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Abstract:

There is considerable debate over the mechanism of motility for kinesin-related proteins. Dimeric
motors, such as conventional kinesin, are believed to translocate along microtubules in a
hand-over-hand fashion. Some members of the UNC104/KIF1 subfamily maybe monomeric, however,
and therefore the mechanism of motility would differ. It is hypothesized that the monomers may
operate with a lever-arm mechanism, analogous to myosin. Conventional kinesin and UNC-104
quaternary structures have regions of coiled-coils. In UNC-104 the coiled-coils are found in the neck
region, while for conventional kinesin they are found throughout the neck and stalk domain.
Coiled-coils are responsible for the dimerization of conventional kinesin. The coiled-coils found in
UNC-104 are conserved throughout the subfamily. Since UNC-104 is likely monomeric, the conserved
coiled-coils may have another function. Current studies have linked the neck coiled-coil to motor
velocity.

This research addresses the possible involvement of the monomeric neck coiled-coil in motor velocity.
Specifically, we addressed the possibility of intramolecular coiled-coil formation, resulting in a stiff
lever arm, which mediates motor motility. Various neck region truncations of UNC-104 were
recombinantly expressed and purified and applied to in vitro microtubule motility assays. The motor
velocities were analyzed using a Nikon microscope equipped with differential interference contrast
optics.

Three constructs were made; U345/GFP, U360/GFP, and U380/GFP. U345/GFP did not contain the
neck linker and showed no movement. U360/GFP and U380/GFP displayed similar velocities, with
truncations before the neck coiled-coil and after the neck coiled-coil, respectively.

Neck truncations before and after the neck coiled-coil had an insignificant effect on motor velocity.
Alternatively, the elimination of the neck linker had a severe effect on motor velocity, similar to results
found for conventional kinesin. These results argue against the possibility of a lever arm, leaving open
the possibility that UNC-104 and dimeric conventional kinesin have similar motility mechanisms.
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ABSTRACT

There is considerable debate over the mechanism of motility for kinesin-
related proteins. Dimeric motors, such as conventional kinesin, are believed to
translocate along microtubules in a hand-over-hand fashion. Some members of
the UNC104/KIF1 subfamily maybe monomeric, -however, and therefore the
mechanism of motility would "differ.. It is hypothesized that the monomers may
operate with a lever-arm mechanism, analogous to myosin. Conventional kinesin
. and UNC-104 quaternary structures have regions of coiled-coils. In UNC-104 the
coiled-coils are found in the neck region, while for conventional kinesin they are
found throughout the neck and stalk domain. Coiled-coils are responsible for the
~ dimerization of conventional kinesin. The coiled-coils found in UNC-104 are
conserved throughout the subfamily. Since UNC-104 is likely monomeric, the
conserved coiled-coils may have another function. Current studies have linked
the neck coiled-coil to motor velocity.

This research addresses the possible involvement of the monomeric neck
coiled-coil in motor velocity. Specifically, we addressed the possibility of
intramolecular coiled-coil formation, resulting in a stiff lever arm, which mediates
motor motility. Various neck region truncations of UNC-104 were recombinantly-
~ expressed and purified and applled to in vitro microtubule motility assays. The
motor velocities were analyzed using a leon mlcroscope equipped with
differential interference contrast optics. '

Three .constructs were made; U345/GFP, 'U360/GFP, and - U380/GFP.
U345/GFP did not contain the neck linker and showed no movement. U360/GFP
and U380/GFP displayed similar velocities, with truncations before the neck -
coiled-coil and after the neck coiled-coil, respectively.

Neck truncations before and after the neck coiled-coil had an msngmﬂcant
effect on motor velocity. Alternatively, the elimination of the neck linker had a
severe effect on motor velocity, similar to results found for conventional kinesin.
These.results argue against the possibility ‘of a lever arm, leaving open the
possibility that UNC-104 and dimeric conventional_kinesin have sxmllar motlllty
mechanisms. :




CHAPTER 1

BACKGROUND

Cytoskeletal Motor Proteins

The early hybothesis that trénsport of materials in cells was acqomApIAished by. -
diffusion is very distant from our curreﬁt understanding.' It is now known that
cellular transport of materials is‘ primaril;l/ accomplished by cytoskeletal motor -
proteins. Motor proteins attach to cargoes and move them to various locations in
the cell: Vesicular orga/nelle transport, flagellar beaﬁﬁg, axonal transport,
chromosome 'segregation, and muscle ‘contraction. alre a.‘few of the motility
processes motor proteins p'erform (Goldstein, 1993). The mechanisms by WhiCl’; '
motors interact with and move their cellrgoe‘s are'poor.Iy understood. :

. Cytoskeletal motor proteins use the chemical energy of ATP hydrolyéis to
generate force.an'd movement along cytoskeletal‘ filament’s. (Vale -and Fletteriék,
1997). The three majo.r types of cytoskeletal filaments are f-actin, rﬁicrotubﬁles,

~and intermediate filaments. Actin and microtubules are ‘pc,)lar ‘polymefs of

filament-forming proteins with kinetically and structurally distinct -“plus” and-

‘minus” ends (Microtubule interactions,” http://blocks.fhcrc.drq/~kinesin.html).

‘This polarity enables the directional movement of the moto'r.proteihs.



http://blocks.fhcrc.orq/~kinesin.html
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lnterrﬁediate filaments are not polar (Gc-)‘ldstein, 1993), aﬁd hence are nét
believed to support cellular trénsport‘ by motor proteins. There are three
superfamilies of motor proteins, the kinesins, dyneins, and myosins. Kinesins‘ and
dyneins‘ travel along"micrbtubules, while myosin travels along actin filaments
(Goldstein, 1993). Actin filaments and microtubules are both involved in the
generation. of‘internal cellul_ar movéments and structures as well as cellular :
- attachment .to and movement on substrates. Actin filaments, for example,
'part‘icipaté in the ‘cc')r;.traction of huscle andﬁnconventi‘onal rﬁyosin motors are.
knoWn to tra'nsport vesicular cargo along actin fi‘Iaments (Discbvéry of
Acanthamoeba Myosin-l, the First . Unconventionél Myosiﬁ,

http://blocks.fhcrc.org/~kinesin.html). Microtubules are the main structural and

forbe-generating elements in cilia and flagella and form the frameworks of’meiotic
and mitotic sbiﬁdles. They..a.dditionally p;articipate in organization of .the
'cytoplas_m, where in non-dividing cells they a‘lign,lthe nucleus, endoplasmic_"
'rc;:‘ticulu'm, Golgi apparatus, and possibly other organelles.

Microtubules are polymerized from specific nucleating complexes Within the
ce’ntroéome. Most microtubules remain attached to the 'c;e'ntr-os‘,ome, but some
| are released and transported to specific sites within thé cell quy (Hoenger ‘et él., '
1998). Microtubules have two stages of formation; nucleation ‘and_ elongat‘ion.:
burihg_“nucleation”, o/ tubulin héterodimers associate by both lateral and end-
Ato-end‘-i_nteractidhs to form a fragmen.t of a microtubule (Figure 1). While this

process occurs spontaneously in vitro in solutions containing purified tubulin at .
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high é:oncentrations, in the cell most microtubules are nucleated by a specific
centrosomal complex (the y-TuRC ring complex) that caps the microtubule minus
end and thus causes a m'icrotub_ulcha array to form in which the plus ends are
distal. Microtubules that'r_elease from the centroéome ére’ generally traﬁsported
with their positive ends leading; thué maintain-ing the plus-end:distal polarity
orientation within 'the c-eII (Wang et al., 1996). Structurally, microtubules are
composed of 13 .protoﬁlanjents that associate Iaterally.to form a hollow~cylindér,
with thé protofiléments running parallel to the cylinder axis. Each protofilament is
a string of o/p tubulin heter(')dimers.‘ While 13 protofilaments microt_ubules'are.’.
more typical, mic'r;)tubules with 12 .to 16 protofilaments have been observed in-
various organisms énd cell fypes (Goldstein, 1993). |

Movement of motor prc‘)t'eins along microtubul‘és is un'id,irer,cti‘onal. All known
dynein motors have minus-end directed movement. Most kinesin motors have
plus-end dirécted movement, élthough there are some exceptions such as the
minus~énd'directed_k'in_esin‘ ch.(McDonaId -e’z‘ al., 1990).

Motor proteins have a role in many celi biolog-ical procéssés. 'Because of this, .
there is lech intére_st in the. research their mechanisms\ and cellular functions.
Current studies have proveh .that hotor prqtéins are linked to diseases. Familial
amyotrophic Iateralt sclerosis (FALS) is.a neurodegenerati\/e dise_aée that éﬁects -
middlle-aged people_ (Dupuis et al., 2000). ‘This disease involves the-
accumulétion~ of ﬁeurofilament proteins, which impairs axonal transport by

retarding motor protein movement. With the onset of this disease there is an




increase in the expression of KAP3, a non-motor KIF3A associated subunit. This
| compensatory mechanism delays the degenerative process by sustaining part of
axonal transport through increased motor availability. These findings compound
the need for a further understandlng of kinesin structure and function.

In the 1960 S dyneln Was-dlscovered in crha and in the 1,980 s the first kinesin
(now called conventional kinesin) was |solated from squrd giant axons, sea urchln
eggs, and chick brain (Brady, 1985; Scholey et al.,, 1985; Vale et al., 1985). ln‘
1990 genes from S. Cerevisiae and Aspergillus nidu/ans were found to contain a
region of .7350‘ amino acids which was 30-40% identical to the catalytic core of '
conventional kinesin, proving the existence of a hkinesin _su‘perfamily. Each
subfamily within the superfamily was found to contain a relatively well-conserved
core motor domain linked to _‘hi'gh'ty divergent non-motor domains,. reflecting the
functional diversity of their cellular roles. The stru'cture of kinesin s.u‘perfamily-
members is described in reference to tnat of the con'ventional kinesin heavy
chain (KHC), which is the motor-contain polypeptide of the con\rentional kinesin

holoenzyme.

Conventional Kinesin

The conventional kinesin holoenzyme is an elongated tetramer that consists
of two heavy chains and two light chains (Cole and Scholey, 1995;. Sablin, 2000)
(Figure 2). The heavy chain of kinesin is comprised of four distinct regions; the

catalytic core (amino acids 1-322), neck (amino acids 323-414), stalk (amino
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acids 415—914)‘and tail domains (amino acids 915-963). The catalytic core is a
.globular ddnﬁain that generates force and bin;ls ATP and microtubules. The
kinesin superfamily may be divided into three main g‘roups depending on position I,
of the catalﬁic core within the polypeptide (Sablin, 2000). Kin C broteins are
minus-end directed kinesins'with the motor domain at the C—términ‘us, Kin N are
plus-end directed and have N-terminal motor domains, and me-mbers of the Kiﬁ |
ha\}e central (intermediéte) motor doméins and do not demonstrate fraditional
motor a‘cti?vity but may rather function aé microtubule depolymeriziﬁg factors; their
functions are still largely unknown (Desaf et al.,, 1999). My focus will be on the
Kin N kinesins. |

Adjacent to the catalytic core is the neck domain. This domain has been .-
shown to be cruéiél to the mechanical fuﬁctionihg of ’-[he motor and determines
moverﬁent direction (Case et al., 2000). The first 10 amino acids of fhe neck are
slightly c_c;nserved within all the. Kin N motors and highly conserved Wi{hin‘
~individual 'subfamilies. This region is‘terme'd the neck linker. Underlining its
cfit'ical role in the movement mechanism, motor veldcity decreases 200-50'0 fold
when it is replaced with a random polypéptide sequence (Case ef al., 2000).

The neck linker is followed by a «-helical region made up of 20-30 residues.

These amphipathic a-helices contain a heptad repeat (abcdefg),, where positions
a and d are generally'nonpolar_ amino acids (Thormahlen et al., 1998). '\./Vhen‘
these residues .align a hydrophobic seam is generated along one side of the

helix. When two amphipathic a-helices come in contact they wind around




another, interfaging hydrophobic/nonpolar residues, resulting in formation of a
coiled-coil dimer.  Dimerization of synthetic peptides corresponding to this pért of
" the neck démain of a number of kinesins via coiled-coil formatibn has. ‘béen
proven via CD ,spectr:qscopic jcm'alysis (Tripet ef al., 199_7).' The neck coiled-coil
re'gion is conserved within subfamilies. |

| Recently, the Vale lab at UCSF discovered that by dUpIicatihg the first heptad
repeat in the neck coiled-coil of K56Q,- a construct from human con\/‘entionai
kinesin-truncated at amino acid 560, the pr_écessivity of the motor increased 'by o
threefold (Romberg et al, 1998). These results along with others confirm the
necks involvement in r’notor’function.

The neck linker and catalytic core Qombinec! are termed the "motor dom'ain”.‘
The motor dorhain includes the ~356 amino acid conserved regibn meéntioned
earlier. Several crystal structures exist for kinesin motor dorhains including
" human conventional kinesin (Kull et al., 1998), Drosophila Ncd (Sablin ef al.,
1996), ‘and rat conventional kinesin '(Sack et al.,, 1997) (Figure 3). Lo_vyer'
résdluti'on crystal structures have also been obtained for conventional kinesin
dimers (kozielski et al., 1997). The core motor domain consists of a céntrai
eight-stranded B-sheet -sandw.iche‘d‘ between six a-helices, three on either side.
Comparison of myosin and kinesin crystal -structures reveal that the Iar.g‘er-
m-yosin motor do.mai,n ‘contains within ité, active sjte' the samé-eight—stfanded B-
sheet sandwiched between six o-helices as'conventiohal kinésin (Kull et al.,

1996; Rayment ef al., 1993). Within the motor domain there are several highly
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conserved regions with distinct functions; including the P-loop, L12, L11 and
Switch Il a4-helix regions (Case et al., 2006).

The F’-Ioop participates in binding of the and'y.phosphates of ATP (Sack et
al ,l 1’999).' The Switch Il o4-helix is involved in communication between the -
bound ngcléotide and the MT binding éite‘. These two regions are analogoué to
similar motifs in myosins and G 'prc‘)tein,s,'w'hich qlsd sharé a similar fo.ld. in G
proteins the analogous region detects whether GTR or GDP is bound to the
active site (Sack et al,, 1997). Depending on which form of the nucleotide is
bound the switch region undergoes a éonformétional ch'ange. This initiétes a
chain regction resuiting in élterations in target protein bindindafﬁnity. The L12
regidn is the rhain MT binding site, alth‘ough other regions 66ntribute as well.
ThIS short highly conserved loop follows the Switch 1l a4-helix (Vale and
Fletterlck 1997) L11 is a large 15 amino acid B-ribbon Ioop It is dlrected away
from the nucleotide-binding site and is thought to change its conformation during
the ATP cydle. |

There are.three segments of (predicted) coiled-coil in conventional kinesir;:
Following the firs"[ region, in the ne}ck domain, is a p‘ro?ine—glyciﬁe ricﬁ “hiﬁgé”
region that sepérates the neck and stalk démai‘ns. The stalk ‘.domain is largely o-
helical coiled-coil but is interrupted 'in the middle b; another hinge. The stalk is
no.t ,ess:éntial for m.otility, but does perform impor'tant‘ functions.. It acts as a
~ spacer, conveys forces, and is responsible (along with th>e neck coiled—qoil) for»

dimerization, which is the most common quaternary structure arrangement
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among kinesins. . Kinesin heavy chain dimerization is a result of the coiled-coil
formation by the stalk and neck. The coiled-coils enable a kinesin heavy chain to
bind with the corresponding region of its partner heavy chain, forming a long o-
helical ooiled-coili, Iwhionl in turn forms a dimeric motor protein (Sack et al., 1999).
Tne C-termina_i end of the heavy chain folds to form a second globular,region, -
termed the tail domain. lmoortant differences among i(inesins are found in this
domain. The tail domain comes in y‘ario.us Sizes, secondary structure and
Iooation with in tne primaiy sequence. Like the stalk, the tail is not essential for
motility but does perform other important functions. Since these two domains are -
not invoived in mot|I|ty they have not been studied as extensively as the head
and neck domains Hypotheses have been extended to the function of the tail for
cargo binding, cargo regulation, and light chain binding (Cole and Soholey,
1995). - |
Tne light chain of KHC is involved in cargo .binding and regulation (Cole and
Scholey, 1995). It participates -With th'e tail domain in the form‘ation of a
conformation of kinesin in which the tail domains fold back and interact with
regions in the neck (and bossible core) domains. In‘ this" conformation, the
ATPase activity of. the motor domains is inhibited (Verhey et al., 1998). One
hypothesis is the binding of: cargo interferes with this‘ head—tail interaction,
releasing the motor domains and allowing kinesin to be motile. Transgenic mice «
lacking KHC displayed defects in axonal transport and | ‘other tunctions.

Transgenic mice lacking kinesin light chains display the same defects, proving
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light chains play an essential role in motor function (Rahman ef al., 1999). There
are several light chain iséformé g.enerate.d by alternative splicing, alth‘ough‘ théir
distinct fuﬁctions have not been d'etermined‘ (Wedaman et af., 1993). ,
FiVe motor quaternary configurations have been found: heterotetramer,ic:
(0:2B2), -homotetrameric ’(oc4);' hqmodimeric | (ocz).,' heterotrimeric - (a2f) and: -
“monomeric (o) (Figure' 4‘)‘ Moveme_nt is defined as either procéssive or multiple-
motor nc;npro.ces'sive._ Processive movement occurs when an individdal_‘motor' is
able to transl'ocateA some distance along a microtubule.. . Multiple-motor
nonprocessive movément is, ah additive effort made by many motors attached to
'a microtubule. . Motor rﬁovement can pe confirmed ‘using microécopy or ATPase
‘éssays._ Microtubule‘ gliding and/dr single molfacule m.otility assays ére used to
visualize anc_ﬁ quantitate niic;rotubule velocity using - differential interference
contrast (DIC) or total internal reflection (TIR) miorosqopy. Three factors
dét‘ermine observed rates of motility in. multiple motor gliding assays: (1) ATPase
rate, (2) Step size, (3) -P.r'ocessivity or. not. For processive motors, velocity is‘ -
| ATPase rate. times step size. For nonprocessive, motors can .make. additive
contributions to velocity, so observed véloéity dependé on how mény motors are-
driving movemé"nt and is faster than the ATPase x step size.. In vitro proceésivé
movement has only been observed for KHC and UNC104/KIF1 subfamily motors,
-although controveréy exists as to whether the UNC104/KIF1 moverr’lent should

be termed processive.
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In 1989 Howard, Hudspeth, and Vale discovered that dimeric conventional
kinesin demonst.rated processive movement in vitro (Vale and Toyoshima, 1989).
It is hypothesized fhat the motor”“walks” along the microtubule in a hand-over-
hand fashion. This motion would rarely result in both motor doméins de;taching -
frpm the MT at the same time, thus maintaining -a contihuous connection
‘between the motor and microtubule and p‘reventing- their otherwise répid :
diffusion"al separtation. Conventional kir‘1esin takes 8nm steps, each requiring fhe".
hydrolysis of oné ATP. -The first step of proceséive movem}ent involves the
binding of ATP to the leading head, Z. The ATP-bound state binds strongly to
microtubules. Binding -triggérs docking of- the néck linker domain Aon to the
catalytic core, positioning the trailing head Y near its future binding site. Binding
of Y to its new site.causes it to release its bound ADP. The neW trailing head (Z)
then hydrolyzes its A1;P and releases Pi. Since it now contains ADP, and the
A‘D‘P state binds weakly to microtubﬁles_, it is now competent to release from the
miérotubule an move-to its next birllding.site.

In previous studies. members of the UNC104/KIF1 subfamily héve not
displayed processive movement ih vitro, with one exception. -A study from the
Hirokawa lab reported prooess‘i’ve movement of a mo‘nomeric KIF1A construct,
C351 (O'kada and Hirokawa, 2000). There is much sbecu‘laﬁon ‘sgrrounding
these resﬁlts. The coﬁstruct itself has the neck linker of coﬁventional kinetsin,‘ a

dimeric motor, and processive movement of constructs containing only KIF1A-

derived sequence has not been reported. It is argued by the Hirokawa'lab that
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this addition is insufficient for dimerization and that it adds only stability to the
KIF1A construct. Other members of the subfamily,- which are not processive,
have produced microtubule movement under multiple-motor conditions (Pierce et
al., 1999).

"~ Conventional kinesin processive moyement is a product the hand-over-hand
motion of the two motor domains. This movement is made possible by the
dimeric configuEat.ion of coniventionaul kinesin. Dimerization of kinesin involves
coiled-coil formation between the n.eck and stalk domains of th:e two motér heavy
chéins. Coiled-coil predictions of conventional kinesin show no coiled-coil
formation in the motor domain followed b&/ three large coiled-coil regions, one in
thé neck re_.gion.. and two in the stalk (Figure 5). When similar coiled-coil
predictions are done for UNC-1OA;, there is a notable decrease in coiled-coil
formation (Figure 6). UN.C-104 haé no coiled-coll regions in the motor démain,
followe’d by four smaller coiled-coils; one in the neck.coiled—c':oil is found at
~360th amino acid, a se_cohd coiled-coil is found .at ~400th amino acid, a third at
~B00th amino acid, and finally a fourth smaller coiled-coil at ~800th amino acid.
" In accord with this low amount of predicted coiled-coil formation, KIF1A purified
.from native fiséhe or expressed heterologously was found to be monomeric
(O_kada Y., Hirokawa N 1999) and the lack of in vitro processive movement, it

was concluded that UNC104/KIF1 motors were monomeric.
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Monomeric Kinesin UNC104/KIF 1 Subfarrtilv

- In microtubule gliding aesays _U653)GFP, a construct made from monomeric
.UNC—104, demonstrates‘a“faster gliding velocity than con\_/entiortal kirtes;in‘
(Pie.ree et al., 1999). The Vale lab reported a microtutbule gliding velocity of
1760nm/sec and an ATP turnover rate of 5.5 ATPs per motor domain per second
for UB53/GFP _(Pierce et al., 1999). In conttast, HK560, a conventional kinesi'n'
construct, displayed a microtubule'velocity of 462nm/sec and an ATP rate of 28
per motor per second, or 56 per dimer per second. . It was concluded that the
large differences between the monomeric and dimeric motots were most easily
explained by ‘position that with UNC-104 functione as part pf a group many
motors making additive contributions‘ to the observed movement,velocity.' Most
monomers are only attached to microtubules \tyhen actively involved in the power
stroke portion of taking a step, unlike proceseive d‘imers' Whieh are attached to
the microtubule continuously for ~100 steps before dlffusmg away. This may
decrease the organelle “drag” effect, which is apparent in dimers, thus aIlowmg
for increased motor velocities. l't has also been proposed that monomeric motors
move processively by an electrostatic tethering mechanism., KIE1 family. motors
are theught to utilize a strong positively charged lysine Ieop, that is conserved
with in the 'subfamily for movement.  Cryo-electron microscopy that Wae

interpreted to support the hypothesis that there is an electrostatic interaction
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between the lysine loop and the E-hooks, which are strongly negatively charged
protrusion of glutamates on the o and B-tubulin subunits, of microtubules .

(Kikkawa et al., 2000). This association occurs during the' weak binding ATP -

~ state and allows the motor to diffuse along the microtubule. Another possibility

involves a hypothesized lever arm, which could amplify the monomer's step size,
’mereby allowing rapid movement with a ‘Iow AT.P turnover rate. This:theery
suggests that ‘monemeric kinesin and myosin motor movement is produced in a
similar fashion. A third possibility that velocity énhancements could arise from
nonprooes.s-ive, additNe movement involving lots of kinesins attached to the cargo
taking steps larger than the 8nm/ATP of cenven’tional kinesin. The latter two
ideas are nonexclusive and were most consistant with available data (Pierce, et.
al. 1999) |

What parts of UNC-104 could-comprise a long lever arm? UNC—‘I 04 contains
tree coiled—eoils, one of which is found in the neck domain. This domain ha‘s
been ereviouslf)/ linked to motor veloeity in conventional kines‘in- (Case et a/l,'
2000). A I}neup of the UNC104/KIF1 subfamily members shows a striking
sequence.similarity in the neck coiled-coil region, demonstrating its importance
(Figure 7). After the coiled-coil region the sequences becomes divergent. The -
sigeificance of the neck coiled-coil has generated an increased interest in
UNC104/KIF 1. motor st.ructqre and. function. A recent study determined KIF1A
neck coiled-coils had the highest brobability of formation in native structure and

were the most stable, even over conventional kinesin (B. Tripet and R. Hodges,
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personal communication}. Due to the amphipathic nature of the neck a-helix,
KIF1A would be unstable as a monomér. One way of reconciling these predicted
coiled-coils with th_e data showing KIF1A and UNC—1Of1r are monomers is to -
hypothesize that the'y.form' intramolecular coiled-céilé, which could make a stiff,
Ievér-like structﬁre. Another pc.)ssib‘ility is that UNC104/KIF1 motors are actually
dimers in vivo and .t‘he monomeric structure observed is an artifact of in v{tro
“purification and aésays. Two members of thé subfamily, Dduncl1 04 and KIF1C,
both .motoré are found _'as dimers in vitro (Dorner et al., 1999; Pollock .et‘al.,
1999). Ddunc104 is a motor protein found in the slime mold Dictyostelium
discoideum and most blosely resembles UNC-104. KIF1C is a kinesin-like motor
foLmd in mice and is involved iﬁ vesiqle tpaﬁspoﬂ betWeen the Golgi apparatus
and the endoplasmic reticulum. KIFjC requires associated proteihs in order to
dimerize in vitro. 1t is plausible that all UNC104/KIF1A motors require assoCiatéd
cofactors for native configuration and function. In KIF1C, phosphorylation of
serine 1092 allows for the association wi"th‘the 14-3-3 :proteins, initiating
dimérization (Dorner et al., 1999). ‘_The\ fprk head assaciate'd'(FHA), domain -
- found in the neck region of UNC-104 may work in a similar faéhion, regulating
‘.protein—protein interactions via phosphorylation (WestérhoImQPar_vinen et al,
‘ 2000). The pleckstrin homology (PH), domain found a"t the COOH-terminus of
- UNC-104 and, KIF1A, and reéulates protein-protein  interaction - by
phosphorylation (Gong et al., 1999). Lastly, pérhaps the binding of the motor or

tail domain to a membrane-bound receptor brings two. heavy chains closer,
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triggering dimerization. Thus, although published data shows the purified -
proteins are monomers, whether members of the UNC104/KIF1A subfamily are
mondmeric or dimeric is nevertheless open to debate.

UNC-104 is a C. elegans neuronal .motorl protein. It is the orthologue of
KIF1A, found in‘ mice. UNC-104 and KIF1A are--thought‘ to franslocate
presynaptic vesicles down the axons'. These yesicles contain -neurotrahsmittets. |
Whett an action potential in the presynaptic‘c‘ell ‘reaches the axon tertninal there
is a rise in cytosolic Ca'™; the vesicles fuse with the plasma membrana, and .
releasa their contents into the synaptic cleft. The neurotransmitters diffuse
across the cleft and fuse with postsynapic cell receptors. |

UNC-104 contains a catalytic cdre similar to conventional kinesin, a neok~ -
linker and a lshort c_oiled-coil; the organization of the rest ot the molecule is
unknown. | Tharef are several subtamily -specific conaewed regions in
UNC104/KIF1A motors: including the K-loop, PH, FHA, and.necl‘< coiled—coilh
conserved regi.ons'. In addition, an AF-é/CNO (canoe) region is conser‘ved in the
stalk domain of the monomers (Figure 8). The canoe protein is an effectdr for
GTP-bound Ras. Ras plays an essential signaling role in regulation of vatio_us
cell functlons such as gene expressmn cell growth and generatlon and
‘malntenance of the cytoskeleton It interacts with the N-terminal of canoe and is -
postulated to control canoe’s mtracellular signaling. Because KiF1 motors
contain a canoe reglon it is possible they interact with and are regulated by Ras

or a Ras-related molecule}. The function of the conserved regions found in
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monomeric motors is only speculative. There is, however, an established link
between the neck region and motor velocity. This research addresses the
suspected involvement of the neck coiled-coil in monomeric motor velooity.v We i
‘were specifically interested in the possibjlity that ‘an UNC—104 lever-arm could
. mediate ifs rﬁotility._. Constructs were made to‘determ'ine thé effect of various

" neck truncations on the velocity of .UNC-104.
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CHAPTER 2
INTRODUCTION

. The ki'nesir,l superfamily of microtubule—bqsed motor proteins are involved in
many cellular functions.” Underétanding the mechanisms- by which l%inesins
generate force and mlo,vement.is of both fundamental interest ir'1 cell biology and
of therapeutic interest in medicine. Many motor proteiﬁs are essential for
viability, as shown by the fatal nature of génetic lesions that abolish certain motor:
protein expression. Recent findingé" have demonstrated.‘ specific molec'ula.r
linkages between kinésin superfamily motors _and human diseasés. Thus,
advancement in the .understanding of_’kin'esi.n structure and function may provide
beneficial information about diséase patholog_y'.

Recently, much attention has been focused on thé role of the sequénces-that
lie just outside the globular motor d.omain common to all kinesin superfamily
members. The “neck linker” domain is immediately adjacent to the core motor
domain, and current models place rﬁovements of this short segment of amino
acids at the heart.of the force generatidn mechanism. The neck linker is in turn
adjacent to coil'ed-coil forming sequences that may funcﬁon in both_the force

generating mechanism and in assembly and regulation of kinesin holoenzymes.




26

The UNC104/KIF1 or “monomeric” subfamily of kinesin motors have several
interesting properties that indicate their movement mechanism méy have some
unique features. First, 8 of the 9 identified kinesin subfamilies contain two motor
domains per holoenzyme, bﬁt the KIF1 family is believed to be monomeric, even
though it contains sequengeé predicted to form coiled-coils. Second, the KIF1
family contains the fastest known kinesins, with measured movement velocities
}n the range of 2000 nm/sec. in vitro. These observations, togéther_with the
sequence features that are conserved amohé the KIF1 motors,‘ have léd me to -
test the possibi'lity .that\KrlF‘1 motors driVé high-velocity movement by usihg_a
coiled-coil “I‘ever-arm”' that is different from and longer than the corresponding
element in other kinesin mofors, and thgt this structure allows them': to travel a
longer distance per ATP hydrolyzed.

To address the question of neck coiled-coil involvement in UNC-104 .

.movement, | constructed and characterized three UNC;104 truncatibns. The

truncation points were chosen so that t.he expressed constructs differed in which
predicted coil-coil forming regions were present in the expressed construct. 1t
was determined tHat deletion of neck coiled-coil had a modest effect on the
mibrotubule velocities'displayed by the UNC-1d4 con;tructs, thus, argljing_
against a lever-arm structure but not completely disproving its existence.
Interestingly, the deletion of the neck linker domain in UNC-104 had- a similar.

effect on motor velocity to that found in conventional kinesin, shdwing‘ that, like




27

.conventional kinesin the neck linker of UNC104/KIF1 motors is ‘important for

movement.
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CHAPTER 3
MATERIALS AND METHODS

Plasmid Construction

All chemicals used are from Fisher Scientific unless indicated:

Al constructs weré made starting with a pET17b vector (Novagen Inc.
Madison, WI) containing the N-terminal 653 amind acids of UNC-104 (U653), a-
kinesin-related protein, fused with Green Fluorescent Protein (GFP) tagged Wi;[h
a six hjstidine tag.at its COOH-terminus. This construct was made by Daniel
Pierce Whvile in Ron Vale's lab at UCSF.. .'The plasmids used in this study inciude;
U345/GFP, U360/GFP, U380/GFP and U653/GFP. To create the desirred
truncations in the \neck region of UNC104, fragments were PCR amplified using a
Gibco S'primer T7 (5TAA TAC GAC TCA CTA TAG GG3’) and MWG Biotech
3'primers encoded with a'kpn1 restriction.sité (345; 5GG GGG GGT ACC TTT
CGC TCT ATC‘GG_C ATA TCT CAA AGT3: 360; 5CG CGC GGT ACC TTT
TGC ATT TGG ATC CTC ATT AAC AA;CB’.: 380; 5"CG CGC jGGT ACCTCCCTT
ATC TTT CAA AAT GTG ACG AAG3T). PCR amplification was performed using
Stratagene native Pfu polymerase and an Eppendbrf M‘astercycler., U653/GFP

fusion construct and PCR fragments were gel purified and extracted the using




29

GeneClean ExtraCtion Kit (BIO 101, Carlsbad, CA).- Fragments were then
restriction enzyme digested with Xba1l (Promega). and Kpn1 (New En{giand‘
Bioscience) at 37°C foré hours. The digested fragments were gel purified and
extracted. The U653 portion of the U653/GFP fusion construét Was replaced by
éubcloning in the PCR ‘neck :region truncation fragments and incubatind with
Takara T4 DNA ligase overnight at 16°C. Thei‘re‘sulting construct was then
'transforrﬁed into .Eécherichia poli DHSa competent cells and grown in Lurié
Bertani Broth (10g/L tryptone, 5g/L yeast extract, 10g/L NaCl, pH 7.0) with
100pM ampicillin overniéht. Promega Wizard Plus Midi-preps were pérformed
and the fusion pfotein DNA sequence was confirmed by dideoxy sequencing

(Davis Sequencing, Davis, CA).

Protein Expression and Purification

All chemi'cals are fr.om Fisher Scientific unless otherwise indicated.

Three protein preparations of éach neck truncation were made. Escherichia
coli BL21 (DE3) competent cells were tran.sformed with the expression plasmid
constructs. Colonies were selected and grown in 100mL of low\ salt TPM (20g/L
tryptone, 159/L yeast extract;, 4‘g/L- NaCl, 10mM glucose, 2g/L Ne{gH‘Pb4,‘ 1g/L
KH2POy4, pH 7.0) with: 100pg/_mL ampicilian for 1 hour at 37°C. The preculture
was then inoculated iﬁto 900mL of low salt TPM media and grown at 37°C to

ODgoo 0.6 = 0.8.. The cells were then induced with 0.1mM isopropyl B-p—‘
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thiogalactopyranoside (leG) and grown for an additional 18 hours at 22°C to
ODgqo of 5.0 — 6.0. Cells were centrifuged at 8,000 rpm, 4°C for 20 minutes and‘A
the pellets were stored at —80°C,

Cells were resuspended in-25mL of‘lysis buffer (50mM NaPhos, 250mM

NaCl, 1mM MgCl,, 1mM ATP, pH 8.0). Then 10mM ‘B-merc‘:aptoethanol (BME),

20mM imidazole, 25uM PMSF (Sigma), 0.5 pg/mL leupeptin (Sigma), 0.5pg/mL-

aprotinin (Sigma), and 0.7 pg/mL- pepstatin. (Sigma) were added and the cells -
were lysed in a French Press at 12,000 < 14,000 psi. Insoluble material was

removed by ultracéntrifugation at 100,000 x g, 4°C for 45 minutes. One mL of

Ni** NTA resin (Qiagen Ihc., Santa‘ Clara, CA) was incubated with the

supernatant on a roller at 4°C for {15 minutes before the resin was transferred to
a column. The Ni¥* NTA resin binds with the six-histidine tag of the
UNC104/GFP truncated proteins.

Next, the Ni column was waghed with 50mL of wash buffer (50mM NaPhos,
250mM NacCl, 1mM MgClz, 0.1mM ATP, 10mM BME, pH 6.0). One mL of elution
buﬁer (50mM NaPhos, 250mM ‘NaCl, SOOmM-imidazoIe, TmM MgCl;, 0.1mM
ATP, 10mM BME, pH 7.2) was then applied and the resin was ‘all‘ov-ved to
equilibrate 2-3 minutes. The protein was eluted with an at\:lditional 3mL of elution
buffer and then diluted 10 fold with moﬁo-S,’cqumn buffer (25mM Pipes, 1mM

DTT, 1mM EGTA, 1TmM MgClz, 0.1mM ATP, pH 6.0). The protein was applied to.

" aFPLC mono-S column (Pharmacia Biotech, Inc., Piscataway, NJ). Mono-S is a

cationic affinity column bearing methyl sulfonate resulting in a negatively charged
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~matrix. After‘t'he protein was app‘lied'to the column, it was washed with column
buffer. The column was eluted with a 0 to .1 M NaCl gradient. The kinesin-
related protein eluted at' ~0.35M NaCl. Protein concentration's‘were quantitated
visually using SDS-PAGE 12% géls and a set of Bovine Sérum Albumin (BSA)
standards, which were sfair{ed with Coomassie staiﬁ. Immunoblotting was
perfdrmed using a primary rabbit polyclonal anti-GFP antibody (from the Vale IaAb' '
UCSF) and a secondary goat- anti-rabbit IgG' alkaline phosphatase conjugate
(Sigma).' It was determined that the mono-S fractions contained a GFP fusion
protein the expected size of the designed U653/GFP fusion protein neck
truncations, ~64kD. Peak fractions from the mono-S column were stored in liquid

nitrogen after the addition.of 10% sucrose.

" Microtubule Affinity Purifications

All chemicals are from Fisher Scie'nft.ific unless otherwise indicated.- '

/Active motor proteins were isolated from the chromatographic fractions a‘n'd
the motor proteins concentrated using ‘microtubule éﬁ’inity purifications, also
known as bind and release assays.

The concen'tration of 200uL of each motors mono-S fraction was determined
by SDS-PAGE and comparis'on.with BSA standards. An approximate four-fold _
molar excess of tubulin (Vale lab, UCS'F‘) over motor was calculated. An.

appropriate amount of the 4.7mg/mL tubljlin stock solutibn, was pre-spun using a
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Beckman tabletop ultra centrifuge at 100,000 rpm, 4°C for 15 minutes with a
TLA120.1 rotor to remove nonfunctional tubulin aggrega_tes. ‘The sUpernatanf o
was removed and 0.5mM GTP and 20uM téxol' (Sigma) was added ;[O promote
microtubule assembly and stability. The solution was then incubated at 37°C for
5 minutes. The resulting polymerized microtubules were centrifuged through a
cushion (12mM Pipes, 1TmM EGTA, 1mM MgCl,, pH 6.8 Wi;[h KOH and 60% v/v
glycerol) in a Beckman tabletop ultra centrifuge at 80,000 rpm, 25°C for 1'O
minutes in a TLA.1 2‘d.1 rotor. The ngshion was Waéhed with assay buffer (12mM
Pipés, 1mM EGTA, 1mM MgCl,, pH 6.8 with KOH) and 20u1M taxol (Sigma) and
the pellet resuspended in an assay buffer volume equal to 1/5" the volume of -
tubulin stock solution used. |

Two hundred plL of motor, 1mM'AMP'PNP (Boehringer Mannheim), 200uL
assay buffer, 20uM taxol and 20ulL of microtubules were Combi‘ned and -
incubated at room temperature for 15 minutes. AMP-PNP is a nonhydrolyzable
ATP . analog'ue that generates strong binding of most 'l;inesi'r] fﬁotors té
microtubules. The solution was then spun over a cushion, as before. The
r'esulting pellet was then resuspended. in 100pl of release buffer (assay buffer
supplémented with 200mM KCI','5mM ATP, 5mM MgCl,, and 20uM taxol and
incubated at room temperature for 5 minutes. The solution wa.s centrifuged at
80,000 rpm, 2500 for 5 minutes in a TLA120.1 rotor,” and the _supernatant
(containing the ATP-released motor proteins) was alﬂiquotted and'stored in liquid

nitrogen after the addition of 10% sucrose. 12% SDS-PAGE gels were run to
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determine the final p’rote-in concentration of the UG653/GFP fusion protein
-truncations. A purity of approximately 50% active protein was found for each

primary mono-S column fraction.

Microtubule Gliding Assays

All chemicals are from Fisher Scientific.unless otherwise iﬁdicated.

_Perfusion chamber construction

Perfusion chambers (flow cells) were made for MT gliding‘ aésays. Cover
slips were washed with 25% HNO; fof 10 minutes, rinsed twice with deioniz'ed
water, washed with 2M NaOH for 10 min‘utés, rinsed six times Witﬁ c'leionized.
water, and air-dried. Double-sided tape was used to space the_ dry acid washed

cover slips away from and attach them to the slides. The flow cells each had a

volume of ~4plL.

Generation of long microtubules

Frozen 4.7mg/mL tubulin (Vale lab, UCS‘F) was thawed quickly and
centrifuged at 4°C, 80,000 rpm in a TLA120.1 rofor for. 15 minutes to remove -
tubulin aggregates. The supernatant was retained and the pellet discarded.

Twelve pl of 100mM GTP and 100pL of DMSO was added per mL-of tubulin
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solution and incubated at 37°C for 30 minutes. After 30 minutes 43uM of taxol
(Sigma) was added to stabilize the microtubules. ‘The polymerized MT’s were
then spun through 100uL of a cushion (60% v/v glycerol, 20uM taxol, 12mM
Pipes, 1mM EGTA, 1mM MgCl;, pH 6.8 with KOH-) 'in‘a Beckman tabletop ultfa
centrifuge at 80,000 rpm, 25°C for 10 minutes in a TLA120.1 rotor. The cushion

and pellet were washed with assay buffer (12mM Pibes, TmM EGTA, 1mM

-MgCl,, pH 6.8 with KOH}. ZGOHL of assay buffer and 40pM taxol (Sigma) waé

added per 1 mL of polymerized tubulin solution to the pellet with a P200 tip fhat _
had been cut-off.(this prevents MT shearing). The pellet was gently resuspended
and an equal volume of glycerol was added. The resulting solution was

aliquotted into ZOuL‘aliquotS,'frozen in liquid nitrogen, and stored at —80°C.

Gliding Assays

Flow cells were filled with rabbit polyclonal anti-GFP antibody (Vale lab,
UCSF) and' the antibody was allowed to bind to the acid-washed coverslip

surface for 2.5 minutes. The chamber Was then washed with 5OML'of BRB12
(12mM Pipes, TmM EGTA, 1mM MgCly, pH 6.8 with KOH). Next, Sul. of MT
affinity purified motor protein sélut’ion was flowed through the cell ‘and allowed to
bind to the antibody—coéted surface for 2.5 minutes at room te_mperaturé (Figure
9). Thé chamber was once again washed with 50ulL of BR..B12.and 20mL of

~

BRB12 containing 2mg/mL casein, 1TmM ATP, 1mM DTT, 20uM taxol (Sigma)
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~and 1:400 dilution of MT’s was flowéd through. MT movement was recorded
onto sVHS videotape using a TE300 Nikon microsdope equipped with differential
interférence contrast optics (DIC). DIC imaging requires a 100W Hg lamp
coupled with a fiber optic scrambler cbnnectéd to an illumination pi!lar. The"
optical path consists of a pé‘larizer, beam splitter, condenser, Wollaston prism, de
“Senérmont compensator, ‘obj‘ectiv'e lens, Wollaston prism beam combiner, and
an analyzer (Generation of image contrast, pg 89 — 91). DIC - provides a
monochromatic shadow-cast image of the microtubules (Figure 110).

MT velocities were determined using manually scoring the distances vs times

of microtubule movement from videotape.




CHAPTER 4

RESULTS

Protein Expression and Purification

After some difficulties, expression énd purification protocols were devéldped
that yielded protein fractions with adeq'uate. purity and activity to permit their
characterization in motility assays. The final concentrations were 0.05mg/mL-
0.1mg/mi of the desired product (Figure 11). The fractions also contained
varying amounts of degradation products but these were not harmful to the
assays because they pohtained incomplete mqtor domains that do not interact
with microtubulés or have ATPase aé;tivity. Imrhunoblottin‘g results proved the .
. presence of GFP fusion proteins the expected size of each motor (Figure ﬁ2).
Appr.oximately 50% pure protein With a concentration of .025mg/m‘L—0.05mg/mL

and better activity in microtubule gliding assays was obtained by microtubule

affinity purification (Figure 13).
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Microtubule Gliding Assays

The velocity of microtubule gliding driven by four different truncations of UNC-
104-derived were quantitatéd and comparedl. At least two independent
preparations of each protein were used for microtubule gliding .assays. The
longest construct, U653-GFP, had b.een'previously charaqterized and found to
produce a microtubule gliding velocity that is typiéal ;)f this sﬁbfémilyl of rﬁétors
and is probably equivalent to that of full-length UNC-104._ .Of the three shorter
constructs described in this study, the. two longer ones produced detectable =
microtubule gliding WHile the third did not. The velocity of rﬁicrotubule movement

“for U360/GFP and U380/GFP fc;und were 28 - 33% and 33 — 48%, respectively,
of wild-type UB53/GFP (Table 1, Figuré'14) when assayed under the same ’
conditions. |

In this study, fhe UB53/GFP displayed a velocity of 623+/-328nm/sec in
BRB12, a low ionic strength solution containing 12mM K*Pipes (Table 2, Figure _
15). A previously published study with U653/GFP reported a velocity of 1760
nm/sec BRB8O, which'contains 80mM K*Pipes but is otherwise identiéal (Pierce
et al., 1999). Lower ionic strength buffers generally cause microtubule gliding‘
velocities to decrease, presumably due to increased electrostatic drag between

the moving microtubule and surface-bound proteins. However, microtubules are
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more efficiently retained' on the surface at lower ionic strength, and use of BRB8O
abolished microtubule gliding activity for the U360/GFP and U‘380/GFP
colnstructs.

Although U345/GFP-coated surfaces efficiently bound microtubules,
movement was not observed. In order to deteo"c any sléw movement that might
be present, fields were imaged and recorded and then re-imaged after 60
minutes. Microtubule positions were compared to the positions of visible dust
particles adsorbed to the Cover\ slip to correct for any movement of the
microscope stage during the 60 minute delay period. No microtubule movements
were detected. N

Microtubule affinity purified samples of U360/GFP and U380/GFP both gave
rise to robust microtubule movement. The average gliding velocities were 192+/-
80nm/sec and 251+/- 116nm/sec, respectively, in BRB12 (Tables 3,4,5 and
Figure16)(TabIes-6, 7 and Figure 17). Although U380-GFP moved faster, the

 difference was not stétistically significant.
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CHAPTER 5
DISCUSSION

"l"he UNC-104/KIF1 subfamily of kinesins are'unique in two respects: first,
they produce very. high rates of microtubule gliding, and second, their predicted
structure does not coptain the ‘Iong a~helical coiled-coil “stalk”. domains fd’und in
other kinesins. In accord with their sequence characteristics, studies of UNC-104
family motors to date have found that C. elegans. UNC-104 and its murine
orthologue 'KIF1A are monomeric when purified from native tissués or
heterologously expressed, while the D/'cz‘yoste/ium motor DdUnc-104 and murine
KIF1C contain more predicted coiled-coil and are dimers.

Conventional kinesin is a processive enzyme that can take hundreds of 8-nm
steps along a microtubule without dissociati_ng bg/'using its two motor domains in
an alternating, hand-over-hand fashion. Monomeric motors cannot utilize this
processivity mechanism.  Accordingly, UNC-104 and KIF1A do not move
processively. Although KIF1A has been reported to exhibit long-distance biased

diffusional movement, this mechanism is fundamentally different than that of

conventional kinesin and an individual motor utilizing this mechanism cannot |

exert a sustained force against a load.

e ———p—




53

The behavior of processive vs. non-processive motors in multiple-motor
filament gliding assays is quite distinct. Fbr processive motors such as
Conven,tion.al_kinesin that maintain cdntinuous contact with the microtubule, the
microtubule can only translocate as fast as is allowed by the slowest motor with
which it is interacting: Since the motors execute their mechanical Cycles
stochastically, increasing the number of motors driving transport results in -
mechanical drag f,rom. excess attached motors and decreased velocity. In the
absence of a mechanical load on the microtubule, the fastest movement is
obtained when a single motor drives transport. In contrast, for non-processive
motors such as muscle myosin, no trahsport of actin filaments is oBserved when
only a single myosin interacts with the filament. Since eéch‘ myosin interacts with
the actin filament for only part of its cycle, multiple motors make (up to a point)
additive contributions to the observed movement velocity. In practice the
observed velocities are fairly constant over a broad range of surface densities. In
a simple model, thé observed maximal ‘velocit’y is equal to the étép size times the
ATPase rate divided by the percentage of ifs cycle ;that the motor spends bound
to the filament (the duty dycle). For example, a processive motor that produces a
10nm step per ATP and hydrolyzes 10 ATP’s. per second Would produce a
velocity of 100nm/s (duty cycle of one). 10 noﬁ-processive motors with the same
step size and ATPase rates, but a duty cycle of 0.1, could collectively prod‘ucé a

filament velocity of 1000nm/s.
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‘Processive .motors are constrained to take steps. t,hét correspond to the
underlying periodicity of the filament (8nm in the case of rﬁicrotubule motors);
non-processive motors .are not similarly constrained.' Sinée UNC-104 ié .not
processive, we spepula_ted that it may ut.ilize both a low duty cycle and a large
step size to produce the fast observed movement velocities. The step size of
(non-processive) myosins has been shown to result from mov'ement of a
mechanical, amplified (or “lever arm”) through a fixed angular displacement
(Spudich, 1994); thus,_'increasing the length of the lever-arm increases the step
size. The central question addressed in this work is if UNC-104 works in a
similar manner. Although. it is a monomer, UNC-104 contains coiled-coil forming
sequences. Since coiled-coils can form elongated, mechanically stiff structures,
we speculated that UNC-104 may contain intramolecﬁlar coiled-coils that aét as.a
lever arm to increase the UNC-104 step size. Alternatively, UNC-104 may
achieve high velocities using the same kind of movement of the neck linker that
has been proposed for conventional kir.1es.in (and that produces a moderate step
size) coupled with a low duty cycle and a fast ATPase rate.

Three truncated versions of U’NC—104;' U345/GFP, U360/GFP, and
' U380/GFP, were clone'd; expressed, pdrified, and characterized to distinguish
among these possibilities (Figure 18). A predicted coiled-coil occurs between
r'esidues 360 and 380, so compariso'n' of U360/GFP and U380/GFP should be
informative as to any mechanical functions of this sequence. The role(s) of

additional coiled-coil after residue 380 can be evaluated by comparing U380/GFP
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to the (pre-existing) U653/GFP construct. Finally, the U345/GFP construct
deletes the neck linker domain. If the UNC-104 and cOnventiQnaI kin‘esin
mechanisms are similar, we would expect a very large difference in motility
properties between U345/GFP and U360/GFP by analogy to similar constructs of-
conventional kinesin. To allow for a common method of surface adsorption of the
constructs in microtubule gliding assays and to allow for future exneriments
involving total internal reflection (TIR) microscopy, each construct was fused C-
terminally to the Ser65Thr mutant of green fluorescence protein (GFP).

Amino acid 345 is a highly conserved lysine —thioughout the kinesin
superfamily. This truncation occurs just before the neck linker and corresponds
to amino acid 323 in human kinesin. U360/GFP included the first 360 NHy-
terminal amino acids of U'NC-104, followed by a Kpn1 restriction site and GFP.
Amino acid 360 a lysine that is highly conserved among the Unc-104 subfamily
motors and immediately precedes the neck coiled-coil domain. Thus the
U360/GFP construct inc_:ludes the neck linker, with the sequence terminating
beforé the neck coiled-coil. U380/GFP inciudes the first 380 NH2-termina_I amino
acids of UNC-104, followea by a Kpn1 restriction site, ending with GFP.
U380/GFP ends at the COOH-terminus b_f the neck coiled-coil. Amino acid 380 is
only slightly conserved. In UNC-104 amino acid 380 is an isoleucine.

Both U360/GFP and U380/GFP were found to be functional motors. 'ihey
displayed the ability to-glide microtubules under multiple-motor conditions, bind to .

microtubules in the presence of AMP'PNP, and release from microtubules in the
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presence of ATP. U345/GFP produced no microtubule gliding under r;“lultiple-
motor conditions, although it had the capability of microtubule binding while in the
presence of AMP'PNP, énd was able_ to release in the presenoé of ATP. Thus it
is unlikely thét the motor was n(')nfunqtional during gliding assays due to an
iﬁability of the protein to fold pro‘perl;‘/.

The data obtainéd in this“stu_dy argues against the lever-arm model for UNC-
104 movement. | have shown that neck truncations at amino acids 360 and 380,"
. before and after the first coile‘d—coil,,’.respectively, resulted in similar velocities,
and the velocitiés obtained with either construct are only modestly less than that‘
obtained with U653/GFP. However, the complete lack of movement obtained
with U345/GFP indicates that the neck linker region is essential for motility, and
its presence is sufficient to produce rapid microtubule movement. Thus- it
appears likely that force generation by UNC-104 family motors ‘is based on
structural rearrangements very similar to those proposed for conventional kinesin
(Rice of al., 1999). |

Two questions are of particular interest for future studies. The first is, what is-
the step size produced by UNC-104? This question is best addressed by optical
trapping microscopy. The second is, if the coiled-coil segments found in Unc-104
do not function as a lever arm, what is their function? The hig,hlly conserved
nature Io_f these sequences argues s'tro.ngly that they are functionally important. |t -
is rhy view that these éequences, perhaps in concert with other polypeptides,

mediate formation of an UNC-104 holoenzyme that contains two motor domains
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and that the pﬁysiologically relevant complexes of UNC-104 family motors are
structurally more éihilar to other _kines-ins than has been pfoposed based on in
vitro studies performed to date.

Other experiments which would assist in the clarification of UNC-104
structure in!clude; sucrose density gradient assays, ATPase assays, single-
molecule motility assays, and assays performed with motor proteins purified from
native tissues.

‘Sucrose density gradient assays would determine the mdleoular weight of
each construct. From this information it could be concluded if the. motors are
functio'ning as monomers or diﬁers in vitro. Using this technigue the Vale lab at
UCSF has reported U653/GFP is a mondmer in vitro (Pierce ef al., 1999).

ATPase assays' and single-molecule motility assays would address the
conflicting issue of processivi’;y in. the UNC104/KIF1A subfémily. In the Vale lab
if was found fhét U-653/GFP was not pkocessive in béth single-molecule Vmotility
assays and ATPase assays (Pierce et al., 1999). The Hirokawa lab in Japan
produced a KIF1A construct (C351), which displayed‘ biased dliffusional
movement, which they termed “processive” eveﬁ though this mechanism clearly
is quite different. from that of conventional kinesin (Okada and Hirokawa, 1999).

In vivo assays or in vitro assays with motors purified under mild conditions
from native tissues would Be invaluable. These sthdies could resolve the debate

on monomeric verses dimeric configuration in UNC104/KIF1A motors. [f native

tissue were used', there would be an increased likelihood of cofactors involved in
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motor assembly and/-;Jr activity beir;g present, giving »a more accurate
- representation of the motor in vivo.

With the procedures performed, it was concluded that truncations before and
after the neck coiled-coil had little, if any, influence on motor Velodity. In contrast,
a truncation made before the' neck linker had a severe effect. Instead of
supporting the theory of a lever-arm in UNC-104, my research argued against it.
Since they argue against one alternative hypothesis as to the function of the neck -
_coiled-coil domain, ﬁy results could be indirectly interpreted in support of the'
idea that native UNC‘IO4/KIF‘I motors function as dimers, not monomérs, in the
cell. However, since microtubule gliding velocity differences between different
constructs can only be interpreted semi-quantitatively, this study does not

disprove the lever-arm theory completely.
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CHAPTER 6
SUMMARY

There is muoﬁ debate involving monomeric motor protein motility. Studies
with conventional kinesin have shoWn that the neck region, in particular the neck’
" linker, is involved in motor velocity. The qu.estion of how motility is perfprmed in
monomeric motors remains unanswered. |t is theorized that rﬁonomeric motor
movement ‘is mediated by a lever-arm protruding from the motor. There are
multiple conserved regions within the UNC104/KIF1 subfamily, starting in the
‘neck and continuing to the COOH-terminus. These regions are thought to play -
an integral role in structure and/or function of the motor. The neck coiled-coil is
highly conserveq within the subfamily, it could possibly be inv;o_lved in an internal
coiled-coil, forming the stiff lever-arm. My research focuséd on the neck region
of UNC-104. | wanted to determine if the neck coiled-coil was important for
motor motility velocity. My results proved ‘tHat there is little, if ar;y, effect on
motor velocity with the delétion of the coiled-coil, arguing against, but not
disproving, the lever-arm theory. It was also determined that deletion of the néck
linker had a severe effect on motor motility, similar to th'at found in conventional
kinesin. Conclusions could be drawn from these 'results implfcating that

UNC104/KIF1 motors are dimeric in the cell.
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