Endow, 1992a and b; Matthies et al.,
1996). These experiments have also led to the hypothesis that the Ncd motor functions at the
spindle polesin mitosisin early embryos and acts to maintain centrosome attachment to
poles and prevent centrosome separation until late anaphase (Endow et al., 1994; Endow and
Komma, 1996 and 1997). The Ncd motor also acts to prevent chromosome loss, possibly by
maintaining attachment of chromosomes to spindle fibers during metaphase/anaphase
transition and facilitating poleward movement of the chromosomes (Endow and Komma,
1996 and 1997).

Based on the sequence homology to the kinesin heavy chain, the motor domain of
Ncd has been known to contain an ATP-dependent M T binding site. Experimentsin which
bacterially-expressed full-length Ncd bundled MTs (McDonald et a., 1990b) and Ncd tail
proteins (Chandra et al., 1993) bound and bundled M Ts suggest that the Ncd tail domain
contains an ATP-independent MT binding site. The ability of Ncd to bind and bundie MTsis
likely to be important for Ncd function in vivo in the formation of bipolar spindles and
maintenance of spindle assembly (Figure 3).

Since the discovery of the Ncd motor protein, most research has focused on the motor
domain and there has been little known about the tail domain. In order to learn more about
Ncd function, | chose to focus on the tail domain and characterization of interactions of the
Ncd with cargo MTs. My first objective was to identify MT binding sitesin the Ncd tail
domain. Characterization of the MT binding sitesin the tail region revealed similarities
between the Ncd tail and MAPs and this led to the analysis of the role of the Ncd tail domain
in MT assembly and stability. Finally, sequence and functional similaritiesled to the
identification of the Ncd tail binding sites on tubulin.
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FIGURE 3: Non-claret digunctiona (Ncd) spindle motor.
Ncd is aminus end-directed motor protein. Ncd binds to “roadway” and “cargo” MTsvia

ATP-dependent and ATP-independent M T binding sites in the head and tail domains,
respectively.
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ABSTRACT
Non-claret disunctional (Ncd) isaminus end-directed, C-terminal motor protein that is
required for spindle assembly and maintenance during meiosis and early mitosisin
Drosophila oocytes and early embryos. Ncd has an ATP-independent MT binding sitein the
N-terminal tail domain and an ATP-dependent MT binding site in the C-terminal motor
domain. The ability of Ncd to cross-link M Ts through the action of these binding sites may
be important for Ncd function in vivo. In order to identify the region(s) responsible for ATP-
independent MT interactions of Ncd, 12 cDNAs coding various regions of Ncd tail domain
were expressed in E. coli as C-terminal fusionsto thioredoxin (Trx). Ncd tail fusion proteins
(TrxNT) were purified by ion exchange (S-sepharose) and/or Talon metal affinity
chromatography. Purified TrXNT and NT proteins were analyzed in microtubule (MT) co-
sedimentation and bundling assays to identify which tail proteins were able to bind and
bundle MTs. Based on the results of these experiments, all TrxNT and NT proteins that
showed MT binding activity also bundled MTs, and there are two ATP-independent MT
interaction sitesin the tail region: one within amino acids 83-100 that exhibits conformation-
independent, high affinity MT binding activity, and another within amino acids 115-187 that
exhibits conformation-dependent, lower affinity MT binding activity. It is possible that both
of these MT interacting sites combine in the native protein to form asingle MT binding site
that allows the Ncd tail to bind cargo MTsin vivo.

35



INTRODUCTION

The kinesin-like microtubule (MT) motor Non-claret disjunctional (Ncd) isinvolved
in spindle assembly and maintenance during meiosis in Drosophila oocytes and early mitosis
in Drosophila embryos (1-6). Ncd transl ocates towards the minus ends of MTs (7, 8) and is
amember of the C-terminal motor group of kinesin superfamily motors (1, 2). Like other
kinesin superfamily motors, Ncd is composed of three distinct domains: a conserved motor
domain (residues 356-700) that contains the ATP-dependent M T binding site responsible for
the force-generating activity of the motor that drives movement; a central stalk region
(residues 200-356) of heptad repeats thought to be involved in subunit dimerization; and a
tail domain (residues 1-200) thought to be involved in cargo binding and/or regulation of
motor activity (1, 2, 8, 9).

To date, most research on Ncd and MT motors in general has focused on the motor
domain and the mechanisms by which motor proteins move along MTs. In comparison,
relatively little is known about the tail domains of these proteins. In the case of Ncd, the
sequence of the N-terminal tail domain is unique among kinesin superfamily motors,
although like many others, is positively charged and proline-rich (1, 2, 9). Based on
experiments in which full-length Ncd was found to bundle MTs in vitro (8), and in which
bacterial expressed Ncd tail proteins both bound and bundled MTsin vitro (9), it has been
suggested that the tail of Ncd contains an ATP-independent MT binding site (8, 9). The
ability of the tail region to bind MTs and of Ncd to bundle MTs may be important for Ncd
function in vivo, and several in vivo observations are consistent with this hypothesis (3, 5, 6,
8).

To further define and characterize the region(s) responsible for ATP-independent MT
binding of Ncd, we have generated 12 cDNAs encoding various portions of the Ncd tail (NT)
domain and expressed the corresponding proteinsin E. coli. Since previous work with
bacterial-expressed Ncd tail proteins found limited solubility (9), the tail proteins were
produced as fusions with thioredoxin (Trx) in an effort to increase protein solubility. The
purified, bacterial- expressed Ncd tail proteins were then analyzed for the ability to bind and
bundle M Ts both with and without attached Trx (TrxNT and NT proteins respectively).
Based on the results of these experiments, Ncd amino acid sequences 83-100 and 115-187
contain domains that exhibit ATP-independent M T binding activity with high and lower
affinity, respectively. The MT interaction site present in the 83-100 sequence is able to
interact with tubulin even when the Ncd tail protein is denatured, while the site present in
115-187 appears to be much more sensitive to protein conformation. It is possible that both
sequences contribute to MT binding activity in the full-length Ncd motor.

36



MATERIALSAND METHODS

Construction of NT Plasmids

DNA fragments encoding different regions of the Ncd tail domain were amplified by
PCR from the pET-N2 plasmid (9). NT1-NT4 were generated by pairing a T7 promoter
primer (5-TAA TAC GAC TCA CTA TAG GG-3') with specific reverse primers that
contained aHind 111 site: P2 (5-AAG CTT GTT GAG GTC CCT TGA GAG GG-3); P3
(5-AAG CTT AAT GCT GGG CAA TGA AGG AGC-3); P4 (5-AAGCTT TGT TGC
TGT TAT TGA CGA AGG-3); and P5 (5-AAG CTT AGC AGC AGC CGC GGC TCC
TGA-3), respectively. NT5-NT9 were produced by pairing specific forward primers that
contained an EcoR | site: P6 (5-TCA AGG GAA TTC AACAAT CTG CCC CAG GTG-
3); P7(5-GCC TCC CCA GAATTCATGAAGTTG GGC CAC-3); P8 (5-AGC GCT
GAA TTC ATC AAC GAA CTG CGT GGT-3); P9 (5-GCT GCT GAATTCTTG CCC
AGCATT CCC AGC-3), and P10 (5-GCG CCT GAA TTC ATA ACA GCA ACA GCT
GTC-3), respectively, with the P5 reverse primer. Finaly, NT10-NT12 were generated by
pairing the P6, P7, and P8 forward primers with the P4 reverse primer. Amplified DNA
fragments were digested with EcoR | and Hind I11 and cloned into pET-32 (pET-32c for
NT1-NT4; pET-32afor NT5-NT12 (Novagen)). NT proteins were expressed as fusions with
Trx and contained two 6X Histags, one between Trx and the NT protein and one at the C-
terminus of the fusion protein. For all constructs, sequence analysis of both strands
confirmed that the inserts were in-frame and of the correct sequence.

Expression and Purification of the NT Proteins

PET-NT plasmid constructs were transformed into BL21 (DE3) pLysS host cells for
protein expression. Overnight cultures of BL21 (DE3) pLysS cells containing pET-NT
constructs were diluted 1:100 into LB media supplemented with ampicillin (100 pg/ml) and
chloramphenicol (34 pg/ml), grown at 37°C until A = 0.5-0.7, and then expression was
induced with the addition of 0.25 mM IPTG. After 4 hours at 22°C, cells were pelleted,
washed with AB buffer (20 mM Pipes, pH 6.9, 1 mM MgCl, 1 mM EGTA) and kept frozen
at -70°C. TrxNT proteins were purified by either ion exchange chromatography (S
sepharose (Pharmacia)) or metal affinity chromatography (Talon, (Clontech)), or a
combination of both. For purification on S-sepharose resin, frozen cells were thawed and
resuspended in lysis buffer (20 mM Pipes, pH 6.9, 1 mM MgCl_, 1 mM EGTA, 100 mM
NaCl, 1 mM DTT, 1 mM PMSF) including 10 mM MgCl, and 40 pg/ml DNase |
(Boehringer Mannheim). After 30 minutes on ice, cell lysates were clarified by
centrifugation at 20,000 x g for 15 minutes at 4°C, and the supernatants were further
centrifuged at 100,000 x g for 15 minutes at 4°C. The resulting high-speed supernatants
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were loaded onto 1 ml S-sepharose columns pre-equilibrated with lysis buffer. After
washing the column with lysis buffer, bound proteins were eluted with lysis buffer containing
250 mM NaCl (final concentration). Trx, TrxNT1, TrxNT9, and TrxNT212 did not bind to S-
sepharose. Whenever metal affinity chromatography was used, alone or in combination with
S-sepharose chromatography, EGTA was omitted from all buffers, and 0.5 mM b-
mercaptoethanol was substituted for DTT; hence, the Talon lysis buffer was composed of 20
mM Pipes, pH 6.9, 1 mM MgCl_, 100 mM NaCl, 1 mM PMSF, and 0.5 mM b-

mercaptoethanol. For purification by metal affinity chromatography, high-speed
supernatants were prepared using Talon lysis buffer as above and loaded on 1 ml Talon
columns. After washing the column with Talon lysis buffer containing 10 mM imidazole,
proteins were eluted with Talon lysis buffer supplemented with 150 mM imidazole. In some
cases, eluates from S-sepharose were subjected to further purification with metal affinity
resin. After proteins were bound to the Talon resin and the column was washed with Talon
lysis buffer containing 250 mM NaCl and/or Talon lysis buffer containing 250 mM NaCl
(final concentration) plus 10 mM imidazole, bound proteins were eluted from the Talon resin
with Talon lysis buffer containing 250 mM NaCl (final concentration) and 150 mM
imidazole. Eluates were dialyzed against AB buffer plus1 mM DTT. After diaysisthe
proteins were stored on ice or quick frozen in liquid nitrogen and stored at -70°C. Proteins
were concentrated with Centriprep-30 concentrators (Amicon) as needed.

As appropriate, TrXNT fusion proteins were incubated with 1 U of thrombin per mg
of fusion protein (2 hours at 22°C in AB buffer supplemented with 2.5 mM CaCl)) to cleave

the Trx fusion partner (»13.8 kDa) from TrxNT proteins to generate non-fusion NT proteins.
Thrombin was inactivated by addition of EDTA to 5 mM and PMSF to 1 mM, and cleaved
proteins were either used immediately or frozen at -70°C.

MT Binding and Bundling Assays

MT co-sedimentation assays were performed in AB buffer containing 40 iV taxol
(Calbiochem) and 100 nmg/ml bovine serum albumin (BSA). In areaction volume of 100 m,
TrxXNT or NT proteins (typically 5 - 50 uM final) were mixed with taxol-stabilized MTs (5
mM tubulin final). Control reactions contained no MTs. After incubation for 20 minutes at
22 °C, reactions were centrifuged at 100,000 x g for 30 minutes at 25°C through 25% sucrose
in AB buffer plus 10 mM taxol. The supernatants were transferred into tubes containing
equal amounts of 2X SDS sample buffer and the pellets were resuspended in 100 mi of 1X
SDS sample buffer. Supernatant and pellet fractions were then analyzed by SDS-PAGE or
tricine-PAGE (10). For quantitative analysis, the amount of supernatant and pellet samples
loaded onto the gels was optimized to ensure alinear relationship between the amount of
protein loaded and the intensity of the Coomassie blue stained protein bands. The amount of
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TrxNT and NT proteins in the supernatant and the pellet fractions was quantified by
measuring the protein band intensities relative to standards with Alphalmager™ 2000
Documentation and Analysis System controlled by AlphaEase™ version 3.3 software (Alpha
Innotech Corporation).

Prior to performing MT binding competition experiments, we determined whether the
20 minute incubation time used in the co-sedimentation experiments described above was
sufficient to allow the binding reaction to reach equilibrium. The TrxNT6 protein (20 uM
final) was mixed with taxol-stabilized MTs (5 uM tubulin final) and incubated at 22°C for up
to 120 minutes. Samples were taken at various times (10, 20, 30, 45, 60, 90 and 120
minutes) and each sample was subjected to centrifugation as described above except that no
sucrose gradient was used. SDS-PAGE and densitometry of Coomassie blue stained proteins
were then used to determine the relative amounts of TrxNT6 in the supernatant and pellet
fractions for each sample. At each time point, the relative amounts of TrxNT6 in the
supernatant and pellet fractions were identical (data not shown), indicating that the binding
reaction reached equilibrium within 10 minutes. For the actual competition experiments,
TrxNT proteins were mixed (see Figure 7 for final concentrations) either simultaneously or
sequentially with taxol-stabilized MTs (5 mM tubulin final). For simultaneous addition, two
different TrxNT proteins were added and the reaction was centrifuged after 20 minutes at
25°C. For sequential addition, one TrxNT protein was incubated with taxol-stabilized MTs
for 20 minutes and then a second TrxNT protein was added (diluting the reaction £ 5%) and
the reaction centrifuged after an additional 20 minute incubation at 22°C.

A MT co-sedimentation assay was also used to determine the binding affinity (K,)
and stoichiometry (B,,,,) of selected TrxNT and NT proteinsto MTs. In these experiments,
the taxol-stabilized MT concentration was kept constant (5 nM tubulin) and the TrxNT or
NT protein concentration was varied to obtain different molar ratios of TrxNT or NT to
tubulin (from 1:1 to 10:1). The reactions were incubated for 20 minutes at 22°C then
subjected to centrifugation (no sucrose gradient was used) and SDS-PA GE as described
above. For each protein, the concentration of tail protein in the supernatant and pellet
fractions was determined by densitometry of Coomassie blue stained proteins, and K, and
B,..x Were obtained by fitting the data with a rectangular hyperbola.

TrxNT and NT proteins were assayed for their ability to bundle MTs by mixing taxol-
stabilized MTs (5 nM tubulin) with TrxNT or NT proteins at indicated molar ratios (see
Figure 10). After 20 minutes, a 10 m sample was removed and prepared for observation by
video-enhanced differential interference contrast (VE-DIC) microscopy (11).
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Blot Overlay Assay

TrxNT21-TrxNT8 proteins were used in blot overlay assays to examine interactions
with tubulin. The TrxNT proteins used in blot overlay assay were purified by metal affinity
chromatography as described above except that 20 mM Tris-HCI, pH 8.0, 100 mM NaCl and
8 M ureawas used as a denaturing lysis buffer, and proteins were eluted with the same buffer
containing 100 mM imidazole. Eluates were further purified by SDS-PAGE using a Mini
Prep Cell 491 (BioRad).

Purified TrxNT proteins were separated by SDS-PAGE, transferred to nitrocellulose
membranes, and then processed for blot overlay assay as described previously (12, 13)
except that AB buffer containing 0.1 % (v/v) Tween 20, 0.1 % (w/v) gelatin,and 1 mM DTT
was used as overlay buffer. After washing with Tris-buffered saline the blots were processed
for immunodetection as described previously (14).

Estimation of Native Molecular Weights

Sedimentation coefficients (S,,,) were determined by sucrose density gradient
centrifugation on a 2.5% to 10% linear sucrose gradient in AB buffer containing 1 mM DTT.
Gradients were centrifuged at 41,000 rpm for 20 hours at 4°C in aBeckman SW 41 Ti rotor.
Bovine pancreas trypsin inhibitor (aprotinin) (1 S), horse heart cytochrome ¢ (1.9 S), chicken
egg abumin (3.66 S), bovine serum albumin (4.3 S) were used as standards.

Stokes radii (Rg) were determined by gel filtration chromatography using a 90 cm

SR-200 gel filtration resin equilibrated with AB buffer containing 200 mM NaCl and 0.02 %
Tween-20. The column was calibrated with standard proteins of known Stokes radii (horse
heart cytochrome ¢ (1.2 nm), bovine erythrocyte carbonic anhydrase (2.15 nm), chicken egg
albumin (3.05 nm), bovine serum albumin (3.55 nm)). TrxNT and NT proteins were assayed
at a concentration of approximately 50 nM. To determineif these proteins would form
oligomers at higher concentrations, a concentration of approximately 120 niM was used.
Native molecular weights were calculated as described by Siegel and Monty (15) using the
equation: M = (6phN RsS,,) / (1 - nr).
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RESULTS

Expression and Purification of TrxNT Proteins

In order to identify and characterize the region(s) responsible for ATP-independent
MT binding of Ncd, cDNASs coding various portions of the Ncd tail domain were expressed
as fusion proteins with Trx (Figure 1). Upon induction with IPTG, all 12 TrxNT constructs
produced proteins of the expected molecular weight. TrxNT1-TrxNT4 were only slightly
soluble (10-20 %) after lysis, and showed increasing aggregation during attempts at
purification by ion exchange or metal affinity chromatography. However, these proteins
could be purified to near homogeneity by a denaturing protocol (see Materials and Methods,
Blot Overlay Assay). The other TrxNT proteins remained soluble (80-90 %) after lysis and
were purified with ion exchange chromatography and/or metal affinity chromatography
(Figure 2).

Interaction of TrxNT Proteinswith MTs

A MT co-sedimentation assay was used to evaluate the ability of the expressed
TrxNT proteinsto bind MTs (Figure 3 and 4). TrxNT proteins, either partially purified as
high-speed supernatants (Figure 3: TrxNT1-TrxNT4) or further purified by column
chromatography (Figure 4: TrxNT5-TrxNT12), were combined with MTs and subjected to
centrifugation to separate unbound protein in the supernatant from MT-bound protein in the
pellet. Although the exact molar ratio of TrxNT:tubulin in the experiments with high speed
supernatant samples was unknown (Figure 3), it was clear that Trx and TrxNT1 were absent
from the M T-containing pellet fractions, indicating that these proteins were unable to bind
MTs. Incontrast, TrXNT2-TrxNT4 were present in the M T-containing pellet fractions and
were completely depleted from the high speed supernatants, indicating the ability to bind
MTs. With column-purified proteins (Figure 4), binding experiments were performed at
TrxNT:tubulin molar ratios of 2:1 (TrxNT5, TrXNT6, TrXNT9-TrxNT12) or 4:1 (TrxNT7
and TrxNT8). At these molar ratios, TrXNT5 and TrxNT6 were found entirely in the pellet
fraction, small amounts of TrxNT7, TrxNT8 and TrxNT10 were present in the supernatant
fractions, and TrxNT11 was distributed equally between the supernatant and pellet fractions.
TrxNT9 and TrxNT12 did not show binding to MTs under the same conditions. In control
reactions performed in the absence of MTs, little TrxNT protein was found in any pellet
fraction. Addition of 5mM ATP had no effect on the MT binding ability of TrxNT1-
TrxNT6.

Binding of TrxNT5, TrxNT6 or TrxNT11 to MTs was unaffected by storage of the
protein on ice (1.5 months) or at -70°C (for as long as 4 months), and was consistent across 4
separate preparations. In contrast, the MT binding activity of TrxNT7, TrxNT8, and
TrxNT10 was unstable with prolonged storage at -70°C (2.5 months) or storage onice (1.5
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months), and there was complete (TrxNT7 and TrxNT8) or substantial (TrxNT10) lossin MT
binding activity under these conditions. There was also significant variability (from binding
to complete loss of binding) inthe MT binding activity of TrxNT7 and TrxNT8 among 7
different preparations, and the binding activity of TrxNT10 showed variability (from binding
to reduced binding) only with prolonged storage. All results reported in this paper were
obtained with proteins that were stored at -70°C for no longer than three weeks.

The interaction of Trx and TrxNT1-TrxNT8 with unassembled tubulin subunits was
examined using a blot overlay assay (12, 13). In these experiments, tubulin subunits were
used to probe purified TrxNT proteins (see Materials and Methods) that had been separated
by SDS-PAGE and transferred to nitrocellulose (Figure 5). Tubulin interacted with TrxNT2
and TrxNT6, but showed no interaction with Trx, TrxNT1, or in most cases, with TrxNT?7.
Tubulin was also able to bind TrxNT3-TrxNT5, but generally not to TrxNT8; although
occasionally preparation-dependent weak interactions were observed with TrxNT7 and
TrxNT8 (data not shown).

To investigate the effect of ionic conditions on the MT binding ability of TrxNT
proteins, 0-1 M NaCl was added to reactions containing TrxNT and MTs, and binding was
evaluated by aMT co-sedimentation assay. Comparative MT binding experiments using O
and 500 mM NaCl with high speed supernatants of TrxNT2-TrxNT4 proteins showed that
bound TrxNT2-TrxNT4 proteins were amost completely released from MTsin the presence
of 500 MM NaCl (data not shown). Comparative MT binding experiments using a greater
range of NaCl concentrations (0, 250, 500, 750 mM, and 1 M) with TrxNT6 and TrxNT8
resulted in almost complete release of bound TrxNT8 at 250 mM NaCl (Figure 6b), whereas
500 mM NaCl was required to completely release bound TrxNT6 (Figure 6a).

MT binding of selected TrxNT proteins was compared in competition experimentsin
which two different TrxNT proteins (each at a4:1 molar ratio to tubulin) were mixed either
simultaneously or sequentialy with MTs and then subjected to centrifugation (Figure 7).
Competition experiments between TrxNT5 and TrxNT6 indicated that if these proteins were
added simultaneoudly, or if either protein was added prior to the other, similar amounts of
each protein bound to MTs, suggesting that TrxNT5 and TrxNT6 have similar affinitiesto
MTs. Incontrast, TrxXNT5 inhibited binding of TrxNT11 to MTs, either when TrxNT5 was
added before or simultaneously with TrxNT11. Some binding of TrxNT11 was observed if
this protein was added prior to TrxNT5, but the amount of TrxNT11 in the pellet was
reduced compared to binding in the absence of competing protein. The competition
experiment results with TrxNT5 and TrxNT11 therefore suggested that TrxNT5 has a greater
affinity for MTswhen compared to TrxNT11. Competition experiments between TrxNT5
and TrxNT9 demonstrated that TrxNT5 was able to bind M Ts without interference from
TrxNT9, as expected given the earlier result that TrxNT9 did not bind M Ts (data not shown).
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To obtain a quantitative measure of the binding of Ncd tail proteinsto MTs, various
concentrations (5 - 50 uM final) of representative TrxNT proteins (TrxNT6, TrxNT7,
TrxNT8, or TrxNT11) were mixed with MTs (5 uM tubulin) to generate binding reactions at
different molar ratios (1:1 to 10:1) of TrxNT to tubulin (Figure 8). After centrifugation to
separate supernatants containing unbound TrxNT protein from pellets containing bound
TrxNT protein, densitometry of fractions separated by SDS-PAGE was used to determine the
concentration of TrxNT protein in both supernatants and pellets (with known amounts of the
appropriate TrXNT protein as standards). This data was plotted (Figure 8c) and fit with a
rectangular hyperbolato calculate affinity (K,) and stoichiometry (B,.,) values. Using
TrxNT6 as an example (Figure 8a, b), amost no TrxNT6 was observed in supernatant
fractions at TrxNT6:tubulin ratios of £ 2:1, but TrxNT6 was observed in increasing amounts
in the supernatant fractions as the TrxNT6:tubulin ratio was increased from 3:1 to 10:1
(Figure 8a). In comparison, TrxNT6 increased in the pellet fractions as the TrxNT6:tubulin
ratio was increased to »3:1 and then remained relatively constant at that ratio as the total
TrxNT6:tubulin ratio was increased to 10:1 (Figure 8b). A plot of TrxNT6 in the pellet vs.
TrxNT6 in the supernatant and subsequent fitting of the data with a rectangular hyperbola
generated a calculated K, of 0.13 + 0.03 uM and a B, of 15.88 = 0.48 uM (Figure 8d).
Since tubulin was held constant at 5 UM, the calculated B ., corresponded to a maximum
binding stoichiometry of » 3:1 TrxNT6:tubulin. Using identical methods, K, and B,,,, values
for TrxNT7, TrxNT8, and TrxNT11 were also calculated (data no shown) and the resulting
values are presented in Figure 8d. Based on the calculated K, values, the relative order of
MT affinity for the proteins examined was: TrXNT6 > TrxNT11 > TrxNT8 > TrxNT7. This
order was consistent with the effects of NaCl observed in Figure 6 and the results of the
competition experiments described in Figure 7. The calculated B, values for TrxNT11,
TrxNT7 and TrxNT8 indicated that each bound to tubulin at a maximum stoichiometry of »
4:1 (Figure 8d).

To evaluate the ability of NT proteins without attached Trx to bind M Ts, thrombin
was added to MT-bound TrxNT proteins to cleave and release the Trx partner, and the effect
of cleavage on MT binding was determined. Thrombin treatment of bound TrxNT6 protein
had no effect on the ability of NT6 to remain bound to MTs (Figure 9a). When M T-bound
TrxNT5, TrxNT210 and TrxNT11 were treated with thrombin, the corresponding released NT
proteins also retained M T binding activity. In contrast, thrombin digestion of M T-bound
TrxNT8 resulted in loss of NT8 binding to MTs (Figure 9b). Digestion of MT-bound
TrxNT7 to generate NT7 gave similar results to those observed for TrxNT8 and NT8. As
expected from previous experiments with Trx (Figure 3), the cleaved Trx protein did not bind
MTsasindicated by its presence in the supernatant fractions and absence from pellet
fractions. TrxNT6 and TrxNT8 were also incubated with thrombin to cleave the Trx partner
prior to incubation with MTs in a co-sedimentation assay (Figure 9c). After enzymatic
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treatment, NT6 retained the ability to bind MTs, whereas NT8 lost MT binding activity.
Again, Trx showed no MT binding activity and was released to the supernatant fraction.
When the binding of NT6, NT7, and NT8 to MTs was quantified as described in Figure 8, K,
and B, values were obtained only for NT6 because NT7 or NT8 did not bind MTsevenin
the 10:1 reaction. However, the K, calculated for NT6 (Figure 8d) was similar to that of
TrxNT6, and the calculated B, was slightly greater than that of TrxNT6 but the same as the
B, ..« determined for TrxNT11, TrxNT7, and TrxNT8 (yielding a NT6:tubulin maximum
stoichiometry of » 4:1).

Since full-length Ncd and the N-terminal 204 residues of Ncd (N2) were previously
found to bundle MTs in vitro (8, 9), video-enhanced DIC microscopy was used to examine
the ability of the TrxNT proteins to bundle MTs (Figure 10). Reactions were prepared as
described in Materials and Methods. High speed supernatants containing TrxNT1 did not
bundle MTs (Figure 10b), while high speed supernatants containing TrxNT2, TrxNT3 (data
not shown), and TrxNT4 (Figure 10c) produced bundles. Column purified TrxNT6 (Figure
10d), TrxNT7 (Figure 10g), TrxNT5, TrxNT8, TrxNT10, and TrxNT11 (data not shown)
were also ableto bundle MTs. At amolar ratio of 1:1 (TrxNT:tubulin), all of the TrxNT
proteins that exhibited MT binding activity in the co-sedimentation assay (Figure 4), except
TrxNT5 and TrxNT10, showed MT bundling activity. TrxNT5 and TrxNT10 started to show
MT bundling activity at a2:1 (TrxNT:tubulin) molar ratio, and at this molar ratio the extent
of bundling with TrxNT5 was higher than TrxNT10 based on the presence of single MTsin
TrxNT210-containing samples. At very high TrxNT: tubulin molar ratios (3 4:1), it was
possible to detect bundling by eye as a fiber-like precipitate in the sample tube. Two main
types of bundles were observed: TrxNT7 and TrxNT8 generated linear, cable-like bundles,
while the other MT binding TrxNT proteins produced more compact, matted bundles. Based
on the number of single MTs observed, TrxNT10 and TrxNT11 were less effective at
bundling MTs compared to TrxNT5 and TrxNT®6.

To evaluate the ability of NT proteins to bundle M Ts, thrombin-treated TrxNT and
NT proteinswere used in MT bundling assay. Cleavage of MT-bound TrxNT6 (Figure 10e)
did not change its bundling activity, whereas cleavage decreased the M T bundling activity of
MT-bound TrxNT5 and TrxNT210. Addition of thrombin-released NT6 (Figure 10f) to MTs
showed the same extent of bundling as the TrxNT6 fusion protein, although the appearance
of the bundles changed from matted structures to long cable-like structures. Based on the
number of single MTs, thrombin-released NT5 showed greater bundling activity than
released NT10, but not as high as NT6 (data not shown). Cleavage of MT-bound TrxNT7
(Figure 10h) and TrxNT8 resulted in complete loss of bundling activity, and addition of
thrombin-released NT7 (Figure 10i) or NT8 to MTs did not produce MT bundling.

To determine whether TrxNT- and NT-induced MT bundling was due to the
formation of dimers or oligomers, the sedimentation coefficients and Stokes radii of the MT
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binding TrxNT and NT proteins were determined and used to estimate native molecular
weights (Table 1). When compared to molecular weights predicted from amino acids
sequences, the calculated molecular weights indicated that TrxNT and NT proteins exist as
monomers. Running TrxNT or NT proteinsin the presence of DTT, or at concentrationsin
excess of those used in MT co-sedimentation assays (see Materials and Methods) had no
effect on the estimated molecular weights.
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DI SCUSSION

In order to identify the region(s) in the Ncd tail domain that are involved in ATP-
independent binding to MTs, 12 TrxNT proteins corresponding to different regions of the tail
domain were expressed in E. coli. MT co-sedimentation and bundling assays were used to
determine the ability of purified TrxNT and thrombin-released NT proteinsto interact with
MTs. Theresults (summarized in Table I1) indicate that two sitesof MT interaction exist in
the Ncd tail domain: one in the sequence from amino acid 83-100 and the other in the
sequence from 115-187.

Evidence in support of amino acids 83-100 containing aMT interaction siteis based
on thefindingsthat TrxNT2-TrxNT6, TrxNT10 and TrxNT11, aswell as the thrombin-
released NT5, NT6, NT10, and NT11 proteins, bind and bundle MTs. A lower limit of 83 is
indicated since this represents the N-terminal amino acid of NT6 and NT11, while an upper
limit of 100 is based on the fact that NT12 does not show MT binding. Consistent with this
assignment, blot overlay experiments indicated that TrxNT2-TrxNT6, which contain the 83-
100 sequence, interact with tubulin, while those that lack this sequence either have no
interaction (TrxNT1) or interact only weakly (TrxNT7 and TrxNT8) with tubulin. The
finding that TrxNT2-TrxNT6 proteins purified in the presence of urea and separated by SDS-
PAGE were still able to interact with tubulin suggests that the interaction with MTsis not
dependent on correct folding of the polypeptide chain to create the binding site. This
conclusion is supported by the consistent MT binding activity of TrXNT2-TrxNT6, TrxNT10,
and TrxNT11 across multiple protein preparations and varied storage conditions. However,
the finding that not all proteins that contain this site bind and/or bundle MTs equally (Figure
7 and 8; Table 1) suggests that, in some of these proteins, the site may either be masked by
incorrect folding or that binding may be enhanced by a second MT interaction site.

A second siteinvolved in MT binding is present within the Ncd region spanning
amino acids 115-187. This conclusion is based on the findings that TrxNT7 and TrxNT8
show MT binding and bundling activity. However, the situation is more complicated than
that described previously for the 83-100 sequence. As discussed above, TrxNT7 and
TrxNT8 do not interact significantly with tubulin in the blot overlay assay. In addition,
TrxNT7 and TrxNT8 showed significant variability in MT binding activity across different
protein preparations and after various storage conditions. Further, cleavage of TrxNT7 and
TrxNT8 to generate NT7 and NT8 resulted in complete loss of MT binding and bundling
activity. Taken together, these results suggest the presence of a conformation-dependent MT
interaction site within the Ncd sequence from 115-187. The ability of thissiteto bind MTsis
clearly dependent on conditions that affect protein conformation (urea, SDS) and is unstable
over time. Itislikely that the Trx fusion partner, although unable to bind MTs itself, may aid
in stabilizing the NT7 and NT8 conformations and thereby the MT binding activity of these
proteins. Thus, cleavage of Trx may trigger a conformational changein NT7 and NT8 that
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leads to loss of the interaction site and therefore loss of MT binding activity. The presence of
aggregated and denatured protein in Figure 10i, in which NT7 had been released by thrombin
and then stored at -70°C prior to the experiment, supports this conclusion. Interestingly,
denaturation may be enhanced by freezing and storage since cleaved NT7, when viewed
immediately after digestion, does not appear denatured and aggregated (Figure 10h).

The mechanism by which TrxNT7 and TrxNT8 bind MTs is also complicated by the
fact that neither TrxNT9 nor TrxNT12, which together contain the same sequence as TrXNT7
(100-187), bind MTs. One possible explanation for these resultsiis that the conformation-
dependent MT interaction siteis located in either NT9 or NT12 but is not correctly folded.
Alternatively, a bipartite site may be involved in which amino acids in the sequence spanned
by NT9 may need to be brought together with amino acidsin NT12 by correct folding.
Competition experiments (Figure 7) in which TrxNT5 and TrxNT6 showed equivalent
affinity for MTs, but TrxNT5 showed greater affinity than TrxNT11, are consistent with
either of these possibilities. TrxNT5 and TrxNT6 contain the 83-100 and 115-187
sequences, while TrxNT11 contains the 83-100 sequence but ends at amino acid 149. Thusit
ispossible that TrxNT11 ismissing either part or al of the conformation-dependent site and
that thisisthe reason for its lower affinity (Figure 7 and 8).

The K, and B,,,, values obtained for representative Ncd tail proteins (Figure 8) also
support the concept of two MT interaction sites. Proteins that contain the 83-100 sequence,
and hence the conformation-independent MT interaction site (TrxNT6, NT6, TrxNT11), have
ahigher affinity for MTs than proteins that contain only the conformation-dependent MT
interaction site present in the 115-187 sequence (TrxNT7, TrxNT8). In addition, proteins
that contain both sequences (TrxNT6, NT6) have a higher affinity than TrxNT11, which has
only the 83-100 sequence. The fact that TrxNT7 and TrxNT8 exhibited reasonably tight
binding to MTs, while NT7 and NT8 did not show any MT binding (even at 10:1 molar
excess over tubulin) also supports the conclusion that the 115-187 sequence MT interaction
site is conformation-dependent. The K, values calculated for TrxNT6, NT6 and TrxNT11
are similar to or lower than the K, values reported for the AMP-PNP or apyrase-induced tight
binding of kinesin and Ncd motor domainsto MTs (14, 16, 17,) and the K, values reported
for the binding to MTs of full length tau and tau fragments that contain the M T-binding site
(18, 19), and therefore support the concept of atight, specific interaction. A more surprising
result was the B, values and the corresponding NT:tubulin maximum binding
stoichiometries of » 3:1to » 4:1. Based on these numbers, it appears that there are 4
potential binding sites per tubulin dimer (presumably 2 each per a- and b-tubulin) and that
TrxNT6, perhaps due to steric-hindrance, cannot fill all possible binding sites. The fact that
all proteins for which B,,,, was calculated bind at a »4:1 stoichiometry suggests that all are
binding to the same sites on tubulin (albeit with different affinities). Further, there was no
evidence of cooperative binding and the data was best fit with a rectangular hyperbola,
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suggesting that all 4 sites on the dimer are identical in terms of affinity (Figure 8c). Given
the ionic nature of binding (see following paragraph) and the large number of acidic residues
in the C-terminal domains of a- and b-tubulin that are exposed on the outer surface of aMT,
itislikely that each of the binding sites on tubulin represents a cluster of acidic residues.
Two such clusters are present in both tubulin monomers; one precedes the H12 helix and the
other is present at the extreme C-terminus (20). These stoichiometries are higher than
reported for other MT binding proteins: motor domains typically saturate at 1 per tubulin
dimer (see reference 14), while tau saturates at 0.5 per tubulin dimer (19). Thisraisesthe
issue of how 4 separate protein molecules may pack along the dimer. Given therelatively
large number of proline residuesin the Ncd tail, it is possible that the MT interaction sites
protrude from the bulk of the tail domain and that this may allow 4 proteinsto bind to one
tubulin dimer without significantly interfering with each other. In addition, if the acidic
clusters present in the C-terminal domains of a- and b-tubulin are involved in binding the
Ncd tail, the distance between the two clusters in each monomer could be nearly the length (4
nm) of the monomer (20), while the distance between clusters on adjacent monomers may
vary depending on the flexibility of these regions, and these two factors could allow accessto
all four sites simultaneously. One final point in considering these stoichiometry valuesis
that Ncd exists as adimer and this structure may force constraints on the distance between
tail domains, making it is unlikely that full length Ncd could fill all possible binding sites on
the dimer. Future binding experiments with a stalk-tail dimer of Ncd should help address this
issue.

Given the high percentage (17%) of basic amino acidsin the 200 amino acids of the
Ncd tail domain and the large number of acidic amino acids exposed on the outer surface of
MTs (21, 22), it is reasonable to expect that the Ncd tail interaction with MTsisionic in
nature. The effect of NaCl on the MT binding of TrxNT proteinsis consistent with this
hypothesis (Figure 6). Further, the finding that a higher concentration of NaCl is required to
inhibit the MT binding of TrxNT6 as compared to TrxNT8 is consistent with two MT
interaction sites (with TrxNT6 having both and TrxNT8 having one). EDC cross-linking
between TrxNT7 or TrxNT8 and M Ts also supports an ionic interaction (A. Karabay and R.
A. Walker, unpublished observations).

In addition to alarge number of basic amino acids, the Ncd tail isalso rich in proline
(22 of 200 or 11%). The abundance of basic amino acids and prolinesis a property shared by
many M T-associated proteins (MAPS), such as MAP2 and tau, that bind and regulate M T
assembly (see references 23 and 24 for review). MAP2 and tau share 3-4 imperfect amino
acid repeats that areinvolved in binding to MTs. Each repeat is composed of 31 amino acids
and contains several basic residues as well as a distinctive Pro-Gly/Lys-Gly-Gly motif (25,
26). A recent study also demonstrated the involvement of the proline-rich region of tau (and
by inference, MAP2) in MT binding and provided clear evidence for the importance of
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specific basic residues (*°K, #°K and #'R) and adjacent proline residuesin MT interactions
(24). Although no repeats are obvious in the Ncd tail, there are clusters of basic residues
flanked by proline residues. Analysis of the Ncd 83-100 sequence
(¥MKLGHRAKLRRSRSACDI'™) indicates that this region contains 6 basic residues (or
33% of the region) and has 2 adjacent proline residues (*PEP*). Additional basic clusters
are also present in the Ncd sequence from 115-187 in the following regions: *“RGNKR®,
PIKVSR™, RLVR™, and **VKRPPVTRPAPRAAGGAAAKKPAGTG!™. The nearest
proline residues to the 104-108 and 121-124 clusters are “°PSIP*?, while **PAAP are
closest to the 135-139 cluster. The largest cluster, residues 150-175, contains 6 basic
residues as well as 2 adjacent (**PAAP*?) and 4 internal proline residues (**PPVTRPAP'®).
Theinternal proline residues are part of a sequence in Ncd (P'KRPPVTR™) that is similar to
the MT binding sequence in the proline-rich region of tau (*KKVAVVR?) (19). The
relationship between the basic and proline clustersin Ncd and taw/MAP2 is unclear and
awaits further characterization of the specific amino acidsinvolved in MT binding.
However, in preliminary experiments using video microscopy and co-sedimentation assays,
we have found that TrxNT6 and NT6 promote MT assembly (A. Karabay and R.A. Walker,
unpublished observations). Of related interest, Kar3, another C-terminal kinesin superfamily
motor, may also interact with MTsviathe tail domain (22). Thetail region of Kar3
resembles that of Ncd in terms of the percentage of prolines (8.2%) and basic (16.4%) amino
acids, and similar regions of basic residue clusters with adjacent proline residues are present
within amino acids 5-80 of the Kar3 tail (27).

Asimplied above, and consistent with TrxNT1'sfailure to bind MTs, amino acids 27-
63 do not appear to contain aMT binding site. However, this region does appear to affect the
solubility of expressed NT proteins. Fusion to Trx did not substantially improve the
solubility of the constructs that contained amino acids 27-63 (TrXNT1-TrxNT4). TrxNT2-
TrxNT4 were consistently insoluble in different preparations, while TrxNT1 showed variable
solubility in different preparations. In comparison, TrXNT proteins, which did not contain
this region, showed greater solubility. Protein sequence analysis showed that thisregion is
rich in hydrophobic and polar-uncharged amino acids and has only three charged amino acids
(R®, R*®, and D ©).

All TrxNT proteins that bound MTs also bundled MTs, and all NT proteins that
retained M T binding ability after thrombin cleavage were also able to bundle MTs (Table ).
The differences in the structure (cable-like with TrxNT7 and TrxNT8, matted with all other
TrxNT and NT proteins that showed MT binding activity) and extent (more free MTs with
TrxNT7, TrXNT8, TrxNT10, TrxNT11, NT10, and NT11 than TrxNT5, TrxNT6, NT5, and
NT6) of MT bundling may be an indication of differencesin the stability and/or accessibility
of MT interaction sites. Alternatively, these differences may be afunction of having one
versus two of the MT interaction sites.

49



How do TrxNT and NT proteinsinduce MT bundling? One possible mechanism
could be dimerization of the proteinsto form cross-bridges between MTs. However, based
on the results of gel filtration and sedimentation experiments (TableI), TrxNT and NT
proteins appear to exist as monomers. Although this does not exclude the possibility that
TrxNT and NT proteins may form dimers or oligomersin the presence of MTs, it isalso
possible that the proteins form bundles by shielding charges. As discussed above, itislikely
that the positively-charged M T binding sitesin the Ncd tail interact with the negatively-
charged C-terminus of a- and/or b-tubulin. It has been proposed that M T bundling could
result from the neutralization of acidic carboxyl terminal region of tubulin, which can be
achieved by binding of MAPs including tau (28, 29). Consistent with this hypothesis,
binding of the monomeric motor domain of Ncd to MTs can also induce MT bundling (K.
Phelps and R. A. Walker, unpublished results). Henceit is possiblethat TrxNT and NT
proteins form bundles not by physically connecting separate MTs, but rather by masking
tubulin domains that otherwise inhibit MT bundling. Although bundles could be formed in
vitro by charge neutralization, it islikely that MT bundling as part of spindle organization in
vivo would occur through a mechanism in which the motor domains of Ncd interact with one
MT and the tail domains interact with a second MT, and thereby cross-link the two filaments.

In conclusion, there appear to be two regionsin the Ncd tail that can interact with
MTs. Given theimportance of protein conformation in one of these regions, it is likely that
MT binding is not simply due to nonspecific charge interactions, but rather that structural
complexity isimportant for MT binding. Intramolecular interactions between basic and
proline-rich regions may bring these two MT interaction sites together in the folded protein
toformasingle MT binding site. Thus, determination of the 3D structure of the Ncd tail
region should help elucidate the interactions of the tail domain with MTs. Inthe future, site
directed mutagenesis experiments will also be needed to determine the amino acid residues
essential for MT binding. Finally, since Ncd has not yet been purified from native cells, it is
conceivable that the M T interaction of the tail region could be regulated by non-motor
subunits or associated proteins.
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FIGURE 1. Schematic representation of TrxNT proteins.

Full length Ncd consists of 700 amino acids (1). N2 corresponds to the tail region and
encodes amino acids 1-204 of Ncd (9). The region encompassed by NT proteins in this study
corresponds to amino acids 27-187. TrxNT1-TrxNT4 start from amino acid 27 and include
different lengths of deletions at the C-terminus. TrxNT5-TrxNT9 include different lengths of
N-terminal deletionsin the region starting from amino acid 27. TrxNT10-TrxNT12 contain
combined N- and C-terminal deletions. The expected molecular weights (kDa) are: 23,116
(TrxNT1); 29,132 (TrxNT2); 32,122 (TrxNT3); 34,459 (TrxNT4); 31,977 (TrxNT5);
29,805 (TrxNT6); 27,838 (TrxNT7); 26,258 (TrxNT8); 23,243 (TrxNT9); 28,641
(TrxNT10); 26,469 (TrxNT11); 24,501 (TrxNT212). Trx from pET32 is 20,401 kDa.
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FIGURE 2: Example purification of TrxNT proteins.

Bacterial cell lysate (lane 1) induced to express TrxNT6 was centrifuged to produce low
speed (lane 2) and high speed (lane 3) supernatants as described in Materials and Methods.
The high speed supernatant was then passed over an S-sepharose column (lane 4 shows
proteins that did not bind the resin), and the column was then washed with lysis buffer (lane
5). Bound proteins were eluted (lane 6 and 7, peak elution fractions), then combined (lane
8), and passed over Talon metal affinity resin (lane 9, flow through). After washing the
column (lane 10), bound proteins were eluted with Talon elution buffer (lane 11 and 12, peak
elution fractions). Final eluates from Talon resin were concentrated 50-fold relative to the
lysate. Samples were run on a 9% SDS-polyacrylamide gel, and stained with Coomassie
Blue. M: Molecular weight marker (indicated in kDa).
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FIGURE 3: MT binding of Trx and TrxNT1-TrxNT4 proteins.

High speed supernatant samples of Trx and TrxNT1-TrxNT4 proteins were divided into two
reactions, and taxol and taxol-stabilized MTs were added to one (+MTs), while AB was
added to the other (-MTs). After 20 minutes, the reactions were centrifuged as described in
Materials and Methods, and supernatant (Panel a) and pellet (Panel b) fractions were
separated by SDS-PAGE and proteins stained with Coomassie Blue. Lanes 1-4 indicate
corresponding TrxNT protein. The positions of thioredoxin (T) and TrxNT1 (horizontal line)
are indicated in Panel a, and the positions of TrxNT2-TrxNT4 proteins are indicated
(horizontal lines) in Panel b. TrxNT2-TrxNT4 bands in Panel a supernatant fractions were
obscured by endogenous E. coli proteins. Tubulinisindicated by an asterisk. Molecular
weight markers (M) are indicated in kDa.
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FIGURE 4: MT binding of TrxNT5-TrxNT12 proteins.

Column purified TrxNT proteinswere used at 2:1 (TrxNT5, TrxNT6, and TrXNT9-TrxNT12)
or 4:1 (TrxNT7 and TrxNT8) molar ratiosinaMT co-sedimentation assay as described in
the Materials and Methods. Panel numbers indicate corresponding TrxNT protein.
Supernatant (S) and pellet (P) fractionsin the absence (left column of each panel), and
presence (right column of each panel) of MTs were separated on 8% (5-8, and 11), 9% (9 and
12), or 10% (10) SDS- polyacrylamide gels. The location of tubulin in each panel is
indicated by an asterisk.
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FIGURE 5: Interaction of tubulin with Trx-NT proteinsin ablot overlay assay.

Column purified TrxNT proteins were separated by SDS-PAGE, transferred onto
nitrocellulose membranes, and processed for overlay with tubulin and subsequent
immunodetection as described in the Materials and Methods. T: Thioredoxin. Lane numbers
indicate the corresponding TrxNT protein, and the dots indicate positions of transferred
proteins as detected by Ponceau-S red staining.
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FIGURE 6: The effect of NaCl on TrxNT6 and TrxNT8 binding to MTs.

MT co-sedimentation assay was carried out as described in the Materials and Methods, and
the pellets were resuspended with AB buffer containing 40 niM taxol and the indicated NaCl
concentration (mM). After 15 minutes, samples were centrifuged as previously described
and supernatant (S) and pellet (P) fractions were analyzed by SDS-PAGE. Panel a: TrxNT6.
Panel b: TrxNT8. The positions of tubulin (asterisk), TrxNT6 (arrowhead) and TrxNT8
(solid arrow) are indicated.
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FIGURE 7: Competition of TrxNT proteins for binding to MTs.

Column purified TrxNT5 was added either simultaneously or sequentially with TrxNT6 or
TrxNT11, and the binding of each protein was evaluated by MT co-sedimentation assay. All
proteins were added at 4.1 TrxNT:tubulin molar ratio. Upper row (panel a-€) shows
competition between TrxNT5 and TrxNT6, and lower row (panel f-j) shows competition
between TrxNT5 and TrxNT11. Supernatant (first lane of each panel) and pellet (second
lane of each panel) fractionsin the presence of MTs are shown. Panel aand f: TrxNT5
alone. Panel band g: TrxNT6 and TrxNT 11 alone respectively. Panel c: TrxNT5 and
TrxNT6 were added simultaneously. Panel h: TrxNT5 and TrxNT11 were added
simultaneously. Panel d and i: TrxNT5 was added prior to TrxNT6 or TrxNT11 respectively.
Panel eand j: TrxNT6 or TrxNT11 was added prior to TrxNT5 respectively. The positions
of tubulin (asterisk), TrxNT5 (arrowhead), TrxNT6 (open arrow), and TrxNT11 (solid arrow)
areindicated.

63






FIGURE 8: MT binding affinity and stoichiometry of TrxNT6 protein.

TrxNT6 (5-50 uM final) was mixed with taxol-stabilized MTs (5 uM final) and centrifuged
after a 30 minute incubation at 22°C (see Materials and Methods). Supernatant (a) and pellet
(b) fractions were then separated on 10% SDS-polyacrylamide gels and the amount of
TrxNTG6 in each fraction was determined. The TrxNT6:tubulin ratio is indicated below Panel
b for both supernatant and pellet fractions. Tubulin (asterisk) and TrxNT6 (arrowhead)
bands are indicated. The bands adjacent to theaand b labelsare BSA. The data were
plotted as shown in (c) and fit with arectangular hyperbolato determine K, and B, values
(d). TrxNT7, TrxNT8, TrxNT11 and NT6 (see Figure 9) were examined using the same
approach (data not shown), and the calculated K, and B, values for those proteins are also
presented in (d).
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FIGURE 9: MT binding of thrombin-cleaved NT6 and NT8 proteins.

To evaluate the binding of NT proteinsto MTs, TrxNT6 and TrxNT8 were treated with
thrombin either while bound to MTs (a) or prior to incubation with MTs (b). The numbers
above the sections of each panel denote the corresponding TrxNT or NT protein (6 or 8)
shown. For each protein in Panel a, lane 1 shows the pre-thrombin mixture of the TrxNT6 or
TrxNT8 protein bound to MTs; lane 2 shows the results of thrombin cleavage of each MT-
bound TrxNT protein; lane 3 shows the supernatant fraction of each cleaved TrxNT protein
after centrifugation; and lane 4 shows the pellet fraction of each cleaved TrxNT protein after
centrifugation. In Panel b, lanes 1 and 4 show the initial samples of cleaved NT6 and NT8;
lanes 2 and 5 show the supernatant fractions of cleaved NT6 and NT8 after incubation with
MTs and subsequent centrifugation; lanes 3 and 6 show the pellet fractions of cleaved NT6
and NT8 after incubation with MTs and subsequent centrifugation. Samples were separated
by tricine-PAGE and stained with Coomassie Blue. The position of tubulin isindicated by
an asterisk. The TrxNT proteins (TrxNT6 or TrxNT8) are indicated by solid arrows, and
NT6 (dotted line), NT8 (arrowhead) and thioredoxin (dashed line) are also indicated.
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FIGURE 10: MT bundling by selected TrxNT and NT proteins.

Panel & MTs. Panel b: TrxNT1. Panel c: TrxNT4. Panel d: TrxNT6. Panel e: cleavage
of MT-bound TrxNT6. Panel f: NT6. Panel g: TrxNT7. Panel h: cleavage of MT-bound
TrxNT7. Panel i: NT7 protein at 2:1 molar ratio. High speed supernatant samples of
TrxNT21 and TrxNT4 were used for MT bundling assay, and samples shown in the upper row
were diluted tenfold before observation. Middle row shows MT bundling ability of TrxNT6
and NT6 used at 2:1 molar ratio to tubulin. Lower row shows MT bundling ability of
TrxNT7 (panel g) and NT7 (panel hand i) used at 1:1 and 2:1 molar ratios to tubulin
respectively. Each panel is 25 nm wide.
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TABLE 1. Physical Properties of Ncd Tail Proteins

TrxNT

Polypeptide MW R, Sow Caculated MW | Polypeptide MW R, Sow Calculated MW
NT5 31977 35.2 19 27597 18209 *<12 17 *x
NT6 29805 33.8 1.9 26499 16037 *<12 15 i
NT7 27838 32.7 19 25637 14069 *<12 13 *x
NT8 26258 322 1.9 25245 12489 *<12 13 o
NT10 28641 30.1 19 23599 14872 *<12 13 *x
NT11 26469 28.9 ND ND 12701 *<12 ND *x

Polypeptide MW was determined from the protein sequence.
R, Stokesradius (A°), S,,: sedimentation coefficient.
Calculated MW was determined as described in Materials and Methods.

*: Stokesradii of NT proteins were smaller than that of the lowest standard used (horse heart cytochrome, 12 A°); therefore precise
calculated MW (**) of NT proteins could not be determined. TrxNT6 and NT6 proteins were each run twice, and other proteins were

run once. ND: not determined.
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TABLE 2. Summary of MT Binding and Bundling Assays

a) TrxNT
Binding  Bundling

Trx — —

NT1 - -

NT2 + +

NT3 + +

NT4 + +

NT5 + +

NT6 + +

NT7 + +

NT8 + +

NT9 - -

NT10 + +

NT11 + +

NT12 - -

b) Thrombin-cleaved Thrombin-cleaved
MT-bound TrxNT NT
Binding Bundling Binding Bundling

NT5 + + ND +

NT6 + + + +

NT7 - - ND -

NT8 - - - -

NT10 + + ND +

NT11 + ND ND ND

Panel aindicates MT binding and bundling activities of all TrxNT proteins Panel b, right
column indicates the effect of thrombin cleavage on MT binding and bundling activities of
MT-bound TrxNT proteins. Panel b, left column indicates M T binding and bundling
activities of cleaved NT proteins. ND: not determined.

72



LITERATURE CITED

Endow, S. A., Henikoff, S., & Soler-Niedziela, L. (1990) Nature 345, 81-83.
McDonald, H. B., & Goldstein, L. S. B. (1990) Cell 61, 991-1000.

Hatsumi, M., & Endow, S. A. (1992) J. Cell <ci. 103, 1013-1020.

Endow, S. A. (1993) TIG 9, 52-55.

. Matthies, H. J. G., McDonald, H. B., Goldstein, L. S. B., & Theurkauf, W. E. (1996) J.
Cell Biol. 134, 455-464.

6. Endow, S. A., & Komma, D. J. (1997) J. Cell. Biol. 137, 1321-1336.

7. Waker, R. A., Sadmon, E. D., & Endow, S. A. (1990) Nature 347, 780-782.

8. McDonad, H. B., Stewart, R. J., & Goldstein S. B. (1990) Cell 63, 1159-1165.

9. Chandra, R., Salmon, E. D., Erickson, H. P., Lockhart, A., & Endow, S. A. (1993) J. Bial.
Chem. 268, 9005-9013.

10. Schagger, H., & Jagow, G. V. (1987) Anal. Biochem. 166, 368-379.

11. Walker, R. A., O'Brien, E. T., Pryer, N. K., Soboeiro, M. F., Voter, W. A., Erickson, H.
P., & Salmon, E.D. (1988) J. Cell Biol. 107, 1437-1448.

12. Boucher, D., Larcher, JC., Gros, F., & Denoulet, P. (1994) Biochemistry 33, 12471-
12477.

13. Larcher, JC., Boucher, D., Lazereg, S., Gros, F., & Denoulet, P. (1996) J. Biol. Chem.
271, 22117-22124.

14. Walker, R. A. (1995) Proc. Natl. Acad. Sci. USA 92, 5960-5964.

15. Siegel, L. M., & Monty, K. J. (1965) Biochim. Biophys. Acta 112, 346-362.

16. Crevel, . M.-T., Lockhart, A., & Cross, R. A. (1996) J. Mal. Biol. 257, 66-76

17. Moore, J. D., Song, H., & Endow, S. (1996) The EMBO Journal 15 (13), 3306-3314
18. Goode, B., & Feinstein, S. C. (1994) J. Cell Biol. 124 (5), 769-782

19. Gustke, N., Trinczek B., Biernat, J., Mandelkow E.-M., & Mandelkow E. (1994)
Biochemistry 33 (32), 9511-9522

20. Nogdes, E., Walf, S. G., & Downing K. H. (1998) Nature 391, 199-203

21. Sackett, D. L., & Wolff, J. (1986) J. Biol. Chem. 261, 9070-9076.

22. Britling, F., & Little, M. (1986) J. Mol. Biol. 189, 367-370.

23. Delacourte, A., & BueeL. (1997) Intl. Rev. Cytol. 171, 167-210.

24. Goode, B. L., Denis, P. E., Panda, D., Radeke, M. J., Miller, H. P., Wilson, L., &
Feinstein, S. C. (1997) Mol. Biol. Cell 8, 353-365.

25. Lewis, S. A., Wang, D., & Cowan, N. J. (1988) Science 242, 936-939.

26. Ennulat, D. J, Liem, R. K. H., Hashim, G. A., & Shelanski M. L. (1989) J. Biol. Chem.
264, 5327-5330.

27. Meluh, P. B., & Rose, M. D. (1990) Cell 60, 1029-1041.

28. Scott, C. W., Klika, A. B., Lo, M. M. S, Norris, T.E., & Caputo, C. B. (1992) J.
Neurosci. Res. 33, 19-29.

ok wnNPE

73



29. Brandt, R., & Lee, G. (1993) J. Cell Biol. 268, 3414-3419.

74



CHAPTER 3
THE NCD TAIL DOMAIN PROMOTESMICROTUBULE ASSEMBLY
AND STABILITY

Thiswork was previously published as:
A. Karabay and R. A. Walker* (1999)
Biochemical and Biophysical Research Communications, 258, 39-43
Department of Biology, Virginia Polytechnic Institute and State University, Blacksburg, VA,
USA

* Corresponding author: Dr. Richard A. Walker
Department of Biology

Virginia Polytechnic Institute and State University
Blacksburg, VA 24061-0406

Phone: (540) 231-3803

Fax: (540) 231-9307

E-mail: rawalker@vt.edu

75



ABSTRACT

Non-claret disunctional (Ncd) is a Drosophila kinesin-like motor required for spindle
assembly and maintenance in oocytes and early embryos. Ncd has an ATP-independent
microtubule binding site in the N-terminal tail domain as well as an ATP-dependent
microtubule binding site in the C-terminal motor domain. The Ncd tail domain shares many
properties with the microtubul e-associated proteins that regulate microtubule assembly,
including microtubule binding and bundling activity and an abundance of basic and proline
residues. Given these similarities, we examined the ability of Ncd tail domain proteinsto
promote MT assembly and stability. The resultsindicate that the Ncd tail domain can
promote MT assembly and stabilize MTs against conditions that induce MT disassembly, and
suggest that Ncd may influence MT dynamics within the spindle.
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INTRODUCTION

Non-claret disjunctional (Ncd) is a Drosophila minus end-directed, kinesin-like motor
protein required for spindle assembly and maintenance during meiosis in oocytes and early
mitosis in embryos (1-6). The C-terminal motor domain (residues 356-700) contains an
ATP-dependent microtubule (MT) binding site, and is attached to the N-terminal tail domain
(residues 1-200) by an a-helical stalk domain responsible for subunit dimerization (1, 2).
The Ncd tail (NT) domain sequence is unique among kinesin superfamily motors and isrich
in basic and proline residues (1,2,7). Based on in vitro experiments in which Ncd bundled
MTs (8), and NT proteins both bound and bundled M Ts (7), it has been suggested that the
Ncd tail contains an ATP-independent MT binding site (7, 8) that may aid in MT bundling
and/or the dliding of a“cargo” MT aong a“roadway” MT. In vivo analysis of Ncd mutants
also supports the presence of an ATP-independent MT binding site in the tail of Ncd (3, 5).
Recently, we have shown that Ncd residues 83-100 and 115-187 contain sites that exhibit
ATP-independent M T binding with high and low affinity respectively, and have suggested
that these MT interaction sites structurally combine in the native protein to form asingle MT
binding site (9).

The abundance of basic and proline residuesin the NT domain is acommon feature
of many MT-associated proteins (MAPSs), such as MAP2 and tau, which promote and
stabilize MT assembly (see 10 and 11 for review). Given these similarities, we have
examined the ability of the NT domain to promote MT assembly and to stabilize assembled
MTs. Two different NT proteins were expressed as thioredoxin (Trx) fusionsin E. coli and
evaluated: TrxNT6, which corresponds to residues 83-187 and contains both the high and
low affinity MT binding sites; and TrxNT8, which corresponds to residues 115-187 and
contains only the low affinity MT binding site. MT sedimentation, turbidity measurements,
video-enhanced differential interference contrast (VE-DIC) microscopy and electron
microscopy (EM) were used to determine if TrxNT proteins promote MT assembly. MT
sedimentation and turbidity measurements were also used to determine whether the TrxNT
proteins stabilized MTs against conditions that induce MT depolymerization. We have found
that TrxNT6 but not TrxNT8 can promote tubulin assembly into MTs and can stabilize MTs.
These results suggest that the tail of Ncd, in addition to bundling spindle MTs (5-8), may also
influence MT dynamics within spindles.
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MATERIALSAND METHODS

Protein Preparation

TrxNT6 and TrxNT8 were expressed in E. coli and purified as previously described
(9). Tubulinwas purified from porcine brain (12). Purified proteins were quick frozenin
liquid nitrogen and stored at -70°C. Protein concentrations were determined by the Bradford
assay (BioRad) using bovine serum albumin (BSA) as a standard.

MT Sedimentation and Turbidity Assays

MT sedimentation assays were performed in AB buffer (20 mM Pipes, pH 6.9, 1 mM
MgCl,, 1 mM EGTA) containing 1 mM MgGTP and 100 ng/ml BSA. In areaction volume
of 100 m, TrxNT6 or TrxNT8 (typically 5-35 mM final) was mixed with tubulin (5 M final).
After incubation for 15 minutes at 23°C, reactions were centrifuged at 100,000 x g for 15
minutes at 23°C. The resulting supernatants and pellets were then analyzed by SDS-PAGE
(9). For MT stability assays, 50 uM tubulin was first polymerized at 37°C for 15 minutes
and then diluted 10-fold into areaction mixture containing TrxNT6 or TrxNT8. After 15
minutes at 23°C, identical reaction mixtures were either placed on ice, diluted a further 5-
fold, or supplemented with either CaCl, (5 mM final) or NaCl (500 mM final). After 30
minutes, the reactions were centrifuged and processed as described above (except cold
samples were centrifuged at 4°C).

MT assembly and stability were also evaluated by measuring turbidity at 350 nmin a
Beckman DU-640 spectrophotometer. Tubulin (5 niM final) was mixed with TrxNT6 or
TrxNT8 (1:1 TrxNT:tubulin), and A,y was measured for 30 minutes at 23°C. At 30 minutes,
samples were either diluted 5-fold or supplemented with CaCl, (5 mM final), and A, was
measured for an additional 30 minutes.

Micr oscopy
Tubulin (5 MM final) was mixed with either TrxNT6 or TrxNT8 (2:1 or 4:1 TrxNT:tubulin),
incubated for 15 minutes at 23°C, and observed with VE-DIC as described previously (12).
Alternatively, the effect of TrxNT proteins on seeded M T assembly was examined in
experiments in which tubulin was mixed with either TrxNT protein and immediately
perfused into a slide-coverdlip flow cell containing sea urchin (Lytechinus pictus) axonemes
affixed to the glass surfaces (12).

For visualization by negative stain EM, tubulin (5 M final) was mixed with either
TrxNT6 or TrxNT8 (4:1 TrxNT:tubulin), incubated for 15 minutes at 23°C, adsorbed to
carbon-coated 200 mesh grids, and stained with 2% urany| acetate. In some cases taxol-
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stabilized MTs (TMTs) were substituted for tubulin. Stained samples were observed on a
JEOL JEM-100CXII electron microscope.

79



RESULTS

To evaluate the ability of TrxNT6 or TrxNT8 to promote MT assembly, various
concentrations of each TrxNT protein (5-35 M final) were mixed with tubulin (5 M final)
and incubated at 23°C for 15 minutes. At this tubulin concentration and temperature, no MT
nucleation or elongation is expected since 5 uM iswell below the critical concentration for
both nucleation and elongation of purified tubulin (12, 13). Samples were then subjected to
centrifugation at 100,000 x g to pellet any polymer that formed, and supernatant and pellet
fractions were analyzed by SDS-PAGE. In control reactions that contained tubulin, TrxXNT6
or TrxNT8 individually, almost no protein was found in the pellet fraction (Figure 1a).
However, when TrxNT6 was combined with tubulin, there was a concentration-dependent
increase in the amount of tubulin (and TrxNT6) found in the pellet fraction as the
TrxNT6:tubulin molar ratio was increased to 3:1. Above 3:1, the amount of tubulin and
TrxNT6 in the pellet fraction remained constant (Figure 1b). In contrast, addition of TrxNT8
did not increase the amount of tubulin that pelleted even at a 7-fold molar excess of TrxNT8
over tubulin (Figure 1c). The ability of TrxNT6 but not TrxNT8 to promote tubulin
assembly was confirmed by measurements of sample turbidity at A, (Figure 2). Neither
tubulin, TrxNT6, nor TrxNT8 produced a significant change in sample turbidity compared to
the buffer only control. However, addition of TrxNT6 to tubulin caused arapid and
significant increase in turbidity (Figure 2a and c), while addition of TrxNT8 to tubulin had no
effect (Figure 2b and d).

To examine the structures that pelleted in the sedimentation assay and caused
turbidity at A,.,, TrxXNT-tubulin 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 then observed after 15 minutes at 23°C. Consistent with the results of the sedimentation
and turbidity experiments described above, no MTs were observed in reactions that contained
only tubulin or tubulin and TrxNT8 (data not shown). However, TrxNT6 at both ratios
induced polymerization of tubulin into MTs and generated bundling of the resulting MTs
(Figure 3aand b). To determineif TrxNT6 or TrxNT8 promoted seeded tubulin assembly
onto sea urchin axoneme fragments, each TrxNT protein was mixed with tubulin (4:1
TrxNT:tubulin ratio) and immediately perfused into aflow cell containing axonemes
attached to the coverdlip surface. No assembly onto axoneme ends was observed for samples
that contained either tubulin alone or tubulin and TrxNT8 (data not shown). However, MT
assembly was observed at axoneme ends for samples containing tubulin and TrxNT6 (Figure
3c), although these seeded M Ts were subsequently obscured by multiple, short, thick MT
bundles that assembled de novo (Figure 3d-f).

In order to obtain a higher resolution view of the polymers assembled in the presence
of TrxNT6, TrxNT6-tubulin samples were observed by negative stain EM (Figure 4a). The

80



polymers and bundles generated in samples containing 4:1 TrxNT6:tubulin appeared
identical to those observed in samples of TrxNT6 and TMTs (Figure 4b). Further, the
polymers present in the TrxNT6-tubulin samples were identical to polymers observed in
samples of TMTs (Figure 4c), indicating that TrxNT6 promoted assembly of MTs rather than
simply generating tubulin aggregates.

To evaluate the ability of TrxNT6 and TrxNT8 to stabilize MTs under conditions that
induce MT disassembly, amodified MT sedimentation assay was used (Figure 5). Ininitial
experiments, 50 UM tubulin was polymerized at 37°C to form MTs and then diluted 10-fold
into AB buffer containing TrxNT6 or TrxNT8 (20 nM final to give a4:1 TrxNT:tubulin
molar ratio). After incubation at 23°C for 15 minutes, reaction mixtures were subjected to
centrifugation to determine the ability of each TrxNT protein to stabilize MTs following
dilution below the critical concentration for elongation. In the absence of TrxNT protein,
tubulin was found in the supernatant fraction indicating that the M Ts had disassembled
following dilution (see Figure 1). Dilution of MTsinto a solution containing TrxNT8
resulted in the majority of tubulin partitioning to the supernatant fraction, indicating that
TrxNT8 did not stabilize MTs under these conditions (Figure 5). In comparison, dilution of
MTs into asolution containing TrxNT6 resulted in the mgjority of tubulin partitioning to the
pellet fraction, suggesting that TrxNT6 was able to stabilize MTs. To characterize further the
MT stabilizing ability of TrxNT proteins, MTs were diluted into a solution containing
TrxNT6 or TrxNT8 as described above, and then subsequently exposed to additional MT-
destabilizing conditions (cold, further dilution to 1 pM tubulin, Ca™) or to 500 mM NaCl for
30 minutes before centrifugation. Consistent with the failure of TrxNT8 to stabilize
polymerized MTs against dilution to 5 uM tubulin, TrxNT8 had no stabilizing effect on MTs
subjected to cold, dilution to 1 uM tubulin, Ca™, or NaCl (data not shown). However, for
MTs stabilized by TrxNT6, incubation on ice (Figure 5: cold), dilution to 1 uM tubulin (data
not shown), or addition of CaCl, to 5 mM (Figure 5: CaCl,) did not alter the relative
distribution of tubulin into supernatant and pellet fractions, indicating that TrxNT6 also
stabilized M Ts against the effects of these disassembly-inducing conditions. Turbidity
measurements of TrxNT6-tubulin samples either diluted 5-fold (Figure 2a) or supplemented
with 5 mM CaCl, yielded results (Figure 2c) consistent with those observed in the
sedimentation assay. Upon 5-fold dilution, sample turbidity also decreased » 5-fold, while
addition of CaCl, actually caused an increase in turbidity. The only agent that was effective
at disassembling TrxNT6-MT complexes was 500 mM NaCl, which caused tubulin to
redistribute to the supernatant fraction in the sedimentation assay (Figure 5).
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DI SCUSSION

Like tau and MAP2, the Ncd tail domain binds and bundles MTs and contains an
abundance of basic and proline residues (1, 2, 10). These similarities suggest that the Ncd
tail may be capable of influencing MT assembly. To address this possibility, two proteins
that correspond to different portions of the Ncd tail domain were assayed for the ability to
promote tubulin assembly and stabilize MTs. Both TrxNT6 (thioredoxin linked to Ncd
residues 83-187) and TrxNT8 (thioredoxin linked to Ncd residues 115-187) have previously
been shown to bind and bundle MTs (9). TrxNT6 contains two sites that interact with MTs,
ahigh affinity site within residues 83-100 and alow affinity site within residues 115-187,
while TrxNT8 contains only the low affinity site (9).

Promotion of tubulin assembly was analyzed by sedimentation and turbidity assays.
In these assays, TrxNT8 did not increase the amount of tubulin that pelleted in the
sedimentation assay (even at 7:1 molar excess over tubulin (Figure 1)) or the A, value in the
turbidity assay (Figure 2). In addition, when mixtures of TrxNT8 and tubulin were observed
by VE-DIC or negative stain EM, no MTs were ever observed. Taken together, these results
indicate that even though TrxNT8 can bind TMTs (9), this protein, which contains only the
low affinity M T interaction site, cannot promote tubulin assembly. Further, TrxNT8 was
incapable of stabilizing MTs that were subjected to MT depolymerizing conditions such as
dilution, cold, or Ca™ ions. In comparison, TrxNT6 increased the amount of tubulin that
pelleted in the sedimentation assay as well asincreasing sample turbidity at Az,. TrXNT6
was able to assemble tubulin at a1:1 TrxNT6:tubulin ratio (Figure 1 and 2), and was
maximally effective at a 3:1 ratio (Figure 1), which corresponds to the maximal binding
stoichiometry of TrxNT6:tubulin (9). In addition to promoting tubulin assembly, TrxNT6
was able to stabilize M Ts under conditions that induce MT depolymerization. Infact, CaCl,
caused an unexpected increase in turbidity. The reason for thisincrease is unclear but may
be due to increased M T bundling. The only condition that resulting in depolymerization of
TrxNT6-stabilized MTs was 500 mM NaCl, which previously was shown to cause complete
release of TrXNT6 from MTs (9). Although both the sedimentation and turbidity results
support the hypothesis that TrxNT6 promotes tubulin assembly, neither assay provided
information concerning the structures assembled. However, direct observation of the
assembled products by VE-DIC and EM demonstrated that tubulin did in fact assemble into
MTsin the presence of TrxNT6 (Figure 4).

The finding that TrxNT6 but not TrxNT8 promotes the assembly of tubulininto MTs
and stabilizes MTs provides further evidence that the two previously identified M T-
interaction sitesin the Ncd tail (9) may combine to form asingle MT binding site in the
native protein, and suggests that the Ncd tail may be involved in regulation of MT assembly
aswell as attachment to acargo MT. Thisisthe first demonstration that the tail domain of a
kinesin family motor may influence the dynamics of acargo MT.
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FIGURE 1. Effectsof TrxNT6 and TrxNT8 on tubulin assembly as measured by a
sedimentation assay.

MT sedimentation assays were performed as described under Material and Methods, and
supernatant (S) and pellet (P) fractions were separated by SDS-PAGE and proteins stained
with Coomassie Blue. Resultsfor tubulin (T), TrxNT6 (6), and TrxNT8 (8) individually are
shown in (a), and results for the indicated molar ratios of TrxNT6:tubulin and
TrxNT8:tubulin are shown in (b) and (c) respectively.
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FIGURE 2: Effectsof TrxNT6 and TrxNT8 on tubulin assembly as measured by aturbidity
assay.

Tubulin (5 mM) was mixed with 5 uM TrxNT6 (aand c) or TrxNT8 (b and d), and A 5, was
measured for 30 minutes then samples were either diluted 5-fold (a.and b) or supplemented
with CaCl, to 5mM (c and d), and A ;5, was measured for an additional 30 minutes. Tubulin
only samples are indicated by the dotted line, TrxNT only samples are indicated by the
dashed line, and TrxNT and tubulin samples are indicated by the solid line.

85



Asso 350
14 fa 14 fc
12 f 12 |
1 1
0.8 08 |
0.6 06 |
0.4 04|
0.2 02|
0 T R it 0 R it
-0.2 - : . . : : . -0.2 = L b
10 0 10 20 30 40 50 60 70 -10 10 20 30 40 50 60 70
Time (minutes) Time (minutes)
i [ e~ T T T
o bV TooTT— == ] ot P AU ]
_02 1 1 ol 1 1 L ol _02 [ 1 1 ;L 1 1 ]
-10 0 10 20 30 40 50 60 70 10 0 10 20 30 40 50 60 70

Time (minutes)

86

Time (minutes)



FIGURE 3: TrxNT6-promoted MT assembly observed by VE-DIC microscopy.

Samples were prepared to observe TrxNT6 promotion of MT self-assembly and seeded
assembly as described under Materials and Methods. Two example fieldsof MTsand MT
bundles resulting from TrxNT6-promoted M T self-assembly (TrxNT6:tubulin = 4:1) are
shown (a, b). To determine effects on seeded assembly, a4:1 TrxNT6:tubulin mixture was
perfused into aflow cell containing axonemes. Assembly of MTsat »1 (c), 5 (d) and 15 (e)
minutes post-perfusion is shown. The arrow in () indicates MTs assembling onto the end of
an axoneme and the asterisk indicates a self-assembled MT. MT assembly in adifferent field
at 20 minutes post-perfusion is al'so shown (f). The width of each image is equivalent to 25
pm.
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FIGURE 4: EM images of TrxNT6 with tubulinand TMTs.
Samples containing 4:1 TrxNT6:tubulin (a) or TrxXNT6 and TMTs at a4: 1 TrxNT6:tubulin

ratio (b) were prepared and processed for negative stain EM as described under Materials and
Methods. TMTs (c) are shown for comparison. Magnification » 130,000.
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FIGURE 5: Theeffectsof TrxNT6 and TrxNT8 on MT stability.

MT stability assays were performed as described under Material and Methods, and
supernatant (S) and pellet (P) fractions were separated by SDS-PAGE and proteins stained
with Coomassie Blue. The results for dilution of MTsto 5 uM tubulin in the presence of
either TrxNT6 or TrxNT8 are shown (control), and the effects of additional MT destabilizing
conditions (cold, CaCl,, NaCl) on MTs (left 2 lanes) and TrxNT6-stabilized MTs (right 2
lanes) are also shown. The positions of tubulin (T), TrxNT6 (6), and TrxNT8 (8) are
indicated.
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CHAPTER 4
THE NCD TAIL DOMAININTERACTSWITH BOTH
a- AND B-TUBULIN
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ABSTRACT
Non-claret disunctional (Ncd) is aminus end-directed kinesin-like Drosophila motor protein
that is required for spindle assembly in oocytes and spindle maintenance in early embryos.
Through the action of ATP-dependent and ATP-independent M T binding sites in the head
and tail domains, respectively, Ncd is thought to bundle and perhaps slide M Tsrelative to
each other. The Ncd motor domain has a high homology to the kinesin motor domain,
whereas the tail domain is unique among kinesin superfamily members. Instead, the tail
domain shares structural and functional similarities with microtubul e-associated proteins
(MAPs), suchas MAP2 and tau. Liketau MT-binding motifs, the ATP-independent MT
binding sites of the Ncd tail domain contain basic residues flanked by prolines, and can also
promote MT assembly and stability. Given these similarities, we analyzed the Ncd tail
binding sites on tubulin by chemical cross-linking and MT co-sedimentation assays using an
Ncd tail protein (NT6 comprising Ncd residues 83-187) and subtilisin-digested-MTs. Ncd
tail binding sites on tubulin correspond to sites which tau binds. The results indicate that
there are four potential Ncd tail binding sites on atubulin dimer: one within » 15 amino
acids at the extreme C-terminus and the other within » 20 amino acidsin the H11-H12 loop /
H12 helix of each tubulin monomer.
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INTRODUCTION

The Drosophila nonclaret disunctiona (Ncd) motor protein isinvolved in spindle
assembly during meiosis in oocytes and spindle maintenance during mitosisin early embryos
(1-6). Ncd bindsto “roadway” and “cargo” microtubules (MTs) viaan ATP-dependent MT
binding site in the C-terminal motor domain (residues 356-700) and an ATP-independent MT
binding site in the N-terminal tail domain (residues 1-200), respectively. Through the action
of these binding sites, Ncd cross-links and bundles M Ts, and may slide M Ts relative to each
other (7, 8, 9). The ability of Ncd to bundle and perhaps slide MTsis likely to be important
for Ncd function in spindle assembly and maintenance, and several observations are
consistent with this hypothesis (3, 5, 6, 8).

The Ncd motor domain is 41% identical to the kinesin motor domain, but the tail
domain is unique among kinesin superfamily motors (1, 2). Instead, the tail domain shares
structural and functional similarities with microtubule-associated proteins (MAPs), such as
tau and MAP2. Recently, we have identified ATP-independent MT binding sitesin the Ncd
tail domain. These sites, like the MT binding motifs of tau and MAP2, contain clusters of
basic residues flanked by proline residues (9, 10). We have also demonstrated that the Ncd
tail, like tau and MAP2, is capable of promoting MT assembly and stability (11). Together,
these results suggest that in addition to bundling spindle MTs, the Ncd tail may also
influence spindle MT dynamics.

Based on the 4:1 binding ratio of Ncd tail proteins to tubulin, we previously proposed
that the tubulin dimer contains four potential binding sites for the Ncd tail (9). Given the
ionic nature of binding (9) and the large number of acidic residues in the exposed C-terminal
domains of a- and b- tubulin, we suggested that the Ncd tail binds to two acidic clusters, one
at the extreme C-terminus and the other in the H11-H12 loop / H12 helix of each tubulin
monomer. These proposed Ncd tail interaction sites correspond to sites to which tau has
recently been shown to bind (12). Chau et al. showed that tau can interact with two sites on
each tubulin monomer: the C-terminal tau interaction siteis located within the 12 C-terminal
amino acids of both a- and b-tubulin, and the internal tau interaction siteis located within the
C-terminal onethird of a- and b-tubulin.

Given the structural and functional similarities of tau and Ncd tail region (9, 11), we
have investigated the Ncd tail binding sites on tubulin using subtilisin-digestion of MTs, the
same approach used historically in many MAP-MT binding studies (13, 14, 15, 16, 17). The
interactions of an Ncd tail protein (NT6 comprised of Ncd residues 83-187) with subtilisin-
digested MTswere analyzed in cross-linking and MT co-sedimentation assays. Results of
these assays indicate that the extreme C-terminal regions (each containing » 15 amino acids)
on both a- and b-tubulin monomers contain two of the four Ncd tail binding sites, and
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suggest that the other two Ncd tail binding sites are likely to be located in the H11-H12 loop /
H12 helix sequence (each containing » 20 amino acids) of both a- and b-tubulin monomers.
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MATERIALSAND METHODS

Purification of NT6 Protein

A pET32a (Novagen) plasmid containing the cONA encoding Ncd residues 83-187
(termed NT6) (9) was transformed into BL21 (DE3) pLysS cells for expression. The induced
protein, which was fused to thioredoxin (Trx), was purified by ion exchange chromatography
(S-Sepharose (Pharmacia)). Briefly, frozen cells were thawed and lysed in AB buffer (20
mM Pipes, pH 6.9, 1 mM MgCl,, ImM EGTA, 1 mM DTT) containing 100 mM NaCl and 1
mM PMSF. The cell lysate was then supplemented with 10 mM MgCl, and 40 ng/ml DNase
| (Boehringer Mannheim), incubated for 30 minutes on ice, and clarified (9). The high-speed
supernatant containing TrxNT6 fusion protein was loaded onto an S-Sepharose column, and
TrxNT6 protein was eluted with AB buffer containing 250 mM NaCl. The eluted protein
was dialyzed against AB buffer containing 1 mM DTT, and then digested with 1 U thrombin
(Sigma) per mg of fusion protein to cleave the Trx fusion partner from the NT6 protein.
Thrombin was inactivated by the addition of PMSF to 1 mM final concentration, and Trx and
NT6 were separated by S-Sepharose ion exchange chromatography. After dialysis against
AB buffer containing 1 mM DTT, aliquots of the NT6 protein were quick frozenin liquid
nitrogen and stored at — 70°C.

Preparation of Subtilisin-digested-MTs

To prepare taxol-stabilized MTs (ab-MTs), 10 mg/ml purified bovine tubulin
(Cytoskeleton) was assembled at 37°C for 30 minutes, and then an equal volume of AB
buffer containing 100 nM taxol (Calbiochem) was added. ab-MTs were treated with 1%
(w/w) subtilisin (Boehringer Mannheim) at 37°C for 15 minutes to generate b-digested-MTs
(ab-MTs) or 10 hoursto generate a- and b-digested-MTs (ab-MTs) (12). Subtilisin was
inactivated with 3 mM PM SF and the digested M Ts were centrifuged at 100,000 x g for 30
minutes to remove the cleaved C-termini of a- and b-tubulin. The supernatants were
removed for use in cross-linking experiments (see below), and the pellets were resuspended
in AB buffer.

MT Binding Assay

A MT co-sedimentation assay was used to determine the affinity (K,) and
stoichiometry (B,,,,) of NT6 binding to ab-, ab- and ab-MTs. In each set of experiments,
the tubulin concentration was kept constant and the NT6 protein concentration was varied to
produce different molar ratios (from 1:1 to 10:1) of NT6 to ab-, ab- or ab-MTs. For ab-
MTs, the tubulin concentration was kept constant at 5 mM. For ab-MTSs, one set of
experiments was performed at 2.9 mM tubulin, and a second set at 5 M tubulin. For a b,
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MTs, one set of experiments was performed at 2.63 mM tubulin, and a second set at 5 nM
tubulin. The reactions were performed in AB buffer containing 40 M taxol and 100 ng/ml
bovine serum albumin (BSA), and incubated for 30 minutes at 22°C, then subjected to
centrifugation as described above. The supernatant and pellet fractions were processed (9),
and analyzed by tricine-PAGE (18). For quantitative analysis, the amount of supernatant and
pellet samples loaded onto the gels was optimized to ensure a linear relationship between the
amount of NT6 protein and the intensity of the Coomassie blue stained protein bands. The
amount of NT6 protein in the supernatant and pellet fractions was quantified by measuring
the protein band intensities relative to standards (known amounts of NT6 protein) with
Alphalmager™ 2000 Documentation and Analysis System controlled by AlphaEase™
version 3.3 software (Alpha Innotech Corporation). Since experiments were performed at
two different tubulin concentrations for ab- and ab-MTs, K, and B, values were obtained
by fitting bound NT6/tubulin (mM/niM) versus unbound NT6 (M) data with a rectangular
hyperbola. Curve fits were calculated with Prism version 3.0 software (Graph-Pad).

MT Cross-linking Assay

To analyze the interactions of the Ncd tail domain with ab-, ab.- or ab-MTs by
chemical cross-linking approach, the zero-length covalent cross-linker, EDC (1-ethyl-3-(3-
dimethylaminopropylcarbodiimide)) was used. To stabilize the intermediates, SSNHS
(Sulfo- N-Hydroxysulfosuccinimide) was added to reactions.

To generate cross-linked products, ab-, ab.- or ab-MTs (5 M tubulin) were mixed
with NT6 (5-20 mM) in AB buffer, EDC (2 mM) and S-NHS (5 mM) were added, and the
reactions were incubated for 30 minutes at 22°C. Control reactions included either MTs or
NT6 alone with/without EDC and S-NHS, and a mixture of MTs and NT6 without EDC and
S-NHS. The reactions were terminated after 30 minutes by the addition of 2X sample buffer
(125 mM Tris-HCl, pH 6.8, 4% SDS, 20% glycerol, 10% b-mercaptoethanol, 0.05%
Pyronin-Y, 0.05% Bromophenol blue).

To determine if NT6 could be cross-linked to C-terminal fragments generated from
subtilisin digestion of a- and b-tubulin, supernatants from ab.- or ab-MTs digestions (see
tubulin preparation section) were mixed with NT6 (50 niM) in AB buffer including EDC (2
mM) and S-NHS (5 mM). After 30 minutes of incubation, reactions were stopped by the
addition of 2X sample buffer.

In order to determine the composition of the cross-linked products, samples were
separated by SDS-PAGE using low grade SDS (Sigma L-5750) to enhance separation of a-
and b-tubulin. For C-terminal fragment cross-linking reactions, the samples were separated
on 15% tricine gels. Separated proteins were transferred to nitrocellulose membranes and
probed with antibodies against a-tubulin (DM 1A, mouse, Sigma), b-tubulin (18D6, mouse,
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Theodorakis and Cleveland, 1992 (19)) or NT6 (rabbit). Goat anti mouse / anti-rabbit HRP-
conjugated secondary antibodies were used to detect the primary antibodies. The membranes
were further processed for ECL using the SuperSignal West Dura chemiluminescent kit
(Pierce).
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RESULTS

Cross-linking of NT6 Protein to a- and p-tubulin

To investigate the involvement of the acidic residues in the C-terminal domains of a-
and b-tubulin (Figure 1) in Ncd tail interactions, the zero-length covalent cross-linker EDC,
which forms covalent bonds between amino and carboxy! groups that interact, was used to
generate NT6-tubulin cross-linked products. NT6 and MTs were combined at different
molar ratios (from 1:1 to 4:1 NT6:tubulin) in AB buffer in the presence of EDC and S-NHS.
The cross-linked products were analyzed by SDS-PAGE (Figure 2). Theyield of the cross-
linked products increased with the increasing molar ratios of NT6 to tubulin. Although the
cross-linked products at the 1:1 molar ratio of NT6 to ab-MTs could not be observed on the
gel (Figure 2), western blot analysis confirmed the presence of the cross-linked products
(data not shown). At each molar ratio, the major cross-linked products appeared identical
and resolved into three bands with the middle band more intense than either the upper or
lower band (Figure 2). In control reactions, EDC treatment of NT6 in the absence of ab-
MTsdid not generate any cross-linked products (Figure 2), and western blot analysis with an
antibody against NT6 did not reveal any cross-linked bands (data not shown). EDC
treatment of ab-MTs generated only amajor cross-linked product with a higher molecular
weight equivalent to cross-linked ab-dimer. To determine the relative mobility (M,) of the
cross-linked products, samples were fractionated on an 11.5% low grade SDS-
polyacrylamide gel (so that the NT6 protein was also retained on the gel) (data not shown).
Under these gel conditions, a- and b-tubulin were estimated to have M, of » 52 and 55 kDa,
respectively, whilethe M, of NT6 was » 18 kDa. The M, of the cross-linked products ranged
from » 69 to 74 kDa.

To investigate if the Ncd tail formed cross-links to both a- and b-tubulin, the
composition of the cross-linked products was identified using samples of the 4:1 molar ratio
(giving the maximum yield of the cross-linked products) of NT6 to tubulin by western blot
analysis. To enhance the resolution of the cross-linked products, samples were separated on
7 % low grade SDS-polyacrylamide gels, and then were transferred to nitrocellulose
membranes for western blot analysis. Probing with a-tubulin (DM 1A) and b-tubulin (18D6)
antibodies revealed two bands containing a-tubulin and two bands containing b-tubulin
(Figure 3). Probing with the NT6 antibody revealed three bands including one more intense
band in the middle, which aligned with the lower a-tubulin and upper b-tubulin bands
(Figure 3). The upper NT6 band aligned with the upper a-tubulin band and the lower NT6
band aligned with the lower b-tubulin band (Figure 3). These resultsindicated that there are
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two interaction sites for the Ncd tail on each tubulin monomer and this observation is
consistent with the 4:1 binding stoichiometry of Ncd tail proteins to tubulin (9).

Binding of NT6 Protein to Subtilisin-digested-M Ts

To further investigate the roles of extreme C terminal acidic clusters (Figure 1) on a-
and b-tubulin as Ncd tail binding sites, we took advantage of the differential susceptibility of
a- and b-tubulin to subtilisin. Previous studies have shown that brief treatment of MTs with
subtilisin removes a» 4 kDa fragment from the C-terminus of b-tubulin, while removal of
the C-terminal fragment from a-tubulin requires significantly longer treatment with subtilisin
(16, 20, 21). In our study, ab-MTs were treated with subtilisin for 15 minutes to remove the
C-terminus of b-tubulin (generating ab-MTs) or 10 hours to remove the C-termini of both
a- and b-tubulin (generating ab-MTs).

To obtain a quantitative measure of the binding of NT6 to ab.- or ab-MTS, various
concentrations (5-50 mM) of NT6 protein were mixed with a constant concentration of ab.-
or ab-MTs (see Materias and Methods) to generate binding at different molar ratiosin MT
co-sedimentation assays. After centrifugation to separate the supernatants containing the
unbound NT6 from the pellets containing M T-bound NT6, supernatant and pellet samples
were analyzed by tricine-PAGE and then densitometry analysis was used to determine the
concentrations of NT6 in each fraction. The data for bound NT6/tubulin (ab, or ab,) versus
unbound NT6 were plotted and fit with arectangular hyperbolato calculate K, and B,
values (Figure 4). For comparison to the previously reported data (9), quantitative M T
binding experiments were also performed for ab-MTs, and val ues obtained were essentially
identical to our previous measurements (see Figure 4 and reference 9). Based on the
calculated K, values, the affinity of NT6 for ab-MTswas » 0.1 nM, and the affinity of NT6
for ab.- and ab,-MTswas 0.42 mM and 0.91 M, respectively. The calculated B, values
for NT6 indicated that NT6 bound to ab-, ab.- and ab-MTs at a maximum stoichiometry of
» 4.1, » 3:1 and » 2:1, respectively (Figure 4).

Cross-linking of NT6 Protein to C-terminal fragments of a- and p-tubulin

The decreased B,,,, values for NT6 binding to ab.- and a.b-MTs observed in Figure
4 suggested that Ncd tail binding sites were removed along with the C-terminal domains of
a- and b-tubulin by subtilisin digestion. To determine if the Ncd tail could interact with C-
terminal regions of a- and b-tubulin, NT6 was mixed with supernatants of the subtilisin
digestions, containing the C-terminal fragments (produced by subtilisin digestion of a- and
b-tubulin), and subjected to EDC cross-linking. The cross-linked samples were separated by
15% tricine-PAGE and then transferred to a nitrocellulose membrane for western blot
analysis. Probing the blot with the NT6 antibody revealed a single cross-linked product with
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both ab.- and ab-MTs, and as a control reaction, EDC treatment of NT6 in the absence of
C-terminal fragments of a- and/or b-tubulin did not generate a comparable band (Figure 5).
These results indicate that NT6 can interact with C-terminal fragments of a- and/or b-
tubulin.

Cross-linking of NT6 Protein to internal siteson a- and B-tubulin

To determine if NT6 could also cross-link to subtilisin-digested-MTs containing the
internal interaction sites, NT6 was mixed with ab.- or ab-MTsin cross-linking reactions at
a4.1ratio as described above. Cross-linked products of NT6 and ab.- or ab-MTswere
separated on low grade SDS-polyacrylamide gels, and transferred to nitrocellulose
membranes. Western blot analysis with a-tubulin (DM 1A) antibody revealed two major a-
tubulin cross-linked bands for both ab.-and a b.-tubulin (Figure 6a). Analysis of the same
cross-linked products with b-tubulin (18D6) antibody also revealed two b-tubulin cross-
linked bands for both ab.- and a b-tubulin (Figure 6b). Probing the cross-linked products
with NT6 antibody resulted in a smear (with no discrete bands) in the region corresponding
to these cross-linked products (data not shown).

To investigate the production of the two NT6 cross-linked bands observed with ab.-
and ab-MTs for each tubulin monomer, the compositions of ab.- and a.b-MTswere
analyzed. Samplesof ab.- and a.b-MTs were separated by |low grade SDS-polyacrylamide
gels and transferred to nitrocellulose membranes for western blot analysis. Probing the ab,-
and ab-MTswith an a-tubulin (DM 1A) antibody revealed asingle band for ab,-MTs since
a-tubulinis still intact, as in the case for undigested ab-MTs (data not shown). a-tubulin
(DM1A) antibody revealed double bands for ab-MTs (Figure 6¢); and b tubulin (18D6)
antibody also revealed two bands for both ab.- and a b-MTs (Figure 6c), indicating that
there are two forms of a, and b, present. These results suggest that the two NT6 cross-linked
bands observed with ab.- and a_.b,-MTs for each tubulin monomer are due to the presence of
two forms of a, and b,

103



DI SCUSSION

We previously showed that Ncd tail proteinsbind to MTs at a 4.1 stoichiometric ratio
and proposed that there are four binding sites for Ncd tail proteins on each tubulin dimer (9).
Given the ionic nature of Ncd tail binding to MTs (9) and the large number of acidic residues
in the exposed C-terminal domains of a- and b-tubulin, it islikely that the Ncd tail binding
sites on a- and b-tubulin represent clusters of acidic residues. Two such clusters are present
in each tubulin monomer: onein the H11-H12 loop / H12 helix and the other at the extreme
C-terminus (Figure 1). To determine if these acidic clusters are indeed involved in Ncd tail
binding, chemical cross-linking and MT co-sedimentation assays were used to analyze the
interactions of an Ncd tail protein (NT6) with MTs and subtilisin-digested MTs. The results
indicate that the extreme C-terminal regions (» 15 amino acids) of both a- and b-tubulin
contain two of the four Ncd tail binding sites, and that the other two binding sites are internal
to the subtilisin digestion sites. Due to the involvement of the acidic residues at the exposed
C-terminal domain of tubulin in the Ncd tail interaction, the internal binding sites are likely
to be located in an » 20 amino acid stretch containing acidic residues of the H11-H12 loop /
H12 helix of a- and b-tubulin.

EDC cross-linking of NT6 bound to MTs (Figure 2 and 3) demonstrates that the Ncd
tail can interact with both a- and b-tubulin, and supports the hypothesis that acidic residues
on each monomer areinvolved in the interaction of the Ncd tail with MTs. Interestingly,
there were two cross-linked products generated for each tubulin monomer (Figure 3). One
explanation for this observation is that the lower band represents asingle NT6 polypeptide
cross-linked to each monomer, while the upper band represents two NT6 polypeptides cross-
linked to each monomer. An alternative explanation is that asingle NT6 polypeptide may be
cross-linked at two different sites on each tubulin monomer, and that each cross-linked
product has aslightly different mobility. The M, (» 69-74 kDa) of the cross-linked products
demonstrates that each cross-linked product contains only one NT6 polypeptide, suggesting
that the two cross-linked products observed for each tubulin monomer are due to cross-
linking of asingle NT6 polypeptide at two different sites on both a- and b-tubulin.

Further evidence for the presence of two binding sites on each tubulin monomer came
from MT co-sedimentation assays using subtilisin-digested-MTs. Evidence that the extreme
C-terminal acidic clusters of a- and b-tubulin contain Ncd tail binding sitesis based on the
decreased B, values of NT6 binding to ab.- and ab-MTs. NT6 bindsab-MTsat a» 4:1
stoichiometry (Figure 4 and reference 9), but subtilisin digestion of b-tubulin (abs-MTs) and
subsequently a-tubulin (abs-MTs) decreased the binding stoichiometry to » 3:1 and » 2:1,
respectively (Figure 4). Thus, removal of each C-terminal acidic fragment (see Figure 1)
also removes one Ncd tail binding site.
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The decrease in the binding stoichiometry of NT6 to ab-MTs after removal of a- and
b-tubulin C-terminal acidic fragments was accompanied by a decrease in the binding affinity
of NT6to abs- and ab-MTs (Figure 4). Based on the » 2 fold decrease in the affinity of
NT6 to ab-MTs upon removal of the second interaction site, it may be possible that the two
C-terminal fragments of a- and b-tubulin contribute equally to the tight binding affinity for
the Ncd tail, and the internal sites might have equal intrinsic binding affinity to NT6.
Alternatively, both C-terminal and internal binding sites on each tubulin monomer might
have equal binding affinity, but subtilisin digestion might cause loss of critical residues that
are part of the internal binding site, and a decrease in the binding affinity for the Ncd tail.
The greater decrease in the binding affinity of ab-MTs might be explained by the broader
subtilisin digestion region, and removal of more critical residues in a-tubulin, compared to b-
tubulin, might cause a greater decrease in the binding affinity.

Interpreting the results of NT6 binding to subtilisin-digested-MTs requires knowledge
of the subtilisin action sites on a- and b-tubulin. Although there has been disagreement
about the exact cleavage sites, it iswell accepted that subtilisin cleaves within the extreme C-
terminal region of both a- and b-tubulin and removes a fragment of » 15-20 amino acids (see
Figure 1) (16, 22, 23, 24). Antibody mapping of subtilisin digested MTs (15, 25) showed
that the epitopes recognized by DM 1A (a-426-430) (26) and DM 1B (b-416-430) (27)
antibodies on a- and b-tubulin were still present on subtilisin-digested tubulin. These results
indicate that the subtilisin digestion site(s) is C-terminal to residue 430 on both a- and b-
tubulin. For a-tubulin, our result was in agreement with this subtilisin digestion site as
observed with the conservation of the DM 1A site on a-tubulin (see Figure 6). However for
b-tubulin, the 18D6 antibody (recognizes the N-terminal of b-tubulin) used in our cross-
linking experiments was not suitable for determination of the subtilisin digestion site on b-
tubulin; but again, based on the similar conditions used in other studies (15, 17, 20, 25), the
subtilisin action site(s) on b-tubulin was likely to be at the C-terminal of the residue 430.
Regardless of the specific cleavage site, al reported major cleavage sites are between the two
acidic clustersin each monomer. Therefore, subtilisin digestion should remove the C-
terminal binding sites for Ncd tail on both a- and b-tubulin and leave the internal binding
sites on each tubulin monomer (see Figure 1).

Cross-linking of NT6 to C-terminal fragments of a- and/or b-tubulin supports the
conclusion that these fragments contain Ncd tail binding sites (Figure 5). In the cross-linking
reactions of NT6 with the C-terminal fragment released from ab,-MTs, the cross-linked band
observed must be a product of the b-tubulin C-terminal fragment since this was the only C-
terminal fragment in the reaction. In the cross-linking reactions of NT6 with the C-terminal
fragments released from ab-MTSs, it could not be directly determined whether NT6 cross-
linked to C-terminal fragments of both a- and b-tubulin or only a- or b-tubulin asonly a
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single band was observed. Attempts to detect the a-tubulin C-terminal fragment in cross-
linked products of NT6 and C-terminal fragments released from a b-MTs with an antibody
(YL1/2) that recognizes the terminal Gly-Gly-Tyr of a-tubulin were not successful.
Although the Y L 1/2 antibody was able to recognize ab-tubulin (data not shown), it failed to
recognize either ab- or ab-tubulin. Since the C-terminal acidic cluster was removed from
a-tubulininab-MTs, it isnot surprising that Y L1/2 did not recognize a-tubulin, but the
fact that YL1/2 did not recognize the a-tubulin in ab-MTs suggests that at |east the terminal
Tyr, which isimportant for YL 1/2 recognition, was removed from a-tubulin upon exposure
to subtilisin. In the absence of appropriate antibodies, it is not clear to which C-terminal
fragments NT6 were cross-linked, but the decreased binding stoichiometry of NT6 to ab.-
and ab-MT (see Figure 4) suggests that NT6 interacts with both C-terminal fragments.

The » 2:1 stoichiometric ratio of NT6 binding to a b-MTs suggests that there are still
two internal binding sites remaining after subtilisin cleavage, possibly one on each monomer.
Thisis supported by the finding that NT6 is able to cross-link to both a.- and b.-tubulin
(Figure 6). Cross-linking of NT6 at the internal binding sites produced two major cross-
linked products with both tubulin monomers (Figure 6a and b) for both ab.- and a b-MTs.
Since ab-MTs should contain two intact Ncd tail interaction sites on a-tubulin, the two a-
tubulin-NT6 cross-linked products observed were not surprising (Figure 6a). However for
ab-MTs, removal of the extreme C-terminal binding site from a-tubulin would be expected
to generate only one a-tubulin cross-linked product. The most likely reason for the two a-
tubulin cross-linked products observed with a b.-tubulin came from the analysis of ab-MTs
with an a-tubulin (DM 1A) antibody. Probing a b-MTswith DM 1A revealed two a-tubulin
bands (Figure 6¢), indicating the presence of two different forms of a-tubulin. This result
suggests that, rather than the presence of two cross-linking sites internal to subtilisin-
cleavage site, each form of atubulin may cross-link with NT6, each product having a
dlightly different mobility. The two btubulin-NT6 cross-linked bands (Figure 6b) were also
probably due to the presence of two different forms of b.-tubulin (Figure 6c), and not because
two cross-linking sites were internal to the subtilisin cleavage site on b-tubulin. Although
the internal binding sites cannot be narrowed down to more specific regions with the
subtilisin digestion approach, based on the involvement of acidic residues of tubulin in the
Ncd tail interaction, it isvery likely that the acidic clustersin the H11-H12 loop / H12 helix
sequence on both monomers represent the other two Ncd tail binding sites.

There appear to be four binding sites on a tubulin dimer, two on each monomer, for
Ncd tail proteins. One important consideration about the binding ratio of the Ncd tail
proteinsto tubulin is that the Ncd tail protein used in this study, NT6, exists as a monomer
(9), but the full-length Ncd existsasadimer. It may be possible for the monomeric Ncd tail
proteinsto fill al the possible binding sites on atubulin dimer, but the constraint between the
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two tail regions of an Ncd dimer may not allow the Ncd to fill al four sites on tubulin.
Alternatively, the tail regions on adimer may be flexible to allow each tail domain to interact
with the C-termini of a- and b-tubulin and maintain 4:1 binding ratio. In the future, MT
binding experiments with stalk-tail dimers of Ncd will help to better relate to in vivo
interactions of Ncd and MTs. One other consideration is that due to intramolecul ar
interactions between basic and proline rich regions, as suggested by the similarities to tau, the
tail region of Ncd islikely to have a complex structure; hence, determination of 3D structure
of the Ncd tail will help to elucidate the stoichiometric ratio of Ncd tail proteinsto tubulin.
Finally, site-directed mutations in the binding sites of the Ncd tail and in the C-terminal
binding sites on tubulin may reveal critical amino acid residuesin Ncd-MT interactions.
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FIGURE 1: Amino acid sequences C-terminal domains of a- and b-tubulin.
The acidic residues of a- and b-tubulin are underlined. Possible subtilisin cleavage sites are

located in the regions that are indicated by the lines between closed circles. H12 denotes
helix 12 of a- and b-tubulin.
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FIGURE 2: Cross-linking of NT6to ab-MTs.

NT6 (5-20 nM) was mixed with ab-MTs (5 M tubulin) in AB buffer in the presence of
EDC and S-NHS at the indicated molar ratios of NT6 to ab-MTs (1:1 - 4:1). After
incubation at 22°C for 30 minutes, samples were separated on a 7% low grade SDS-
polyacrylamide gel, and then stained with Coomassie blue. Control cross-linking reactions
with ab-MTs alone (ab) and NT6 alone are shown. a denotes the a-tubulin band and b
denotes the b-tubulin band. The bracket indicates the ab-MTs-NT6 cross-linked products.
The cross-linked products of ab-MTs are shown by an arrowhead.
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FIGURE 3: Western blot analysis of the ab-MTs-NT6 cross-linked products.

Samples of an ab-MTs-NT6 cross-linking reaction at 4:1 ratio were separated on a 7% low
grade SDS-polyacrylamide gel and transferred to a nitrocellulose membrane for probing with
antibodies against a-tubulin (DM 1A), b-tubulin (18D6) and NT6. The a-tubulin band is
indicated by a and the b-tubulin band isindicated by b. Arrows indicate the cross-linked
products observed with a-tubulin, b-tubulin and NT6 antibodies. The more intense middle
band (corresponding to the lower a-tubulin and upper b-tubulin bands) recognized by the
NT6 antibody isindicated by an arrowhead.
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FIGURE 4: Binding affinity and stoichiometry of NT6 protein to MTs and subtilisin-
digested-MTs.

NT6 (5-50 nM) was incubated with ab-MTs (5 mM), ab-MTs (2.9 mM or 5 M) or a b.-
MTs (2.63 mM or 5 M) for 30 minutes at 22°C, then centrifuged to pellet MTs and bound
NT6. Supernatant and pellet fractions were analyzed by tricine-PAGE and the amount of
NT6 protein in each fraction was determined (see Materials and Methods). The data
obtained for bound NT6/tubulin (ab, ab, or a.b)) and unbound NT6 were plotted and fit with
arectangular hyperbolato determine the affinity (K,) and stoichiometry (B,,,,) values (see
table). For comparison, previously reported data points for ab -MTs are indicated by squares
in the graph. Data pointsfor ab-, ab,- and ab, in this study are indicated by circles,

diamonds and triangles, respectively. Inthetable, ab’ represents the previously reported
data (reference 9) for NT6 binding to ab-MTs.
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FIGURE 5: Western blot analysis of a- and/or b-tubulin C-terminal fragment-NT6 cross-
linked products.

NT6 (50 mM) was mixed with the subtilisin-produced C-terminal fragments of a- and/or b-
tubulin in cross-linking reactions (see Materials and Methods). Samples were separated on a
15% tricine gel and transferred to a nitrocellulose membrane for probing with an antibody
against NT6. ab, denotes the C-terminal fragment obtained from subtilisin digestion of b-
tubulin and a b, denotes the C-terminal fragments obtained from subtilisin digestion of both
a- and b-tubulin. NT6 cross-linking in the absence of C-terminal tubulin fragments (-) is
also shown. The cross-linked products are indicated by an arrow.
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FIGURE 6: Western blot analysis of the subtilisin-digested-MTs and subtilisin-digested-
MTs-NT6 cross-linked products.

20 MM NT6 was mixed with abe- or ab-MTs (5 mM tubulin) in AB buffer containing 2 mM
EDC and 5 mM S-NHS. After a 30 minute incubation at 22°C, samples were separated on
low grade SDS-polyacrylamide gels were mixed with and processed for western blot
analysis. Panel a: ab.- or ab-MT-NT6 cross-linked samples (transferred from a 7% low
grade SDS-polyacrylamide gel) probed with an anti-a-tubulin antibody (DM1A). Panel b:
ab.- or ab-MT-NT6 cross-linked samples (transferred from a 6.5% low grade SDS-
polyacrylamide gel) probed with an anti-b-tubulin antibody (18D6). Panel c: ab.- and a b.-
MT samples (transferred from a 7.5% low grade SDS-polyacrylamide gel) probed with anti-
a (DM1A) and/or anti-b (18D6) tubulin antibodies. ab,- or ao-MT-NT6 cross-linked
products are indicated by arrows.
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CONCLUSION

Based on the high homology to the kinesin head domain, Ncd has been known to
contain an ATP-dependent MT binding site (residues 516-668) in the tail domain. Abnormal
chromosome distribution in mutant oocytes and embryos and immunolocalization of Ncd to
the meiotic and early mitotic spindle implicated arole for the Ncd as a spindle motor. These
results suggested that the Ncd motor possess a second MT interaction site that may be
involved in bundling of MTs during spindle formation, and perhapsin sliding M Ts past each
other. Sincethetail region of the Ncd motor does not contain an ATP binding site, the MT
binding sitein tail domain has been thought to function in an ATP-independent manner. In
this project, interactions of the Ncd tail domain with cargo MTs were further analyzed and the
results indicated that there are two ATP-independent M T interaction sites located in the tail
region: one in amino acid region 83-100 and the other in amino acid region 115-187.

Characterization of ATP-independent MT binding sites of the tail region reveaed
structural and functional similarities of the Ncd tail to MAPS, especially tau and MAP2. Like
tau M T-binding motifs, the MT binding sitesin the tail domain arerich in basic and proline
amino acids. The Ncd tail can also promote MT assembly and stability by binding to acidic
clusterslocated at the extreme C-termini and H11-H12 loop / H12 helix sequences of a- and
b-tubulin. These results suggest that in addition to its minus end-directed motor activity, Ncd
isinvolved in maintenance of spindle assembly. Through the action of ATP-dependent and
ATP-independent M T binding sites in the head and tail domains, respectively, Ncd has been
thought to cross-link MTs as it moves towards the MT minus ends, the focusing activity
needed for spindle pole formation. Ncd mutant oocytes displaying spindle pole defects that
include diffuse or multiple poles are consistent with the idea that the Ncd motor is required for
spindle pole formation.

While there has been considerable advancement made towards the characterization of
the Ncd in recent years, there are still many questions waiting to be answered about the
regulation of the Ncd functions. What happens to the Ncd motor upon compl etion of the
meiotic and mitotic divisions remains unknown. Isit degraded or regulated by post-
trandational modifications? Are there light chains associated with the tail domain, asin the
case for the conventional kinesin, that regulate the interactions of Ncd with cargo MTs?

Understanding how Ncd performsits cellular functions and how these functions are

regulated will be relevant for understanding other motor proteins that are involved in meiosis
and mitosis, and ultimately will contribute to our understanding of cell cycle regulation.
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