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R . ABSTRACT |

| F‘ollowing the AMP-PNP-based microtubule"-altinity, puriﬁcation of klnésin
from squid axoplasm, squid optic lobe and'bo\(ine brainv('Vale et al., 198%c),
researchers have isolated'kinesin Ilke proteins (k.l.p.'s) from' a variety,of tissue
(see Flgure 2, page 18) leferent techmques have. been used to bind kinesin, a
€

k..p.'s to mlcrotubules lncludmg the use of non- hydrolzable ATP analogu

(AMP PNP, AMP PCP PPP" ADP-VO4; Mg*( depletlon |n the presence of |

ATP?) and -the lnductlon of* a rigor-like condltlon (ATP depletlon MgH"
“depletibn’in the presence of ATP"l\ ‘ |

We compared EDTA, AMP:PNP and PPP- mduced bipding as three dlfferent

o methods of performlng mlcrotubule afflnlty purmcatlon of bovine k. p.. We
propose that both EDTA and PPP chelate Mgtt on hlgh speed brain
homogenate and prevent ATP from enterlng into the k.I. p ATPase site, thereby

inducing a rigor- like’ state ot blndmg between mlcrotubules and k Lp.. The use

—_—

| of Mg*+ depletlon as a purufrcatlon method has not appeared |n the literature,

. elthough it has been mentloned as a means of promotlng the strong assocnatlon |

of kinesin with microtubules (Vale et al., 1986b) A punfrcatlon technique usngg

Fe

- endogenous mlcrotubules was also developed th|s procedure is sumpler than

publlshed k.l.p. punfrcatlon methods. Expenments with homogenlzatlon buffers
were performed ' ' '
‘Mi'cr‘otubules to be used in the affinity purification of k...p.s were_ purified using

~ the procedure of Vallee (1982) an‘d 'characterized' with polyacrylamide ’gel

*

: elechhores:s rannmng electron mlcwscopy, vudeo enhanced differential

" interference cantrast mlcroscopy and transmnssron electron mlcroscopy T B
Bovine brain k.l.p. was. charactenzed for sub\gnl’t molecular welght using

polyacrylamlde gel electrophoresis, and for tot‘al morecular’ welght using gel
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ful‘ratnon chromatography Immunological identification using an immunoblot

tpchmque was performed wuth polyclonal Rabblt anu-Souud kinesm |soelecma

pomt deteranahon was partially completed using |soelectnc focusung and

known characteristics of the protem
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_1: INTRODUCTION
A. EARLY SPECULATION AND EVIDENCEFOR AXONAL TR SPOR;l‘ "

j Althouﬁthe fact of axonal transport has only recently been stabllshed the
notion of nerves as conduits for the flow of some. mfluentlal S bstance |s very

old. Early crvnhzed man (e. g 6th century B.C. Greeks) rawing on earller'

3n|mlst|c tradltlons baleved an ammal spirit (pneuma) was drawn into the

body\vna r_esprratlon and thereafter\ served to animate the body and power
sensory processes and, to some. degree, thought. Galen (130-200 A.D.),

believed that vital spmt p,;oduced V|a respiration was carned through arteries to

»

"vivify" the body the bram removed flner splrlts from the blood and used these—

spirits to produce psychrc functlons caused by mpvement of animal spirits:

-within the ventncles and muscular control, caused lby the movement of CNS

anrmal spmts down into the perlpheral nervous system. The concept of anumal
. spirits m&vrng in hollow tubes remarned mfluentlal into the nlneteenth century

' (Ochs, 1982).

"

Van Leeuwenhoeks microscope enabled hlm to make, crude observations -

i

~of optlc nerves (1717) further advances before the twentleth century roughly

[

paralleled advances |n mlcroscopy Fontana (1778) was able to see individual

nerve fibers. The mtroductlon of the achromatlc compound lens in the early
4

"1800's led to rapid advances, Purkmje and Valentln (Ochs, 1982) ldentmed the
cell body and differentiated between the-nucleus and'the nu%olus, but due to

‘a lack of staining technique they cancluded that cell bo_dieas, nd nerve fibers

were ‘separate_entities. They believed that the cell body was the."active"

" elementy{hich caused the "passive” nerve fluid contained in the continuously-

looped nerve fibers to circulate. Waller's classic experiments in nerve -

| degeneration (1852) established that some "trophic-faetor" from the cell body



was indeed necessary to" matntain fiber viability. but' the nature of the
relationship between these two elements remained hazy. Remack (1838)
suggested and Ftamon y Cajal (1894 1909) established that the nerve tibers
and cell bodies were rn fact connected and formed a srngle entity, wrth the ceII
tbody considered to be_the .neuron’'s, trophic center - The naturs and
mechanism of the nuclear:control was unknown, but Ramon y ©ajal (1909)
.\suggested that "perhaps the neuroplasm, situated among the neurofibrils in-
the cel\l\ body and in the axon, serves as a diffusmn pathway for a sub_st_ance.or
substances still unknown, which have a trophic action and are elaborated by‘
“the nucieus " He observed that a severed axon will regenerate by forming a
growth cone WhICh then made its way toward the periphery just as the origrnal
growth cone had done m the embryo (Oc 1982) F.H. Scott (1905), noting
chemical and structural simiiantres betwg_ej the two cell types suggested that
.neurons were secretory cells that transported protems or se_cretion particles to
nerve terminals. This was an idea 'years ahead of its time. |
The next ma.jor.st.:ep was taken by Ross G. Harrison (1910) who invented |
tissue culture. He showed that axons could grow without -the’ sUppon of
Schwann celis which demonstrated 'thateneither the"growth cone nor the ako'n
weré formed by surrounding’ ceils This rmplred that .materials must- be
supplied by the cell body to the axon during the extenswn of thKaxon whether
materlai was moving in non- growing axons was an |ssue that was debated but

not resolved until after World War

when the treatment of war injurres

'sparked new int rest in th dy of nerve regeneratron |
N = 5

. B. FIRST DIRECT EVIDENCE FOR SLOW TRANSPORT

' Weiss and Hiscoe (f 948) tried to determine whether radial axonal growth -

" was due to de novo axoplasmic Synthesis or due to transport of }'components
" - ) . . N ‘



1

!

. oo \ 3y 3
synthesuzed in the cell body Rat tibial or peroneal nerve: was crushed to
trlgger regeneratlon and constricted dlstal to the crush Progresswe swellmg

. was seen proximal to the constnctuon Bodran staiming showed thrs(to be an

’ ,accumulatron of axoplasm After four weeks the constrictton was released and

| the axoplasmic swelling moved down the axon at 1-2 ,_mm/day. -.They'
.postulated that this . represented‘ the vnormal rate of axoptasmic flow.
‘Subsequent re- examrnatron of these results (Spencer 1972) suggested that |

" the eﬁe/s descnbed by WGISS‘dO not occur in normal axons. However, this
was the first d|re9t evndenceof slow axonal transport. )

:Weiss a,nd Hiscoe .(”19_48).~a|so noted that when a po/tio’ virus was*_ﬁ
inoculated into the periphery it made-its way retrogradely, against the bulk ’
anterograde flow, from the nerve terminals up into the alpha motor neuron cell
bodles at a velocity of several mm/day This early evrdence for retfggrade
transport was consrdered to be pessnbly artifactual; the existence ot retrograde
transport did not become generally accepted until Lubinska (1 964) suggested
that in addition to slow transport rapid- movement of mtra axonal particles both

1

away from and toward the cell body was occurring.

' - | Tty

C. FIRST EVIDENCE FOR AST ANTEROGRADE %ND RﬁTR@GRADE
TRANSPORT AND DEFINITIO OF DIFFERENT TRANSPORTCOM@\(ENTS '

" Lubrnska (1964) based her concIUSIons on the followtng expenment
Canine soratlc nerve.was liga ed in two places to isolate a segment 5 cm long.
The nerve was removed 2 /hours to several days later and s”egme_nts,were
measured for acetyicholine terase activit)}. Accumulatidn of activity‘»‘va%‘ found
both proximal and distal t each "Iiga‘ture. This result led to three conclusions:

1) This enzyme moves i

a-retrograde as well as an anterograde direction; 2)

The trans-port mechanigm functions at all points in the axon, since enzyme



. ‘ _ ) .4
+- accumulation occurred within the is'olat’e,d segment; 3)' Accumulation was
+ detected within two;’-hours of ligation; therefore, both, ant.erograde and
retrograde trans'port vl/ere occurring at‘ 'raté.s.muoh faster than'prevlously
de'teétezd.' Subsequently, Dahlstrom (1965)'u$ed fluorescense’ to observe the.
accumulation, Within 45 minutes, of catecholamlnes proximal and distal to
ligatures placed on the greater splanchnic nerves of rats, Ly (
Radioactively labelled pr'otein} were used to examine tast and sfow
'. _transport. Droz and Leblond (1963) systemlcally |njected radloactlve amino
acids that first accumulated nn neuronal cells and later could be detected asa
wave of radloactlve protein moving down the axon at a rate of 1 mm/day High
background radiation l#gllal cells prevenfed the detectron of a fast component
Between 1966 and 1968 by usmg more specrflc appllcatlon tef(*hnlques
mvestlgators were able to observe radloactrve materlal moving within axons at
faster rates. Lasek (1.968) injected cat L-7 dorsal root ganglla with radroactlve |
Ieucme and, removed the sciatic nerve and branches between 14 hours and 60
days after the injection. The nerve was drvrded into' 5 mm segments and a
'radio‘activity was measured He concluded that‘ two transpo'rt velocities were -
" present one fast (100- 500 mm/day) and one slow (1-2 mm/day) (see also
Grafsteln 1967) ., « 3 B ]
Subcellular fractionation allowed the separatlon of radlolabelled fast and
slow transport components (McEwan and Grafstein, 1968, Lorenz and erlard
1978) Fast transport was shown to be assoc iated with- plasma membrane and ,
particulate fractlons materlals transported rncluded neurotransmltters
enzymes for neurotransmitter ‘metabolism (Goldman et al., 1976) and
glycoprotelns (Ambron et al., 1974) xSIow transport was shown to be
associated with fibrous cytoskeletal components and soluble proterns further

. work (Black and Lasek 1980) |dent|f|ed two subcomponrgnts of.slow transpor;



‘Wlllard and Hulebak 1977~)\

/
SCa moves at 1mm/day and makes up the neurofilament afd microtubule
network while SCb m\yes at 0.25 mm/day and is c0556§eu of a complex of
50 or more protelns (mcludmg "soluble" 'protems enzymes, i"ttn, myosin,
fodrin, nerve specmc enolase creatine phosphokmase aldolase plus others -

see Black et al 1979 Br‘dy and Lasek, 1981, Levme and Wlllard 1981,

v

4

. D. FAST TRANSPORT - RELA'FION TO ORGANELLES

Kristensson and Olsson (-1971) applied horseradish peroxidase"‘(HFll?) to-

" the gastrocnemeus muscle in mouse. HRP'reaction product was subsequently

found wrthln lntra axonal tubular structures and vesncular organelles and atter

24 hours, wrtmn the |p$|lateral spinal motoneurons _This technlque not only
3

provided evidence for the’localizing of retrograde transport wuthu;l otganelles

-

but also was widely used for tracing neuroanatomlgal pamays Later vtrork,

W|th nerve- growth factor (Hendry et al 1974; Stockel et al., 1975) and' other
“protems (Schwab et al., 1977, 1979, 1983; Purves and Lichtman, 1978)

showed that different populations of neurons have a variety of receptor-

'mediated echanisms for the uptake and retrograde transport of speciic

‘ Ilgands NC;‘.F adrenerglc neurons andrsensory neurons tetanus toxin and .

WGA all neurons) HRP is transported non-specifically (Stockel et al., 1974)»
- These retrogradely transported protelns were contained wnthm vesicular
comp‘artments No sumrlar label was available for anterograde transport;
autoradlography coupled with electron mlcroscopy did not have suffncrent
resolutlonto identify single organe_lles (only bulk movement :of organelles can
be...seen with autoradiography). Direct @ssociation of fast anterograde transport
with vesicles was provided by} light microsoopy of living axons (C’ooper and:

Sniith, 11974, Foreman et al., 1977). Panlcles could'\be seen moving at ¢
o ' {4
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(0.04- 0.1 um)‘. R e,

. - . : \

- ' 6

velocmes consistent with rapid transport in both the. retrograde and

anterograde directions. However, 90% of the detectable partlcles were moving

in the retrograde dn’ectron Th|s was later explained by two different papers in-

“which’ mvestlgators descnbed the use .of compressmn (Smrth 1980) orlow

temperature (Tsukita- and lshlkawa 1980) to block, axonal transport.

Organelles accumulating on the proximal and distal sides of the block .were

. an.alyzed by electron' microscopy Retrogradely moving organelles :(distal)

were larger multu Iamellated vesrcles (0.1-0.5 um) and hence. easier to detect

W|th light mlcroscopy than anterogradely moving vesicular- tubular bodies

%

Further information was provided by the application of video processing to |

. polorlzation-pased microscopy. (Allenet al., 1951—; Inbué, 1981). Amplification

of lmagz contrast allowed structures below the resolution limit of optics (about
0.2 um) to be detocted; studles of the squid gianfaxon showed organelles less
than 200 nm in drameter moving.in both directions parallel to linear elements
Most of the very small organelies were .movm_g anterogradely. 'In contrast o
the saltator)r movements of larger organelles, these small organelles moved
cOntinu_ously at2.5 pm/sec, a rate consistent with fast axonal transport (Allen et

al., 1982). These organelle movements continue in axoplasm that is extruded
. : . ' , ’

from the squid giant axon (Brady et al., 1982).

E. MQDELS FOR TRANSPORT

& Many different models' for rapid vesicle tr‘ansport have been put forward. )
Schmitt (1968) prophesied that all fast- traneporte\ materials were vesicles with
surface projections that could temporanly bind to complementary sites of the

microtubule; he envrsroned the vesicles rolling down the microtubules using

“ATPase power for movement. Hoxle)i's (1969) sliding filament theory of
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skeletal muscle contraction prompted Ochs (1971, 1972) to offer the "transport .

filament™ model of fast 33 onal transport In this model the common carrier, the
transport filament, bmds the vanous materials to be transported. - The filaments

are moved along the mig otust the stationary element, by means of sude-

materlals takes place wnthm Iow -viscosity channels surroundmg the

microtubules, .with ATP supplying the energy. This hypothesis was still
considered a\possibility-'in 1985‘ (Schnapp et al., 1985). Weiss (1970)
supported the microstream hypothesis, but also proposed' an alternate
mechamsm based upon a "perlstaltlc" movement coursmg down microtubdles.
Ener%y ongmatmtg at one end would cause 5 npphng conformatnona! change .
to be serlally passed down the-length of the mlcrotubule No expenmental
ewdence was. ever found for thns model. Sheetz et al. (1984) proposed that
vesicles contained a proton pump whnch provided a dlrect method of

propulsion. This position. was later abando’ned by the group in light of new

experimental evidence. Finally, the unitary hypothesis held that slow transport
. . ?

oowid be accountet for as an aspeci of the ‘same mechanism powering fast

transport; the slow transport was simply due to the drop-off of certain classes of

'm_aterials from the transport filaments (Ochs, 1975). This t.heory ran into

difficulties when it was” pointed out that the "peak of "radioactivity seen
accompanying slow transport did not broaden or diffuse, byt remained shaip
(Ochs; 1982). ) -Grafstein and Forman emphasized two theoties in their

forr‘nidable review published in 1980. the .microstream hypothesis, and the

2



- hypothesis that a translocator in acted directly against stationary

flamentous structures (Grafstein and Forman, 1980).

)

-~

F. CYTOPLASMIC STBUCTURE I'N‘A?(ONS
In an_attempt to expose the undérlyihg mechanism of axonal transport,
Sehnapp and Reese (198§rmpidly froze living turtle optié nerves. Three-
dimensional views of the insides of axons were obtained by fracturing the
axons, micro-etching the intr;cellhlular water\tgm avoid structural collapse, rotary
replicating with platinum, and viewing vi\é éledron microscopy. This showed
thét the axonal cytoplaém was comp\értmentalizea into three types of
v-longitudinal’ly oriented domains: neuroﬁlam‘ent’ domains, which contain
individual filaments intercennected by a cross-bridginé neiwc;(k; microtubule
d'oma'ins, which contain micrc;tubules suspended in a loose, graﬁular matrix
(poss'ible\complexes of soluble proteins comprising SCb); and a‘t.hird domain,
| p}eéent onfy in@yao-j,oo nm wide zone next to the axonal membrane, which
consists of a dense filamentous network that may connect the axoskeleton to |
the éxolemmg. Mitochondria and vesicular prganelles are present only in the
vmicrotubule domains; 'Schnaap and Reese proposed ihat the longitudirmally
oriented micrdtubule domains are channels Withinfwhich organelles are
: t‘ran‘sported. They also showed that mitochondria are élways attached to one
or n%ore'rﬁicrotubules by side‘arms, whereas vesicular organelles are not. -
" Microtubule dcifnains form longitudinal channels; IDPN, a nezrgtoxin, can
t;e used to collapse all the micfotubule 4domfains into the cemter. of the-axon,
forming one large micrdtUbulAe doma.in surrounded by neurofilament-
hassociagpd cytoplasm (Griffin ét al.,, 1983). All vesicula{‘( organelles were
contained within this central region, and rapid transport océzurred exclusively

'-wit’hin this region. This supported the view of Schnapp and ﬁéese that rapid
¢ \

\
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, vesicular transport was associatﬁd with microtubule ‘domains, but failed to
expose the underlying meqhanism.
G. CHARACTERIZING FAST AXONAL TRANSPORT | '

 Adams (1982) used h}gh voltage discharges to ‘punc.ture ho|qs in the
plasm‘\a'me'mbrane of giant‘gxons 'ffor\p the legs of the crab Carcinus maenas.
Under a light microscope, fas{ axonal transport could be seen to decrease as
metabolites- leaked out of tt]_e&gaxor‘\; movement could be reactivated by the
addition o'f;éxogenous AfP, thus showing directly for the first time that rapid
motion in axons wag ar/ATP-requiring process. o |

The next major step was taken in 1983 by Hayden and col|e_‘g:ues. who
_presentéd immunocytochemica{ evidence that transport filaments seen to be
parallel to rapid vesicle transport were indeed fﬁicrotubules (Hayden et al.,
1'983). Indirect immunofludrescence using a monoclonal antibody against
alpﬁ"a-tubulin shoawed;that al’l'\ transpoh filaments conte{in a{lpha-tubulin.
Subsequent work wijth fluorescent phalloidin, a ﬁlant toxin that bjir’\ds 10
filamentous aétin, Joyed that transport filaments do not contain actin
(Schnapp et al., 1984). -
' The next series of observations revealed t a17 he transport filaments could in
fact be smgle microtubules. In October of 1984, at the fourteenth annual
meetmg of The Socnety for Neuroscience, T.S. Reese presented
lmmunofluorescence AVEC-DIC, and electron mlcroscoplc evidence that a
smgle,nucrotubule could support transport; this work was pubhshed in Ce// in
February 1985 (Schnapp et al.,1985). When the axoplasm of the squad glant
-axon was pléced in a small volume of ATP-containing buffer, large numbers of‘f
apparently single axgplasmic filaments dissociated completély from the bulk of

the axoplasm. (Vale et al., 14985a)._ ‘As perceived with AVEC-DIC microscopy,
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all organ\elles, regardless of size, moved bontinuously élong isolated tranls'port
“filaments at 2.2 um/sec as long a;s‘ APP was présent. In intact axoplasm,
movements of the larger organelles was slow and éaltatory, implying that the
dense “network of surroundlng axoplasmic components impeded passage.
"Organelles attached to and moved along more than one fnlament at a time,
suggesting that organelles had multiple binding sites for the unidentified motof.
At places where filaments crossed one another, organelles could switch
filaments. No movement occurred in the absence of ATP with 1 mM sodium
azide and 10 mM 2-deoxyglucose present to block endogehous broduction of-
ATP. Under ihese ‘conditioris, orggnelles bound to filaments without moving.
This state was compared by the experimenters to the' rigor complex that
develops in muscle or in cilia when ATP is absent: '
~in the same issue of Cell, the same group of mvestlgators further detailed
their observatlons of movement on single m'crotubules (Schnapp et al 1985).
“The same dissociated single filaments viewed by AVEC-DIC not only
transported organelles bidireciiongl;y, that is, both anterogradely ahd
retrdgradély, but also aILowéd organelles moving in thé same or opposite
directions to pass each other without colliding. This indicated-that each
transport filament had several tracks for organelle movement. Characterization
' byrelectron microscopy of microfilénﬁents shown by the vi;ieo microscope to
support movement revealed structures 22-27 nm in diameter, ’apbroximately
ten times srﬁa,ller 'thvan their apparent "diémeter me;sﬁred from vidéo
migrographs, with substructures mducatnve of smgle microtubules. \
Further mformauon was supplied by Gilbert.and Sloboda who lsolatésL
éxonal V§S|C|GS from the squid giant axon and labeled them with rh\odamme
(Gilbert and SlobQda, 19&}4).‘ They observed bidirectional ATP depéndent

transpornt of theseg/fluorescent vesicles. In experiments in which p'roteins on the
* v i . -
. [ <
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surface of the fluorescent vesicles were digested with trypsin before injection,
no movement of these vesicles was seen, although transport of endogenous
~ vesicles ?nd organelles proceeded normally. It seemed that this moto;"\?vas
either attaghed to the vesicular mémb‘rane or was dependent for its .action
upon a prot'ein in the vesicular membrane, possibly a binding protein.

Vale et al.; (1985b) next showgd that a soluble -protein, present in
axoplas'mic éupernatént. was necessary for movémént to occur. They
 developed a reconstituted system composed of three components: MAP
(microtubule-associated pratein) free microtubules, vesicles, and axoplasmic
superné’tant. This axoplasmic sﬂupefnatant 'was prepared by homogenizing
squid axoplasm and preparing- a high speed supernatant devoid of
fnﬁ:rotubules and organelles.. A three-step sucrose gradient was used to
separate micr‘otubules. organelles, and a supernatant (S2) contéining all the
solut;Ié components of the axoplasm. An aliquot of the organelle fraction
was co‘mbined with MAP-free squid optic lobe microtubules and 2 mM ATP in
the presence or absence of S2. Thé’ number of organelles moving along the
microtubules in the présence of S2 was markedly increased. The
velocity of such movement was the same as'in dissociated axoplasm. The
. axoplasmic S2 also supported rﬁd'\‘}e‘ment of C‘arboxyléted latex. beads along
microtubﬁ;s or of microtubules'o‘n Qlass, \The direction of microtubule
merment on glass~was opposite to that of organelle movement on
r.nif.;otubulesf The factor in the S2 supernatant that prbmoted movement was
sensitive to heat, trypsin, 100 uM Vvanacale, ana AWF-PNP (adenyl-5'-
imidodiphosphate, a non-hydrolyzable anélogue of ATP). Microtubules did not
‘move on poly-D-lysin'e coated coverslips in the presence of S2 supernatant.

Lasek and Brady (1985) wére the first to note that AMP-PNP inhibited

" vesicle transport, and that axoplasmic vesicles form stable complexes with



mlcrotubules in the presence of AMP PNP. These observatlons were used’ by
' Vale et al. (19850) to partlally punfy translocator protern from 82 SUpernatant |
‘The purlflcatlon depended upon the translocator protem s unusual property of
formlng a hlgh affinity complex wnth mlcrotubules |n the presence of AMP-PNP.

..‘ This protem which they Iabeled "krnesm" mlgrated on gel filtration columns‘
- :Wl'th an" apparent molecular welght of 600 kllodaltons (kd) §DS'-
_ ‘_polyacrylamlde gel eIectrophoresns (PAGE) analy5|s revealed subumt ‘
polypeptldes of 110- 120 and 60- 70 kd This protem was distinct in molecular
weight and enzymlgq.behawor frOm myosm or.-dynein.. How klnesm was
‘ exertmg force to generate ‘movement remalned unclear, as did the questlon of‘
how both anterograde and retrograde transport could be sé‘en on a smgle
,mlcrotubule of flxed : polarlty Desplte such remalnlng questlons the

| publrcatlon of this- report was a plvotal pomt in the study of axonal transport and‘
: mtracellular motlllty The |mpllcat|ons of thls new mechanochemlcal protem

were evident to all, and consequer_ttly man}y groups have since used snmll_ar'
techniques.to isolate'kinesi_n-like proteins (k.l.p,"'s) from other sources. '

H. THE NATURE OF KINESlN AND KINESIN LlKE PROTEINS
lSOLATlGN PHOCEDURES AND BINDING COﬁDITlONS |

There have been a vanety ot procedures used to lsolate K.l p. 's trom various
' tlssues “An exammatlon of these procedures will aIIow statements to be made :
. .about the mechamsm of krnesms actlon S, | -
The orlgmal purmcatlon method by Reeses group was based upon Lasek‘

| and Bradys (1985) dlscovery that AMP PNP causes organelles to bind to

T mlcrotubules ThlS techmque was used to isolate a k l p. from ChICk bram_‘

s (Brady,,1985) and also from cow braln (Wagner et al., 1986).,  AMR- PNP. has '
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also been used to isolate k.l.p.'s tron}abbit kidney and liver (Va et al.,

1986a) DU 145 human tumor cells (Plazza and Stearns 1986) pig brain
ing .
(Amos 1987) sea urchin eggs (Scholey et al 1985) and Dros phila

emBryos adult heads, adult bodies, and cultured cells (Saxton ot al
| The |mpl|catr%$ns?§ot AMP-PNP binding were first explored by Lasek and
(1985) who noted that the effects of AMP-PNP on the vesrcle transport system
lndlcated that the enzymatic machinery of this system dlffered significantly from
that of thg actomyosm orthe dynein- mrcrotubule,systern. C N
The known cycle for both actomyosln and dynein;microtubule interactions
beglns with the blndmg of ATP to the stable actomyosm or dyne|n~r3 subflbnln"
complex ("ngor“ complexl which induces a rapld release of the myosm/dyneln
~crossbridge from its filzment s partner (see Flgure 1). "When- no ATP is
. ‘l.av'ailable, the rigor cor.> & s maintained. ATP is hydrolyzed by the
_ disso_clated AT‘F".ase; this energvy is stored by the forrn._ation.of an ADP-
(m.yos'in/dyneln) corri"zplex with a high ‘afﬁnity for the filamentous partn'er .The ,4
’ complex binds to its partner, releases its stored ené'rgy by gorng through-a )
| . conformatlonal change (the power strokeg “and then drssocnates\from the
| fllamentous proteln when .more ATP is- available. AMP-PNP, a non-
hydrolyzable analogue of ATP, weakly inhibits thls ATPase cyle and, like ATP,
promotes dlsassembly of the myosm -actin and- dynern mlcrotubule complexes
ThIS contrasts with the stablllzatlon of the krnesm mrcrotubule complex seen
. with AMP PNP (as attested to by the actlon of AMP PNP on vesucle transport |
.v ~ and by the possrblllty of using AMP- PNP in the lsolatlon of kinesin). Th,eref&rej
" it seems there is a fundamental dlfterence in the ATPase cycle of kinesin as-
compared to the other two known mechanochemrcal ATPases.
~ ATP depletlon in actomyosnn or dynein- mlcrotubule systems causes a ngor

state. ‘The action of ATP-depletron on kinesin-microtubule systems is more
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~ Figure 1: Actin-Myosin end Microtubule-Dynein Interactions -

- ANP-FNF

. L &lehIires
F+ AATP
" ATP hydrolized

by dissociated
) ATPase

‘Power stroke;
dissociation in
the presence

of ATP

F:APr — — — F +A:Pr-

o Low TR, | *
\\ﬁbﬁ/'//;nep High energy-high affinity complex
s ~ ' binds to filamentous’partner

F=filamentous partner (actin or microtubule)
K K= ATPase (myosin or dynein) o
Pr= products ‘
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uncertain. Lasek et al., (1985) repo‘rte'd that'when ATP was ellminated from -

squud axoplas& by the enzyme apyrase transport was mhlblted and

organelles exhlbuted Brownian motion, lmplylng that no rigor complexes are
;formed but that ATP is necessary for transport to occur ‘However, Vale et al.,

 (1985a) found ‘that in dissociated sqwd axoplasm absence of ATP caused

" the bmdlng of organelles to filaments; they compared thlS state to myosnn e

. actin or dynem / microtubule ngor‘ ‘complexes. Subsequently, Vale et al.,

'(1985c) reported that kinesin would cosediment with microtubules in the
absence‘ofl__,}\MP-PNP if the S2 supernatant was first depleted of ATP using -
hexokinase and;glucose. Scholey et al., (1985) also cosedimerited a k.lp.

vl/itlj microtubules by using apyrase to deplete the ATP concentration in sea’

urchin egg extract. Lately, Vale et al., (1986b) have reported that kinesin will
" .

‘bind strongly to mlcrotubules when ATP lsbdepletedi

The”f-ollo"wi'n'g cond\ltions\ also seem to promote strong associatlon_ot' kA.I.p.s
with microtubules: (1) p':esence ofri morganlc tripolyphosphate (PPP)
(Kuznetsov and Gefland 1986) (2) presence of 1 MM ADP + 100 uM sodium.
vanadate (Scholey et al., 1985); (3) depletion of Mg++ in the presence 'of ATP |
(Vale et al., 1986b)'“( )—presence of AMP- PCP, which is Iess effectlve ‘than

AMP-PNP |n causmg K. p. binding to mlcrotubules (Vale et al 1986b) Both .

PPP and EDTA will inhibit axonal transport of vesicles (R.S. Smith, pefsonal |

o 4 communlcatron) Whether all the known ways of mducmg K.l.p.-microtubule

o

A@ocratlon are dependent upon the same blndlng mechanism seems

doubtful; it is likely that at least two types of stabilized complexes are ln_volved. v
one dependent upon a rigor-like condition (ATP depletion' Mg*+ depletion?)

and one dependent upon the lntercalatlon of a non- hydrolyzable analogue of

' ATP (AMP -PNP; AMP-PCP; PPP” ADP VO4; Mg*"‘ depletlon'?). This IS.

supported by recent work by Vale et al. (1986b) whrch shows that the -
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concentrations of MgATP negessary to release kinesin from AMP PNP induced
attachment (1/2 max. at 2 mM) compared to ATP depletlon (1/2 max. at 75 uM)
" are dlfferent '

A Other recent work by Schnapp et al., ‘(l986) studied kinesin- induced

microtubule- movemeR in a cell desagned for fapld .,olutlon replacement

' Slldlng of mlcrotubules stopped abruptly during a 10 second exchan'ge\ in
either 0 ATP, O Mg*+, or 10 uM AMP-PNP. Mlc‘rotubules whose moyement
' was stopped by 0 ATP or 0 Mg*+ regamed activity wnthln 10 seconds after
tloodlng with 1mM ATP + 5 mM Mg++ recovery from AMP PNP took ovér one
mlnute Washing the AMP -PNP-stalled mlcrotubules with 0 Mg++ 0 nucleotlde
\ buffer for over: 15 min dld not reduce the one mlnute latency perlod when

MgATP. was mtroduced ‘however if the AMP-PNP- stalled mlcrotubules were

washed ina solutlon contalnlng 1mM ATP {no Mg++) the one minute latancy_

period was reduced to 10° seconds They lnterpret these results as follows
. since 0 Mg** 0 nucleotide b “ar will not reduce the AMP-.PNP latancy pe“nod,
thls'latency period is not dus (v a simple passive slow release or diffusion of

AMP-PNP into solution.. Addi'ng z':\TP to this wash buffer, thOUgh does

ﬁellmlnate the latency penod possibly the ATP is replacing the AMP- PNP at the

active site of kinesin or, as they hypothesuze possubly ATP is: attachlng to a
sec_o_n_d actlve site, each functlonal unlt of klnesm being considered to consist

" of two equnvalent monomers. This second blndlng would cause the release of

-~

AMP-PNP (occupation of both sltes by ligands is considered to be'

energetically -unfavorable) but the lack of Mg** prevents movement. They '

. further' hypothesize that release of hydrolysls'p‘rod'ucts at one site could be

driven by ATP binding at the other site; alternating activity at these two sites

@

would reduce the chancés of kinesin detatching from the microtubule durlng '
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the mecbenochemica‘l cy‘c‘l.e, dnring which they suggest there is antagonistic,
binding for kinesin by the mucrotubu|e and ATP. |
' Vale et al., (1986b) have also. shown that dussomatron of kmesrn from
: micro'tubnles is promoted by ATP, ADP,pr ATP(gamma)s, which suggests that
" ATP hydrofysis‘ is not reduired for kinesin's release Mg*+ (Cat+ will not
substltute) is also required along with the nucleotrde in order for kinesin
release to occur. This lends authority to their hypo!hesrs that nucleotnde
"binding alone is suffrcrent to promote dlssomatlon whether or not this occurs at
a'second site remains 1o be proven. - ) . .

To summarize, the stabilization of kinesin-microtubul'e asSociatio‘n by AMP-

. PNP implies a different ‘ATPase cycle is at work c\.ompared to actomyosin or
condmons which will promote this stabilization; these rmay hypofhetically \ A
be lelded into two types one dependent upon a rigor-like condition and one

dependemt upon the mtercalatron of a non- hydrolyzable analogue of ATP.,

dynein-microtubule inZeraCtions There age a 'variety’ of other egents .and

i'e
Recovery of mrcrotubule motion on glass after stalling mlcrotubules with AMP- )
PNP takes time; the limitimg step seerfts to be the release of AMP-PNP from
kinesin. Thrs is notea passrve process but may | be accelerated by the presence
of ATP (which may be interpreted as suppomng a "two actlve site" structure for .

kinesin). I - - °

2. MOLECULAR WEIGHTS |
It-may be premature to gather all these "k.l.p.'s" in one group. There are -
rnany variables which con'fbse the issue, sucb as molecular.weight (see Figure
‘2) 'An AMP-PNP technique has been' used by two investigators to isolate. |
kmesm from cow brain. Vale et al., (1985c)‘initially reported bovine kinesin as

a 600 kd protern which was compqsed of 120 and 60 kd subumts in

e’



Figure 2: \ ~ Kinesin and Kinesin-like Proteins : Molecular Weights ’

“Protein-~ Major Other

S Size Subunit  Subunits
Vdle et al.,1985¢ * 600 KD "120 kd 60 kd (120:60 = 2:1)
- Wagner et al., 1986 400 124 -
* Kuznetsov and ’ o :
Gefland, 1986  'large’ 135(55%) 66(21%), 70(1 1%), 58(10%),
. 45 (5%) (% = of total-by wt.)
Amos, 1987 n/a o 129 63
Sea urgb L‘Q'Egg ‘ _
. Scholey et al.,1985 500 4134 -
Brady, 1985 na 130 -
Saxton et al., 1986  n/a - 115 - o .
| o
Piazza et al.,, 1986 n/a )120 .
Squid Axoplasmic . » ~
Vale et al.,1985¢c 600 110 - ' :
S . | c N I ! " N '
Vale et al.,1985¢c 600 110 80 (110:80 = 4-10:1)
. : ‘ . 65/70(1 10:65/70 =1.5-2.2:1)
(see text)  proteolytic 60, 25 + 40 kd fragments
| fragrhents © (still bind:to microtubules
T ‘ with AMP-PNP) .

(see text) = kinesin bound - Bg'kdﬁprotein released
to microtubules, :
then exposed to ATP (0 Mg) .o
- ,
. /(seetext) kinesin-bindirig proteins exist which show
« ., AMP-PNP-dependent binding to microtubules
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approximatel'j/wiéi“"’*zﬂ rafio. Wegner e{ al., (1986') subsequently reported the
.' isolation of a 400, kd bovme k. l p., probably composed of three 124 kd subun‘1ts;.
Both groups used. :denucal binding techmques the reason for the duscrepancy
in their reslfuts is not clear. Kuznetsov and Geﬁand (1986) also isolated a
"large" protein from cow braln using PPP which gave subunits. of 135 (55%
total protein composmon) 66 (21%), 70 (11%), 58 (10%) and 45 (5%) kd. They
| identified this protein as bovine klnesm at least partially beécause it had "sumllar
polypeptade composmon'ﬁo bovune kinesin |solatéd by Vale et al., (1985c)
‘ K.lL.p.'s nsolated from other tissues also exhlblt a range of sizes: pig brain
K.l p lsolated usmg hexoklnase + glucose + O 5 mM AMP-PNP, has 120 kd
and 63 kd subunits (Amos, 1987) sea urchin egg k l.p., isolated using. AMP-
PNP’, 1mM ADP + 100 pM vanadate, or ATP depletion with apyrase, has a’
molecular 'weight of 500'kd, composed of multiple 9.5 S subunits of 134 k
(Scholey et al., 1985, 1986); chick brain k.p., isolated using AMP-PNP, is
composed of 130 kd subunits; Drosophi/a k.Lp., isolated using AMP-PNP, is
composed of 115 kd" subumts (Saxton et al., 1986) DU 145 human tumor cell
k.l.p., -isolated usmg AMP-PNP, is composed of 120 kd subunits; squid
axoplasmic kinesin, isolated using AMP-PNP is composed of 110 kd subumts
although squid optic Iobe kinesin, isolated using AMP-PNP, ls composed of
~110, 80, and'65/70 kd subunlts in a ratio of 1 §:1-2.2:1 (110: 65/70 kd) and 4:1-
101 (110:80 kd) (Vale,ﬁet al., 1985c). (Note klp molecular weight was

=y s

typlcally determined pising gel f° ahcr chromatography, while subunit

composition and’ blecular weig nere typically determined usinﬁg

polyacrylamide gel ¢lectrophore: = 4nec % the k.lp.'s identified to date
- are composed of a majdr sub'unn 1 117 135 kd, with some preparations also
‘ exhlbmng the prese"ce of ¢maller sLL. ... n,ported molecJlar weights for

. the comp'e e protein range: from 400-600 kd At is not surprismg to see

-
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interspeciesvariation in the molecular weight of k..p.'s: Also, the different
‘isolation.methods mentioned here, although all based on mncrotubule affinity,

could be responsuble for the presence or absence of addmonal subunnts @

Some recent wgsK by Vale and Reese (1986) promlses to shed light on this

top:c Squud kinesin whuch was bound to microtubules with AMP PNP and

exposed to proteolytuc enzymes (subtilisin, chymotrypsm, or elastase) yielded

a 60 +/-3 kd fragment which remained bound to the tnic_rotubhles through
several wash steps. Further digestion, especially’ with subtilisin, generated
ffagments of+25 and 40 kd which also tema'rned associated with the
microtubules. While prcteolytic fragments are unlikely to correspond directly to
' subunits; i_ﬁs.iﬁtere‘sti’ng that portions of the kinesin molecule retain their ability
to bind to microtu%{lxes even when the méjority of the mctecute has been
‘ removed by digest' The next Iogical step would be bind kiresin to
mlchtubuIes by dlfferent methods (e.g. ATP removal) ‘and see i dltferent
portlons of the molecule are left behmd after digestion. This could provide
-hard evsdence for the existence of two d}ﬁérent types of microtubule bmdmg a
"rlgor" complex and & complex st?élhzed by the presence of a non-
hydrolyzable analogue of ATP, .
Vale et al., (1986b) have also recently shown that an 80 kd polypeptide is

released from (squid?) kinesin bound to microtubules when ATP is introduced

in the absence of Mg*++. This could correspond to the 80 kd subunit reported\

for squid optic lobe kinesin*(the report was not clear on this pomt) Schroer and

| S_he_etz (1986) have also psed sqund optic .lobe kmesm in kinesin-affinity -

chromatcg‘raphy and have identified several proteins in squje optic lobe

'homogenate that bind to kmesm Like kinesin, some of these proteins‘

apparently show AMP-PNP dependent blndlrig to microtubules. They postulate

that kunesm could be part of an oligomeric axoplasmic motor complex. This

*

-~
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could in Tact explain the presence or absence of the smaller molecular weight
subunits in the differeng types of k.l.p.'s; diffe're'nt parts of this postulated
oligomeric complex rhay be present or absent in ény-‘giyen isolation.
Unfortunately, they do not give the molecular‘fkyveights of these kinesin-binding
proteins, so no fyrther conjgsture may be ﬁade on this point. However,
Schroer and Sheetz have also shown that kinesin will enhance the movement
o‘f partially purified squid axopl’asmic veéicles ‘'on microtubules, but no“
movement is seen if highly purified \}esicles are substi‘tuted\ in ihe pfeparation.
it dbes, therefore, seem that more than simple kinesin is necessary for

' organelle: movement, although simplg kinesin is sufficient te allow thesthighly
purified vesicles to bind to microtubules in the presence of AMP-PNP.
Unfortunately, details of‘ this last experime"nt were unavailable; no comment
c4an be made on the identity or‘cha_racteristi‘cs of "highly purified vesicles" . |

3

(Schroer and Sheetz, 1986).
. 3. ATPase ACTIVITY:

One would #xpect an ATP-dependent mechanochemical enzyme to be an
ATPase. Howeverhere, as in other aspects of kinesin's action,\tﬁe story is not
éo simple. The origihal wo}k done by Vale et al. (1985c) with squid and bbyiﬁe
kinesin stated that little ATPase activity (0.01 umol/min/mg kinesin) eluted with
fhe gel-fiAltration fractions that contained kinesin, although microtubule/ vefociiy -
as a function of [ATP] was late; found to fit Michelis Menton kine'tiqs“(Schnapp
etal., 1986)‘. This low AT,qué activity was activated 1-2 fold by 0.25% Triton- *
X-100 or 0.8 M KCl; N-ethyl- maleimide (NEM) _had no %f}fect (Vale et al.,
1985¢). However Brady (1985) claimed he found ATPase activity preferentially ‘
associated with microtubulleas ihcn(lzated in chick_brain homogenate in zthe

" presence of AMP-PNP. This ATPase activity, present only in pellets containing _ ™

~
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chick brain k.l.g., displayed some «of the properties previously shown to be
related to axonal transpont, such as Iack\of a Ca++*dependence and inhibition :
.by‘ EDTA in concentrdtions sufficient to chelate Mg*+ in the buffer. The
difference bet;/veen the experimental desiQs of V?Ie et al. and Brady waé the
presence of microt'ubyle,s in Brady's.preparation. However, Scholey et al.,.
(1989,) no{éd no. increase in ATPase activify which copelleted with
microtubules iqcubated in sea urchin egg homogenate in the presence of
AMP-PNP, even though a k.I.p. was identified. . '
This question has sincesbeen specifically examined t;y Kusnetsov and
kGeflénd~ (1986); who isolated a k.l.p. from bdvine brain uding inorganic

' Wipolyphosphate (PPP). This protein had a very low ATPase activity after

. elution from a gel filtration colt)Jmn - 0.06-0.08 umol/min/mg i;?3mM Mg++.l |
Though this activity was stiH} very low: it was 6-8 times higher than that reported
by Vale et‘al._, (1985c) (Or squid kinesin. The difference could be due to the
different methods used during purifigation, and may or may not be significant.
When tauxolisfabilized pure ~micr‘otubules were added to Kusnetsov and
Gefland's k.l.;ﬁ.-.(:ontaining eluant, the ATPiase‘activity 6f the preparation
increased dramatically to as high as 4.6 umol/min/mg. The ATPase activity of ~ |
prre taxol-stabilized microtubules was undetectable, so thig increase in activity
must have been due to an interaction between the k.l.p. and the microtubules.
T‘his microtubule activated ATPase would-h):drolyze other ﬁucleotides at rates
comparable to ATP hydrolysis (GTP - 81%; ITP - 61%; UTP - 41%; CTP - 85%
c.f. raté of ATP hyd‘ro»lysis). Strangely, kinesin eluted from their gel filtration -
c‘:olh}nn with nd microfub%les added had a substantial ATPése activity.\'in,the'__
presence of,2 mM Ca*+ (note: this is an N\nph);siologically high Ca+;‘I’evel).
More strangely, dctivation was higher in 2mM Ca** than in 10 mM Ca*+

- (Vmax = 1.6 umol/min/mg vs Vmax = 0.57 umol/min/mg).— Activation in 2mM
XSy A
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Ca** required 80 times more ATP to reach 1/2 Vmax combared to activation
by. microtubules (Km = .0008 vs Km = .00001), again an unphysiological

. = \
condition.-

‘  Penningroth et al., (1986) héve also réported the activatidn ofiATPase
activity in the presence of microtubules and a k.l.p. isolated from bovine brain.
To further confuse the-issue, Wagner e_t}«al.. (1986) have recently repqrted
the AMP-PNP- microtubule-affinity dependent isolation of a k.I.pl. from bovine
brain' which shows "substarxtial ATPase activity" after purification on gel
filtration and DEAE-Fractogelj chroniatography. The use of microtubules or
Cat+ is not mentioned. An'y'fin’al answers to thé' qu;astion of how kinesin acts

as an ATPase must await further clarmeatuon It is possible that species

variation or differences in isolation technlques are respon3|b|e for the different

Jesults produced by different investigators. H,owevver, it.is likely that kinesin or

k.l.p.'s will act in the expected réle of ATPase if the‘con}iﬁions are right;;
defining the condmons is trickier, but the presence of microtubules seems to be
mandatory unless both Ca*+ and a high concentration of ATP are present

The bmcﬁng of klnesnn to mncrofubules may induce -a conformatlonal change
which exposes an ATPase site, or the microtubule |tse|f may be part of the -

actnve site. The action of Cat* is harder to explain. Since Kuznetov and

* Gefland are the only i}\vestigators to report this finding, and since they

" probably induced only by in-vitro conditions.

V4

emselves do not comment upon it, this report will treat it as an anomaly,
: . O
w
f

—

4 MOTILITY , , ¥
One feature that should (and does to some degree) unify the K. l p.'s is their
ablhty to induce movement - either of organelles or plastsc beads on

microtubules or of microtubules on glass. Motility would seem to be a crucial

. \ .
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_element for the identification of an alleged “"kinesin", however not all
investigators have been able to or have found it. necessary to include this in
their results. Piazéi and &tearns (1986) Have shown that DU 145 human tumor
cell k.l.p. will activate movemenf of carbbxylated latex beads -along
microtubules;‘microin'jectu'en ‘of t‘his k.l.p. into living DU 145 cells indUces
directed saltatory movement of vesicles. Sea urchin R.l.p. which was frozen in
Iiduid nitrogem and shipp;d to Vale and Sheetz in Woods Hole ir:duced
'movement of microtubules on glass. This movement was later shown to be
indistinguishable from that produced by neuronal kineSInr-(Scholey et al., 1985;
Porter et al., 1986). A k.l.p. isolated frorri Drosophila causes m‘i\:rotUbuleS‘to
glide atross glass?n;‘t\% same dire’c‘tion'as induCed by the squid and sea
.u'rehin proteins, correéponding to an anterograde,direcﬁon (Saxton et al.,'
1986). | . AN

However, motility remains e‘x'bit of a mystery. In the initial purifications of
Kinesin carried cut by VaIeAet al,, ‘(198'50), the following results were fouh . low

speed supernatan{t (S1) from squid 40\p|?sm would‘ induce ‘bidirec
organelle mo.vement atong miérotubules, but high speed squid axoplasmic
- supernatant (S2) would induce movement in only one direction which was
later shown to be the anterograde direction by VaI}e etal., (1985d). When.this
high speed supernatant had its midrotubules removed by incubation with GTP
and taxolhv(makying S3), it would still cause unidirectional movement. quuid
optic lobe hoﬁwoge.nate and bovine ‘brain homogehate', d(( the other ®and,
,;would not induce any kind of movement in either the.S1, S2, or S3 state.
Further-purificgtion of the squid optic lobe kinesin was performed by using
- AMP-PNP deéendent microtubule affinity; this allowed the »optic lobe kinesin to
move microiubules on glass or move beads or organelles along microtubules

in a unidirectional manner. An identical purificatibn technique carried out on
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.bovine brain homogenate, however, failed to release a motrlny causing faotor
It V\:i?only after gel filtration chromatography that the bovune brain kinesin
finally cause movem_ent. It is necessary to keep in mind here that these
different "kinesins" all showed somewhat ditferent subunit composition (see
'Figure 2, page 18);.it'is aiso possible that kinesin is less concentrated in squid
optic lobe or bovine brain 'homogenate than in squid axoplasm. There may |
also be inhibitors present in brain which arg not present in axoplasm; further
punfucatlon may be necessary to remove these factors. I.
As stated earlier, squrd axoplasmic S1 induces bndrrectronalvmovement of/\
organelles along microtbules, whereas squid axoplasmic S2 and purified
kinesin promote movement in only -one direction, This raised two que“stions in
WhICh dlrectlon Joes kinesin cause motllrty and what causes transpon in the
opposnte direction? To determn%(a'\the polarity of kinesin action, an assay was
dev/eloped using microtubules assembled on centrosomes in vrtro (Vale et al.,
1985d). Centrosomes are rniorotubole organizing centers found in many cells,
including- neurons. Centrosomes  were purified and microtubules, with theiy
plus ends frée, were grown on them." Ltwas found that kinesin bound to 0.1 um
latex spneres caused the spheres 'to’move from the minus to the plu% of
microtubules, a direction corresponding to that of anterograde transport n
, intact axons. | A
Since S1 will promote bidirectional motility and the high speed
‘ supernatan{’ S2 will not, Vale et al., (1985d) tried an alternative strategy.j
| Vesicles and mi.crotubules were remove# from S1 by incubationsin taxol (20
M), GTP (1 mM) and Triton X-100 (0.5%) followed by a lower speed
centrifugation (40,600 X g for 30 min). This S1a solution still promoted
bidirectional movement of oeads on microtubules. Much less movement of

microtubules on glass was sefen with S1a as compared to S2; protéins preseRt

¢
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in the S1a mtertere wrth this klnesm generated movement Ftetrograde bead
movement promoted by: S1a (1 ‘4\)um/sec) was mhlblted by N- ethylmalelmlde ‘
and 20 uM vanadate while anterograde movement (0.6 um/sec) was
unaffected by these agents S1a treated ”wnh these mhibltors would behave
hl(e 82 causung smooth umdlrecttonal movements of beads lon mlcrotubules‘
and mlcrotubules on glass Thls mdlcated that the retrograde translocator was
pharmacologlcally distirict from kmesm Also the fraction contalnmg retrograde
}. movement collected at hlgher sucrose ‘concentrations than kinesin “during
: SUcrose gradrent centrlfugatlon 8f S1. This showed either that the retrograde _
~‘”_‘_translocator ‘was-much larger than kinesin or that it tended to associate with
‘large structures such as fllaments Organelles taken from the sucrose gradlent
showed bldtrectronal movement along mtcrotubules at speeds srmllar to that of
beads in the retrograde direction (1 5. um/sec) but faster than beads ln the'
: ,"anterograde dtrectton (1 4 um/sec) The difference in velocuty may reflect a
: dtfference in the manner in Wthh the anterograde and retrograde translocators “
.interact with beads_gompared wrth organelles | , - R Y
‘While u‘(tgrsestrng in ltself none of the above clarmed the chorce between the
tollowrng two possrbllltles klnesm or mlcrotubules were either bemg modified
in such a way that both pharmacological sensrtlwty and force dlrectlon were
lbelng changed or there was another retrograde translocator lnvolved To
: dnstrngursh between these possrbtlmes an afflmty column was prepared usmg'
. a monoclonal antlbody agamst kunesm S2 was applled to this mlu'nn the
_ eluant from did not contam kinesin but did promote retrograde bead
movement These results indicated that there was a retrograde bead/
, translocator whrch was phannacologtcally and tmmunologlcally dtstmct from

| ktnesm =This retrograde translocatoruwas ATP dependent sensitive to trypsm

IS
‘N
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and lnhlbite‘d by 20‘uM vanadate, 2mM NElvl or 7'mM AMP-PNP (Vale et al..
-~ 1985d). ‘ ‘ | | |
| An mterestmg thit has recently been added to this toplc Organelles 7
travelllng in myelinated axons‘oernopus Iaews in both the anterograde or
retrograde dlrectlons reversed direction when they reached the edge of a Iocal
. 20 pM lesion in the axolemma Normal retrograde transport was blocked by
~lower concentratlons of vanadate (10 uM) and EDTA (5 mM) than reversed
retrograde transport. Slmllarly, anterograde. transpart was unaffected by

“concentrations of these agents that inhibited ferSed anterograde transport..

.‘ This implies that individual vesicles switch driving mechanisms durlng reversal

of rapid‘ axonal transport (Smith, 1986). in fact,_du'rlng rapid a_nterograde or

| vretrograde transport in vertebrate axons, an organelle's velocity exhibits a slow
,perlodlc component of about 0.1-Hz, evidence that organelles are normally

: lnfluenced by two opposrtely dlrected motlve mechanlsms (Smith, 1987). The

slow variation in velocity could reflect a change in the proportlonal elfect ol two

‘ motors perhaps turnaround at lesrons is snmply a dramatic example of the

pnnmple Ind|V|dual organelles moving on mlcrotubules in, crude axoplasmlc

| extract rarely reverse their direction, unllke beads "which frequently reverse,

thelr direction (Vale et al., 1985d)." |§lS llkely that organelles contain receptors

on their surface that recognlze elther the anterograde oOr retrograde '

‘translocator beads lack these specnflc receptors ThlS hypothesls is

‘s gthened by the fact that trypsin treatment of organelles abollshes thelr'
‘movementy purified - mlcrotubules even if actlve translocator is present |
(Schnapp et al., 1985) Dlrectlon reversal may require changes |n the

| organelles membrane; perha&s new surface protelns are exposed or

: exposed proteins are modlfled It would be mterestlng to use antibodies

against kln_esm to label organdlles; if this were done- it would show for the first-
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~time a direct relationship between kinesin and organelles, and would also .

_ 'provide a means of following the presence of this anterograde transiocator

during reversal.

5. PHARMACOLOG!CAL STUDIES .

The pharmacologlcal propertres of kmesm and k.l p s are agaln rather

controversral Vanadate an mhrbttor of ciliary dynein, seems to be anversually .

acknowledged as an mhrbltor of krnesm based motility. In extrud_ed and

dissociated squid axoplasm,_‘too uM vanadate will block the movement'of

’.for"ganelles or plastic beads along single microtLtbules while 20 uM vanadate

~ will not (Vale et al., 1985b). Microtubule movement promoted by punfled squrd

or bovme kmesm is abollshed by 100 pM vanadate and onIy slightly |nh|b|ted

;by 25 pM vanadate (Vale et al, 1985c)- Vanadate at >50 uM will stop

microtubule gliding promoted 'by k.l p. 's isolated from sea urchin egg (Scholey
et al,, 1985) and Drosoph//a (Saxton et al., 1986) The mlcrotubule actrvated

ATPase Kk.l.p. isolated from cow brain by Kuznetsov and Gefland (1986) is not

. )
inhibited by 2 uM vanadate but ATPase actton rs inhibited 27% by 10 pM

vanadate tnterestmgly, in the Sta supernatant prepared by Va|e et al

(1985d) WhICh W|Il support bidirectional movement of beads on mlcrotubules

20pM vanadate will inhibit retrograde bead movement (normally 1.4 pM/sec)

- but not anterograde bead movement (normally 0.6 pM/sec) This selective

i mhlbmon of getrograde transport by low concentratlons ot vanadate may also

&e seemn rntact axoplasm (R S. Smtth 1986, 1987)

N- ethylmalelmlde (NEM) on the other hand is subject to confhctmg reports: .

| regarding its effect upon kmesm and k l.p.'s. Premcubatlon with NEM causes

&

modrfrcattons to -SH groups Vae et al., (1985c) mltlally declared that while |

NEM inhibits dynein's abthty to bind. to microtubules and generate force,_ K
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‘microtubule movement generated by kinesin was "largely unaffected" by 5 mM

NEM. They later reported that r‘e.trog,raide movement of beads incubated in
S1ta was inhibited by 2mM NEM, with anterograde ‘(k,inesin-lgenerated) rﬁetility
remaining unaffected (Vale et al., 1985d). It seems odd, therefore, that ‘_Saxton '
et al.,l1986) would later use the inhibition bllmicretubule glidihg by'[NEM] >10
mM as evidence that theif.k.l.p» frem_DrosBphila Was "fly kinesin" ' 'K.I.p..ofrom
sea .ur,,chi'n egg. (Scholey et al 1986) also dlsplayed mhlbmon of microtubule
gliding in [NEM] > 2 mM. The latest account from Porter et al., (1986) stetes_
that sea urchin lg.l_.p. and squid kinesin are both relatively insensitive to high
concentrations of NEM; 3-5 mM are required to block microtubule motility on

glass. | . S g N

6. ANTIGENICITY - v A D

\Another factor which attests to the similarity of kinesin and the k.I.p.'s is their

~“shared antigenicities: antibodies to the sea urchin 134 kd subunit bind to squid

110 kd subun eholey et a'I; 1985); antibodies to both 134 kd sea urchin

.vand 110 kd squid subumts recogmse the 115 kd Drosophlla subunit, and vice-

.

versa (Saxton et al 1986) antlbodles to tﬂe 134 kd sea Ul’Chln subumt quI'
ldentlfy ‘the 120 kd subumt from DU 145 human tumor cells (Pnazza and .
Stearns 1986). Vale et al. 1986a) have used antibodies to squid 110 kd

subunits in a polyclonal immunoblot technlque to identify k.l.p.'s in a number of '
mammallan tissue cultures (373 and PClz cells), and have also used
antlbOdIBS to squid 110 kd subunits 1o |dentlfy the presence of a klp in

Chlamydomonas and Tetrahymena It seems that the epnopes for kinesin are.”

~quite well oreserved which attests to the importance of the protem Obwously,

‘functlons other than axonal transport are involved. In fact, antibodies to sea .

~urchin kinesin have been used to stain the mitotic spindle in fixed sea urchin 1
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- eggs (§choley et al., 1985); when these antibodies are‘vmi‘crdinjected i\nto.
| ~ dividing early sea urchin blastorneres division is halted (Scholey et al., t‘986).
Anttbodres against sea urchm k.Lp. that have been puritied by immunoblots to
‘DU 145 human tumor celt k.l.p. will stain the cytomatnx in non- dlwdmg cells
(Prazza and Stearns 1986) ‘which rmphes that kinesin and k.I. p. s may be
involved in general cytological functlomng and not merely such specrahzed
actuvmes as axonal transport and mttosns y

Immunologlcal techniques have also allowkd researchers to begln probmg
the genehcs of tonesm. Antibodies to 115 kd Drosophila Kf.p. have been used
to screen a cDNA library -prepared from fly heads; clones which encode for
proteins recognized by this antiserum have been identified and‘isolated
~ Saxton et al.; (1986) predrct that these isolated clones encode for portrons of
Drosophlla k.Lp.:
7. ELECTRON MICROSCOPY | v

Electran microscopy haS‘prowded more clues to the strutture and functton
" of kinesin.' The. most extensive wo=rk in this field has been done by L:A. Amos
(1987) who has worked with both shadOWed an‘d negatively stained
‘specimens of a k.I.p. isolated from pig brain. According to her}results, pig brain’
K.kp., which is 100 nm Ion‘g“in vitro, consists of a rod 2-4 nm in diameter with a
ftexibte joint in'the middle. This rod has a large branched structure at one end
consrstrng of 3-6 flexnble stems with small heads at the end of each stem. At the
other end, there. is a small forked prOJectnon with two or possnbly more prongs.
When this k.l p is mcubated with mtcrotubules m the presence of AMP-PNP
the forked end attaches to mrcrotubules interacting with a small number of
protofllaments possibly only one; occasionally the large branched end is also

seen bound to microtubules. She suggests that the subunlt concentrations of
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this k.Lp. indicate that each projections of the large branched structure may
_correspond to one heavy (120 kd) chain. The small forked end may consist of
two or more ATP- sphttmg heads, ahalogous to myosin, with the ad]acent rod
servmg as a binding area for controllrng proteins.
Electron microscopic observatrons of other investigators are consistent with
. these ohservations although there are some differences. Shadowed squtd
| "krnesm was descrlbed as a rod with a ball on one end and a smaller ball on
the other" “which was 50 - 70 nm long, a shorter length than porcme kI, p.,
| which could be explained by the lower molecu!ar weight of the squid heavy
chain (110 kd) (Vale et al., 1985c). However, Miller and™Lasek (1985) and
Gilbent et aI;, (1985) both re‘ported;'jthat cross -bridges bet\‘/veen vesicles and
microtubules hao[an‘ average length of 17 nm and a maximum length of 30 nm,
regardless of whether the vesicle was moving anterogradely or 'retrogradely at .
the time of fixation. " As well as conflrctmg with the notion of different
translocators: for drfterent dlrectlons these measurements do not match well
'wrth kinesin's dumensnons. It is possuble that the cross brldges seen by Miller
and Lasek (1985) and Gilbert et al., (1985) represent one half of the: main 2-4
nm dlameter rod; the rest of the rod may be attached to.or aligned with the
’ mlcrotubule (l:‘mos 1987) lt is. also possible that these “cross bridges

represent other proteins, other motors that may be more permanently attached

/

to vesicles (see Introduction, page 32). - . o

8]MECHANICS OF KINESIN ACTIVITY \
| In a recent article, Hill (,19,86)‘used theoretical formalism from the study
- of muscle contraction fo examine the me,chanism of kinesin’s'action.n}A'tentative
kinetic diagram of kinesin's biochemical states was rélated to a plausible free

energy diagram for these states. His proposals are summarized in Figure 3. It

-
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‘Figure 3 : Proposed Kinesin Microtubule Interactions (Hill, 1986) |

F = microtubules
A1= kinesin, configuration 1
A2= Kinesin, contiguration' 2

Pr= products: ADP, Pi

"a) F:A2:ATP is normally a transien:lntermediate unless'a non-
hydrolyzable analogue of ATP is present The conformatlonal
change from A1 to A2 allows rapld ATP hydrolysis; this’ change
may occur in solution if ATP ls.pre‘sent (hencethe low-level
solution ATPase activity of kinesin - Vale et al., 1985¢).
che\)er the presence of F catalyzes the A1-Az
conformational change and allows much higher rates of ATP
hydrolysus Separatlon of the F Az Pr complex to F+A2:Pris

necessary for the release of Pr.’

b) This is a schematic representation of microtubule ‘movement
on glass After the transition F:A1:ATP to F:Az: Pr occurs, a
force wrll be exscuted as Az shiits to its thermodynamrcally

stable conflguratron

g
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a) ATPase cycle : | -4

F+ A;: ATP
. ' rigor -
(low [ATP])
ATP

' : / F:Ay -
Transient F:Ay:ATP " /
intermediate; / s F +-Aq ‘
AMP-PNP_ , .
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poweY stroke
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b) Schematic Diagram
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) ” Az (sta{‘ble state) surface
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.as mterestmg to compare this diagram to Figure 1 (Actin-Myosin and
Mlcrotqbule Dynein Interaotlons} Kinesin's ATPase cycle seems to run |n the
opposite direction to that of myosin's or dynein's.

Recent work by other investigatore allows further c'omm'eni upon the
" mechanism of kinesin's action. If there are two 1c1|ve sites, as Schnapp et al.,
_ (1986) hypothesuze several addmons could be made to Flgure 3. Dissociation
| of F:A2: :AMP-PNP or F:A2: Pr to F+A2:Pr could be driven by ATP blndmg to the
second actlve site. Since this dlssomatuon -can also be promoted by ADP +
Mg++, it seems actual hydrolysns at the second site is not necessary (Vale et .
al., 1986b). | ‘ '

The effect of Mg++-depletion on this‘oycle is not clear. Depletion of Mg++ in
the presence of ATP promotes the strong association of kinesin wnh'
mlcrotubules (Vale et al 1986b). Introduction of a 0 Mg++ buffer abrupﬂy stops
kinesin-induced microtubule movement on glass (Schnapp et_al., 1_986). The
fact that therev is no latency period before recovery of movement once
Mg+t s reintroduced suggests that an F:A1-like rlgor is mvolved (see

Introduchon page 15).

. J
£

’9 OTHER POSSIBLE CYTOPLASMIC MOFORS

In addition to the true k L.p.'s, other proteins have recently been dlscovered
that share certain properties in common with the k.l.p.'s and should therefore
be included in this discussion. Collins and Vallee (1986) have isolated a
‘microtubule-activated ATPase from sea urchm' eggs which associates with _
mucrotubules in the presence of ATP and is dnstmct from cytop!asmlc ciynem
and kmesm.‘-vBasmally, a high” speed supernatant of egg homogenate was

further sepérated by ,suofose density ceht’ringation. A 10 S ATPase
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that was active only in the presence of microtubulés was founcl. In contrast to
dynein, no stimulation by nonionic detergens was exhibited. 100 HM sodium
vanadate did not inhibit this ATPase (it will inhibit both'dynein and kinesin
activity) while [J_EI\_/I inhibits it completely (NEM’%nhibils dynein and has a -
_ controversial effect on k’.l.p'.'s). The fact that this prbtein differs from kinesin and
dynein in sedimentation coefficient, micrptubule binding characteristics,
'|mmunolog|cal specmcnty, and several phgl.'macologlcal propertles seems to
indicate it represents a novel kind of ATPase. Whether it has a ro's in

.

Lye et al., (1986) have identified a non-k.l.p. microtubule-based cytoplasmic

intracellular motility remains to be deteymined. ©

motor in the nemotode C. elegans . This 20 S, 375 kd ATPase, which is
- isolated usrng a modmed Vallee procedure will transport microtubules across
/ss in an anterograde fashion at a speed of 0.8-1.0 uM/sec (c.f. 0.4 uM/sec
for squid and bovine kinesin - Vale et al, 1985c). No binding agent is
mantioned, although binding of/ this polype.ptide/to taxol-stabilized

microtubules is ATP sensitive.

ovement is ATP-dependent, and ATPase
activity and ‘microtubgle motility are inhibited by [NEM]>1mM,
[yanadate]>10lrlv‘l,iand activafed by 0.2% Triton X-100. .» \‘
Gilbert'and Sloboda (1986) have isolated squid axoplasmic’veaicles which
translocate on isolated MAP-free microtubules in an ATP-dependent and
trypsin-sensitive manner ‘When these vesicles were exposed t'o'['a32 P]8-
azrdoadenoslne 5'- trlphosphate (a photoalflnrty analogue of ATP) and UV
light, a 292 kd polypeptrde (which was later isolated in association with
vesicles or taxol- stabrllzed mlcrotubules) bound the analogue. This
polypeptlde cross-reacted with antiserum to porcrne bram "MAP-2. Because
the 292 kd polypeptide binds ATP, which is assocrated with axoplasmic

" vesicles that tran_slocate on MAP-free smicrotubules in an ATP-dependent
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fashion, can be isolated in association with vesicles and microtubules, and is
released from microtubules in the presence of ATP, Gilbert and Sloboda
believe this MAP-2 like polypepfide. is involved in microtubule-vesicle
interactions that promote vesicle motility. - ' ¥

Ret/culomyxa |s a gnant freshwater ameba whose organelles exhibit rapid
saltatory movements of up to 20 uM/sec when ATP is added to lysed
preparations (Koonce and Schliwa, 1.986). This lysed model system is also
capable of other forms of motility, nam'ely an-active splaying pf microtubule
buwndles and bulk streaming of organelle clusters. Reactivation does not occur
with other nucle05|de triphosphates, requnes Mg*+ ions, is insensitive to even
high concg;ntratlons of EHNA {erythro -9- (3 [2-hydroxnonyl]) ademne} is
sensitive to vanadate only at concentratlons greater than 0.1 mM, and is
inhibited by N-ethylmalelmlde at concentrahons greater than 0.1 mM. The
msensf/nvnty to low concentrations of vanadate and EHNA is mconsustent with
dynein-based motlhty Nucleotide specificity (kmesm can use GTP - VaTe et

al., 1985c), velocity ef organelle movement (an order of magmtude Iarger than
kinesin) and sensitivity to low concentrationd of NEM (>0.1mM vs. >3-5 mM for

sea urchin or squid k.l.p.'s - see Porter et al., 1986)‘are inconsistent with k.I.p.-

generated maltility.
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Il. MATERIALS AND METHODS
3

A. MICROTUBULE PURIFICATION AND CHARACTEBIZ;\T|ON

1. INTRODUCTION

In' order to perform microtubule-affinity purification of bovine k.l.p., it was «
necessary to obtain pure microtubules. To, obtain the best purification method,
"the literature was searched for information on these polymeric f.ilam‘emous
prpieins. The existence of cytoplasmic microtubules was recognized in 1963, -
- when glutaraldehyde fixatives were first used in electron microscopy
(Ledbetter and Porter, 1963). Large numbe'rs of microtubules are present in
neural tgsue (Wuerker and Kirkpatrick, 1972). Microtubljles are tubular
structure 20-26 nm'in diameter and are formed by the polymerization of the-
protein tubulin, which is composed of alpha and beta subunits. Typically the
wall o? the tubule is approximately 6 nm thick; the center i§ generally clear
(Peters et al., 1976). The walls are thought to be composed of 13 globular
subunits (Tilney et a{., 1973). Microtubules are in qquHibrium with a pool of
U’nass'embled monomers, and use‘ the.energy of GTP hydrolysis during
assembly. This energy input allows.very rapid polymerization. The
polymerized tubulin maintains an intrinsic polarity - one end of the polymer
contams exposed alpha subunits, while the other end contains exposed beta
subunits. The filaments assemble »sbontaneousXy to give long uniform ro'ymers
held togethey by noncovalent interactions. Also, at the 'A' or ass'embly* end, -
subunits are added more rapidly than they are lost, wheras at the D’ \\br
'disassembI)ﬁ/ end, the cofivelse is true. Therefore, the microtubule is not a static

‘ entity, but is being constantly "treadmilled"” (}Methoois\ in Cell Biology, Vol. 24).

I

37.
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a. Taxol
- Taxol is an ar]timitdtrb agent derived from the western yew plant. It is
effective in promoting microtubule assembly at a close to 1:1 molar

stoichiometry to tubulin, the principle subunit of the microtubule polymer ( Schiff

& Horwitz; 1980). Taxo!l mimics, to some extent, the effect of the microtubule®

associated proteins (MAI5$), which promo?ethe assembly of tubulin in vitro, and

possibly in vivo (Olmsted & Lyon, 1981).

We used taxol to purify bovine microtubules according to the procedure

developed by Vallee (1982). He found that exten§ive microtubule assembly
\

occured in the presence of taxol at 37°C, 0°C, and at 37°C with 0.35 M NaCl.
Assembly is normally inhibited under the latter two conditions if taxol is not
present. ‘At 37°C and 0°C, complete assembly of both -tubulin and the MAPs

was observed in the presenée of taxol. However, at elevated ionic strength,

only tubulin assembled, forming microtubules devoid of MAPs. The MAPs could

= "f
also be released from the surface of prefotmed microtubules by exposure to

elevated ionic strength. The yield of tubulin from white matter was 57% of that

from grey on the basis of tissue wet weight.

b. Procedure (see ﬂFiguref4)

Cow brain was obtained from a slaughterhouse (Gainers Inc., 12425-66 St.,
Edmonton, Alberta). Brains were removed within 10 minutes of ;he animais'
deaths. Intit ‘the heads were bisected mediall‘y‘r along the sagittél plane
witl; a; band saw. This 'make the entire head commercially useless, so la@ r

specimens were first cut along frontal and transverse planes to remove the

portion of the head containing the brain; this portion was then bisected medially “

2



Figure 4 : Purification of Microtubules

‘Bovine brain-was removed less than 10 min aft'er the animals' deaths and
placed in 4°C PEM (100 mM Pipes - pH=6.6,.1.0 mM EGTA, 1.0 mM MgSOQa). *

Grey  matter was isolated and homogenized in 1.5 volume of PEM buffer. .

P

\

1) Centrifugation of homogehate (5°C) yields supernatant S1 and pellet P1. P1is '
discarded. “

2) High speed centrifugation of S1(5°C) yields S2 anc} P2. P2 is d‘iscarded._ 1

3) Incubation of S2 with 1.0 mM GTP and 20 M taxol for 20 min at 23°C+
polymerizes microtubules. Centri{ugétion yields S3 and Pa. Samis discarded.

4) P3, containing endogenous microtubules, is resuspended in 1/10 original St
volume (O. sj V.) of PEM + 20 uM taxol + 1 mM GTP + 1.0 M NaCl and
incubated for 15 min at 23°C. This step removes microtubules &ciated
proteins (MAPs) from the mlcrotubules The solution is layered on Qp of a 5%
sucrose cushion and centnfugec} yielding S4 and P4. S4 is dlscarded

5) P4, containing MAP less mlcrotubples, is resuspended in 1/20 O. S1V.of
PEM + 20‘uM‘f§xol + 1 mM GTP and incubated for 15 min at 23°C. This final
wash serves to desalt the microtubules. The solution’is centrifuged, yielding
Ssand Ps. Ssis discarded.

Ps, contéining clear microtubules, is resuspended in encugh PEM + 20 A taxol

+ 1 mM GTP to give a 25 mg tubulin/ml final Concentration. B

Centrifugation, unles§ otherwise stated, was at 37,000 X g for 30 m;n at 25 C

_using a Servalt SS-34 rotor in a Sérvabll’ RC-2 centrifuge. High speed

centrifu atibh (step 2) was at 100,000 X g‘fof,,120 min using a Beckman ‘type 40

a Beckman L3-50 ultracentrifuge.
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| along the saglttal plane The brains were lmmedlately placed in 4°C PEM
buffer [100 mM prperazme N N b|s (2 ethane suLfgmc acrd) pH 6.6, 1.0 mM -
EGTA, 1.0 mM MgSO4] and transported to our lab. Whlte and grey matter were
manually separated on an ice-cold surface usmg a #22 blade scalpel The grey )
- matter was homogenrzed for § bursts of 5 sec ln 1.5 volume of PEM buffer
~ using a Virtis 45 homogenlzer The homogenate was centnfuged at Iow and |
then high speed to remove cell debris. Mlcrofubules were polymenzed by the
_addmon of 1 mM GTP and 20 pM taxol. The newly-fo}red filaments were
'oentnfuged”out of solution by Iow speed centnfugatnon washed in a hlgh-salt
~ buffer to remove MAPS desaltéd and resuspended in PEM '+ 20 uM taxol + 1y’, .
va GTP. Ahquots were frozen in liquid N2 and stor;ed at -70°C ‘We lsolated a

total of 74 8 mg of clean mlcrotubules from 72 g of grey matter (0.1 % yield).-
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3. CHARACTERIZATION

a. Electron Microscopy -’Thin Section;T‘ransmiss'ibn. EIectron.Miycr(oscop'y (TEM) :
Microtub(g_le,s (25 mg/m!) purified .fr‘om onine brain were ceﬁtfifuged ina

s Beckman Microfuge B (cat.#33‘87'20)5--'_l_'he pellet was fixed overnight with 3%

glutaraldehyde in a 0‘.0'5‘ M cacodyiate buffer (pH = 7.0) and then treated

according to the following schedule:

tpdst- 104 M cacodylate bufferh(pH, 7.0) > 3X1i0min
“fixation 2)1.0% osmium tetroxidein - - - 1 X 30 min
S phosphate buffer (pH-7.0) -
3) ddH20 (double-distilled water) "~ 3X5 min
‘graded . 4)50% Etoh N -1 X 15 min '
;i _‘. dehyd‘ra- 5) 75% Etoh | . 4 X15min
f tion | ‘ 6)95% Etohn o | : 1 X15min .
| 7) 98% Etoh - . X 15mid |
'8) Absolute Etoh - - X 10min
 embed- 9) Propylé_ene oxide- ” , . 2X10min
| ‘ding .~ 10) Propylene oxide _P‘oly/Béd, ~ overnight o
o . 812 (Polysciences) (1:1 by volume) S
B A 115.) Poly/Bed 812 ' I 2 days (in 60°C oven) |

(put with sample into mold)

The blocks we-e then thin sectiondd. Sections were collected ona 300-mesh
grid, stained with uraryl acetate and lead citrate, and ‘eiamined with a Siemens

102 EM.
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| b. Electron Microscopy - Negatrve Starnrng

A smaII -amount of 3%. glutaraldehyde in 0 05 M tacodylate buffer (pH - 7. O)

was added toa 25 mg/ml solution of bovine brain mlcrotubules (approx dtlutron

‘ of sample = 1:3). A drop of this solutlon was plpetted onto a Formvar - coated

200 mesh gnd and le?ﬁor about 10 sec. The gnd was then held at an angle and
a few drops of 2% aqueous sodrum srhcotungstate were run across the grids’.
surface Extra flurd was removed by touching the edge of the grrd with frlter

paper. The grid was then examrned on a Slemens 102 EM.

W

-

. C. Scanning__EI.ectron Mic'roscepy .

A plastic coverslip was inc,ubated' for a few.minutes in a 0.5% gelatin
solution. It was then removed and allowed to dry. One drop of clean microtubule’
solution (25 mg/ml) (see Figure 4, page 39) was placed on the gelatm -coated
coverslip, allowed to ad#ere for 30 sec, then covered with a drop of p’ mg
fixative (2.0% gluteraldehyde) for 15 mm at room temperature Exce
were removed wrth a plece of tissue applied to the edge of the covers
fixed microtubules were then rinsed with 0.1 M cacodylate and incubated for 15
min at room ttemperaﬁjre in 1% osmium tetroxide in 0.1.M cacodylate The
sample was then rinsed several trmes in 0.1 M. caodylate followed by- severaI
rinses in distilled water The sample was then incubated in a fresh saturated
solutlon of throcarbohyd dazide in water for 15 min, foHowed by 15 min

rncubatron inthe 1% osmlum tetroxide - 0 1 M cacodylate solutron and several

g
0.1 M cacodylate and distilled water rinses.. Then the throcarbohydraznde 1% -

osmium tetroxide - 0.1 M cacodylate, and 0.1 cacodylate/distilled water steps

were repeated one time..‘ The sample was then dehydrated. in a graded serie

of acetone 2 min incuba?ﬂ"cZn‘s (25, 50, 70,,90, and 100%);‘ Critical point drying
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was performed using liquid CO2. Scanning electron mlcroscopy was perforﬁﬁd
with a Phrllrps SEM 505 Scannrng Electron Mrcroscope
d. Video-Enhance'd Ditferential Interference Contrast Microscopy |
A #1- 22 X 22 mm covershp was grven a thrn border of grease Two ul of
-squid kmesm solution (about 66 pg/mi - kindly provrded by Bruce Schnapp;

Marine B|o|og|cal Laboratory, Woods Hole, MA) was placed in the center of the

¥

.wcovershp This kinesin will bind to glass coverslrps and normally will promote -

.. the motility of microtubules along the glass surface (Vale et al., 1985¢). Two pl
of mlcrotubule solution (25 mg/ml) was added along with 2 pl of 10 mM ATP

- solution. The preparation was placed on a slide and viewed using video-

enhanced differential interference contrast microscopy (provided by Dr. Smith). -

We had beer warned by Bruce Crise, a technrcran in Bruce Schnapps lab, that

this. krnesrn solutron was qurte old and wduld p o'y not promote’ motrlnty. No
motility was seen, but the preparation technique caused microtubules to stick to
the coverslip, \)vh,ich made the microtubules highly visible.

a
3
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B. K.L.F’. PURIFICATION AND CHARACTERIZATION
1. INTRODUCTION o S

o

‘ Kinesin and kinesin-like proteins have been isolated from a variety of tissues
‘(se'e Figure 2, page 1}8). E'xcept for the use of r‘nonoclonél._ antibody affinity
columnéﬂ (Vale et al., 1985d),‘i‘_sol'ation techniqués have been based gjpon the

princible of microtubule affinity purificaiion (ﬁrst outlined b); Vale et}'al\., 1985¢).

Our initial isolations were performed us’jing' white matter frqi’n cow brain,

following the procedure of Vale et al., (1985c¢). Later, modifications were made

to the procedure in order to simplify itwto use difterent tissue sourée%v to

increase the the yield of k.l.p., to increase the purity of the |solate or totry new

methods of bmd@g k.l.p. to mlcrotubules

2. ISOLATION TECHNIQUE . " -’ ' : -

a. Microtubule Affinity Purification of KLP.
(from Vale et al., 19850) (see Figure 5)

Cow brain was obtalned fram a slaughterhouse (Gainer's Inc 12425-66 St.,
e

Edmonton Alberta) Brams were rered within 10 minutes of the an|ma|s

deaths. Inmally the heads were bisected medially along the sagittal plane wuth a-

band saw. This made the entire head commercially useless, so later specimens

were first cut along frontal and transverse planes to remove the portion of the

head containing 'the brain; this portion was then bisected medially along the

sagittal plane. The brains were immediately placed in 4°C saline solution (9%

" NaCl) and brought+to the lab. .
.

""""""""
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Figure 5 : Microtubule-Affinity Purification of K.L.P. : Procédufe of Vale et al.;

- (1985¢) {Variations to the procedure of Vale et al. are printed in italics)

Bovine brain* was refnoved less than )941 after the animals' deaths and
placed in 4°C saline. White matter. was isolated and homdgen"ized in-1.5
volume of PEM buffer(100 mM Pipes - pH=6.6, 1.6 mM EGTA, 1.0 mM MgSﬁO4).v

1) Centrifugation of homogenate (5°C) yields supernatant S1 and pellet-P1. P1 is

dlscarded R -~ | : |
2) H|gh speed centnfugatlon of S1(5°C) yields S2 and P2. P2 is dlscarded

3) Incubation of S2 with 1.0 mM GTP and 20 uM taxol for 20 min at 23°C_
polymerizes microtubules. Céntrifugation yields S3 and Pa. P3 is discarded.

4) Ss is incubated for 15 min at 23°C with clean microtubules (100 png/ml) and a
binding agent (B.A.)**. Centrifugation yields S4 and Pa4. Sa is d_iscérded .

5) P4, containing mic'rotLbules and k. I p., is resuspended in 1/10 Original S1
Volume (O. St V ).of PEM (100 mM Plpes pH =6.6, 1.0 mM EGTA 1.0 mM
MgSQ4) + B.A. + 20.uM taxol, and incubated for 15 min at 23°C.
Centrifugation yields Ss and Ps..Ss is discarded. "

6) Ps, contai'ning microtubules and k.l.p., is resuspended in 1/20 O.81V.**** of
PEM + 5 mM ATP + 0.1 M KCI + 20 uM taxol and mcubated for 40 min at
23°C Centnfugatlon yields Se and Pe Ps is discarded or re-extracted with

 PEM +5mM ATP + 0.1 M KCI. Ss contains k.Lp.. ‘ v

No B.A. was added to control solutions. As an additional coritrol, microtubules

‘were occasionally not added at Step 4.
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* Other tissues homogenized included rabbit kidney and liver, cow kidney and

liver, pig brain and salivary gland, ahd dog braintand spinal cord.

**Vale et al., (1985c) used 5 mM AMP-PNP as a B.A.; we have also used 5-10
mM PPP (Kuznetsov and Gefland, 1986) and 5-100 mM EDTA as B.A..
***We tried eliminating this wash step (see Rfsults ‘Run #2) and also tned

addfng another wash step (see Results - Run #4). When an additional wash

' step was ir/ed,v Ps was resuspended in 1/20'0 S1 V. PEM + 20 uM taxo/

mcubated for 15 min at 23°Q and centnfuged y/e/d/ng Psaand Ssa. Ssawas

L 4
d/scarded and Psawas processed as Ps normally-would be (step 6).

! . . <

m*D,fferent S1:5S6 ratios. wﬁd ranging from 1 20 to 1:60.

Centnfuga , unle erwise stated, was at 37 000 X g for 30 mm at 23°C
using a Servall $S-34 rotor in a Servall RC-2 centrn‘uge ngh speed

. centnfugatlon (step 2) was at 100 000X g for 120 min using a Beckman type 40 - -

rotor ina Beckman L3-50 ultracentrifuge.



| White matter was manually separated from‘ the rest of the bra‘in on an ice-
cold syrface using a #22 blade scalpel. Two different methods of homogeni‘zing
~ the white ﬁatter were ettempted. Initially, a Virtis-45 homogenizer. was used for
5 bursts of 5 sec. Some p(obleme were experieneed in obtaini’ng'an evan
homogenate, so we switched to 5 bursts of 5 sec on a Polytron ty%e P'fté‘i;
this gave better results. | o
White matter was homoger_lized et~4fC irj_ a weight:volume ratio of 1:1 with
hpmogeni;&tion buffer. Initially, we used the same homogenization buffer used
by Vale et al., (1985c). As more groups performed isolations on a variety of
tissues, it became apparent that a variety of buffer recipes were possible (see
following section)- | o | |
After homogenization, the homogenate was centnfuged at low and then high
speed to remove cell debns Mlcrotubules were polymenzed by the addmon of 1
mM GTP and 20 pM taxol and centrifuged out of solution. Then clean
’ microtubules and a k.l.p. binding agent (B.A.) were added. Vale et al., (1985c)
‘used 6 mM. AMP-PNP as a binding adent‘ we have experimented with others
(see next eection) The microtubules with bound k.l.p. were centrifuged out of
solution and washed ina B A contamnng buffer. The k.l.p. was then released by
resuspending and incubating the pellet in a buffer containing 5 mM ATP + 0.1 M
KCl + 20 pM taxol. The microtubules were removed by centrifugation and the
supernatant containin'g released bovine translocato_ﬁr’ was collected. Several
variations to this procedure were also attempted (see Figu're 5, page 45; also

see next section).
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'b. Variations on the Isolation Procedure of Vale et al., (1985c¢)

(i) Homogenization Buffer »
As mentioned above, as more groupé performed K.l.p. isolations, it became
~ apparent that a variety of homogenation buffer recipes were possible. Following

is a list of the different homogenizétion buffers used by researchers in the field:

Vale et al., (1985¢) Cow Brain
50 mM Pipes " pH=70
© 50 mM Hepes

2 mM MgCl2
1mM EDTA ™~

0.5mMDTT ‘ ‘
1 mM PMSF

10 pg/ml leupeptin -

10 pg/m! TAME -

0.5 mM ATP
Kuznetsov and Gefland, ].QQQ ‘Cow Brain
50 mM imidazole HCI - pH=86.7
0.5 mM MgCl2
0.1 mM EDTA

‘ 1.0 mM 2 - mercaptoethanol
1 mM PMSF added after first centrifugation
PMSF added to all subsequent buffers - 0.1 mM

1}



Pig Brain

0.1M Pipes
2.0 mM MgCl2
1.0mM EGTA
- 0.5mMDTT
1.0mM GTP
10.5 mM ATP
0.t mM PSMF
0.2 pg/ml pepstatin A
1.0 pg/ml TAME
2.0 pg/ml leupeptin

pH=6.9 v

E ol
.

- Scholey et al., 1985 Sea Urchin Eggs |

Brady, 1985

Chick Brains

0.1 M piperazine pH=6.9
2.5 mM Mg (CH3COO)2
5.0mM EGTA
0.1 mM EDTA
.9 M glycerol
.1 M PMSF
.0 pg/ml pepstatin
1.0 ug/ml leupeptin
10 pg/ml aprotinin
0.5mMDTT

0
0]
1

o) L]

0.1 M Pipes
1.0mM EGTA
1.0 mM MgCiz2
1.0mM GTP
0.5mM ATP

pH = 6.94

Based upon the above homogenization buffers, we developed out own

, buffer which contained;

0.1 pH=7.0
5.0

1.0 mM MgCl2

1.0mM DTT

5.0 pg/ml ledpeptin

5.0 pg/ml TAME

0.1 mg/ml soybean trypsin inhibitor
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This. buffer was similar to the original used by Vlale et al., (1,98;30) with the
following changes: EDTA was eliminated since Mg*+ was present in the buffer
and EDTA chelates Mg+*+; PMSF was eliminated, since it would not dissolve;
ATP was elrmrnﬁﬂad since its presence could have increased the amount of
AMP-PNP necessary during k.l.p. purmcatron; and soybean trypsin iqhibitor was
added, as a replacement for PMSF. | :

It should be noted that using simple PEM buffer (0.1 M Pipes, 5.0 mM EGTA,
1.0 mM-MgSO4, pH = 6.6) for the hom'ogenizatioivn wggked well (see Results-Run
#1). However, homogenate prepared with PEM buffer, frozen in liquid N2 and
stored at -70°C for 2-3 weeks showed boorer results when k.l.p. isolations were

~ performed. Homog;enate prepared with homogenizatioh 'buffer and treated in
the sarﬁe way remained relat'ively stable. This is probablyl because of the

protease inhibitors present in homogenization buffer.

(ii) Other Variables (see Figure 5' page 45, and Figure 6, page 53)

Trssues other.than bovrne bram were used for k.. P purifications, rncludrng
rabbrt krdney and liver, cow, krdney and liver, prg brain and mandrbular gland
and dog brain and sprnal cord. Results and conclusrons for all but dog brain
wrll be duscussed only in general terms (see Drscussron page 147). ‘

Dog brain was obtained from the Surgical Medical Reseatch Institute
(8.M.R.l.) ef the. University of Alberta. Brains were removed from freshly killed

do'gs by skinning the head and removing the dorsal part of the skull with a

mmer and chisel.

e also introduced a number of variables into the isolation procedure itself.
EDAA chelates Mg++ The correct tertiary orientation of the ATP m.olecule
urmg ATPase binding depends upon this divalent cation. Therefore it seeme\

“logical to try using EDTA as a means of binding k.l.p. to mrcrotubules The
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prevention of the normal confi‘guration of ATP could possibly create either a
rigor-like cohdition ora no’n-hydrolyzeble situationgee Introduct?on, page 12).
We therefore used EDTA in place of AMP-PNP keeping all other steps
unchanged. Smce MgSO4 was presemgn the AOMOgenization buffer- and since
'EDTA-promoted kmesm bmdmg was based- upon the Mg++-chelating
propertn‘es of EDTA, we expected that Iarfge quantities of EDTA would be
necessary. 'Iso!ations were performed with a variety of EDTA concentrations in
order to determine the levels of EDTA nec\:egssary for effective k.l.p. purification.
. Before these results were publisﬁed, the fact of strong kinesin-microtubule
binding induced by Mg*+ depletion was reported by other investigators (Vale et
al., 1%86b). IQ other experiments, sodium tri-polyphdsphate (PPP) was -also
used as a substi;[ute tor AMP-PNP (Kuznetzov and Gefland,: 1986).

We thought that there could be a poss‘i ladoss of k.l.p. in the wash step;
therefore, we tried eliminating this step. able increase in k.l.p. was
seen, although-the presence of contamineting eins was greatly iﬁcreased
(see Results-Run #2). This variation was therefore abandoned. In an attempt to
further reduce the concentration of contaminating proteins, an additional wash

was also tried. This had little effect on the .concentration or purity of k.l.p. (see

’ﬁesults Rim #4).

.Another attempt to mcrease the final concentratnon of k.L.p. was altering the e

ratio between S1 and Se. This would theoretically release the k.l.p. collected '
from a fixed amount of crude homogenate ihto a smaller volume of final butfer.
Normally a 20:1 ratio \;vas used, but ratios up to 60:1 were tried. This did not
seem to substahtially increase k.l.p. concentration (see Results: 40:1-Runs
#5,6,7, 60:1-Run #8).

Another variation was the use of endbgenous microtubules ie place of

separately purified and cleaned microtubules. White matter was homogenized,
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centnfuged at 25,000 X g for 30 min at 4°C and recentnfuged at 150 000 X g for
60 min at 4°G, GTP (1 mM%‘and taxol (10 pM) weré.added to the supernatant, ‘
followed by a 30 min mcubatlon at 25°C. At this pon?‘-t the binding agent (AMP-
PNP, EDTA, or PPP) was added and the homogenate was incubated for 30 min.
In th|s63way, the freshly polymenzed mucrotubules were used for kinesin

attachment rather than simply being removed ‘and dlscarded The microtubules

-were pelieted at 37,000 X g for 20 min at 20°C, the supernatant was
and the pellet was processed as per nermal (see thure 6).
In an atte\mpt to visualize bovme k.l.p. on microtubules, Ps (see Figure 5,
page 45) from a pur‘rﬁcahon run (B A. = 5 mM AMP- PNP 1 wash, clean
microtubyles, S1:S6 = 20 ‘f') was not resuspended in an ATP-containing buffer, \
but was treated as detalled elsewhere (see Materials and Methods, page 41)
and viewed by TEM. " No bovine k. L.p. ctiuld be seen attached to these-
mucrotubules possibly- because of the low concentratlon of bovine k.I. p. in our

Se (see Dlscussmn page 142). Fud&er pursuut of this avenéte qj mveshgatnon
‘5{‘“’" .é;_,. " )

w8h|d Itkely be prof:tab!e
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-~ Figure 6 : Microtubule-Affinity Purification of K.L.P. : Using Endogenous

Microtubules (variations from Figure 5 are printed in italics)

Bovine brain was removed less than 10 min after the animals’ deaths and
placed in 4°C saline. White matter was isolated and homogenized in 1.5

~ volume of PEM buffer(100 mM Pipes - pH=6.6, 1.0 mM EGTA, 1.0 mM MgSOa).

1) Centrifugation of homogenate (5°C) yields supernat.‘;mt S1 and pellet P1. P'1 is
discarded. ,‘ I ‘

2) High speéd centrifugation of St (5°C) yields S2 and P2. P2 is'discardéd,

3) Incubation of S2 with 1.0 mM GTP and 20 M taxol for 20 miﬁ & 23°C
polymerizes microtubules. Note: no centrifugation is performed, f;’o no S3or
Ps ae produced. ) / . B -

4 The S2 containipg bolymerizéd microtUbuIes is incubated for 15 min at 23°C

¢ \wnﬁ;a‘bmdmg agent (B.A.)". Centrlfugatlon yields S4 and P4. S4 us/d;scarded Py

'5) P4, containing microtubules and k.l.p., is resuspendeci in 1/10'Original S1
\{olumeg (O. S1V.) of PEM (100 mM Pipes - pH=6.6, 1.0 mM EGTA, 1.0 mM

© MgSO4) + B.A. + 20 M taol, and incubated for 15 min at 23°C.
Centrnfugatlon yuelds Ss and Ps. Ss is dlscarded

6)\P5 contammg mlcrotubules and k Lpsis resuspended in 1/20 O. S1 V of
PEM + 5 mM ATP + 0.1 M KCI + 20 uM taxol and mcubated for 40 min at

.23°C. Centrifugation y:elds Se and Ps. Ps is duscarded or re-extracted with

-

&

PEM +5mM ATFj + 0.1 M KCI. Se contains k.lp..

z \‘ .
No B.A. is added to control solutions. »
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Figure 6 continued | - N

N - ‘ -

't B.A. = 5 M AMP-PNP, 40 mM EDTA or 5-10 mM PPP - -

i 'pifferent;SrSe ratios weré/ tried, ranging from 1:20 to 1:60Q.

. ’

_ Gentrifugation, unless otherwise stated, was at 37,000 X g for 30 min at 23°C
using’ a Servall SS-34 rotor in a Servall RC-2 'c“entrifuge.. High speed
centrifugation (step 2) was at 5003000 X g for 120 min usving a Beckman type 40

rotor in a Beckman L3-50 ultracentrifuge.
) .
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3 FAST PROTElN LIQUID CHHOMATOGRAPHY (FPLC)

a. Introduction

Sy,

molecular-s' c “romatography) the mixture of ‘proteins, dissolved in a
suitabl.e butfer, is allowed to flow' Ry gravity down a column packed with beads
of an inert, hig’h‘lyhydrated polymeric materialthat has previously been ‘washed
and equilib.}rated with the‘bufter"alone Common column materials; include
Sephadex the commercral name of a polysaccharrde denvatrve Bio-Gel-P, a
commercral polyacrylamlde derrvatrve and Bio- Gel-A, composed of agarose
(another_ polysaccharide) - all of which can be prepared with varying degrees’ of
internal'porosity. In the column, proteins of different molecular size penetrate
into the.'internal pores of the beads to differlng degrees.' Very large molecules

which never enter the bead's pores move through the ‘chromatographic bed

fastest. Smaller m‘olecules which can enter the bead's*pores mo% more - -

slowly through the column Molecules are therefore eluted in order of

/
decreasmg molecular size. Proteins of krfown molecular weight may be run to

*_standardlze the- column; the molecular weight of unknown’ proteins may‘then be

" characterized.

vabout 2“ml/cm2/hr In contrast optlmu

n

Normally, yvlth gel filtration, resolutlon decreases wrth mcrease in flow rate If

gravrty feed is used maxrmum resolutlon re ong column and a low flow

rate. The optlmal flow rate for gravity-fed Sephadex columns, for example, is
_eparatron wrgn Superose columns
using Hrgh Performance Liquid Chromatography (HPLC) systems is obtamed at

18-30 micm2Ar. This raprdrty is allowed by the use of hrgh pressure wuthrn the

) column whrch increases the Brownran motlon of solute molecules thereby

mcreasrng thes degree of rnteractron between the solute molecules and the

WD
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porous beads Superose is a cross-linked, agarose-based medlum wrth a

, narrow partrd’le size distribution which enables high flow rates at low back
pressures.rColum‘ns with Superose: -can be used with any HPLC system at
* pressures up to 1.5 M'Pa‘ (15 bar 215 psi) for vSuperose 6 and 3 lVIPa (30 bar,
430 psr) for Superose 12. Drfferent particle sizes (Superose 6: 13 um Superose‘
12:10 um) give these two. gels drfferent optrmal separation ranges (for globular
proterns Superose 6 5,000 - 5 OOO 000¢ Superose 12: 1,000 - 300,000).
Stnce squid klnesrn had a reported molecular werght of 600 000 (Vale et al.,
: 1985c) we chose to work with a Superose 6 column. This column was used

~ with the Pharmacra FPLC system which s, specrally designed for fast hrgh

a,-,_" - 56

1

resolution chromatography of proteins, polypeptrdes polynucleotrdes and other: f

. biopolymers. | Solvent delrvery is powered by two high precision P-500 Pumps -

controlled by the Gradient Programmer GPR-250. Complex gradlent methods

using multiple solvents may be programmed |nto the. GP 250. The absence ot

stainless steel in contact wrth solutigns insures samples remain

uncontamnnated by heavy metal ions. Samples are |njected manually vua the

Valve V 7. Detectron (UV monrtor UVd) |s recorded (Chart Recorder Rec 482)

and eluant is collected in either a time/volume mode or a peak cutting- mode by
q \

a program ,;p fraction collector (Frac 100).

.....

b. Procedure

() Column Standardizatiof
Proterns of knbwn molecular weight were run on the column rn order to

correlate elution volume wuth solute molecular werght Two hundred ud of 1

mg/ml sblutrons of Thyroglobulrn (669 kd elution volume-12 2 mi), Apoferrrtln

w

'(480 kd;15.0 mi), Heran 8 globulin (160 kd,1§;5 ml), Bovine Serum Albumin .
o i ’1’ B } . ‘ . » .

-
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(67 kd;17.3 ml), and Ovalbumin (45 kd;18.0 m|)' were injected orftd a Pharmacia

Superose 6 column (ge! buffer: 0.1 M KCI, 0.05 M Tris, 5. mM MgCiz, pH = 7.8)..

A Pharmacia FPLC‘system was used for buffer delivery' at 0.4 mi/min. Proteins
‘were detected by.e Pharmacia Single path UV-1 gonitor (280 nm, 0.05 optical

density). (see_ Figure 7). The detection system was also ca|i'brated-with Bc;vine

Serum Albumrn ‘Two trmes 100 ul of 5, 10, 20 and 40 ug/ml Bovine Serum'

'Albumrn were injected onto a Pharmacia Superose 6 column (gel buffer: 0.1 M

| 'KCl, 0. 05 M Trrs 5mM MgCIz pH = 7 6). A Pharmacia FPLC system was used

for buffer delrvery at 0. 4 ml/min. Proterns were detected by a Pharmacra Smgle

path UV-1 monitor (280 nm, 0.05 optical densrty) (seeuFrgure-B). :

(ii) Buffers.

# lnmally we used a standard phosphafe column buffer (Data for Biochemical
- F?esearch, 2nd Edition, Dawson et al., 1969). However, high concentraflons of

' phosphate inhibit.kin,esin-generated organelle movement (Vale‘ et al., 1985¢)

4

and since we wénted to try motility tests, we changed our buffer to that used by -

| PiazZa and Stearns (1986) and Vale et al. (1985¢) (0.1 M KCl, 0.05 M Tris, 5

mM MgClz, 1 mM ATP, 0.5 mM EDTA pH = 7.6). It seemed odd for MgClz and

EDTA to bein the same buffer, since EDTA chelates Mg++  The funcfron of. A.
‘ATP was equa!ly questionable. We therefore lmtraHy trred runnrng Ss on the
‘column usrng a buffer-(0.1 M KCl, 005 M Tns 5 mM MgClz pH = 7. 6) without
’ -ATP or EDTA Usmg this butfer, we seemed to be losing about 80-90% of our '4
bovme k I p durrng column transrt The addmon of ATP and EDTA df‘ ~ot

‘ ‘alle\_aete thrs condition; the- only drfference was a much hrgher baseline readouf _

S

tll'ewspectrophotometer (due to the high molar absorptron coefficient of
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% Deflection :
( 100% deflection = absorbance of 0.05)

2

Figure 7. Superose 6 - Elution Volume vs log M_blecular Weight
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In- another attempt to release“the k.l.p. apparently heing lost on the column,
SDS (sodium dodecy! sulfate) was used in the column buffer. Kinesifssticks to
glass coverslrps (Vale et al,, 19850) and since the walls of the S,upé‘rpse 6 '
column were also glass, a way was sought to prevent k.lp. bmdu& V\Pe“had
reason to suspect that bovrne k.l.p: was positively charged (see Dlscussmn )
page 134) and hoped that the negatrvely charged groups of SDS would swamp“ '
‘the bovine k.l.p. and prevent it from binding to the glass walls of the Superose 6
column. Originally, we tried adding 0.1% SD,S to the Tris buffer but this caused
a precipitate to form. The'critical rhlscelle concentration (CMC) of SDS is 8.27
‘mM and 0.1% SDS is only 3. 47 mM. Apparently the 0.1 ’M KCl in the Tris buffer
increased hydrophoblc lnteractlons between the free detergent molecules, and
lowered.the CMC of the SDS Therefore an ammonium acetate buffer (0.1 ™M
acetate brought to pH = 6.4 with ammonium hydroxide). was used allowing the
0.1% SDS to remain in solytion. ‘ _‘

‘The SDS did not seem to make a difterence in the release of kinesin, and it
caused column back pressure to rise contiraUalIy t out the run. Column
washlng also became necessary after each run. S%e k.l.p. losses:did
' not seem to be solved by this approach we abandoned it. . o

Our attempts to stop ‘column losses of bovine k.l. p were unsuccessful

'Desplte this, bovrne k.l.p. was recovered in sufficient quantltles from column
eluant to allow |ts immunological |dentmcat|on and M.W. characterrzatlon
(Howeyer column eluant k.l. p. concentratlon was too low to promote the mot'hty

of latex beads on mlcrotubules (see Materials and Methods, page 76).

(iii) After-Column Concentratlon e
Another problem we encountered was the concentratlon of bovme k.l.p. after

- it had been eluted from the column. If the proteln being collected was elutéd in a
‘ PO R .m . : A ’
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concentrated peak,tt could be oollected into approxirnately'a 2 ml 'sample; if a' )
2oo",u_| sample had originally been injected onto the column, the dilut'ron factor
was 10:1 .(column eluant : ofiginal sarnple). Three methods were tried for
con'centrating the k.l.p. in the.coltrmnveluant: centricon microconcentrators,

freeze-drying and adsorption to glass wool. |

a) Centricon : LA ’
Concentration of macromolecules in solution is achieved by ultrafiltration

through a I‘ow-a‘bsorptron, hydrophilio YM membrane, which is available vyith‘

either 10,000 (Centricon10) or 30,0b0 (Centrioon 30) molecular‘ weight cutoff.

The filtrate is collected in a filtrate cup. Macromolecular solutes gre retained and
N _ become concentrated in the sample reservoir. These?concentrators are capable

of an 80-fold enrichment of the sample. o _, "

The dnvrng force for filtration is provrded by centrrfugatron at 1,000-5,000 X |
g, achrevrng transmembrane pressures of up to 111 psi. The microconcentrator
| was used in a fixed- angle rotor (Servall Angle Centrrfuge-1017) whrch durlng '
centrrfugatron provrdes a centnfugal force vector at a constant angle to the
--membrane surfgce As sample concentration. progresses thrs angle causes
retarned macromol%cular solute to slide outward and accumulate at the edgenof
the membrane (where a perrpheral polypropylene ring. prevents filtration to
. dryness - deadstop volume —25;-40 p.l) |

Desalting is achreved by concentratlng the sample followed by reconstitution
o to the original volume Usrng the desrred solvent The process is repeated until
E.‘ the concentratron of the contamrnatrng mlcrosolute has been suffrcrently

'.."-. <

Y
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" Concentrate is recovered by capping the sample reservoir with a retenate

| “cup, inverting the device, then centrifuging at 300-1,000 X g.

‘ Retention & v ' » »
‘We were concerned abput adsorptive losses because eluanf from the gel
filtration column‘contained kinesin in very low comenira@ions (without column
losses, about 4 ug/ml‘; see Results-Run #5). Since both cytochrome C andl’
- kinesin are ';)ositively charged, we used cytochrome C (cyt. C) to test for -
adsorptive loss. According to Amicon, 97.5% of Centric.d'n-10
microconcentratdrs will recover >85°/o'0.f cyt. C (0.25‘ mg/ml). \{\/e tried much
iower concentrations of cyf.' C, and found tha{ untreated Centricon-10
. mic}roconcentrators still exhibited about 15% loss whereas units pretreated withv '
Centricon prep. buffer (v50-mM Tris, 50 mM KCI, 100 pg/m! BSA) showed 0%
loss, presumably because tr}e BSA in solution binds to all nonspecific sites on

the membrane.

Procedur

Figure 9: Reference Solutions for Spectrophotometer
[CYT.C]ug/m - A-400
25 .219 + .004
10 . ..088 + .000
7 ' .064 +.003
5 .044 + .001 ;

2.5 ‘ : .022 +.000

¢

Centricon 10-untreated: used as supplied by Amicon
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Centricon 10-treated: 2 ml of Centricon prep. buffer was c?nkceﬁated |n the
microconcentrator. The concentrate was removed by inversion of the sar{nple

reservoir followed by centrifugation at 300 - 1,000 X g.

- Two mi of test solution containing 21 ug of cyt. C were concentrated with
Centricon 10 units (both. treated “and untreated). The concentrate was
resuspended in 3‘m| ddH,0 (double-distilled water) which, with 100% recovery,'

should have produced a solution of 7 ug/ml.

Besults

Figure 10: Reccvery From "i'reated and Untreated Centricon 10 Units

A-409 orr ndin . recover

UNTREATED 0053 -  ~6pgml . 85%
TREAT®D ~ 0062 ~7pgml E 100%

-

‘Despite the low binding of 'cyto‘chrorne C in BSA-treated Centricon 10 units, a
great percentage of bovine k.I.p. in FPLC eluant was lost when attempts were
made‘to: concentrate it with Centncon 10 un @ We dnscussed thrs matter with
Bruce Crrse a technician in Bruce Schnapps Iab (The Marrne Brologrcal
Laboratory, Woods Hole, MA); he confirmed our results, stating that they had

' experienced up to 90% losses during Centricon 10 concentrétion of 5-8 ml of 1
mg/ml squid kinesin (much hr} her concentrations than we were working with).
13

For this reason we began logking for other methods for concentrating bovine

g

k.L.p. in column eluant. “? -




‘b) Freeze Drying _ _

A volatile buffer (0. 1 acetate + ammonium hydroxide pH ‘6 4) was used as a’
column buffer. Fractions were collected frozen in liquid nitrogen, and exposed
to a vacuum (Virtis Freeze -Drying Unlt - model 10-103-SD) until total
subllmatlon had occured. The remaining solutes (whlch were not visible) were
W" N buffer, treated with Treatment Butfer,
slupafi or run on gels. No proteios were detected by this

't‘echnique. Perhaps they were lost through adsorption to the polypropylene test

resuspended in a small

and reinjected into the ¢

tubes used during fraction collection. This technicjue maﬂr be Mnore applic':able
with solutiohs containing higher concentrations of protein.

K

c) Glass Adsorption

Since kinesin was known to adsorb to g'lass, the following technique was
tr'ied: as a means of concentrating bovine k.l.p. after gel filtration: about 0.8 g of
glass wool was inserted into the sample compartment of a Schleicher and |
Schuell microfilter apparatus .(SSOOQ/O)A (see Figore 1l ) and tamped down with

an Eppendorf tip. The unit was then inserted directly into the test-

receptacles in the FRAC-100 and used to receive a fraction 6f column
When eluant containing bovine k.I. p was passed through the glass wod! filtkr,
the bovine k.. p was trapped. The glass wool was then removed: fron’l th

mlcrofllter apparatus placed in a Fisher 1.5 ml micro-centrifuge tube, trealed
with 20 ul of Treatment Buffer (used for electrophoresus see next section) and
.placed in a 100°C water bath for 5 min. The glass wool was then removed from
the micro-centrifuge tube, placed back into . the ‘microfilter apparatus and
centrifuged at 2,000 X g (Selvall Angle centrlfuge - 1017). Whep the filtrate was
run on PAGE, bovine k.l.p. was found (see ’Results, Runs #4,5,7,8). This

technique was successful, but only yielded denatured bovine k.L.p.. This was
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adequate for PAGE and immunoblot analysis, buf different methods would need. |
to be developed'if k.l.p.-generated microtubule or bead motility were an

objective. ' e



.

Figure 11: Schleicher and Schuell Microfilter Apparatus
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"4. GELELECTROPHORES'S ; ’ ' . :ﬁf "\%ﬂ".l‘m . w&?#ﬂgwf’

wl

, \ “ ‘ .
a. Polyacrylamide Gel Electroph'ores‘%s ", ' . g ‘
(i) Introduction : )

‘When an oligomeric protein is boiled in eolution with sodium dodecy! sulfate
(SDS) and dithiothreitol (DTT), it dissqciate’s into its subunits; high temperatures |
cause the weak forces holding the tertiary. structure of protein together te be
overcome, res‘ulting' in a more chaotic, "denatured" state. Each,polypepﬁde
-chain th‘en becomes coated with a layer of SDS molecules in%uch a way. that
* the hydrocarbon chains of the SDS molecules are in tight association with the
polypeptide chain and the charged sulfate groups of the detergent are exposec
to the aqueous medium. Such complexes centain a constant ratio of SDS to
protein [about 1.4:1 by weight] and and hence possess a negative charge '
_proportional to length Y(Lehninget, 1978). When an SDS-treated single chatn
protein is subjected to an ’electrie field in a molecular-sieve gel containing S'DS,
| its rate of migration is determined primarily by the mass of the SDS;polypeptide .
particle. . o o

The major usefulness of this system is to determine the molecular weights of
polypeptldes A linear relatienship exists between log wv of a polypeptlde and
its Rt (distance from top of gel to polypeptide/ distance from top of gel to dye
front). Standard proteins of known molecular weight may be used to generate a
standard curve from which the MW of uncharactenzed polypeptldes (run
. alongsude the standards) may be determined.

' The Laemmli system (1970) of SDS-PAGE is a discontinuouos‘S.DS eystem
-and probably the most widely used electrophoretic system today. The treated
peptides are stacked in a stacking gel before entenng the separatmg gel;

therefore the resolution in a Laemmlu gel is excellent.
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(i) Gel Casting and Running

N | | 67

-

' Slab gels were cast using a modified Pharmacia Gel Slab Cassette kit (#11).
Two cm plastic spacers with a Iight‘ cvoating\ of glycerin were used in place of the

standard spacers, and plasticine wa$ used to seal the bottom of the cassette.

~ These modifications prevented leakage during gel casting. . We used the

Laemmli (1970) system of SDS’ PAGE. Acrylamide and N,N'-Methylene-bis-

' acrylérﬁide from Bio Rad or Schwartz-Mann Biotech were used; little or no

differente in gel quality was noted between gels preparéd with these two
different acrylamide types. Gel solutions were prepare’d with Tris buffer (pH =
6.8 - stacking gel; pH = 8.8 - separating gel). Monomer stock ‘(30% acrpbamide,
2.7% Bis) was added to the gel buffer to r;wake either a 5% or 7.5% (separating
gel) orj’\4% (stacking gel) final concentration. Vacuum was abplied tcj these

solutions before sodium dodecyl sulfate (SDS), N,N,N",N'-tetramethyl-

~ ethylenediamine (TEMED), and ammonium persulfate were added. The
: - '

“ application of vacuum and the careful filtering of all solutions were found to be

. . . \ I
crucial steps in gel preparation. NS
- S Y

Protein containing solutions were put into Fishe'r,1.5 ml migrocentrifuge tubes

and treated with 5X Treatment Buffer (0.315 M Tris pH 6.8, 10% SDS, 50%

.glyberol, 0.25 M DTT) in a ratio of 5:1 (protei’n solution : 5X Treatment Buffer).

The micro-c'entrifuge tubes were then immersed in boiling water for 4 minutes.
S‘ollutions were Cooléd before being -ap‘plied to ge;ls. Gels were run in. a
Pharmacia GE 2/4 Electrophoresis Apparatus. Tank buffer (0 @85 M Tris pH 8.3,
0.192 M glycerine, 0.1%--8DS) was .kept between 10-15°C by circu!ating
cooling fluid (Forma Scientific model 2095 refﬁgerationﬁ#nit). Power was

supplied by a Pharmacia EPS 500/400. //
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Molecular welght standards were prepared using 10 ul of ‘Bro WRad SDS-‘“: ,
PAGE High: molecula elgh‘ standargs catalogue #161 6'303) Wthh -
contalned 2 mg/ml,ea‘fﬁf myosin, ( 2/0 kd B- galactosrdase (1 16at5 kd’) )
’ phosphoryl‘ase B’ (92.5 kd) Bovnne Sewm Albumln (66.2 kd) and ovalubumin ’

. @ (45°kd) in 50% glycerol Thrs was added to 20 ul of 5X TreatrPent Buffer + 20- pl o
o ddH20 in a Flsher l\ 5ml mlcrouentntuge tube and fhen immersed in boiling
}water for 4 min. G'enerally 5 ul of the final solutlon (contarnmg 2 ug»each of the

| markrng protelns were vplred to gels.

'@li) Gel Stai‘nlng“f - _‘ R

| After runnlng, the. gels were stalned wrth Coomassle blue staln (O 125%
Ooomassre blue R Slgma No. B- 0630; 50% methanol 10% acetlc acid), whrch
also WOrked as a flxatlve The gels were lmmersed in the staln overnrght then
. washed wrth destalnmg solutlon 1 (50% methanol, 10% acetrc acid). for two *
. ’hours followed by destaining solution 11 (7% acetic acnd,,S%N methanol). |

(i) Gel Scanging _ -
‘, - Coomassie blue stalned gels were vuewed by an RCA video c era
(008213) This lmage was then dlgmzed and stored by a DT 2851 frame
grabber (Data Translation) The host computer (an IBM AT compatlble) was._

-( . ‘Lsed to graph the grey Ievels of llnes chos en by the user usmg a program |
developed by Rolf. Marlderscherd These lines. were oriented on the Ianes in the -°

' ,apolyacrylamnde gel, so that bands rn the polyacrylamrde gel agseared as peaks -‘i'. ..

I

"on the momtor The graph was calrbrated wnh a pealr contamrq
known amount of protern These graphs were pnnted on a EPSON FX-80 ~

‘e -
_prrnter L . .

;.



« b. Non Denatunng Dlscontrnuous Gelsk
() Introductron ‘

“— Ekstrom and Kanje (1986) performed ATPase assays of protelns durectly

upon polyacrylamrde gels. We thought this would be an ideal way of correlating |

; )ATPase activity- wrth bovine k.I.p.. It was therefore necessary to develop a:non-

- denaturing electrophoretic‘ method for bovine k.l.p., since a vstandard' SDS-

PAGE system would destroy the tertiary structure and ATPase actlvrty of sample :

ﬁ
protelns Since we had been urable to |solate bovrne k.lp. o

(see Results-Run #1) a, ;non- denaturrn dlsmttnuous buf ' 'r PAGE system for: .
catnonlc proteins. at a near-neutral p Jéed Thomas »and Hodes, 1981) g '

This systenmi employed a stacking gel Whrch-rs ideal.for foousing dilute samaples: Z
q i - " . . - ‘ . - ’ Y

(n) Gel Castlhg and Runnrng S

The separatmg gel (9.7% Acrylamrde 0.3% Bis, oos M. KOH, o%os/o* -
. TEMED, O 213 M MOPS, 0. 0005% Riboflavin, pH = 6.8 - adjusted with acetic ]

acrd) was cast usrng a modlfled Pharmacra Gel S|ab Cassette Kit (#II) Standard-

N
Rrboflavm >'-phosphate, pH = 8 0- adjusted with acetrc acnd) was added, gel

L

combs were rnserted and Irght promoted polymerrzatron was a||owed to occur.

A

. ‘ '

/ .
aturated sucrose + 5% basuc tuohsrn in ddeO) Gels were run in a Pharmacua’

E 2/4 Electrophoresm Appar&tus Tank buffer (tl 56% Hrstrf ine, £ 46%@ o
046% MQPQO pH 8, djusted thH acetre amd wawpt between 40- 5¢C

! ,,‘_@26% éef'rgeratlon unrt) B

by cnrculatlng coohng fluud (Forma S\Erentrfw mod
. R BRI S RO

IEF agarose tels

% 5“%\&/ light* bulbs were used 'as a hgé sourge for polymerrzatnon After
errzatlor’t was mpleted stackrng gel sojutron ( 2% Acrylamlde.,O 8%‘

BIS 20. O% glycerol 005 M KOH 0.1% TEMED 0. 063 M MOPS 0.0005% .

~
prepared (no heat treatmen)\/th 1/5 volume of non- denatunng freatment bu? fer |

Myoglobm and cytochrome C were used as controls. Samples were‘

A}
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_Power was supplied by a Pharmacia Electrophoresis Power Supply EPS

i +,500/400. n order to make the bovine k.I. p. enter the gel, the power-supply Ieads

‘were connected in reverse sO the upper tank buffer was positive and the. Iower L

-

tank buffer was negative.

(iif) Stalnrng ,

After running, the gels were stained overnlght wrth"‘QCoomassre blue stain
(0. 125% Coomassre blue R: Srgma No. B-0630; 50% methanol 10% acetrc
acrd) then washed with destaunrng solution 1 (50% methanol 10% acetrc acid)
for abouf two hours followed by destarnlng solution 1 (7% acetic. acid; 5%

methanol)

(lv) Results g, _ ' , ‘ D o
lt became apparent as studies progressed that a non- denatured gel ATPase
»‘ assay would not work with bogge k.L.p., since studles by Kuznetzov and
Gefland (1986) ancﬁothers (see Introduction, page 21) rndrcated that the
presence of mrcrotubules or high calcrurn Ievels were necessary for ATPase
actrvrty to occur. High galcium levels could- have been produced in the gel, but
. dtfflcultles encountered in the castrng and runnlng of gels limited progress.. The
Jprotelns dnd not load well onto the gels and only drffuse proteun bands were' ,
-‘produced ' N
& Isoelectric Focusing, " +. S
TR ‘ ’ ; F , K
In |soelectnc focusang (IEF) a mixture of proteiks is subjected toan electric
field in a gel. suppo?t in WhICh a pH gradient has frrst been generated Focusing
occurs in Qvo stages frrs%/e pH gradtent is formed A nonrestnctlve gel is

‘polymerrzed in the preser%%e of hlgl)ly mobrle amphoretlc compounds called
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ampholytes. To generate this gradrent the current is turned or} and the
ampholytes arrange themselves accordmg to their lsoelectrlc points, the most

acidic movrng toward the anode and the most basic toward the cathode

"~ Secondly, each proteln then mlgrates toward, and is "focused" at, that portlon of ,

the pH gradlent where the PH is equal to |ts |soelectr|c pH.

,Agarose is a common gel support medium for IEF. It is easy to _prepare,

chemically inert, optically clear and nonfoxic. Agarose has a large pore size

"

- which makes it suitable for the focusing of large molecules. -
lsoelectrlc focusmg with agarose IEF lS most convenrentw performed by

/
‘ castlng the gel onto a hydrophlllc polyester sheet (GelBond FMC, Marlrre

Gollords Drvrsron ) We used the procedure outllned in Isoelectnc Focusrng .
pnncrp/es and met’hods produeed by Pharmacra Flne Chemrcals Agarose IEF

(Pharmdcua) is combrned with D Sorbrtol (Srgma) in ddeO and melted in a.

waterbath Pharmacra Pharmalyte (pH 6.5-9.0) is added and the gel is cast
‘_|mmedrately by injecting ‘the liquid agarose between two glass plates

}‘(Pharmacra Agarose IEF Kit).

The cooled gel is tnmmed and plér@d on: the Pharmacra Flat Bed. Apparatus .

- FBE- 3000 A coollng system (Forma Scientific Model 2095) keeps the flat bed

- and gel at 10- 15°C Samples (untreated pridein solutlons) and standards
(Pharmagra Isoelectnc Focusrng calrbratlon Kit, g 3- -10; contains 11 proterns of
varying pl) are loaded onto' the middle of he gel usmg paper sarn/ple
applrcators (Pharma,cra. Agarose IEE’:krt). Platinum .electrcdes: are placed

directly on the surface of the gel. | /

- A Pharmacra Electrophoresrs Constant Power Supply ECPS 3000/150 s

- then used to run the gel at a constant power sett.mg (USually 6 watts) Voltage

increases ‘and amper'age decreases as the separatron progresses and the.
\ CH
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resistance of the gel increases. The paper sample dots are removed half way

through the run.

" After 90 min, the gel’ |s removed from the FBE 3000 and’ sulver stained

according to the procedure of Wulloughby and Lambert (1983). The gel was |

. fixed for 10" min (3.46 % sulfosalicylic acid, 5% TCA, 5% ZnSO04 in ddH20),

' rinsed in 'ddeO rinsed in ethanol (95%), pressed between heavy books

o .72

(protected by filter paper soaked in-ethanol) and dried wrth a hand- held blow -

drier. It was then rinsed agarn rn ddH20, dried, and srlver stained for 15 40 min
wuth a com.atlon of 170 ml solution. B (1.02 g Ammonium nitrate, 1..02 g
Srlver nitrate, 5.1 g tungstosrlrcm acrd and 26 mi 10°/..formaldehyde brought up
. t0 510 ml)vtth ddeO) added to 80 mI solution A (12.0 g Sod:um carbonate in
240 il ddeO). The gel is then nnsed bnefly‘m ddeO, rinsed for 5 mnn in 1‘(_')%

. acetic acid, and then dried. > &
‘ Qt o Lo G .’ ’ " ' - > ~
oL ek Cwa o SR - ‘ .
5. IMMUROBLOT- Ty, . -
. o 5" . B 3 »
) . . . "N 5 l
a. Introduction v : AN & G,
. r ' ©

| When a protein\is separatedin a pol'yacrilagnide gel, ités' trapped' in thre“fmatrix

‘of the gel The protern can not be detected well by, yte brnding of. antrbodles
because antrbodles are too Iarge to dlffuse through the g&’o brrtd with specmci

g

proteln antlgens However if a protern is transferred from a gel to the surface of .

a membrane such as nrtrocellulose it becomes easrly accessible ‘and extremely

sensitive to rmmunologtcal detearon techmques The fastest t‘nethod for the-
. " transfer of protelns from gels to membranes is electrophoretic transfer. To do

this, the gel is simply layered next to the membrane in a gel holding cassette

-

and placed between two electrodes m a tank of transfér buffer Then a\ltage o

2]

. ~
_ gl%d’ent is apphed perpendncuIar to the gel causrng the sample to mrgra e otf

>
4
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‘the gel and onto the membrane If SDS- PAGE was used initially to separate the
protelns then the proteins have a negatlve clﬂge and will mlgrate towards the

' anode (positive electrode) After protelns are transterred from the
polyacrylamide gel to the mtrocellulose the membrane is incubated wrth 3%

Gelatin, to block non-specific proteln blndmg sites on the membrane Antigens

e, TN

are-then Iabelled with specific first anttb s (rabbit origin),- tocated wnth

second antlbodles (,Blotlny ated Goat anti-Rabbit 1gG), re-labelled wnth

p_erox:dase - co': Qe Cridl then ldentlfled by HFtP Color Development

L) . ) l‘l)
. . .

’l'he transfer tank was built by Dr Stemke (Dept of Mlcroblology, Unlverstrty
v éof Alberta). The cathodlc half of the gel cassette was place;l on a‘counter and
\ covered by a morstened foam pad. Molstened‘blottrng paper was placed on top

of th+s J#’T he gsl was removed from the glass plate santiwich and placed

. upon the'Slotting paper Then an appropruate Slze of nltrocellulo! membrane

.ﬁchlélcher and Schuell Pure Nltrocellulose BA 85; 0 45 um pore size) was r

monstened and plaoﬁd directly on the gel, taklng care not to trap\‘bubbles

l"f beneath (Note: nltrocellulose should always be handled with gloves) Another
plebe of moistened blottlng paper was placed pver the _gel, followed by a
mmstened foam pad and the anodlc half of the pleXIglass gel cassette Thls

gave a layered slructure as. follows plexuglass (cathodlc)/ foam/ blottlngpaper/ 4

: gel/ nltrocellulose/ blottlngpaper/ toam/ plexnglass (anodlc) '

| The cassette was placed into the bufteu:hamber and the chamber was frlled

&1—,»

4"
with buft‘er (25 mM. Tris, 192 mM glycerme,s pH = 8.2). The power s

Q

L4
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~(custom -built by Vulganr,EIeot*‘rosystems Ltd. Edmonton 0- 5 Amps 0-150 volts)

.’d .

was’ connected to the transfer tankﬁand set at, 20 volts - 400 mAmps The unn
- was left running in 24°C cold roomdovernrght |

After electro blomng. the wet nltrocellulose membrane was |mmersed in $BS

. (Trls Buffered Saline: 20 mM Tris, 500 mM N’aCl pH x 7 5) for 10 minutesathen

‘ansferred into 37°C Blocking SOIUtIOﬂ ('FBS + 3% G&a@m Bacto ge'at'n 3

RIFCO Laboratones) The Blocking SOlUtIOI’l contaming the mem'}__; ‘Was - . g :

gently agltated for one hour on a shaker platform (Thomas Rotaﬂhg APPa"atUS .‘

No. 3623) The gelatm binds to al1 proteln brndlng srtes on the, membrane W; 'ﬂ‘l‘ 5

'eq covered by protelns from the electroblot. This. prevents }U

have not -

nonspecm _dlng of antibodies to the nitrocellulose.

. The membrar@ was removed from the Blocklng Solutlon and transfefred

g\onto a se:tron of Deco-sonic vacuum bag sealer A Dazey "Seal-a- Meal W Was .
- used to seal three sides of the bag, forming.a pocket containing the membfar‘
MIPolycIonaI Rabbrt anti: Squr esin. (kintlly provuded by Bruce SchnapP The
Marine Brologrcal Laboratory, Woods Hole, MA) was diluted 1:300?With
'Antlbody Buffer ( % Gelatin - TBS) and approxlmately 9 ml was poured lntO the

' m.embrane containing pocket. A%bubbles were removed the ag was, Sﬁ_"

u ( r

ed- overnight wrth gentle agrtatu

and the membrane was inc
‘ platform Bellco Blotechnology) . : ' ' n

g«

a. «

‘v Bhe membrane v was then washed in TBS for 2 X 10 mlnutes to r%ove free
and nonspecn‘lg bound, antlbody Washrng in TTBS ﬁBS +. 005°/¢Tween 20) :
oompletely elrmlnates background starnrng, but may reduce ”SH'V'W

N | therefore TBS washes were generally used 5 e '

Blotmylated Goat antl Rabblt IgG was: used as a second antrbody It wag

prepared by Dr. Stemke sggb as follows 2 mg of Goat anti- Rabbit IgG in 0.52 m| .

was added to 0.52 ml of 0.2 M NaHCOa Then 208 il of 1 mg/m BNHS (N-

-t

v
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~hydroxysnccrnrmldoblotln) in DMSO (dlmethylsulfoxrde) was edded This
solution was’ genlly agltated for 4 hours at 27°C, then transferred to 1 crﬁl
| diameter SpM( dlalysns tubing and dialyzed with 1000 mI "TBS overnight
at4°C, The dialysate was then aliquoted, frozen; and stored at -70°C.
. This biotinylated Goat anti-Rabbit IgG was diluted 1:300 with Agggody Buffer. '
‘At'pproximatel‘y 9 mi was sealed in a bag with the membrane, arid gently
| agitated for 2 hours’ at 27°C. T‘he membrane was washed again in TBS (2 X 10
. min), then mcubated for one hour.at 27°C with a 1:500 dilution {Antibody Buffer)“‘
of peroxrdase conjugated Avidin (Capped -Cooper Biochemical #3000-0470). ' e
) ~The membrane wa; ;Nasheclwnﬁ BS.( 2 X /10, min), and then, |mmersed mto;,,ﬂ;le
Development Solutlon (60 mg Bio- Rad HRP Color Develppment Reagent [4-
’chloro 1-napthol] in 20 ml ice cold methanol added to 60 pl 30% H202in 100
ml TBS). Generally, a5 to 15‘ mrnutehdevelopment periad was required to
produce easily vislble purple b"ands' The de\relopment was stoppe’d by
immersing the membrane in dlstllled water for 10 min. . | ’

- ik
As a control rabbrt serum (Sigma No. S-2632) was substltuted for Rabblt

anti-Squid kingéin in the first incubation step. J

" 6. MOTILIT TESTS . '- o

'tempted to promate the movement of carbo,xylated Iatex ‘beads on
microtubules. Samples of Superose 6 purified bovine k.l.p.* were collected

. directly from the column-and lncubated |n vanous proportmns“ﬂ’d sequenoes

| W|th 10 mM ATP solutlon mrorotubule con{alnlng solution and latex beads (0.19

' um Polybead Carboxylate Mlcrospheres from Polyscnences) Motlllfy tests were -

‘ performed in a. chamber made from a #1 cover slip (22 X 22 mm) whrch had

- . been gPeased a;ound its periphery and a standard microscope slide.

!
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| Coverslips were sometimes incub_ated in poLy-d-i;/sine to examine whether this |
~ polypeptide would bin‘d all non-specific sites on .th'e_glass surface and allow any
bovine k.I.p. present to interact solely with the carboxylate ex beads. The
motility chamber wés 'examined using video enhanced diff;? tial interference
contrast mlcroscopy Désplte %eated efforts, no motility was seen. Thls is
very ‘possibly due to the lpw quankmes of bovine k l.p. present msthte Superose 6
eluant, which in turn i$ due to the comparitively low leve of bovmé K.Lp.

_present |n our Se solutions (see Results, %un #5).



lil. RESULTS.

A. MICROTUBULE PURIFIGATION AND CHARACIERIZAT}QN"

’ In order to carry out micro’tubUle affihity eurificetion of i'<.l,p. according to the
procedure outhned by e et al., (1985c) 'it was necessary to obtein clean
microtubules. We used taxol to purlfy bovine mlcrotubules according to the
procedure developed by Vallee (1982) (see Fagure 4, page 39). -We
characterized these microtubules and determmed thenr purity uemg SQS PAGE
(see Plate |), AVEC- DIC (see Prate i), thin sectlon (see Plate‘lll) and negau\xely
stained (see Plate 1V) Transmission Electron Mncroscopy and Scannmg
Electron Microscopy (see Plate V). These techmques showed that we had
purified 53/56 kd tubulin subunits that polymenzed into elean mlcrotubules 20
- 26 nm in diameter. o ' e

We later developed a mlcrotubule afﬂnlty k.l.p. purific&ion techmque that
utilized- endogenous mncrott;lwbules Thls ‘made separate | mucrdtubule punflcanon
unnecessary and suggested cliean, fw/ bulke. -associated protein (MAP) (ree
mic'rptubules were. not ‘nee‘e‘ssary fo tmd/:g k.l.p.. This is not surpﬁsing, since
microtubules in vivo associate both With MAPs\and k.l‘.p.'s: | o |

. »

L 3
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LATE | : SDS@alyacrylamide Gel Electrophotesis of Purified Bovine Brain

Microtubules

Gel :7.5% T, 2.7% C*

.. Two rdentlcal samples of purified mrcrotubules (0.5 ul) were tleated
with treatment buffer. and run on a 7.5% ponacrylamrde gel Only a
srngle doublet may be seen in each lane, mdrcatlng the presence

{4 a highly purlfr.ed protein. The molecular welghts of this doublet
correspond to the known molecular weights for tubulin subumts ‘
(alpﬁa tabulin = 53r kd, beta tubulin = 56 kd). No contaminating

proteins are present.

*A20% T gelﬂw\tam 20%  wiv of acrylamrde plus his. As

o
thd %T increases, the pore size decreases. The other way to

lée-{.u?‘

adjust pore size is to vary the amouﬂf of crosslmker exresse\d asa.
percent of ghg sum of monomer and crossllrxker or %C. A‘ 20%T R
5%C gel would have 20% w/V of acrylamide plus bis, and the bis
would account for 5% of the total weight of the acrylamide. Above

and below 5%C, the pore size in the gel increases.



PLATE ]
. ; TN

N »
~ e
f
.
( -~
“ o
-
-
0
N
-y
E
e
* -
LA
L]

~J&

9



ow
)
5 Sy

N
B,

» . . i ;/} . Y - N Ji‘_' ‘. .‘. \',’1\\,"4"’.1 h .‘
PLAJE Il : AVEC-DIC of Purified Bovinp BrainMiﬁ& S w LT

‘.

» ThlS photograph shows microtubulegs@@¥nstitutedyfrom the 53/56
kd doublet proteins (see Plate I)- "wewed under AVEC-DIC

' mlcroscopy Structures shown here are similar to natuve

microtubules viewed by AVEC-DIC in extruded axoplasm:\\

preparations of Homarus americanus 'wafking-leg axons (B.
Maranda, personal communiéation). in 1hié instance, squid kinesin
‘was incubated with purified bovine brain, microtubules on a glass
coversllp, which caused the microtubules to bmd to the glass
Yurface (gee Materials and Methods, page 56). .

Actual magnification: 45,000 X ®
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PLAT E\LU Thm Secﬂon Transm:ssuon Electrqn Mtcroscopy of Purmed Bovlne

-.\\"ik .,

‘\‘——Bralicrotubulés’ T L .

~ ' .

. o . T . .
‘~§~ - . 9 . v, o . &

L. :
s -

Polymehc mucrotubules can be seen agam showing that the 53/56
e .kd doublet protems seer’t in PAGE are subunlts for a Iarger
structure Cross sectiens et the polymenc stvucture show that the

| ngament is tubular dlsptaymg the hollow center and thm wall

g charactehstlc of mkirotubules.

. T
LA

. Actual magnification: 80,000 X o o . R 4
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PLATE V: Transmlssmn Electron Mucroscopy of Negatlve|y Stamed Punfled
Bovme Bram Microtubules
‘ ,;_'iz-.~ ,. e, B | b | 1 |

These images show that the .diameter of the tubulie”ils

Y

. approidma’tely 20-26 nm, .which c'brresponds' t"é 'rh'icrotub'ul-e .
SRR dnameter Also the stnated appearaqpe of the polymers surfaCe :

' mdlcates that the subunits are polymenzmg in a regular fashion ‘

. formmg a cohereqt subs;ructurq. of alpha and beta} components.. '
SR N

 Actual magnification: 200,000 X
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PLATE V : Scan,ning'_Ele\;ctron Microscopy of Purified Bovine Brain
N Microtubules ' '

: , . .

* * This image shows the long filamentous structures & microtubules, .
"« showing again that the 53/56 kd_doublet proteins seen in PAGE
~analysis aré_ subunits for a Iarger polymeric structure. *

- Actual magnification: 35,000 X

. °
‘

.
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"N B.K.LP. PURIFIGATION AND CHARACTERIZATION |

b . . '

1, INTRODUCTION

This section will be presented ina chronglogical fashion. Nine representattve v
| "runs" are described. Each run was a separate purification attempt, pertormed ‘
'wnh a specmc method and objective. Selected protein- contalnlng solutions frcm e
‘each Tun were characterized by one orsall of {EF, PAGE gel scans and

Superose 6 gel filtration. lmmunoblottrng, usnng Flabblt anti- Sqund }mesun was
used to p,osutlvely ldentlfy bovune k.Lp.. .
The following is a collectlon of selected brief results: A variety of binding .
.‘agents for the mlcrotubulﬁ afflnlty punflcatlcn of klp were shown 1o be |
.effectlve lncludlng trlpolyphosphate (PPP) EDTA and AMP- PNP (Run #5) Tl;le
addltlor:/or‘ellmlnatlon of wash steps and the alteratlon of the ratio of crude
homogenate (S1) to purmed kl p solutlon (S_g) were two varlatlons
. a unsuccesfully attempted as a means of mcreasrng the concentratlon of k.l.p. in
-, the Se, (Run #2, Run#4)»\lar|atlons in homogemzat\on buffer showed that the
',lsolatlon of k.l.p. W|th AMP PNP is not crltlcally dependent upon
homogenlzatlon buffer composnﬂon (Run #1) A suspected k.l.p. was lsolated
from dog braln (Run # 3) (see rndlvrdual runs for more detarled results) .
. Negatlve results have not. been mcluded Using Centrlcorl 10 u’mts o? >
freeze dryanumn concentratré‘n of k.l. P, was unsuccessful, probably
due to the hrgh adsorptlon losses experlenced Non denatunng PAGE also
failed to produce results. However, these results drd reveal something about

the nature of qevrne k.l.p. (see DISCUSSIOH, page 139). Motility tests and electron
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microscopy of k.l. p- also talled to produce results; higher 'concentratlons of k.l.p.

may be necessary tor success with these procedures

v

2. NOTATION - T

v ' . i ‘
In this run and in the notatlon used tl:lgughout these Results, the first number

-~ is the ru¢n A Se*-is from the first run, and 4-Se-PPP is from the fourth
run. S , N anatant and P ref sto pellet whrle the subscrrpt number\
refers 16 the step ln(the isolation l % - RiFiqures S,and 6, pages 45 and

-53). Notation appeanng after the first thr'e symbols refers to speclflc
character’stlcs of that solution. For example, - 1-Se+, 1: Ss- and 1-Se* were
_homogenlzed with different homogenlzatron buffers. Other solutron specmc
notatlons‘include' P, E and PPP, which respectively refer to the usé of AMP- |
PNP; EDTA and tnpolyphosphate as binding agents during k 1.p. purification; u,
which lndJcates that no. -microtubules w dded to the homogenate
supernatant during k.l.p. purilication' W whlc)?/:ans.that an extra wash has

‘been-used in the procedure and cortt (control) indicating that no brndlng agent

. . was added to the homogenate supernatant during k.l.p. purification.

Solutrons to which binding agents were added during purification are often

" referred to as "experimental” solutions. - . |

\'Nhen Se,\:\ras run through the Superose 6 column dlfterent fractrons relatmg

’to dn‘lerenttmolecular weight ranges were collected and trltered through glass
‘ wool The protelns that adsorbed to the glass were released by’ h{at treatment
in Treatment -Bufter and charactenzed by PAGE and immunoblotting (see
Materials and Methods, page 63) “The nomenclature for these solutions (ig

8- Sup 6-PPP : 500- 1000) mcludes a reference to Sup 6 and to the fraction's |

relatrve molecular werght range in kd

oap



Please refer to Figures 5 and 8 (pages 45 and 53) for detalls concerning

' isolatior\s. _
3. RESULTS ~

a. Run #1 - Expernments with homogenization buffers; Isoelectrlc focuslng
It seemed odd to include ATP in the homogenization buﬂer (vale et al.,

o 1985c) since its presence would Increase the amount of AMP- PNP required to |
bind k.l.p. to microtubules (see Introductron. page 13). We therefore performed

omogemzatlons of bovine brain using three different homogenizatroﬁbbuffers.'

1) identical to Vale et al., (19850) 2) srmrlar to Vale et al., (1985cy but without
ATP; 3) ‘simpte PEM buffer. Bovine brain k.l.p. was isolatedmnth 5 mM AMP-
‘PNP and clean microtubules. One wash and a 20:1 ratio betweeg S (crude _
homogenate) and Se (purrfied k.l.p. so_]utron) were used during the purification |
“run (see Figure 5, page 45). ' |

The PAGE gel (Plate Vi) shows that the S3 (hrgh speed homogenate wrthout
microtubules) solutions prepared with drfferent homogenization buﬂers are
similar. However, 1- Se+ 1-Se- and 1:Se* (purified k.l.p. §olu_trons, each
prepared wrth different homogenization buffers - see Plate V) dont_aln extra
bands at 120 kd compared to therr controls. This is identical to the large subunit
Size reported by Vale et al., (1985c¢) for bovine k...p., which |mpl|es that these
butfers can be used successfully to purify bovine k1. p.. The concentratron of the

120 kd protern in expenmerfal 1-Se is 24- 33 pg/ml (see Frgure 12)
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PLATE VI: Run #t-* , |
SDS Polyacrylamide Gel ?mrdﬁhomsis of Bovine Brain Se
Gel:75% T, 27%G. .-

“
" Purification Conditions: ..
ot ; . & 4. ' Yy -

n

lane a : 1-Se*. homogemzatlon buffer = PEM (0.1 M Pipes 5. 0 mM

\e
‘£

B ﬁén 1.0'iM MgSO4, pH = 6.6); B.A. = 5 mM AMP-PNP -
Gel Scan : 120 kd protein 37 9 ug/ml -

lane &' 1 Sa"cont : B.A. = not present s y -
lane b : 1-86- : homogenization buffer - as for 1-Sé+, but without
‘ . 0.5mM ATR;8.A. = 5 mM AMP-PNP
* Gel Scan :120/4d protein - 24.8 ug/ml )

" lane b': 1-Se-cont :B.A. = not pfésent

lane ¢ : 1-Se+ _: homogenization buffer = 50 mM Pipes, 50 mM Hepes.
2 mM MgCl2, 1 mM EDTA 0.5 mM DTT, 1 mM PMSF,
10 pg/mi Ieupeptm 10 ug/ml TAME 0.5 mM ATP;
pH 7.0 '
. B.A. =5 mMAMP-PNP
Gel Scan :120 kd protein - 24.2 ug/mi

lane ¢': 1-Se+cont : B.A. \4 rot present

For all Se : clean microtubules added to 1-S3, 1 wash, S1:Ss = 20:1
‘ |

lane d = 1-Sa*, lane @ = 1-S3-, IanéTs 1-S3+ ) | .

T
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“igure 12 : Run #1
Gel Scanning of Bovine Brain Se A
Figure Km subheadjngs SR, o,
a: BIO Rad High Malecular Weight standards ’
The B-GalactosldaSe (116.25 kdj band, which corresponds to
! the peak betW"een thafWo small rectangles contained 2 ug of
protein. This paak was used to calubrate the scanner.
b 1-Ses : 120 kd protein - 1.629 Hg (from 50 ul sample)
= 32.6 pg/ml
N e 1-Se- 1 120 kd pro’teln 1.312 pg (from 50 pl sample)
= 26 2 pg/ml ‘
" d:1-Se 120 kd p(otem 2 068 ug (from 50 pl sample) . ¢
= 41 .4 ug/mi |

\

. note: gel scans b, ¢ and d corrospond to lanes b, c and d in PlateVI

. C : 7. .
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a 200 (16 92.5 66
molecular weight (kd)
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PIXEL GREY L EVEL

b 200

i

‘ hd
4 —————— —————— St - T —— -

L]

116 92.5 66

‘,'45

molecular weight (kd)

NOTE: PIXEL GREY LEVEL IS PROPORTIONAL TO THE AMOUNT OF
STAINED PROTEIN PRESENT ON THE GEL- AT ANY GIVEN

MOLECULAR WEIGHT

C 200 116 92.5 66

molecular weight (kd)

PIXEL GREY LEVEL

ik

d 200

H

116 92.5 66

45

molecular weight (kd)



: '-;extended penods of tlme solutlons prepared wrthout protease mhlbltors tend to.

: ‘Dlscussron page 134)

. -:, -y“, e ‘- Uy | r . .
\ "\. \ B Y : [ ! .
A ( _' : . - i
R R " : : . . .
L3 v ! . . . . . .
v

—

Expenmental 1-Se alsa showed darker bands at 47- 48 kd. Thls protein may .

v,be the 43 kd polypeptrde whlch Brady (1985) reported as being srgnrfucantly

moreased in the pellet of mlcrotubules mcubated with AMP—PNP in chlck brarn

' 'homogenate ‘The, mngratlon of this. proteln on 2—d|men5|onal gels |mplled it was : ‘
«acﬁn (Brady, 1985) o - :

When 1-Sa+ ar 1- Se+cont were run on an lsoelejlothC‘using gel, no = .

L

. addltlonal bands appeared in the expenmental solutlon (sge Plate VII) This is:
-despite the results seen with PAGE for these 'same solutlons (see Plate V1), The

reason fbr thrs is not entlrely clear. It is probable that the pH range (3 10)"

lntrodUCed rnto the - agarose gel by ampholytes was ‘nét wide: enough to

B accommod’ate the pl of the k.l p ThlS is dlscussed e fully elsewhere (see

- —

L=

;:’ These results show that the |solat|on of our 120 kd proteln is ndt\cr;t\l;ally

. "homogemzatlon However if Sz or Sa is frozen in Irqu1d N2 and kept at -70°C.for |
: '.'gglve lower k.Lp. concentratlons when |solat|ons are attempted (results not

' ’our own homogemzatron buffer

Kl

: dependent upon homogenlzatlon buffer lf rsolatlon is pe'rtormed short fer

- shown) Therefore, as stated |n Materlals and Methods we deS|gned and used }



PLATE VI Rungl . S /o
|soe|ectr|c Focusung of Bovine Brain Ss R :

<

AR

- ‘shown) c|early dlsplayed an addlﬁonal 120 kd polypeptide/bresent in the 1-

- 'Ss* (see Plate Vi). This is a representatlve gel -rotyrs shownng simllar

results were un. " # _ 4

lanea:1-Se+ - :B.A, =6 mMMAMP-PNP -

il

‘lane a': 1-Se+cont : B.A. - not present .

2

For all Se :clean. n]ierott.pules addéqio 1 ;83;11 wash; S1:Se = 20:1;

o /
. homogenization buffer ¥ as in Run #3

Va
v ‘ /
BF :pH =310/
Vo =‘.150"o (start) / :
mA=151 (stat) |
= N . / <' 5

‘W =6 (constant) / |

/

T =10-12°C - .’
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b, Run #2 - EDTA vs AMP- PNP elimination of wash step )
. Bevine k.l.p. was isolated wnth 5 mM AMP PNP, or 10 mM EDTA and clean
fmncrotubules A 201 ‘ratio between St (crude homoge&te) and Se (purihed: |
k.l:p. solution) were used durmg the purmcatlon run. This purmcation sh&ws that -
an EDTA- based purnfrcatron of the 120 kd~ protein wa,s possible; a gel scan
mdrcated' that 2-Se-P and 2-Se-E both show a snmrlar concentration increase of
a 120 kd protern (30 ug/ml) compared wrth control (see Plate Vlll)

Also, the wash step (S4-Ss) was. ehmlnated (see Flgure 5, e 45)' the
ehmrnatron of this step did not rncrease the concentratlon of kmesm in.the -
-~ experimerital Se The levels /of contaminating proten_ns that remained loosely
;'associated with the unwasl d pellet vt‘/ere'much. higher (.comp.arel to Plate VI);

'the presence of addltlo_"al mlcrotubple -binding protelns that are normaily'}

‘removed_ by the wash is- al 0 possrble Thrs procedure was not continued.




I A
PLATE Vill: Run #2 | -
o 'SDS 'Poly’ac‘:rylamide" Gel Eledrophoresié of Bovine Brain Se
Gel:7E%T,27%C . L o
~ Purification Conditions:

anea: 2:86P - :BA =5mMAMP-PNP ©
o | " Gel Scan 7129 kd protein - 30 pg/ml
| lene b: 2-Secont : B.A.‘= not Qresent . '

N |
lane ¢ : 2-‘Sy6-E.~ o B.A. =10 MM EDTA
| o hGéi‘ri%qan‘: 120 kd proteiﬁ - 30 pg/mll A

For all Se : clean micrétubulqs ;don 2-S3; no wash; homogenization
buffer - as for 1-Sé+; S1:96 = 20:1 ' '

lane d = 2¥P6-P, lane e = 2-Pe,cont,ﬁlane‘ f = 2-Ps-E
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C. Flun #3 Dog Braln L R L e

We thought it would be mterestlng to purify a k.Lp. trom an-alternate tissue so
we obtained bral s from dogs used rn experimental surgery classes at the
S.M. Ft 1. (see Materials and Methods, page 50). EDTA was agam used as a 3
" binding agent in this punfrcatron but a range of concentrations from 40 to 100
mM were used to determine’ ideal concentratlon (note: a prevrous run had \
suggested that EDTA concentrations up to 40 mM. would be approprlate -
results not shown The }ncrease of EDTA. concentratron over 40 ' mM did not
increase the concentratron of proterns of lnterest in 3-Se-E, so we standardized
. 40 mM as belng the ideal EDTA concentratron for\our isolations. The extra
bands for this sus%ected oanlne k |l.p. seem.to be sllgh'tly Iower (about 116 kd) )
than the bands seen for bovine k.l.p. and are composed of doublets rather than ‘
smglets (see Plate lX) Doublets weré also occasronally seen for bovine k.l.p.
(see Results Run #4). ' _ r { CL
We also attempted, unsuccessfully, o use another control The adw )
- mlcrotubules at the Ss3 rncubatron step was elrmrnated for 3- S3-Ej and 3-S3-Py,
purportedly to show the extra proteins rn expenmental Se solutrons depended
Upon microtubulés for therr punfrcatron (see Figure 5, page 45) Paradoxrcally,
the 3-Se- Pu showed the strongest bands.both for the 116 kd doublet (66 p:/ml)
'and for: mrcrotubules and the 3 Se-Ep also showed the presence of
mlcrotubules ‘Obviously not all mrcrotubules had been removed during the S2
to S3 step, The control solution which was rncubated wlth microtubules. but no'v _
EDTA or AMlS—aNP (3 -Secont) also showed the presence of a 116 kd doublet
whrch could have been due to the absence of ATP in the homogenrzatron but@r
E (ATP depletlon induces . a strong binding state- ‘between krnesrn and.
mlcrotubules - Vale et al., 1985b). Thrs possrbrlrty is drScussed more fully

'eIseWhere(see Dlscussmn page144) - o S
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PLATEIX: Run#s - | W
| SDS Polyacrylamide Gel Electrophoresis of Dog Brain S °
.Gel:175%T,27%C N
. ) ' ! N .

Purification Condﬁons:‘

lanea:. - 3:-Sp-P ":B.A. = 5 mM AMP-PNP; clean mic_rotij_bules :

<
12

. Igﬁe b: . 3-Se-Pp :B.A. = 5 mM AMP-PNP; no microtubules
| Gel Scan : 116 kd protein - 66.0 pg/mi

L]

arece 3-Se-E -+ . :B.A. = 40 mM EDTA; no microtubules

‘ 3

\ . o . ty 3, -
*laned: S-S\econt, “:B.A. - not’pre.s‘?pt; clean microtubules 7o D
' R '\\C ‘. N ’ : . o

lanes @, 1, g, h: 3-Se-E-(40, 60, 80, 100): B.A. = EDTA (40 mM, 60 mM,
| " ~"80 mM, 100 mM); clean microtubules

For all Se :} wash; S1:Se = 20:1; hombgeni‘zationfbuffe,r = 0.1 M Pipes, 5
- MM EGTA,1.0 mM MgClz, 1.0 mM DTT, 5.0 ug/ml leupeptin, 5.0 ug/mi
TAME, 0.1 mg/ml'soneén trypsin inhibitor; "clean microtubui’esf' means

* that clean microtubulés were added to 3-S3 for that particular solution.

~ - . -
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- d. Run #4 - Use of PPP extra wash; glass wool technique

" Plate X)’ was mrected lﬁ 3

With thls run we first showed that our suspected bovine brain k.l.p. could be

isolated by using 5) m‘M-‘PPP as a binding agent. This idea was taken from
Kuznetsov and Gel nd (1986). Clean mrcrotubules and a 20:1 ratio between
g e) and Se (purified k.I.p. solutlon) were used during the
r!\wash was tried between steps 5,and 6 (see Figure 5,
w.ti" PPPw solution. Thls did not make it much cieaner than the

4 Se- PPP sqhe us l
' ‘;: 5 pe;

-aq extra wash Step was not standardized.

l of 4-Se-PPP (containing 2 gag of bovme kel p- -500
% Superose 6 column. Fractions were collected and
filtered through glass wool. The glass wool was then heat treated with
Treatment Buffer (see Materials and Methods, page 63) and -centrifuged.

Released proteins were analyzed by PAGE. The fraction correspondlng to 500-

1,000 kd (whlch rs wrthm the range reported for kinesin and kl p.'s - see Figure

2, page 18) contained a 120 kd band This band contained approxlmately 0.33
pg of protein, correspondlng to 16.5% of the bovine k.l.p. injected onto the

column. lt was unclear whether thie 83.5% ioss was due to inefficient binding to

the glass wool or due to losses wrthln the column.

This was the first connection made between the 120 kd subunit and a larger
500-1,000 kd. molecule it is mterestlng to note that this isolation shows a
doublet rather than a single band at 120 kd. It may be that subtle differences in
gel casting or runnlng technique result in a finer locusmg of our suspected

bovine k.l.p. into a doublet.

104



CPLATEX: Run#4 N
SDS Polyacrylamlde Ce
. Gel:75%T,27%C. -~

\

“
s

Purification Conditions:

Iéne d: 4-Secont . :1wash
Janee: 4-Se-PPP - :BA =5mMPPP,1 wash
- Gel Scan : 120 kd p(otéin -10 pg/mi
. N -
lane f: “4-SePPPw  :BA.=5mM PPP; 2 washes
|  Gel Scan | : 120 kdprotein -*12 ué/ml

For\all Ss clean microtubules added to 4-S3; St 'Se = 20:71;
homogenization buffer - as in Run #3

FPLC Supérose 6 column buffer =0.05 M Tns 0.1 MKCI, 5 mM MgCIz pH
.= 7 6, 200 pl each of 4- Se-PPP and 4- Sscont mjected onto column;

fractuons collected by FHAC 100; glass wool eluant filtration used.
lanea: 4-Sup. 6cont : >1,000 kd A
~laneb :  4-Sup. 6cont :500-1,000 kd -

lane c : . 4-Sup. 6cont ' : <500 kd

i

lane g : 4-Sup.6-PPP :>1,000 kd . S

lane h: 4-Sup.6-PPP : 500 1,000 kd;Gel scan 120 kd protem 0.33ug
lanei: 4-Sup.6-PPP :<5oo kd |

. N i
T \
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e. Run #5 - lmmunoblotting 5-Se, plnpolnllng k.l.p. losses
in this \lsolallon AMP-PNP worked much better than EDTA or PEP in
promoting the purificatiort of bovlne k.l.p.'(30.4, 7.2 and 9.2 ug/ml for 5-Se-P, 5-
* Se-PPP and 5-Se-E respectively - see Plate X1).' In that sense, these are unusual
results. Howey gr this was the flrstlln where lmmunoblotting was used to
* identify b8vine K.l p. (see Plate Xll) both 5-Se-PPP and 5-Se-P showed definite
labelling ‘of the 120 kd polypeptide by Rabbit anti- $qu|d kinesin. Shared
antigenicity with squid kinesin and shared large subunit molecular \/lvelght with
bovine k.l.p. (Vale et al 19850) were sufficient evudence to allow the labelling of
this 120 kd proleln as bovine k.l. p .
. This was also the first run where the S1:Ss rallo was altered in an attempt to
increase the Se concgntrallon of bovine k.l.p.. A ratio of 40:1 was used.
However the hlghesl concentrations of bovine, k.l.p. we were able lo achleve_
- were still an order of magnitude less than the Se kinesin concentratlons of 1
| mg/ml claimed*by Vale et al., (19850). Possible reasons for this discrepancy are
discussed elsewl_;ere'(see Discussion, page 142).

This run also allowed us {o localize our bovine k.l.p. losses to the Superose 6
column. This was ‘accomplished by correlating FPLC and PAGE results as
follows PAGE analySls showed that 30.4 pg/mi of the 112 kd subunlt of bovine

- klp. was present in 5-86-P If other possible subunit contributions are lgnored
this can also be taken as the concentrallon of bovine k.l.p. in 5-Se-P. Since 0.2
: ml of 5-Se-P (containing 6.08 ug bovine k.L.p. ) was inje’cted into the column, and
only a 2% peak (roughly correspondlng to 0.25 pg - see Flgure 13) was_
detected for bovine k.l.p. after the column, 96% of the bovine kl p. was being
lost during gel flllratlon The glass walls of the separatmg column were deemed

to be the problem in this case (Vale et el 1985¢). .



\\PLATE X : Run #5 | B .
SDS Polyacrylamide Gel Electrophoresis of Bovine Brain Se
Gel:75%T,2.7%C

Pprification Conditions: . S
lane e . 5-Secont ‘B.A. = not present
lane f : 5-Se-P :B.A. = 5 mM AMP-PNP .
' GelScan " : 120 kd protein - 30.4 pg/m|
lane g : 5-Se-PPP :B.A. =5mMPPP

GelScan  :120kd p(otein - 9.2 ug/ml
laneh:5-Se-E - :B.A.=40 mMEDTA-
GelScan  :120 kd protein - 7.2 pg/mi

»

For all Sé :clean microtubules added to 5-Sar 1 wash; S1:56 = 40:1; o
homogenization buffer - as in Run #3v 4
F‘PLC: Superose 6 column; buffer = 0.05 M Tris, 0.1 M KCI, 5§ mM MgClz, pH
= 7.6, 200 ul samples of 5-Se-P, 5-Ss-PPP and 5-Ss-E injected;
fractionscollected'b'y FRAC 100; g!ass wool eluant filtration used.
lanea  :5-Sup.6cont: >1,000 kd
lane b " 5-Sup.6cont: 500-1,000 kd

lanec  :5-Sup6-P 31,000kd -\
lahed  :5-Sup.6P :500-1,000 kd; Gel Scan:120 kd-protein - 0.20ug
lanei  :5-Sup.6-PPP: 1,000 kd : -
lane j : 5-Sup.6-PPP: 500-1 ,600 kd; Gel Scan:12fo kd protein - 0.05ug
lanek  :5-Sup.6-E :>1,000 kd- |

“lane | ‘: 5-Sl;b.6-E : 500-1,000 kd

!

-
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Immunoblotting-of Bovine Brain Se

PLATE XIl : Run#5
Ty

L.
'r‘"'%'x\ i
EO

Standa%}d procedure for mmunoblottmg wds used, except no

’ a,,
W
L

norrr%al rabblt Serum ( n.r.s ) control was run.
vlenea | »‘?S-S;e-.E .

lane b !5:36-???

lanec  :5-Se-P

" laned :5-Secont
: Rabbit :anti-Squ.idv kinesin identified subunit
n5SsPand5SePPP Y \
‘ The bovme k L.p. bands ldentmed by |mmunoblot faded over time;
| these results do not have therr orrgrnal c|ar|ty Also, no standards
were run on the gel used for the |mmunoblot $0 no drrectv
5;,.;\ o molecular werght markers can be shown in the picture. However',.
o the gel in Plate X was cast and run.at the same time as ghe gel -
used in th’e'i‘rrimUn’ob_Iot; 50 the standards in this gei were used to

 characterize the immunoblot.
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Figure 13 Run #5
Superose 6 Gel Flltratlon of Bovine Bram Se
‘Buffer :0.1 MKCI
ommmS 
5.0 mM MgCl2
N pH=786
CAbs. - :280° |
Sensitivity - 0.0‘5‘(fdll.scale' deflection'corrosponds to an
absorbance of 0.05)

mI/min' .0.4 ’

cm/mi ’, 105 ‘;‘

note : Pharmacia REC 482 charts have been reduced 2.4 X . Each
dwnswn alqng the X axis corrosponds to 2ml eluant
| N : A
Figure 13 subﬁe'ecﬂﬁ'c:]‘s/:e" )
ar5-Sscont Y
\/; 5-Se-P -

- ¢: 5-8¢-PPP

| d: 5-Se-E
For each: columd eluant 'collect'ed with glase wool filtration;

é&,ﬂ? ' fractnons c'ollected from 10 14 'ml (500-1,000 kd, see Fugure 7

_page 62) contained bovme K. I p. (see Plate X 5-Sup. 6- PPP : 500-

1000, 5-Sup.6-P : 500- 10_}00 ). 5-Se-P showed a small 2% peak in

" this region on the REC 482 chart (Figure 13b; see arrow).

e



et ]

113

v

Figure 13: -

%‘,viﬁn’i‘.?."ﬁ;:"ﬁ'\ A E TR T S R s R R R S s T

o

i (UHER B
ALkl

...:.l.. -
(LT I !

eluant vblume

-eluant velurne

b

ejuant volumne

“eluant volume

a
-

-

¢

3]

o

c



" Y
LN

R R s e
' YThé glass filtration method of after-column boyiné k.l.p. recovery gavé a‘ t;and -
of épproximateiy 0.2 pug at 120 kd (see Plate XI). This shows that k.l.p. recovery
by gvla‘sslﬁltration is close to 100%, and suggests Athat the losses seén in Run #4
- were due to column losses rather than to 'ineff"ic‘:ient?glass binding. |

\
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) f. Run #6 Squrd Kinesin; ATP containing column buffer
| In this run, bovine brain k.l.p. was |solated with 40 mM EDTA and 5 mM PPP
as bmdtng agents Clean microtubules, one wash and a 40:1 ratio between S1
" (crude homogenate) and Se (purmed Kdl. p. solution) were used durmg the
| purmcatlon run. PPP and EDTA promoted approximately equal levels of bovine -
k. l.p. binding (26 vs 30 pg/mi). Squrd kinesin (supplted by Bruce Schnapp, The :
Manne Blologlcal Laboratory, Wood° Hole, MA) was run besrde 6-Se-PPP and
 6-SB-E on PAGE (see P|ate Xlll) This showed that the large subunit for squrd

kinesin has a slightly. | lower molecular weight than the 120 kd bovine k.. p.. This
‘ parallels results reported by Vale et al., (1985c¢).

~The squud krnesm was also run parallel to bovine k I P -containing solutions'

for an |mmunoblot As expected the Rabblt anti-Squid Kkinesin bound better to
| squrd kinesin than to bovine k...p. (see Plate XlV) The lower squrd subunit size
is also seen in these Pesults.

For the first time we tned to reduce column Iosses of bovine k.l.p. by
changing the column buffer .Following the procedure of Vale et al. (1 985c) we
added ATP and EDTA in the column bufter, though ho ratnonaltzatron could be -
seen for usrng these agents (EDTA would act agamst the Mg++ ions in the
same buffer and ATP, it is believed, does not act on the glass- brndnng area of
bovire k.I.p. - Vale et al. 1985¢c). No reductions in column losses of bovine kl p.
were seen (results not shown) Thee extremely hlgh background absorptlon -

caused by the presence of ATP in this buffer made sepsitive detection of low

amaunts of bovine k.l.p. impossible.

-
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lane b -

lane ¢

" lane d

) PLATE XIII

Huwms :
SDS Polyacrylamude Gel. Electrophoresus of Bovme Brain Ss and

14

~ Squid Kinesin

lanea

Ggl :7.5% T,2.7%C
Purification Conditions (Bovipe Brain).
: 6-Secont : BA. - not present

? ‘ - ,
:6-S6-PPP :B.A. = 5 mM PPP
) ‘ o
Gel Scan :120 kd protein - 26 ug/mi
:6-Se-E  :B.A.’=40 mMEDTA.
Gel Scan-: 120 kd protein - 30 pg/mi

€ -

+ 1 squid kinesin

 Gelscan : {16 kd protein - 66 pug/mi

2

For all Sa clean microtubules added to 6-S3; 1 wash S% Se6 =40:1;

homagenization buffer - as in Run #3
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Plate XIII




PLATE XIV : Run #6
| Immunoblotting of Squid Kinesin
Standard procedure for rmmunoblottmg was used, except

no norm&rabbrt serum (n.r.s. ) control was run

Rabbit anti-Squid kinesin strongly identified 116 kd subunit
of squid kinesin. : .
{ IR
Other lanes show various bovine k.I.p.-containing solutions
(from left to right: blank, 6-S2, 6-Ss-E., 6-Secont, 6-Se-PPP)

- The Rabbit anti-Squid kinesin antibodies a’re more reactive with

squid kinesin than with bovine k.l.p. (see Plate XIl).

The oortion of the polyacrylamide gel conta'ining the molecular
weight standards was cut ‘off and stained in Coomassie blue.

g\lmmunoblotting was performed on the rest of the gel.



1o

Plate XIV

3
« - :
&



-~

g. Run #7 - Endogenous microtubules; lmmunobldtting~'7-82
In this run, bovine brain k.I.p. was bound to endogenous microtubules with
40 mM EDTA and 10 mM PPP. A 40:1 ratio between S1 (crude homogenate)
and Se (pdrmed k.lLp. solution) was u$ed during the purification run The fact
that endogenous microtubules could be used in the purification of k.l.p. (see
.Plate XV) mdicated that the presence of MAPs did not prevent the binding. of .
bovine k.l.p. to mlcrotubules Though the Se may have been sllghtly dirtier
compared to earlier runs performed with clean mlcrotubules the added
simplicity made this procedure very attractnve Also, it was possuble that an ATP-
depletion coned\lon ex1sted in our S2. since no ATP was included in our‘
homogenization -buffer. ThIS coyd Have caused bovine K.lLp. to bind to
‘_ ‘endogenous- microtubules WhICh were being discarded in previous runs.
. However, it is unlikely that rhuch bovme k.l.p. was being lost in this way, since
Se bovine k.l.p. yields for Run #7 \ild Run #8 are similar to earlier runé® ‘
The immunoblot (Plate XVI) showed that Rabbit gnti- Sqund kinesin could ple
bovine k.I.p. out of all t'he protelns present in 7-S2 (compare this vto the 7‘82 on
| Plate XV). Excellent immunoblot results were also obtained for 7-Ss-PPP.and 7-
Se-E. |
Although the ATP and EDTA added to the colun buffer did not reduce
column losses (over 90% still dlsappeared during gel filtration), the glass-wool
technique again showed that bovine k l.p. present in 7- Se-E and 7-Se-PPP
eluted from the column at a position correspondmg to 500-1,000 kd The FPLC

charts are not shown in this—<ase, sincg the presence of ATP in the buffer

created a very High baseline that made them unreadable
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PLATE XV : Run #7 -

SDS Polyacrylamide Gel Electrophoresis of Bovine Brain Se .
Gel:75%T,2.7%C

-

"

Purificawtion Conditions:

lanef :7-Secomt :B.A.-not present

laneg  :7-Se-PPP :B.A.=10 mMPPP

- Gel Scan : 120 kd protein - 10 ug/ml
lane h : 7-Se-E = :B.A=40 mMEDTA —

Gel Scan : 120 kd protein - 10 pg/ml

]

~

For all Se : endogehous microtubules used in 7-S3; 1 wash; S1:S6 =40:1,

homogenization buf<—\as in Run #3 _ , -
FPLC: Superose 6 column; Buffer’ 0.05 M Tri§, 0.1 M KCI, 5 mM MgClz, 1
mM ATP, 0.5 mM _ED:rA, pH = 7.6; 200 w each of 7-Se-PPP and 7-S6-E
injected onto column; fractions collected by FRAC 100; glass wool
eluant filtration used. ’ |
lanea  :7-S2 i
lane b :7-Sup.6-PPP : >1,000 R s
lane ¢ .'7¥Sup,6-RPP : 500'1 ,0005 Gel scan: 120 kd pro‘tein - 0.15 pug
\ laned  :7-Sup.6-E :>1,000 . ‘ | ]
lane 'e' : 7;Sup.6-E : 500-1,000; Gel scan: 120_ kd protein - 0.20 ug
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PLATE XVI: Run #7

- P
- . "l »

Immu?oblotting‘ of Bovine Brain Se and S2:

Standard procedure .

normal rabbit serum (n.r.s. ) control used

'_Ianea‘ :7-52 '(n.r.s.-co,ntrol):
vla‘n'eb ":7~Se;E¢ | (n.r.s.-contrdl')

+ “lane ¢ | :7-86-PPP  (n.r.s. control) T

laned’  :7-Sscont  (n.r.s. control)
: o S S IR
. lanee :7-82 (contained bovine k.l.p.)
. lanef 3 .:"7-Ss'-E . (con_tai_nedbdvine'k.l.pt) '

lane'g  :7-Se-PPP (cori‘faifned bdytne k.[.p’.) |
laneh  :7-Secont  (no bovine k.l.p. »detected)
i ss |n:;ttestlng to note the wider separatlon between the doublet for. |
| . bovme k L.p. when |t is run as 7-82 ratherthan 7-Ss This could be due to ".
the presence of large amounts of protem in 7 S2 wh:ch could alter the

mngratlon of mdnvndual protems in the gel
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" h. Run #8- Immurtoblqtting FPLC eluant

in this run, bovine brain kl p. was. bound 1o endogenous micr_otubules with
40 mM EDTA and 10 mM PPP. A 60:1 ratio between S1 (crude homogenate)
and Ss (purmed kIp solut|on) was used durlng the punflcatlon run in an'
attempt tq increase the concentration ot bovme k.l p. in ‘Se (8 Ss-E 30 pg/ml; 8-
| Se-PPP: 40 ug/ml - see. Plate XVII)
- ATP and EDTA were removed from the column buifer. A small peak
' correspondmg to the expected Iocatlon for bovine k.l.p. could be d|scerned for
" 8-Se- PPP (see Figure 14). lmmunoblottmg allowed the qualltatuve but not
-~quant|tat|ve identification of bovnne A.p. in ‘the fraction from. 8’86 PPP
correspondmg to. 500 1,000 kd (see Plate XVlI) * This vttas the only
. mmunolognca& identification of glass-fiter collected column- purmed bovme K.\ P.
| 'achleved 8- Sup 6-E : 500 - 1000 did not blot, but the amount of evidence
necess_ary for achlevmg concluslons for '[hlS thesus ‘was consndered to be more

than ade‘quéte. -



e

" PLATE XVII : Run #8 |
' Polyacrylamide Gel Electrophoresis of Bovine Brain Se
- Gel:5%T,1.4%C

Purification Conditions; . i : .

lanea  :8-Secont :B.A. - not ;ﬁresent
» - \
laneb  :8-Se-E :B.A.=40mMEDTA
Gel Scan : 120 kd protein - 30 pg/ml
lanec  :8-S6-PPP:B.A. = 10mM PPP
Gel Scan : 120 kd protein - 40 pg/ml

lanad - '

%For all Se: endogenous miCrotubulgs used in 8-S3; 1 wash; S1:Se = 60:1;

™

+

homogenization buffer - as in Run #3

DRy
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Plate XVII

o




Figure 14.: Run #8

- Superose 6 Gel Filtration 6f Bovine Brain S -
 Buffer:0.1 MKCI
| 0.05MTris
5.0 mM MgCl2
Abs. :280

ml/min: 0.35

L 0.5

‘Figure 14 stheadings:
- a: 8-Secont _ ] ,
A 8~Ss-EPP (small 2% peak in 500-1000 kd-range - see arrow)

c:8SeE. -,

For each: column eluant coll,ected'w'ith glass wool filtration;
. 8-Sup.6-PPP : 500 - 1000, contained bovink k..p. as identified

by immuhoblotting. No peaks were discernable in this region

- for any of the solutions. ¢ \ ,
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PLATE XVIil: Run #8 , |
~~—#munohlotting of Bovine Brain Se find ‘Superose-6 Purified:
Bovine' K.LP. ., B L
Standard procedure

normal rabbit serum (n.r.s.) control used

lanea :8—Sup;6-E : >1'!006 |
aneb  :8-SUp.6-E :500-1,000 N o
~lanec  :8-Sup.6-PPP :>1,000 _‘
aned  :8-Sup.6-PPP:500-1000 (contained bovine k.Lp.)
" lanee .:8-Se-PPP (contained bovine k.l.p.)
lanet  :8-Se-E : ‘ s(corvvtain-ed bovine k.l.p.)

* langsg- ot 8-Secont

~laneh :8-S3
fanei . :8-Se-PPP- . ~(n.r.s. control)
Iahe‘j .8S¢E ~ (n.r.s. control)
lane k :8'-Sscoht o (n.r.s. control)

lanel  :8-S3 (n.r.s. éohtrol)
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Plate XVIII




IV. DISCUSSION L
A. MICROTUBULES

Microtubule purification was originally performed uéing the reversible
assembly. method of Borisy et al., (1975). Microtubules in crude brain
hoﬁwogenate will assemble at 37°‘C and disassemble et 0°C; these
characteriétics were us'ed to create a repeated assembly/disassembly cycle
which purified tubulin, - Hig;w speed centrifugations at 0°C removed cellular
‘ debris from the homogenate; s&ﬁsequent céntrifugations at 37°C caused .
polymerized mucrotubules to pellet. Resuspension of the microtubule pellet at
0°C and a ‘tepetition of the two centnfugatlon steps cleaned %he microtubules.

The use of taxol in microtubule purification allowed higher purity and higher
yields than thoseettamable with the reversible assembly method. Taxol is an
antlmltotlc agent derived from the Western yew plant (Wani et al., 1971) that
dramatically stimulates the po1ymer|zat|on of mammalian cytoplasmic
microtubules (Schiff gt al., 1979). Valley (19‘82) developed a taxol-depenqent -

procedure for the

pid ,isolatienvof microtubules. and microtUbuIe-associ‘%\ted, '.
. proteins (MAP§) (see Figure 4, page. 39). Vale et al., (1985¢c) used the
microtubule/ purification procedure of Vallee {1982) to 3bta|n clean
* microtubules.for use in the microtubule affinity punﬁcatlon of klnesm We also
- used the procedure of Vallee (1982), since it was superior to any available
.mncrotubule punflcatlon techmque Our taxol was a gift from Matthew Suffness
of the National Cancer Institute. | |

Our results show that we were successful in purifying clean.,' MAP-free

microtubules from bovine brain.

132



' B. ISOELECTRIC FOCUSING

We initially chose isoe|ectr|c focusmg for characterizing our protein-
containing solutrons Isoelectnc focusing is perhaps the most ingenious and
effective electrophoretic method available for sefaratmg proteins. Thé
~~mixture of protems is subjected to an electric field in which a pH gradrent has
. first been generated Each protein mrgrates toward and is sharply focused at
- that portion of the pH gradient where the pH is Bqual to its isoelectric point.
Very high resolutlon is avatlable with this techni

As well as the high resolutron obtarnablttthh IEF, there were other
, advantages which made the method attractive. Electrophoretic separation
and gel staining is less ttme consuming with IEF than with polyacrylamrde ge!
electrophoresis. Also smce agarose- -lEF is a non- denaturlng process,
proteins would be |solated in thelr native torm which would allow further k.i.p.
charactenzatlon For example, tests for k.L.p. ATPase activity could have been

performed directly on the gel (see Dlscussron page 138) * )

However IEF of k.l. p failed to reveal differences between experlmental and

.control Ss (purified K.L.p. solutions). These same solutions, when run on SDS-

PAGE (see Results, Run #1) showed a distinct band at 120 kd in expenm\ental

.
Se that was not present in control Se Srnce kinesin attaches to carboxylated.
latex beads, it seems prebable that krnesrn carnes a native positive charge |

Smce we used ampholytes with a pH range( ‘?0 and since no difference .

Was seen between control and expenmentatﬁ)s‘olutrons in this pH range, we
propose that the rsoelectpc pornt of bovine k.l.p. is above pH = 10. This would
give bovine k.Lp. a posmve charge at neutral pH. Untortunately, we were
unable to obtam ampholytes that would induce a pH above 10, so an exact

value for the pl of bovine k.l.p. was not obtainable.

>

[

J
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. C. SDS-PAGE v
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We also used sodium-dodecy! sulfatey polyacrylarnide gel electrophoresis
(SDS-PAGE) to analyze our protein containing, solutions. This was a very
. 7/

successful technique; we were able to show the distinct presence of an extra

120 kd subunit proteln in experimental Se. Sometimes this band 3ppeared as . -

a singlet, and somettmes as a doublet This could have been due to subtle

variations in gel casting technique, even though tﬁ gels involved were cast

and run usmg a standardized procedure. Coomassne blue stammg provaﬁ to
be an adequate protein detectnon'techmque. Silver staining was aiso tried but

found to be unnecessary, and sometimes inconsistent in results obtained.
D. ION EXCHANGE COLUMNS

The techmques used with ion exchange columns were not detalled in the
Matérials and Methods section, smce no presentable results were obtained
with this method Bnefly, anion exchange columns contam posmve|y charged
elements which are bound to the column's matrix. Sample solutlons are
injected onto the top of the colunm. ‘The positively-charged elements interact
with ‘negatively“charged prdteinc prosent in the sample solution. More
negatiuely charged proteins bind more strongly to the column's matrix than
less negatively charged protems wheras posmvely charged protems do not
bind at all and are eluted with the void volume of the column Bound proteins

are. selectively rgle’ased and.eluted by'a salt gradient in the column b/uffer‘
Y . ,



N

Cation exchange columns contain negatively charged elements bound to
the” q_olumns matrix that bind positively charged proteins. Selecttve ‘salt
elution separates the bound proteins '

The PAGE analysus had shown preof of the existence of an extra protein in
the experlmental Se solutions, and the IEF gave some clue as to its pl. We
attempted to use an anion exchange column (Pharmacia : Mono Q) to detect

bovine k.l.p.. A hlghly basic buffer (pH = 10) was used. This gave most of the

proteins ifi the Se a negative charge, _causnng them to bind to the- positively '

charged matrix of the column. IEF resuits and .knowledge of the protein's
* glass-binding behavnor indicated that bovine K.l.p. would probably still carry a
. -positive charge at pH = 10 it would thus nct bind to the column and would
elute with the ;gid volume. No extra peaks were seen in the vbid volume for
~ experimental vs control Se. As described in the disc*sion for gel filtration, the
most - probable reason for the lack of an extra peak in k.l.p. containing

solutions was loss due to adsorption' k.l.p. probably binds to the glass walls of

the column. It is also possible that the high pH used with the anion exchange

column caused denaturation of the k.l.p., preventing it from elutmg asa single g

' easnly distingmshable peak Also the low_ conCentrat‘ion of k.. p. in the Se -

solution, (see Dlscussmn page 141) probably played a role in the absence of
a detectable k.l.p. peak in experimental Sé.

We next tried a cation exchange column (Pharmacua Mono 8), using a
buffer with a neutral pH to avoid denatuz problems. Again no extra .peaks
weggseen experimental vs control Se k identification was complicated by
the%t that we did not know at what salt concentration bovine k.L.p. should be

eluting from the column, since we did not know the pliof this protein. Again,

possible column losses due 10 adsorption and low Se K.I.

could have played Toles.

concentration

C
L

v
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therefore approximate the elutlon volume for the protein. As descrlbed lm ;_l;,

138
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E. GEL FILTRATION C J
Next we swnched to a gel llltratlon column since we had a reported ”

molecular weight for bovine k.Lp. (600 kd - Vale et al., 1985c) and could '(’3 .
. X

Materials and Methods @age 51), we lnmally used the column buffer commgnw .
to Piazza and Stearns (1986) and Vale et al (1985c) (0.1 M KCI, 0. 05 M 'l’r'ls

5 mM MgClz, 1 mM ATP, 0.5 mM EDTApH = 7. 6) This buffer was used both

with and without ATP and EDTA. With each buffer tried, an 80-90 % column -
loss of k l.p. was noticed. The only change noted was the dramatic effect of

ATP on the basellne readout from the spectrophotometer. ‘The inclusion of ¢~
SDS in the column buffer, which was mtendeq to swamp all non-specific

13
"pinding sites on the column and neutralize all charges on the k.l.p. prolelns.

]
vy

did not prevent column losses of k.1.p.. N
' We did not solve the prcblem of column losses. Ill *erestmg to analyze _
the results of other mvestrgators on this topic. For instance, Vale et ‘al.,
(19850) used a Bro -Gel A5m column to punfy bovine k.l.p.. If this gel was used )
'r’n' a glass walled column a k.l.p. loss dunng gel flltratlon would be expected.
Originally a 750 ul sample, containing (accordmg to their figures) 750 to 1500
ug of bovine k.L.p: was inject_ed onto the column. /From pictures of'their SDS-

- PAGE gels, which included gel scanning perlormed' on one lane, | estimate
that 150 ug of k.l.p. was present in the column eluant from this 750-1500 Ho
sample solution. This is -an '80-90% loss durmg gel filtration, which
corresponds to our results They-do not discuss this column loss. Apparently
'the large amounts of k L.p. present in the Se allowed motility tests and SDS-

/*)PAGE |dentmc/at|on of post-column bovine k. I p desplte column losses The
-, : 5



: reason for the large dlscrepancy in the concentratron of bovrne k L. P in our Sé.

as compared to thelr S6 is dlscussed elsewhere (see Discussion, page 141).

'+ F.AFTER-COLUMN CONCENTRATlON’_’_‘_.;; L

We could not dlreotly |dent|fy k-vl p. m eluant from the Superose 6 column

that was run dlrectly on SDS PAGE. Agarn this was probably due to the low

- amounts of k l.p. in our Se solutions and to. column losses. - We therefore

B experlmented with vanous ways of concentratlng “protetns in column eluant

sblutions. Centrrcon mrcroconcentrators treated or not with BSA (see"

“Materlals and Methods page 62) were unsuccessful no 120 kd subunrts of =

bovme K.l. p. were ldentlfléd after concentration of gel eluant Accordmg to

Bruce Crlse a techmman ‘in Bruce Schnapps lab (the Marrne Blologlcal L

Laboratory Woods Hole MA) durlng Centricon 10 COncentratlons of 5-8 ml of

B mg/ml squ1d klnesm up to 90% losses were expenenced “This concentrator -

a,'wnh motlllty buffe/ b ' SR

“We also used freeze drymg to concentrate our protelns‘irom column eluant,_, i

. _,%Thls procedure did not produce detectablé amounts of k.l p

~ Since bovme k.l. p was known to adSOrb 1o glass, we declded to try frlterrngf'

. v ,,/
Matenals and Methods Rgge 65) and run on S

'found in the lractron correspondrng to 500- 160 kdf

- successful ‘but Wedﬁonly denatured bovme K. ) p Thrs yas adequate for-

.‘\ i )
> ‘ e &"7‘ -

"wPAGE bovrne klp was
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PAGE and i"mmunoblot' analysis, but different methods:v'voold need to be

eveloped if k.L.p. generated mrcrotubule or bead motrlrty were an objectrve

Glass wool filtration was used as the standard procedure for ldentityrng

k:l. p m Superose 6 gel frltratron eluant; thrs techmque could have concelvably '

" been used to' |dent|ty k.l.p. in ion exchange column eluant as welI Ion

exchange columns are capable ‘ot hrgher sample volumes than gel filtration

columns. Had we had’ mor trme more powerful FPLC methods could have.

been developed For example high volume ion- -exchange separatrons of

hrgh speed homogenate followed by gel filtration ot the ion exchange eluant

g

fractions that contalned K.l p could conceivably have bypassed microtubule-

affinity-puriﬁcatlon entrrely.
G. NON-DENATURING DISCONTlI\lUOUS GELS

Ekstrom and Kanje (1986) performed ATPase assav& of proteins drrectly

upon polyacrylamrde gels. We tnought this would be an ideal way to correlate '

ATPase actrvrty with bovrne k.lp.. IEF separatlon of experrmental and control

Se did not give a band for bovine k.l.p. (see Drscussron page 133) We |

therefore :rdeVeloped a non- denaturlng PAGE technrquet’to allow the |

e|ectrophoresis of non-denatured bovme k.l.p. (see Materials .and Methods'

page 71). lt became apparent as studres progressed that a non-denatured gel

ATPase assay might not work wrth bovine k.l.p., srnce studies by Kuznetzov ,

and Gefland (1986) and. others (see lntroductron page 21) mdrcated that the -

'presence of microtubules or hrgh calcium Ievels were necessary for ATPase

-, activity to occur. -ngh calcium Ievels could have béen produced in the gel, but

J\

) o
_ drffrcultres encountered in the castmg and running. of gels hmrted progress ‘w

: Moreover in non- denatu;grg PAGE the prhtems did ndi;load well onto the 7

e e ’s
AR f ~
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gels, and only very diffuse protein bands we

- th'erefore. abandoned.

H. |MMUNOLOGICAL IDENTIFlCATlON

At this polnt we had a suspected bovine k l.p. that had been charactenzed
.. by gupérdse 6 gel filtration and SDS- PAGE We also had a suspected canine
k.l.p. that had been characterlzed by SDS-PAGE. We consndered three
~ possible ways of posmvely rdentlfymg these protelns asa true K.l. p. y
‘ The most obvrous method was to use purlfled K.l p to promote the .
movement of latex spheres on mlcrotubules or mlcrotubules on glass. As

- descrlbed earlier, Vale et al,, (1985¢) found that in order for bovme k. l p. to

‘promote [ mlcrotubule movement, it was necessary to purify bovine braln Se via.-

By

gel filtration. We tned using both Sé and Se gel frltratlon column e

'concentratlons as low as 5 ug/ml Based upon the;glas WO ,
: method wé estlmated the concentratlon of bovme k.l. p. in our gel eluant to be -
| ',0 3 0.5 ug/ml an order of magnitude below the mmrmum concentratron ,
establlshed by Vale et al (1985¢c). Again, this low concentratlon was due
'Iargely to column losses and low 56 k.L.p. concentratlon ) '
Another way to posmvely identify our k.l.p. ‘would have been to measure
ATPase actwnty Kuznetsov and Gefland (1986) used only ATPase activity
~and molecular weight charactenstlcs to positively ldentlfy bovrne brain k.l p”"

‘However, as mentloned earller (see page 138) performlng ATPase tests on |

'.."

» T @
Co o e
o e .

IEF or nondenatunng dlscontmuous gels w}s not possrble due to the
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dependence of bovine k..p."s ATPase actlvlty on the presencs ogyrlcrotubules
or hlgh calcium levels Performrng ATPase tests on k.l.p. -contalnlng solutions
‘was consrdered Kuznetsov and Gefland (1986) showed ATPase activity ln a
solution containing 1.0 mg/ml microtubules, 9.4 ug/ml bovine K.l. p and 15 pM

kS taxol However, srnce ATPase activity of kmesrn and k.l.p.'s is a controversial

‘area (see lntroductlon page 21) pursuit of this evidence could have been time |

]

consummg ‘
We therelore opted for |munoblott|ng, which was our third alternatlve
Using this procedure, we were able to positively |dentrly the 120 kd bovme

k.l.p. subunit in Se fractlons from EDTA AMP-PNP and PPP runs, in S2 (high

speed homogenate) solutlon and in glass- -filtration collected Superose 6 °

column eluant from an 8- Ss PPP sample (see Results “Run #8). We also

|dent|fled the 116 kd subunit lror%;ud kinesin. The fact that Wﬂ- ‘

Squd klnesrn cross reacts with bovifieRk I.p. suggests that epltopes containing'

' klnesms structural information have been carefully conserved throughout't

evolutlon - squid and cattle are phylogemcally far aparl yet the neurologlcal

klnesrn/k l.p. from these two Spe0|es are cross reactrve Y
‘ .‘-wl“ ' *



| 1. PURlFlCATlON TECHNIQUES - ALTERNATIVES

1. Se KLP ‘Concentration K P o SRR
We were able to isolate a bovine k. ) p. as |dentmed by PAGE éuperoses '
gel filtration and |mmunoblott|ng However, the concentratlon of this protein in
- - our final S8 solut|on (average 40 ug/ml) was an order of magmtude less than
that reported by Vale et al., (1985c) for bovine k.l.p. (1-2 mg/ml). The reasons
- for our low yield were mysterious,, smce our basic procedure was ndentlcal to
thatr outlined by Vale et al., (1985c) including such details as the type of

homogenlzer used.

. \

e ’ . o w}; -
‘We tried several alterations to the basnc procedure in an attempt to increa‘se ,

k.Lp. yneld One of the most obvious variations was altering the ratio betweden
St and Ss. Vale et al (1985c) do not precisely define the S1:Se ratio used in
‘bovine ¢ brain k.l.p. punflcatlons ‘however it may be estlmated to/ be between
20:1 and 70:1. We tried ratios from 20:1 to 60:1. No notable n\crease in §e
k...p. concentration could be seen as the ratio was increased. This implied that -
a Iimﬁmg factor wad present since an mcreasmg St Ss ratio should cause an
increased Ss k.L.p. concentﬁtlon
One possnble limiting factor was that clean mrcrotubules were always - “
added to the Sain'a 1Q0 ug/ml proportron The S3 bovme k.Lp. may have - |
been present in large quantrtles but a. certain concentratnon of k.l.p, could
have saturated the k.l.p. bmdmg ‘'sites on these microtubules, This would result
Lina constant amount belng released into the final Se solution, melevant of the
| amount of K.l. p. in th crude homogenate However Vale et al (19850) also
vused 100ug/ml clean microtubules; unless our mlcrotubules were- dmerent

than theirs, there iS no apparent reason why our kl p. yletd should: have_:been

!
f



dlrect comparlson between the k..p. concentratlons produced by the t
\

methods can be made. - However, Se k . p. concentration remained at about -

~ 10-40 pg/m! when endogenous mlcrotubules were used in the purlflcatuon.
This led to two conclusions. First, éndogenous micrbtubules may be used in

‘the punflcatlon of bovine k.l.p.. This is important, smce it-shows that k.Lp. can

bind to mlcrotubules that are associated with MAPs It is- ||ke|y that in vitro

axonal m|crotubu|es also interact with both MAPs and klp The second

conclusion is that either endogenous microtubules are only 10% as effective

. as clean mlcrotubules in binding k.Lp., or the amount of microtubules present,ﬁ

in the Sa did not Ilmlt the k.l.p. yleld
Itis possnble that the laboratory materlals we used caused a Ioss of k.l.p.
during the punflcatlon K.L p binds tightly to gtass. and carboxylated latex
. beads, and may have adsorbed to the Beckman Polyallomer (3226814) hlgh
-speed centnfuge tubes the polypropylene Servall SS- 34 centnfuge tubes, the

Fisher 15 mi mncrocentrlfuge tubes or the Fisher 1-100 p.l Eppendortl'

mlcrop|pette tips. Not many matenal optnons were available for these pleces

of Iabware and since no mentlon of speC|a| materials was made by Vale et al.,



Wy

(1985c) we assumed.these common matenals were adequate. Perhaps this
deserves further investrgatton
0

In conclusion, adequate answers to the problem of low k.l.p. yleld were not

found It is tempting to suggest that the. estimates of bovine k.I.p. concentratnon '

quoted by Vale et al., (1985c) were tnaccurate An examrnatron of therr SDS
PAGE results does not provide unquestlonable proof for 1-2 mg/ml Se bovine

k.l.p. concentratlons However, their success in generating mrcrotubule

motjlity using gel fultratron eluant suggests that either their column losses were

~ lower than ours or their Se k.I.p. concentrations were hlgher than ours.

2 Bmdnng Agent Changes e

Other alter*ns made to tAe basic procedu re more successful. - -
3

During drscussnons on kmesms possnble mechanism, it was. pointed out that

as an ATPase, krnesm was probably Mg++ dependent Examining the

structure -of known ATPases suggested that chelatmg Mg++ would likely halt
the ATPase/ cycle, and possrbly bind k. | p. to microtubules. Ethylenedlamme

performed ’supstitutulng EDTA for AMP-PNP. This purification: technique was
successful. B -

The question of how Mg*+ chetatton causes k. | p. bmdmg has two possible

answers, accordlng to the theorettcal ATPase cycle for klnesfn proposed by:

. Hill (1986) (see Figure 3, page 32). Mg+*+* chelation could prevent ATP from

ate (EDTA) was chosen as a chelatmg agent, and purifications were,
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_assuming the correct temary confrguratron necessary for mteractron wnth |

kinesin's ATPase site. Thrs would create a- srtuatton analogous to ATP

depletron which has been suggested as bemg a condition e{t{hrch'causes

strong K.l.p. binding (see Introduction, page 12).



A second 'possible interpretatlon would be that the lack of Mg++ does. not

prevent the ATP ‘from entering the ATPase site, but does prevent the k.l.p. from

“hydrolyzing the ATP. In this interpretation, Mg++ chelation causes ATPto

become a non- hydrolyzable analogue of MgATP similar to AMP-PNP.

Evndence against thls interpretation comes from recent work by Vale et al.,.

(1986b) in which the effect ot varlous buffers on krnesWuced microtubule
movement along glass was studied. Movement was st pped by incubatron in
5 mM AMP-PNP, 0. ATP or 0 Mg solutions. However, recovery of movement
once MgATP was lntroduced was much faster for the 0 ATP and 0 Mg-stalled
microtubules than for the AMP PNP- stalled mtcrotubules This implies that
the blndmg condition created by the 0 ATP and 0 Mg buffers are analagous t0
each other and different than the bmdmg condition created by AMP PNP. ltis

P ‘
also conceivable that if O Mg was causing ATP to act as a non- hydrolyzable

analogue of MgATP the relntroductlon of Mg++ mto the medlum allowed an

ATP molecule already locked into the ATPase site to be rapidly released,

however, this seems less likely.

p—

Large amounts (40 mM) of EDTA were necessary for mducmg maxnmum

k.l.p. binding. One mM MgSO4 was present in the homogemzatlon buffer, but
~ this hlgh EDTA concentration (40 mM) is surpnsmg High levels of EDTA (10 -

mM) are also necessary to block anterograde transport of partrcles in Xenopus

axons (Smith, 1987, personal communication): Intracellula.otlurd contams 30-.

60 mEq/L Mg++ (Guyton, 1971) which is quite hlgh this may expam the hngh
requirement for EDTA. Ary. further comment upon this topic must await
clarmcatlon of the mechanism of k.L.p.'s action. ' ;

Awber binding agent we used in purmcatlons was trlpolyphosphate
(PPP) The onglnators of this technique (Kuznetsov and Geﬂand 1986) did

.not examine the possnble mechanism for thls.,bmdlng agent's action. It is Iukely



{

- that it works on the same Mg++" chelating principle proposed for EDTA, since

-

at pH = 7, the log K1 for theMg*+-association reaction for EDTA (5.4) and PPP
(3,7).are both large (Dawson et al., 1969; pages 426 and 430). The molecule

is quite small, and therefore probably not suitable for acting as a non-

hydrolyzable analogue of ATP.
Since the concentration of ATPis a critical factor to these discussions, the
careful momtorlng ot ATP concentratron would possibly shed light upon the

mechanism of k.L.p. btndmg Slnce our homogenization buffers contamed no

nucleotides, any ATP present in the crude homogenate would be endogenous '

in ongm Jt would have been interesting to perform k.l.p. purifications using
| dufferent ATP concentrations. We would predict that isolation procedures
dependent upon Mg++ would be relatively msensmve to ATP levels in the
.crude homogenate since a rigor-like state has already been lnduced The

only difference would be in the background levels of bmdmg in control

solutions; 0 ATP has been described as a state causmg strong k.l.p. binding to |

mi_crotubules (Vale et al., 1986b), and very low concentrations of ATP in the’

crude homogenate would likely lead to the presence of k.l.p. in control Se :

Isolation procedures dependent upon the presence of a competlttvely-

- pinding non- hydrolyzable analogue of ATP on the other hand, would:"e‘;?

' 'probably be aftected by ATP levels in the crude homogenate. Amos (1987)
- sed hexokmase + glucose to reduce the levels of ATP present m crude pig
bram homogenate This reduced the AMP-PNP requurement for the
microtubule-athmty purmcatton of pig brain k..p.t0 0. 5 mM [Vale etal., (19850)
- originally used 5 mM AMP-PNP to purify bovine K.Lp. from non-ATP depleted

crude homogenate]. This could be a way to determine the binding mechanism

for PPP; a s_eries of purifications with a graded amount of ATP in the crude



\.kk‘ o
5
homogenate would show whetner PPP binding was competitive with ATP or

whether PPP was causing Mg+*+ depletion.
7 ’

3. Alternative\"issues > ‘Q '

TISSUGS other than dog and cow bram were ajso used in k.l.p. purmcattons
Rabbit kldney and liver, cow kidney and Inver, pig brain and mandibular gland,
and dog spmal cord k.l.p. purificafions were also attempted Secretory organ
tissue k.l.p. purmcatlons (kidney, lnver and mandlbular gland) were performed
in the hope of showing the presence of k.l.p. in tissues. whose functions ‘were
not neurological; this would provide  evidence of a more general role for 'k.l.p..

Purifications of k.1.p. from rabbtt kidney and liver, cow kidney and liver, and pig

mandlbular gland were unsuccessful in our lab. However mlcrotubule affmlty
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purification has recently been used by other investigators to purify k.lp. from

rabbit kidney and liver (Vale et al 1986a). The presence of k.1.p.'s in a variety "

of other tissues, including sea ulrchm eggs (Scholey et al., 1985) and DU 145
human tumor cells (Piazia and Stearns, 1986) does suggest that k.l.p s have
a generahzed function within cells (see Flgure 2, page 18).

We were able to punfy a suspected k.l.p. from dog braln dog spinal cord
and pig brain. "One feature that seemed to dictate the success of k.l.p.

punflcatlon for all tlssues was the age of the animal from Wthh the tissue had

been taken. - Old dogs (7-8 years) and old hteters (5-6 yedrs) had lower levels . | ,

of brain k.L.p. than young dogs (1- -2 years) and young helfers (1- 1 112 years)
Young pigs (1 year) had higher levels of brain k.l.p. than very young pigs (3-4
months) (results not shown). It is possible that the state of neurolog|cal
development or degene_ration is a determining tactor in the level of k. | P

present in the brain; further studies on this topic are hlghly recommended
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J. CONCLUSION: SIMPLIFIED K.L.P. PURIFICATION TECHNIQUE

The original microtubule-affinity technique for the isolation of kinesin from
squid axoplasm and k.. p. from bovine bram (Vale et al 1985¢) has been
used by other investigators for the isolation of k. Ip s from a vanety of tissues
(see Figure 2, page 18). We have used this basic techmque for the |solat|on
of bovine k..p. and have examined a ‘number of alternative strategies for
stmphfymg and improving the procedure. The following concluswns may be

~

made:
)
y

1. Homogenization buffer: The homogenization buffer can be a simple

buftered medium if all the purification steps are to be completed in a single -

" day. |f freezing and storage of crude or high speed homogenates are to be
carried out, we recommend the inclusion of protease inhibitors in the butfer.
Our recipe and. the recipes of other investigators appear  in the

homogénizatioh‘bqffer survey (see Materials and Methods, page 49).

2 Microtubules: The use of endogenous mlcrotubules (see Fsgure' 6, page

17

53) snmplmes the |so|at|on procedure and does not cause noticable-

contamination of the Se. No effect on the Ss concentration ‘of k.I.p. is apparent.

3. Washes: The standard usage of 1 wash is recommended, isince
elimjnating this wash causes an increase* in the amount of contamiﬁating
proteins in the Ss. An additional wash does not ‘give a worthwhile

improvement in the cleanliness of the Se.



4. Binding agents: EDTA and PPP are Mrecomme‘nded asédeal binding
agents since the cost of these chemicals is far below the cost of AMP-PNP.
The purification of k...p: from 5 mi of §3 qﬂng 5'mM AMP PNP (or 12.5 mg)
uses $30.00 worth of the nucleotide to lsolate about 10 pg of k.l.p. (our
results) This corresponds t\oI $3000/mg or $3,000 000/gram of bovine k.l.p..

In contrast,.usmg "EDTA cogis apm'o)ggmmely $0.37/mg or $3. 70/gram of .

bovine k.l.p., and the cost of ﬂ:smg PPP is even lower. *

I3

5. S1:S8 ratios: Changing this ratio had no noticable effect on final Se Klp. |

concentration.

an

AR
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