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Abst r act . Tau pr ot ei n pl ays a r ol e i n t he ext ensi on
and mai nt enance of neur onal pr ocesses t hr ough a di -
r ect associ at i on wi t h mi cr ot ubul es . To char act er i ze t he
nat ur e of t hi s associ at i on, we have synt hesi zed a col -
l ect i on of t au pr ot ei n f r agment s and st udi ed t hei r bi nd-
i ng pr oper t i es . The r el at i vel y weak af f i ni t y of t au pr o-
t ei n f or mi cr ot ubul es ( t i 10 - ' M) i s concent r at ed i n a
l ar ge r egi on cont ai ni ng t hr ee or f our 18 ami no aci d r e-
peat ed bi ndi ng el ement s . These ar e separ at ed by appar -
ent l y f l exi bl e but l ess conser ved l i nker sequences of

T
AUpr ot ei n i s a mi cr ot ubul e- associ at ed pr ot ei n pr esent
I n br ai n and ot her neur onal t i ssues ( Bi nder et al . ,
1985 ; Dr ubi n et al . , 1986 ; Wei ngar t en et al . , 1975) .

I t i s f ound i n t he axonal mi cr ot ubul es of mat ur e neur ons
( Bi nder et al . , 1985) and i n t he axonl i ke el ongat ed neur i t e
pr ocesses synt hesi zed by di f f er ent i at i ng neur ons i n cul t ur e
( Dr ubi n et al . , 1986 ; Fer r ei r a et al . , 1989 ; Kosi k and Fi nch,
1987; Peng et al . , 1986) . Tau pr ot ei n al so accumul at es i n
non- physi ol ogi c aggr egat es wi t hi n t he char act er i st i c neur o-
f i br i l l ar y t angl es of Al zhei mer ' s di sease ( Gr undke- I gbal et
al . , 1986; Kosi k et al . , 1986 ; Nuki na and Mar a, 1986 ; Wi s-
chi k, 1988 ; Wood, 1986) .

Axons ar e f i l l ed wi t h par al l el ar r ays of densel y packed
mi cr ot ubul es ( Pet er s and Vaughn, 1967) t hat act as a
scaf f ol di ng t hat suppor t s t he ext ended st r uct ur e of t he pr o-
cess ( Dani el s, 1975 ; Seeds et al . , 1970 ; Yamada et M. ,
1970) . Axonal mi cr ot ubul es al so f unct i on as t he t r ack al ong
whi ch or ganel l e t r anspor t occur s ( Schnapp et al . , 1985 ; Val e
et al . , 1985) . One way i n whi ch t au pr ot ei n i s l i kel y t o f unc-
t i on i n neur ons i s by st abi l i zi ng t he mi cr ot ubul es . I n suppor t
of t hi s i dea, t au pr ot ei n mi cr oi nj ect ed i nt o f i br obl ast cel l s
( whi ch do not nor mal l y cont ai n t au pr ot ei n) bi nds t o cyt o-
pl asmi c mi cr ot ubul es and st abi l i zes t hem agai nst depol y-
mer i zat i on by t he dr ug nocadazol e ( Dr ubi n et al . , 1986) .
Anot her way i n whi ch t au pr ot ei n may f unct i on i s by cr oss-
l i nki ng par al l el mi cr ot ubul es . Expr essi on of t au pr ot ei n by
t r ansf ect i on i nt o f i br obl ast cel l s i nduces mi cr ot ubul e bun-
dl i ng whi ch i s consi st ent wi t h a r ol e f or t au pr ot ei n i n
mi cr ot ubul e cr oss- l i nki ng ( Kanai et al . , 1989) . I t i s not
known, however , whet her t hi s bundl i ng i s physi ol ogi c or an
ar t i f act of over - expr essi on .

When i sol at ed f r om adul t br ai n t i ssue and exami ned by
one- di mensi onal el ect r ophor esi s, t au pr ot ei n i s a mi xt ur e
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13- 14 ami no aci ds t hat do not bi nd . Wi t hi n t he r epeat s,
t he bi ndi ng ener gy f or mi cr ot ubul es i s del ocal i zed and
der i ves f r om a ser i es of weak i nt er act i ons cont r i but ed
by smal l gr oups of ami no aci ds. These unusual char
act er i st i cs suggest t au pr ot ei n can assume mul t i pl e
conf or mat i ons and can pi vot and per haps mi gr at e on
t he sur f ace of t he mi cr ot ubul e . The f l exi bl e st r uct ur e
of t he t au pr ot ei n bi ndi ng i nt er act i on may al l ow i t t o
be easi l y di spl aced f r om t he mi cr ot ubul e l at t i ce and
may have i mpor t ant consequences f or i t s f unct i on .

of si x r el at ed phosphopept i des wi t h appar ent mol ecul ar
wei ght s of bet ween 50 and 70 kD ( Cl evel and et al . , 1977b ;
Hi mml er , 1989 ; Goeder t and Jakes, 1990) . Phosphat ase
t r eat ment decr eases t he number of r esol vabl e f or ms t o f our
( Baudi er et al . , 1987) . On t he basi s of r ecent mol ecul ar
st udi es, t he r emai ni ng het er ogenei t y i s l i kel y t o be because
of di f f er ent i al mRNA spl i ci ng of a si ngl e gene ( Hi mml er ,
1989) . St r uct ur al l y, t au pr ot ei n i s r od shaped accor di ng t o
bot h hydr odynami c dat a ( Cl evel and et al . , 1977a) and EM
( Hi r okawa et M. , 1988) . I n addi t i on, t he mor phol ogi es of t au
par acr yst al s vi ewed i n t he el ect r on mi cr oscope i ndi cat e t au
pr ot ei n i s a f l exi bl e and el ast i c mol ecul e ( Li cht enber g et al . ,
1988) t hat becomes st i f f er and mor e ext ended wi t h i ncr eas-
i ng phosphor yl at i on ( Hagest edt et al . , 1989) .

The sequences of sever al t au i sof or ms show a common
st r uct ur al mot i f consi st i ng of a ser i es of 18 ami no aci d l ong
sequences r epeat ed t hr ee or f our t i mes ( r epeat s) separ at ed by
l ess conser ved st r et ches of 13 or 14 ami no aci ds ( l i nker s)
( Goeder t et al . , 1989 ; Hi mml er et al . , 1989 ; Lee et al . ,
1988) . Si nce t au i s an ext ended mol ecul e, i t i s at t r act i ve t o
specul at e t hat t he mul t i pl e r epeat s ar e mul t i pl e t ubul i n- bi nd-
i ng si t es on t he mi cr ot ubul e l at t i ce. Consi st ent wi t h t hi s i dea,
t au pept i des cont ai ni ng r epeat s have been shown t o bi nd
mi cr ot ubul es i n vi t r o ( Hi mml er et al . , 1989 ; Lee et al . ,
1989) . Fur t her mor e, a si ngl e 18 ami no aci d t au r epeat i s
suf f i ci ent t o st i mul at e mi cr ot ubul e assembl y f r om sol ut i ons
of pur i f i ed t ubul i n ( Ennul at et al . , 1989) . These r epeat s ar e
f ound i n ot her ( Ai zawa et al . , 1989 ; Lewi s et al . , 1988) , but
not al l ( Nobl e et al . , 1989) mi cr ot ubul e- associ at ed pr ot ei ns
and may def i ne a f ami l y of pr ot ei ns whose member s bi nd
mi cr ot ubul es vi a t he same sequence mot i f .

Thu i sof or ms wi t h di f f er ent number s of r epeat s ar e synt he-
si zed pr ef er ent i al l y at di f f er ent st ages of br ai n devel opment .
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Mor e speci f i cal l y, t he t hr ee r epeat t au f or ms pr edomi nat e i n
t he f et al br ai n whi l e f our r epeat f or ms ar e char act er i st i c of
t he adul t ( Goeder t et al . , 1989 ; Kosi k et al . , 1989) . Regul a-
t i on of r epeat number coul d have f unct i onal si gni f i cance i n
t hat adul t t au f or ms have been shown t o be mor e ef f i ci ent
t han f et al t au f or ms i n pr omot i ng mi cr ot ubul e assembl y i n
vi t r o ( Goeder t and Jakes, 1990) .

Al t hough i t i s known t hat t au pr ot ei n f r agment s t hat con-
t ai n r epeat s ar e abl e t o bi nd mi cr ot ubul es, t he bi ndi ng do-
mai n of t au has not been r i gor ousl y char act er i zed . We do not
know, f or exampl e, whi ch sequences ( r epeat s, l i nker s, or se-
quences out si de t he r epeat domai n) bi nd t o mi cr ot ubul es and
whi ch may r egul at e t au af f i ni t y . I f mul t i pl e- bi ndi ng uni t s ex-
i st , we wi l l want t o know whet her t hey bi nd cooper at i vel y
or i ndependent l y . Fi nal l y, we do not know t he st r uct ur e of
t au pr ot ei n when i t bi nds t o mi cr ot ubul es or whet her t he t au
mol ecul e even adopt s a r i gi d- bi ndi ng geomet r y .

To under st and t he i nt er act i on of t au pr ot ei n wi t h mi cr ot u-
bul es, we have synt hesi zed a col l ect i on of t au pr ot ei n f r ag-
ment s i n vi t r o and measur ed t he st r engt h of t hei r bi ndi ng . We
have def i ned sever al di f f er ent cl asses of t au pr ot ei n subdo-
mai ns whi ch each have di st i nct r ol es i n bi ndi ng . I n addi t i on,
we have shown t he bi ndi ng r egi ons t o t au pr ot ei n ar e f l exi bl e
and t hat t hei r bi ndi ng ener gy i s di st r i but ed i n a ver y di f f use
manner . Thi s t ype of unst r uct ur ed and di st r i but ed bi ndi ng
i nt er act i on has not been wel l st udi ed by x- r ay cr yst al l ogr a-
phy but i t may be ver y i mpor t ant i n t he i nt er act i on of many
pr ot ei ns and pept i des of cel l bi ol ogi cal i nt er est . We wi l l di s-
cuss ways i n whi ch t hese f eat ur es of t au pr ot ei n may be
necessar y t o f ul f i l l i t s speci al i zed f unct i ons .

Mat er i al s and Met hods

Pur i f i cat i on and Quant i t at i on of Tubul i n

Bovi ne br ai n t ubul i n was pur i f i ed by t wo pol ymer i zat i on/ depol ymer i zat i on
cycl es f ol l owed by phosphocel l ul ose chr omat ogr aphy ( Mi t chi son and Ki r sch-

ner , 1984) . Quant i t at i on was by Ami doschwar z ( Schaf f ner and Wei ssman,
1973) and Br adf or d ( Br adf or d, 1976) assays usi ng a t ubul i n pr ot ei n st an-

dar d . ' I hbul i n was st or ed i n f r ozen al i quot s and t hawed once onl y, j ust bef or e

use. To pr epar e t he t ubul i n pr ot ei n st andar d used f or quant i t at i on, phos-

phocel l ul ose- pur i f i ed t ubul i n was separ at ed f r om unbound GTP by gel f i l -
t r at i on chr omat ogr aphy and quant i t at ed by measur i ng t he OD274 i n 6 M

guani di ne- hydr ochl or i de ( e274 = 1. 15) ( Lee et al . , 1973) . Tubul i n mol ar i -
t i es ar e expr essed as mol es t ubul i n di mer . Mi cr ot ubul e mol ar i t i es ar e gi ven

i n uni t s of mol es pol ymer i zed t ubul i n di mer .

Pur i f i cat i on of Tau Pr ot ei n

Thu pr ot ei n was pur i f i ed f r ombovi ne br ai n mi cr ot ubul e pr ot ei n usi ng phos-
phocel l ul ose and hydr oxyapat i t e chr omat ogr aphy ( Cl evel and et al . , 19776) .

Quant i t at i on was accompl i shed by measur i ng t he OD27s i n BRB- 80 ( 80
mMK Pi pes, 6. 8, 1 MMMGC12, 1 mMEGTA) suppl ement ed wi t h 1 mM
DTT ( e278 = 0. 29) ( Cl evel and et al . , 1977a) .

Pl asmi d Const r uct i ons f or I n Vi t r o Ranscr i pt i on

The SP6 vect or used i n t hese exper i ment s was der i ved f r ompSP64T ( gi f t
of D. Mel t on, Har var d Uni ver si t y, Bost on, MA) as f ol l ows . The Bg1I I si t e
separ at i ng t he 5' and 3' unt r ansl at ed Xenopus ß- gl obi n sequences i n pSP64T
was conver t ed t o an Ncol si t e and t he Gi n t he - 3 posi t i on was conver t ed

t o an A ( gi f t of B. Hansen, Uni ver si t y Cal i f or ni a, San Fr anci sco, CA) . I n
addi t i on, t he 200- bp BgI I I - Sal l f r agment cont ai ni ng t he 3' unt r ansl at ed
gl obi n sequences was r epl aced by a pol yl i nker cont ai ni ng EcoRl , Hi ndl l l ,
and Cl al r est r i ct i on si t es . Tau subcl ones wer e const r uct ed as f ol l ows: p110 :
t he 450 by Smal - RsaI pBT 43- 12 f r agment was l i gat ed t o t he 3- kb Ncol -
EcoRV vect or f r agment af t er t he NcoI si t e had been end f i l l ed . p132 : a
FokI - Cl aI f r agment encodi ng pBT43- 12 r esi dues 314 t o 323 was subst i t ut ed
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f or t he 220- bp FokI - CI aI f r agment of p110. The subst i t ut i on pr eser ved t he
par ent al ami no aci d sequence and i nt r oduced f our new r est r i ct i on si t es
( AvaI , Nsi l , SmaI , and BgI I ) . p138 : t he 1160- bp Sf i I - BamHI f r agment of
p147 encodi ng pBT 43- 12 r esi dues 152- 431 was l i gat ed wi t h an NcoI - Sf i I
adapt or and t he 3- kb NcoI - BamHI f r agment f r om p110. p144 : a Bal l - Hi nf l
adapt or encodi ng pBT 43- 12 r esi dues 325 and 326 was subst i t ut ed. f or t he
44- bp Bal l - Hi nf l p110 f r agment . p147: a 1 . 7- kb NdeI - Bar nHI f r agment en-
codi ng t he compl et e pBT 43- 12 sequence was exci sed f r om bovi ne t au Es-
cher i chi a col i expr essi on pl asmi d pNde 43- 12 ( ki nd gi f t of D. Dr echsel ,
UCSF) . Thi s f r agment was l i gat ed i nt o t he 3- kb NcoI / BamHI p110 vect or
f r agment usi ng an NcoI / NdeI adapt or . p154 : an ol i gonucl eot i de encodi ng
t he ami no aci d sequence GSQVEVKSEKLDFKDG was i nser t ed i nt o t he
Bal l si t e of p110 i nt er r upt i ng r esi due 324 of pBT43- 12 . p156 : an ol i gonucl eo-
t i de encodi ng r esi dues VTSVQI VYKPVDGTK was i nser t ed i nt o t he Bst EI I
si t e of p110 bet ween r esi dues 306 and 307 of pBT 43- 12 . p166: an ol i gonu-
cl eot i de encodi ng r esi dues TGSQVEVKSEKLDFKDG was i nser t ed i nt o
t he Bal l si t e of p154 i nt er r upt i ng t he di st al most r esi due ( G) encoded by t he
ol i gonucl eot i de used t o const r uct p154 . p167: t he 500- bp Thal / BamHI f r ag-
ment of p138 was l i gat ed wi t h an Ncol / Thai synt het i c f r agment encodi ng
r esi dues GSKKI ETHKLTFRand a 3- kb NcoI / BamHI vect or f r agment . The
f i ni shed const r uct encodes pBT 43- 12 r esi dues 358 t o t he car boxy t er mi nus
430. p175 : t he 3 . 3 kb Smal - EcoRI p138 vect or f r agment was l i gat ed wi t h
t he 1 . 8- kb EcoRI - SmaI f r agment obt ai ned f r om t he Ä mur i ne t au cDNA
cl one ( Lee et al . , 1988 ; and see Fi g . 7) .

Synt hesi s and Quant i t at i on of 35S- l abel ed
Tau Pr ot ei ns

Capped t r anscr i pt s wer e gener at ed by i ncubat i ng 1 l ag of l i near i zed SP6

pl asmi d t empl at e wi t h 6 USP6 RNA pol ymer ase ( Boehr i nger Mannhei m
Bi ochemi cal s, I ndi anapol i s, I N) f or 1 h at 40° C i n a 10 ALI r eact i on cont ai n-
i ng 40 AMTr i s- HCI ( 7 . 5) , 6 mMMgC12, 2 mMsper mi di ne, 10 mMNaCl ,
10 mMDTT, 100 l ag/ ml BSA, 0. 05 mMGTP, 0. 5 mMATP, CTP, UTP,
and GpppGcap anal og . Tr anscr i bed RNA was pur i f i ed by ext r act i on wi t h
phenol - chl or of or m, pr eci pi t at ed wi t h et hanol , and t r ansl at ed f or 2 h at 25° C
i n a 50 A1 wheat ger mext r act syst em ( Pr omega Bi ot ech, Madi son WI ) sup-
pl ement ed wi t h 35 [ S] met hi oni ne ( Amer sham Cor p . , Ar l i ngt on Hei ght s,
I L) . Tr ansl at ed pr ot ei n i n wheat ger m ext r act was pr ecl ear ed by ul t r acen-
t r i f ugat i on and added di r ect l y t o t he bi ndi ng r eact i on .

Under t hese condi t i ons, - 0. 5 t o 1 . 0 ng/ pl t au pr ot ei n was t r ansl at ed .
These val ues wer e cal cul at ed by measur i ng t he t ot al ( r adi oact i ve and col d)

met hi oni ne concent r at i ons i n t hese t r ansl at i on r eact i ons and al so by det er -
mi ni ng number s of pmol es of 35 [ S] met hi oni ne i ncor por at ed i nt o each of
t hr ee t r ansl at ed t au pr ot ei n f r agment s 2 t o 16 kD i n si ze . Met hi oni ne pool
si ze was det er mi ned by addi ng i ncr easi ng amount s of col d met hi oni ne t o

a ser i es of par al l el t r ansl at i on r eact i ons whi ch each cont ai ned t he same
t r acer amount s of 35 [ S] met hi oni ne. The si ze of t he met hi oni ne pool was

t aken t o be equal t o t hat concent r at i on of exogenous met hi oni ne whi ch r e-

duced t he r at e of 35[ S] met hi oni ne i ncor por at i on i nt o t r ansl at ed pr ot ei n by
50%.

Mi cr ot ubul e- bi ndi ng Assay

Taxol mi cr ot ubul es wer e pr epar ed f r om pur i f i ed bovi ne br ai n t ubul i n t hat
was pr ecl ear ed of aggr egat es by ul t r acent r i f ugat i on ( 100, 000 RPM, 10 mi n,

4° C, TL 100 r ot or ; Beckman I nst r ument s, I nc. , Pal o Al t o, CA) i mmedi -
at el y bef or e use . Taxol ( gi f t of Ven L. Nar ayanan, Nat i onal Cancer I nst i t ut e)

was sequent i al l y added t o 0. 1, 1 . 0, and 10 AMat 5- mi n i nt er val s t o a st ock

sol ut i on of ei t her 17 or 40 mg/ ml ( 0. 4 or 0. 17 mM) t ubul i n i ncubat i ng at

37° C i n r eassembl y buf f er BRB- 80 ( 80 mMK Pi pes ( 6. 8) , 1 MMMgCI Z,
1 mMEGTA) suppl ement ed wi t h 1 mMGTP, 10 ; LM t axol and 100 pg/ ml

BSA. The pol ymer i zed sol ut i ons wer e ver y vi scous and so r epeat ed
mi cr opi pet t i ng and t ube f l i cki ng was used t o ensur e any subsequent addi -
t i ons wer e di st r i but ed homogeneousl y . Tubul es wer e di l ut ed as necessar y
i nt o BRB- 80 at 37° C cont ai ni ng 1 mMGTP, 1014M t axol , and 100 l ag/ ml

BSA. Tau pr ot ei n sampl es wer e pr ecl ear ed as above and i ncubat ed wi t h
t axol mi cr ot ubul es f or 10 mi n at 37° C. The mi xt ur e was di vi ded i nt o 50
Al al i quot s whi ch wer e each ul t r acent r i f uged t hr ough 801 al of a 50%sucr ose
cushi on made up i n BRB- 80 suppl ement ed wi t h 1 mMGTP, 10 AMt axol ,
and 100 l ag/ ml BSA usi ng t he pr ecl ear i ng cent r i f ugat i on condi t i ons at 37° C.
Pel l et s ( al r eady r esuspended at 4° C i n BRB- 80 and 100 l ag/ ml BSA) and
super nat ant s wer e pr eci pi t at ed wi t h 10%TCA and el ect r ophor esed. Sam-
pl es cont ai ni ng t au pr ot ei ns or f r agment s gr eat er t han 15 kDwer e exami ned
on 5- 15 %pol yacr yl ami de gr adi ent gel s. Ver y smal l ( 2 t o 10 kD) t au pr ot ei n

f r agment s wer e r esol ved on 27. 5 %bor at e- acr yl ami de gel s ( Maur er and Al -
l en, 1972) . Pur i f i ed t au pr ot ei n was det ect ed by i mmunobl ot t i ng . Pr ot ei n
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______________ a ________________i ______
MAEPRQEFDVMEDHAQGDYTLQDQEGDMDPGLKESPLQTP

10

	

20

	

30

	

40

_______

	

2

	

- - - - - - - - - - - - i - - - - - - - - - - - -	 3

	

_
ADDGSEEPGSETSDAKSTPTAEDATAPLVDEGAPGEQAAA

50

	

60

	

70

	

80

_- - - - - - - - - - i - - - - - - - - -

	

a

	

_________i ______
QAPAEI PEGTAAEEAGI GDTSNLEDQAAGHVTQARMVSKG

90 100 110 120

_ 3 _______i ____________________ 7 _

KDGTGPDDKKTKGADGKPGTKI ATPRGAAPPGQKGQANAT
130 140 150 160

RI PAKTTPTPKTSPGESGKSGDRSGYSSPGSPGTPGSRSR
170 180 190 200

__________________ 9 ______________- ____
TPSLPTPPTREPKKVAVVRTPPKSPSAAKSRLQAAPGPMP

210 220 230 240

- - - - - - - - - - - - - - - - - - - - - - i - - - - - - - - - - - 10

	

__
DLKNVKSKTGSTGNLKHOPGGG KVQI I NKKLDLSNVOSKC

250 260 270 280

_____________i ______________ ba ________
GSKDNTKHVPGGGSVQI VYKPVDLSKVTSKCGSLGNTHHK

290 300 310 320

- 1 - - - - - - - - - - - - - - - - - 12

	

_______________I _
PGGGQVEVKSEKLDFKDRVOSKI GSLDNI THVPGGGNKKI

330 340 350 360

________________________________ 13 ___ -
ETHKLTFRENAKAKTDHGAEI VYKSPVVSGDTSPRHLSNV

370 380 390 400

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
SSTGSI DMVDSPQLATLADEVSASLAKQGL

410 420 430

Fi gur e 1. Deduced ami no aci d sequence of bovi ne t au cl one pBT

43- 12 . Pl asmi d pBT 43- 12 i s a f ul l - l engt h t au cl one const r uct ed by
j oi ni ng t he 5' por t i on of bovi ne cDNA cl one pBT 43 t o t he T por -

t i on of pBT12 vi a a St yl si t e pr esent wi t hi n a r egi on of sequence

over l ap ( Hi mml er et al . , 1989) . The ami no aci d sequence pr edi ct ed
f r omt he l ong open r eadi ng f r ame i s shown i n one l et t er code . Exon
number s and boundar i es ar e posi t i oned above cor r espondi ng

r esi dues . Ami no aci ds ar e number ed beneat h t he sequence wi t h t he
i ni t i at i ng met hi oni ne mar ked as posi t i on 1 . The f our 18 ami no aci d
r epeat s ar e under l i ned .

was t r ansf er r ed t o a ni t r ocel l ul ose f i l t er at 300 mA f or 3 h i n 20 mMTr i s-
base, 190 mMgl yci ne, 0. 1% sodi um dodecyl sul f at e, and 25% met hanol .
The f i l t er was bl ocked i n 4%BSA and pr obed wi t h a 1: 200 di l ut i on of
af f i ni t y pur i f i ed r abbi t ant i body 7A- 5 ( gi f t of D. Dr echsel , UCSF) . Thi s ant i -
body was r ai sed agai nst a synt het i c pept i de homol ogous t o t he f i r st bovi ne
t au exon, MAEPRQEFDVMEDHAQGDYTLQDQEGDMDPGLK ( gi f t of
D. Mar t i n, Genent ech I nc . , San Fr anci sco, CA) . I mmunor eact i ve bands
wer e det ect ed by aut or adi ogr aphy usi ng " 5 1- pr ot ei n A ( I CN Radi ochemi -
cal s, I r vi ne, CA) . 35S- l abel ed t au pt wei ns and f r agment s wer e det ect ed by
aut or adi ogr aphy of gel s f i xed and dr i ed wi t hout enhancement . Band i nt ensi -
t i es wer e quant i t at ed usi ng a vi deo densi t omet er ( model 620 ; Bi o - Rad
Labor at or i es, Ri chmond, CA) and r egr essi on anal ysi s was accompl i shed
wi t h Enz Fi t t er dat a anal ysi s sof t war e f or t he I BMPC.

Resul t s

Assayi ng t he Af f i ni t y of Tau Pr ot ei n f or Mi cr ot ubul es

To st udy t he capaci t y of var i ous subdomai ns of t au pr ot ei n
t o bi nd t o mi cr ot ubul es, we expr essed f r agment s of t au pr o-
t ei n i n a wheat ger mext r act and measur ed t he af f i ni t y of t he
l abel ed t au pr ot ei n subdomai ns f or mi cr ot ubul es st abi l i zed
wi t h t he dr ug t axol . The t au pr ot ei n i sof or m sel ect ed f or
t hese st udi es i s an - 45- kD pr ot ei n cont ai ni ng exons 1, 2, 3,
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4, 5, 7, 9, 10, 11, 12, and 13 of t he t au gene ( Fi g . 1) . I t
i s t he pr oduct of t he bovi ne t au cDNA pl asmi d pBT 43- 12
( Hi mml er et al . , 1989) . When t r ansl at ed i n vi t r o, i t comi -
gr at es wi t h t he sl owest mi gr at i ng of t he f our maj or i sof or ms
seen i n dephosphor yl at ed pr epar at i ons of t au pr ot ei n i so-
l at ed f r ombovi ne br ai n ( Hi mml er , 1989) . As expect ed, t he
expr essed pr ot ei n r eact s wi t h speci f i c ant i ser a di r ect ed
agai nst ei t her exon 2, 3, or 12 ( dat a not shown) .

When f ul l - l engt h 43- 12 pl asmi d i s used as a t r anscr i pt i onal
t empl at e, t he pr i nci pal t r ansl at i on pr oduct s mi gr at e as a dou-
bl et of appar ent mol ecul ar wei ght s 61 and 62 kD. The 61- kD
pr oduct i s sever al f ol d mor e abundant ( Fi g. 2 A) . As wi l l be
di scussed l at er , bot h member s of t he doubl et show si mi l ar
mi cr ot ubul e af f i ni t i es . Al t hough t he pr edi ct ed mol ecul ar
mass f r om t he 43- 12 cDNA sequence i s onl y 44 . 4 kD
( Hi mml er et al . , 1989) , t he obser ved mol ecul ar wei ght s ar e
consi st ent wi t h t he abnor mal l y sl ow mi gr at i on of t au pr o-
t ei ns on SDS gel s i n gener al . The doubl et i s most l i kel y be-
cause of secondar y t r ansl at i onal i ni t i at i ons at ei t her or bot h
of t he met hi oni nes at posi t i ons 11 and 18 i n addi t i on t o t he
expect ed si t e at r esi due 1 . Each of t he secondar y si t es as wel l
as t he posi t i on 1 met hi oni ne ar e l ocat ed wi t hi n good t r ansl a-
t i onal cont ext s ( Kozak, 1987) . The doubl et i s not vect or or
pol ymer ase speci f i c, si nce i t i s al so seen when pBT 43- 12
i s t r anscr i bed of f t he T7 pr omot er of t he Pr omega Bl uescr i pt
vect or ( Pr omega Bi ot ec) and t r ansl at ed i n r et i cul ocyt e l ysat e
( dat a not shown) . The mi nor l ower mol ecul ar wei ght t r ansl a-
t i on pr oduct s occur onl y i n t he pr esence of added RNA and
ar e pr obabl y ei t her t au pr ot ei n degr adat i on pr oduct s or t he
r esul t of pr emat ur e chai n t er mi nat i ons . They bi nd mi cr ot u-
bul es weakl y, i f at al l , and do not i nt er f er e wi t h t he anal ysi s .

To assay t he af f i ni t y of t r ansl at ed t au pr ot ei n f or mi cr ot u-
bul es, t he t r ansl at i on mi xt ur e was di l ut ed wi t h var i ous con-
cent r at i ons of t axol - st abi l i zed mi cr ot ubul es . Tau pr ot ei n
bound t o mi cr ot ubul es was separ at ed f r omunbound t au pr o-
t ei n by r api dl y sedi ment i ng t he mi cr ot ubul es t hr ough a su-
cr ose cushi on i n a f i xed angl e r ot or . Fr act i onat ed t au pr o-
t ei ns wer e quant i t at ed by aut or adi ogr aphy and densi t omet r y
af t er gel el ect r ophor esi s ( Fi g . 2) .

I n desi gni ng t hi s assay, t her e wer e a number of pot ent i al
caveat s t o addr ess . Fi r st , we needed t o suppr ess t he mi cr ot u-
bul e depol ymer i zat i on t hat woul d occur nat ur al l y i n t he di -
l ut e sol ut i ons used . We f ound t hat by i ncl udi ng t he dr ug
t axol i n al l assay sol ut i ons we coul d var y t he mi cr ot ubul e
concent r at i on f r om200 t o 0. 1 AMt ubul i n and r et ai n >90%
of t he added t ubul i n i n pol ymer f or m( dat a not shown) . Taxol
pr omot er s mi cr ot ubul e assembl y and st abi l i zes f or med
mi cr ot ubul es ( Schi f f et al . , 1979 ; Kumar , 1981 ; Schi f f and
Hor wi t z, 1980) . I t does not compet e f or mi cr ot ubul e bi ndi ng
agai nst any of t he known MAPs and appear s t o have a bi nd-
i ng si t e whi ch i s compl et el y di st i nct f r omt hat of t au pr ot ei n
( Val l ee, 1982) .

Secondl y, t o avoi d havi ng t he compl i cat i on of a " par ki ng
pr obl em" ( i nsuf f i ci ent mi cr ot ubul e pol ymer so t hat t au pr o-
t ei n mol ecul es i nt er f er e wi t h each ot her on bi ndi ng) ( McGhee
and von Hi ppl e, 1974) , t he mol ar r at i o of t au pr ot ei n t o t ubu-
l i n was never al l owed t o exceed 1 : 20, wel l bel ow t he sat ur a-
t i on densi t y of t au pr ot ei n whi ch i s about 1 mol e t au pr ot ei n
t o 5 mol es t ubul i n i n pol ymer ( Cl evel and et al . , 1977b ;
Hi r okawa et al . , 1988) .

Thi r dl y, i t i s essent i al t hat t au pr ot ei n does not di sassoci at e
f r ommi cr ot ubul es dur i ng cent r i f ugat i on ; i t appar ent l y does

71 9



Fi gur e 2. Compar at i ve mi cr ot ubul e af f i ni t i es of r ecombi nant vs

pur i f i ed t au pr ot ei ns . Ful l - l engt h t au mRNA ( t r anscr i bed i n vi t r o
f r omp147 l i near i zed at BamHI i n t he vect or pol yl i nker ) was t r ans-
l at ed i n a wheat ger msyst em cont ai ni ng 35 [ S] met hi oni ne . Appr ox-
i mat el y 12 ng ( 2 . 4 x 10- 9 M) of t r ansl at ed pr ot ei n wer e mi xed
wi t h 120 ng ( 2 . 4 x 10- 8 M) of bovi ne br ai n t au pr ot ei n and i n-
cubat ed wi t h 40 hg t ubul i n ( l anes 2 and 3) , 20 I ~g ( l anes 4 and 5) ,
10 pg ( l anes 6 and 7) , 5 pg ( l anes 8 and 9) , 2 . 5 pg ( l anes 10 and
11) , 1 . 25 Wg ( l anes 12 and 13) , or 0 ug ( l anes 14 and 15) i n a t ot al
vol ume of 112 I , 1 . Bound and unbound f r act i ons wer e separ at ed by
ul t r acent r i f ugat i on . Equi val ent r el at i ve amount s of each f r act i on
and one hal f t hat amount of t he cont r ol ( nonmi cr ot ubul e) unbound
f r act i on ( l ane 14) wer e el ect r ophor esed wi t h an equi val ent r el at i ve
amount of t he uni ncubat ed t au mi xt ur e on dupl i cat e 5- 15% pol y-
acr yl ami de gr adi ent gel s. For each gel : l ane 1 i s uni ncubat ed t au
pr ot ei n mi xt ur e, l anes 2, 4 6, 8, 10, 12, and 14 ar e unbound ( sol u-
bl e) f r act i ons, l anes 3, 5, 7, 9, 11, 13, and 15 ar e bound ( pel l et ed)
f r act i ons . One gel was st ai ned wi t h Coomassi e bl ue, dr i ed, and ex-
posed t o f i l mt o showt r ansl at ed t au pr ot ei n ( A) . The ot her , t o show
pur i f i ed t au pr ot ei n, was t r ansf er r ed t o ni t r ocel l ul ose, i ncubat ed
wi t h af f i ni t y pur i f i ed 7A5 ant i - t au 1° , and 125I - Pr ot ei n A 2° and ex-
posed t hr ough an ext r a sheet of f i l m t o compl et el y bl ock t he 35 S
si gnal ( B) . Thi s gel was el ect r ophor esed an addi t i onal hour at 25
mA t o r esol ve t he si x t au i sof or ms i ndi cat ed wi t h dot s t o t he r i ght
of l ane 15. C i s t he Coomassi e- st ai ned gel used t o gener at e A. The
mi cr ot ubul e concent r at i on used i n each r eact i on i s gi ven beneat h
each super nat ant / pel l et coupl e . Mi gr at i on posi t i ons of t r ansl at ed
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not . I n t he exper i ment shown i n Fi g . 2, al l of t he t au pr ot ei n
added t o each bi ndi ng r eact i on i s di st r i but ed bet ween t he
r esul t i ng super nat ant and pel l et f r act i ons ( e. g . , Fi g . 2 A,
l anes 12, 13, and 14) ; t au pr ot ei n i s not l ost i n t he cushi on
and appear s st abl y bound t o mi cr ot ubul es dur i ng cent r i f uga-
t i on . I n f ur t her suppor t of t hi s cont ent i on, t au pr ot ei n was
not det ect abl e when t he cushi on was exami ned di r ect l y ( dat a
not shown) .

Gi ven t he r api d r ever si bi l i t y of t au pr ot ei n bi ndi ng i n sol u-
t i on ( see bel ow) i t s appar ent st abi l i t y dur i ng sedi ment at i on
i s sur pr i si ng . The ef f ect i s not because of t he sucr ose i n t he
cushi on si nce t au pr ot ei n al so bi nds r ever si bl y i n 50% su-
cr ose sol ut i ons ( dat a not shown) and i s pr obabl y a conse-
quence of usi ng a f i xed angl e r ot or f or t he separ at i on st ep .
I n a spi nni ng r ot or of t hi s conf i gur at i on, t he t au pr o-
t ei n- mi cr ot ubul e compl exes wi l l be r api dl y concent r at ed as
t hey ar e f i r st moved qui ckl y t hr ough t he buf f er and pel l et ed
ont o t he si de of t he t ube . They wi l l be f ur t her concent r at ed
as t he r un cont i nues and t hey ar e moved down t he si de of t he
t ube i nt o t he sucr ose cushi on and t hen t owar ds t he t ube bot -
t om. The ver y hi gh concent r at i ons of t ubul i n expect ed
wi t hi n pel l et ed mi cr ot ubul es such as t hese shoul d gr eat l y i n-
hi bi t t au pr ot ei n di sassoci at i on .

Four t hl y, we ensur ed t hat t au pr ot ei n was i n bi ndi ng equi -
l i br i um wi t h mi cr ot ubul es i n t he assay by var yi ng t he
equi l i br at i on t i me. For t hi s, t hr ee r eact i ons wer e set up : a
f ul l - l engt h synt het i c t au pr ot ei n was i ncubat ed wi t h 0. 05 , UM
pol ymer i zed t ubul i n, a f our r epeat t au pr ot ei n f r agment was
i ncubat ed wi t h 0. 5 gMpol ymer i zed t ubul i n, and a t wo r epeat
t au pr ot ei n f r agment was i ncubat ed wi t h 175 / AM pol ymer -
i zed t ubul i n . When i ncubat i on t i mes f or each r eact i on wer e
var i ed f r om2, 10, 30, t o 90 mi n, t he f r act i on t au bound r e-
mai ned const ant ( dat a not shown) . We al so det er mi ned t hat
t au pr ot ei n bi ndi ng i s f r eel y r ever si bl e. When t au pr ot ei n i s
f i r st equi l i br at ed wi t h 6. 25 / AM mi cr ot ubul es and subse-
quent l y di l ut ed 10- f ol d, t he f r act i on t au pr ot ei n bound i s de-
cr eased wi t hi n 5 mi n t o t he l evel obser ved wi t h 0. 625 pM
mi cr ot ubul es ( dat a not shown) .

Fi nal l y, i t was i mpor t ant t o show t hat t he t r ansl at ed t au
pr ot ei n was bot h r el eased f r om r i bosomes and was al so no
l onger coupl ed t o ami no- acyl t RNAs, si nce ei t her of t hese
coul d af f ect t he bi ndi ng measur ement . I n cases wher e t he
mRNA cont ai ns a t er mi nat i on codon, r el ease shoul d occur
nat ur al l y . I n cases wher e t he mRNA t er mi nus was speci f i ed
by a r est r i ct i on cut i n t he pl asmi d t empl at e, compl et e pol y-
pept i des mi ght st i l l be associ at ed wi t h t he r i bosomal com-
pl ex . Af t er t wo hour s of t r ansl at i on i n a wheat ger mext r act ,
87 % of f ul l - l engt h nascent t au pr ot ei n was spont aneousl y
r el eased and coul d be r ecover ed i n post r i bosomal super na-
t ant s ( dat a not shown) . The sol ubl e t au pr ot ei n i s not pr eci pi -
t at ed by cet yl t r i met hyl ammoni umbr omi de ( dat a not shown)
whi ch i s consi der ed good evi dence t hat i t i s no l onger bound
t o ami no acyl t RNA( Gi l mor e and Bl obel , 1985) . To ensur e
we wer e assayi ng t he af i ni t y of f ee t au pr ot ei n onl y, each
t r ansl at i on r eact i on was ul t r acent r i f uged i mmedi at el y bef or e
i ncubat i on wi t h mi cr ot ubul es .

t au pr ot ei n, pur i f i ed br ai n t au pr ot ei n, and t ubul i n ar e i ndi cat ed t o
t he r i ght of t he appr opr i at e gel s . Mol ecul ar wei ght s of st andar ds t o
t he r i ght of each gel ar e i n ki l odal t ons .
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Tau Pr ot ei n Expr essed I n Vi t r o Bi nds
Mi cr ot ubul es wi t h A Sl i ght l y Hi gher Af f i ni t y t han
Tau Pr ot ei n I sol at ed f r omBr ai n

We compar ed t he mi cr ot ubul e- bi ndi ng af f i ni t i es of synt het i c
t au pr ot ei n wi t h nat ur al l y expr essed t au pr ot ei n pur i f i ed
f r ombr ai n . Pur i f i ed t au pr ot ei n was obt ai ned f r omr ecycl ed
bovi ne br ai n mi cr ot ubul es usi ng col umn chr omat ogr aphy
r at her t han by mor e r api d but al so har sher met hods i nvol vi ng
boi l i ng ( Her zog and Weber , 1978) or per chl or i c aci d ( Bau-
di er et al . , 1987) . Ful l - l engt h synt het i c t au pr ot ei n was t r ans-
l at ed i n vi t r o, l abel ed wi t h 3s[ Sl met hi oni ne, mi xed wi t h t au
pr ot ei n pur i f i ed f r ombovi ne br ai n, and t hen i ncubat ed wi t h
t axol st abi l i zed mi cr ot ubul es . Fr ee and bound t au pr ot ei ns
wer e separ at ed by cent r i f ugat i on and el ect r ophor esed on
dupl i cat e gel s . One gel was st ai ned, dest ai ned, dr i ed, and
aut or adi ogr aphed t o vi sual i ze synt het i c t au pr ot ei n ( Fi g . 2
A) ; t he second gel was West er n bl ot t ed wi t h af f i ni t y pur i f i ed
t au ant i body t o det ect t he pur i f i ed t au pr ot ei n ( Fi g. 2 B) ; Fi g .
2 C i s t he Coomassi e- st ai ned gel used t o gener at e t he au-
t or adi ogr aph shown i n Fi g . 2 A. I n bot h cases, t he f r act i on
t au pr ot ei n bound t o mi cr ot ubul es i ncr eased as t he concen-
t r at i on of mi cr ot ubul es i ncr eased .

We can expr ess t he af f i ni t y of t au pr ot ei n f or mi cr ot ubul es
as t he concent r at i on of pol ymer i zed t ubul i n r equi r ed t o bi nd
hal f t he t ot al added t au pr ot ei n . Bef or e we pr esent an anal y-
si s of t he sat ur at i on cur ve, we wi l l r ef er t o t hi s val ue as t he
appar ent Kd . For t au pr ot ei n synt hesi zed i n vi t r o, t he appar -
ent Kd i s 0. 11 / i M pol ymer i zed t ubul i n, si nce t he 0. 11 AM
super nat ant ( Fi g . 2 A, l ane 12) cont ai ns t he same amount of
t au pr ot ei n as t he pel l et ( l ane 13) , whi ch i s equi val ent t o hal f
t he concent r at i on of added t au pr ot ei n ( l ane 14) . The bovi ne
br ai n t au pr ot ei n pr epar at i on r esol ves i nt o si x i sof or ms on
a 5- 15%pol yacr yl ami de gr adi ent gel ( Fi g . 2 B) wi t h no con-
t ami nant s vi si bl e on a Coomassi e- st ai ned gel ( dat a not
shown) . The i sof or ms have si mi l ar but not i dent i cal af f i ni -
t i es . The t wo hi gher mol ecul ar wei ght f or ms have an appar -
ent Kd of - 0. 45 uM( compar e Fi g. 2 B, l anes 8, 9, and 14)
whi l e t he f our l ower mol ecul ar wei ght f or ms have appar ent
Kd s of 0. 9 p. M ( compar e Fi g. 2 B, l anes 6, 7, and 14) . Thus,
t he pur i f i ed t au pr ot ei n speci es t hat cor r esponds t o t he syn-
t het i c t au pr ot ei n bi nds mi cr ot ubul es wi t h f our f ol d l ower
af f i ni t y t han t he synt het i c t au pr ot ei n . The r epr oduci bl y
weaker af f i ni t y of pur i f i ed t au pr ot ei n coul d be a conse-
quence of i t s par t i al denat ur at i on dur i ng pur i f i cat i on and/ or
speci f i c t ypes of post t r ansl at i onal modi f i cat i ons such as
phosphor yl at i on t hat may occur i n vi vo but ar e not dupl i -
cat ed i n t he wheat ger mext r act . Phosphor yl at i on, i n par t i cu-
l ar , has been associ at ed wi t h a decr ease i n mi cr ot ubul e
af f i ni t y f or t au pr ot ei n and ot her MAPS ( Bur ns et al . , 1984 ;
Jameson et al . , 1980 ; Li ndwal l and Col e, 1984; Mur t hy and
Fl avi n, 1983) .

An anal ysi s of bi ndi ng dat a of t he t ype shown i n Fi g. 2
demonst r at es t hat t he associ at i on of synt het i c t au pr ot ei n
wi t h mi cr ot ubul es i s speci f i c, sat ur abl e, and i nhi bi t abl e by
pur i f i ed t au pr ot ei n . Tau pr ot ei n does not pel l et i n t he ab-
sence of mi cr ot ubul es ( Fi g . 2, A and B; l ane 15) . Al so, out
of t he compl i cat ed mi xt ur e of pr ot ei ns i n t he t r ansl at i on
r eact i on, onl y t au pr ot ei n bi nds ( compar e t he super nat ant s
and pel l et s i n Fi g . 2, A and B wi t h t hose i n Fi g . 2 C) . I n-
cr easi ng amount s of pur i f i ed t au pr ot ei n wi l l compl et el y
bl ock t he bi ndi ng of synt het i c t au ( dat a not shown) .
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Fi gur e 3. Bi ndi ng of t au pr ot ei n domai ns t o mi cr ot ubul es . Capped
t r anscr i pt s wer e gener at ed f r om t hr ee l i near i zed pl asmi d t empl at es
and t r ansl at ed i n wheat ger m cont ai ni ng " [ Sl met hi oni ne . Appr ox-
i mat el y 20 ng ( 1 . 5 x 10

- a M) of each t r ansl at i on pr oduct was i n-
cubat ed wi t h 525 ug ( 1 . 75 x 10 - ° M) t axol mi cr ot ubul es . Bound
and unbound t au pr ot ei n f r act i ons wer e separ at ed and el ect r opho-
r esed t hr ough 5- 15%acr yl ami de gr adi ent gel s ( A, B, or C) and au-
t or adi ogr aphed. For each gel , bound f r act i ons ar e shown i n l ane
1, unbound f r act i ons i n l ane 2 . ( A) Repeat domai n . The t empl at e
was pi 10 l i near i zed at t he Thal si t e and encodes t he t au pr ot ei n se-
quence f r om ami no aci d r esi due 237 t o 367. ( B) Ami no t er mi nal
domai n . The t empl at e was p147 l i near i zed at ApaI and encodes t he
t au pr ot ei n sequence f r om r esi due 1 t o 237. ( C) Car boxy t er mi nal
domai n. The t empl at e was p167 l i near i zed wi t hi n t he vect or pol y-
l i nker and encodes t au pr ot ei n sequence f r om r esi due 358 t o t he
car boxy t er mi nus at 431 . Mol ecul ar wei ght mar ker s ar e gi ven t o
t he r i ght of each gel i n ki l odal t ons .

To est abl i sh whet her t au pr ot ei n bi nds pr i nci pal l y t o t he
ends or si des of mi cr ot ubul es, we compar ed t he af f i ni t i es of
t au pr ot ei n f or t wo popul at i ons of mi cr ot ubul es wi t h di f f er -
ent l engt h di st r i but i ons and consequent l y, di f f er ent concen-
t r at i ons of ends . Tau pr ot ei n t r ansl at ed i n vi t r o was i ncubat ed
ei t her wi t h t ubul i n pol ymer s aver agi ng 16. 2 t 8 Ami n l engt h
( by dar kf i el d mi cr oscopy) or wi t h mi cr ot ubul es t hat wer e
sheer ed t o an aver age l engt h of 5. 2 f 2 . 5 Am. The f r act i on
t au pr ot ei n bound was dependent onl y on t he concent r at i on
of pol ymer i zed t ubul i n and was unaf f ect ed by t he change i n
t he r el at i ve number of t ubul e ends ( dat a not shown) suggest -
i ng t au pr ot ei n bi nds pr i mar i l y t o t he l at er al sur f aces of
mi cr ot ubul es .

The St r ongest Mi cr o t ubul e Af f i ni t y I s i n t he Repeat
Domai n of Tau Pr ot ei n

Pr evi ous r epor t s ( Hi mml er et al . , 1989 ; Lee et al . , 1989)
have shown t he r epeat domai n of t au pr ot ei n i s abl e t o bi nd
mi cr ot ubul es but t hese i ni t i al r epor t s di d not car ef ul l y exam-
i ne whet her ot her domai ns al so af f ect bi ndi ng . To addr ess
t hi s i ssue, t hr ee di f f er ent t au pr ot ei n f r agment s wer e synt he-
si zed i n vi t r o: ( a) t he t au pr ot ei n r epeat domai n ( r esi dues
237 t o 367) ; ( b) t he ami no t er mi nal hal f of t au pr ot ei n
( r esi dues 1- 237) ; and ( c) t he car boxy t er mi nal nonr epeat do-
mai n of t au pr ot ei n ( r esi dues 358 t o 430) . Assays f or t he
bi ndi ng of t hese const r uct s ar e shown i n Fi g. 3 . Pol ymer i zed
t ubul i n at a concent r at i on of 150 p. Mi s suf f i ci ent t o bi nd vi r -
t ual l y al l of t he r epeat domai n f r agment ( Fi g . 3 A, l ane 1 vs
l ane 2) demonst r at i ng t he appar ent Kd f or t hi s f r agment i s
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Fi gur e 4. I ncr easi ng t he number of r epeat s i ncr eases t he r el at i ve
af f i ni t y of t au pr ot ei n f or mi cr ot ubul es . ( A) Mi cr ot ubul e bi ndi ng
r eact i ons of t au pr ot ei n subf r agment s cont ai ni ng 2, 3, or 4 r epeat s .
Appr oxi mat el y 24 ng ( 1 . 2 x 10- a M) of i n vi t r o t r ansl at ed 35 [ S] -

met hi oni ne- l abel ed pr ot ei n wer e i ncubat ed wi t h 60 l Ag ( 1 . 5 x

10- 5 M) t axol st abi l i zed mi cr ot ubul es . Bound and unbound t au
pr ot ei n f r act i ons wer e separ at ed, el ect r ophor esed t hr ough a 27. 5

t r i s- bor at e pol yacr yl ami de gel and aut or adi ogr aphed . ( Lane 1)
Mi cr ot ubul e pel l et . ( Lane 5) Mi cr ot ubul e super nat ant f r oma bi nd-
i ng r eact i on wi t h t he t wo r epeat t au pr ot ei n f r agment ext endi ng
f r om ami no aci d 237 t o 297 and speci f i ed by pl 10 l i near i zed at
AccI . ( Lane 4) Unpr ocessed t r ansl at i on r eact i on . ( Lane 2) Mi cr o-
t ubul e pel l et . ( Lane 7) Mi cr ot ubul e super nat ant f r om a bi ndi ng
r eact i on wi t h t he t hr ee r epeat t au pr ot ei n f r agment ext endi ng f r om
ami no aci d 237 t o 343 and speci f i ed by pl 101i near i zed at AvaI I .
( Lane 6) Tr ansl at i on r eact i on . ( Lane 3) Mi cr ot ubul e pel l et . ( Lane
9) Mi cr ot ubul e super nat ant f r om a r eact i on cont ai ni ng t he f our r e-
peat t au pr ot ei n f r agment ext endi ng f r om ami no aci d r esi due 237

t o 382 and speci f i ed by pl 10 l i near i zed at t he Cl al pol yl i nker si t e
downst r eam of t he t au i nser t . ( Lane 8) Tr ansl at i on r eact i on. Mo-
l ecul ar wei ght mar ker s i n ki l odal t ons ar e shown at r i ght . Number
of r epeat s wi t hi n each f r agment i s gi ven t o t he l ef t of t he cor r e-
spondi ng band . ( B) Hi st ogr am. Rel at i ve amount s of bound and un-
bound t au pr ot ei n f r agment s f r om mi cr ot ubul e r eact i ons i n A wer e
quant i t at ed usi ng densi t omet r y . The number of r epeat s cont ai ned
wi t hi n each t au pr ot ei n f r agment i s shown beneat h t he cor r espond-
i ng pel l et / super nat ant pai r .

si gni f i cant l y l ess t han t hi s mi cr ot ubul e concent r at i on . By
cont r ast , t he ami no and car boxy t er mi nal nonr epeat domai ns
bi nd ver y poor l y, even at t hi s hi gh concent r at i on of mi cr ot u-
bul es : Fi g . 3 B, l ane 1 vs l ane 2 and Fi g. 3 C, l ane 1 vs l ane
2 . Assumi ng t he bi ndi ng of t he t wo l at t er f r agment s i s de-
scr i bed by a si mpl e bi ndi ng al gor i t hm, we can ext r apol at e

f r omt he per cent f r agment bound and est i mat e t hei r Kds ar e
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>1 . 5 mM. Fr omt hese r esul t s, we concl ude t he r epeat do-
mai n cont r i but es most of t he bi ndi ng ener gy f or mi cr ot u-
bul es .

Af fi ni t y of Tau Pr ot ei n f or Mi cr ot ubul es I ncr eases

wi t h t he Number of Repeat s

Si nce t he r epeat domai n of t au pr ot ei n seems t o be r esponsi -
bl e f or most of t he mi cr ot ubul e- bi ndi ng ener gy, we measur ed
how changes i n t he number of r epeat s af f ect t he af f i ni t y of
t au pr ot ei n f or mi cr ot ubul es . A ser i es of l abel ed t au pr ot ei n
f r agment s cont ai ni ng t wo, t hr ee, and f our r epeat s wer e syn-
t hesi zed i n vi t r o f r oma f ul l - l engt h t au t r anscr i pt i onal t em-
pl at e by l i near i zi ng i t at var i ous r est r i ct i on si t es . Each pr o-
t ei n f r agment was i ncubat ed wi t h mi cr ot ubul es as shown i n
Fi g . 4, A and B. A t au pr ot ei n f r agment cont ai ni ng onl y t wo
r epeat s bi nds r el at i vel y weakl y wi t h onl y 5 % co- pel l et i ng
wi t h 15 / AMpol ymer i zed t ubul i n . I ncl udi ng an addi t i onal r e-
peat i ncr eases f r agment af f i ni t y such t hat 80% i s bound by
15 gMpol ymer i zed t ubul i n . Addi ng a f our t h r epeat r ai ses
f r agment af f i ni t y such t hat vi r t ual l y 100% i s bound by 15
pMpol ymer i zed t ubul i n . Fr omt hese r esul t s, i t i s cl ear t hat
t he st r engt h of t he mi cr ot ubul e/ t au pr ot ei n i nt er act i on i s i n-
cr eased by i ncr easi ng t he number of r epeat s .

Tau Pr ot ei n Bi ndi ng t o Mi cr ot ubul es I s Homogeneous,

Rever si bl e and Not Cooper at i ve

Compl et e bi ndi ng cur ves ext endi ng t o near sat ur at i on pr o-
vi de i nf or mat i on about t he st r engt h of bi ndi ng, t he het er oge-
nei t y i n bi ndi ng si t es and t he i ndependence of bi ndi ng si t es .
For a si mpl e bi ndi ng cur ve, t he di sassoci at i on const ant , Kd s
i s t he mi dpoi nt of a hyper bol i c sat ur at i on cur ve.

To gener at e accur at e t au pr ot ei n bi ndi ng dat a, we chose
t o st udy a t au pr ot ei n f r agment ext endi ng f r omami no aci d
r esi due 152 t o 297 and cont ai ni ng t he f i r st t wo t au pr ot ei n
r epeat s. I t s appar ent Kd f el l i n t he mi ddl e of t he r ange of
mi cr ot ubul e concent r at i ons t hat ar e t echni cal l y opt i mal f or
t hese exper i ment s . Thi s f r agment was synt hesi zed i n vi t r o
and equi val ent amount s wer e i ncubat ed wi t h a ser i es of di l u-
t i ons of st abi l i zed mi cr ot ubul es . I n anal yzi ng t hi s bi ndi ng
i sot her m, we consi der t he t au pr ot ei n f r agment , whi ch i s at
a f i xed and l ow concent r at i on, t o be t he anal og of t he macr o-
mol ecul e i n a t ypi cal bi ndi ng exper i ment and t he mi cr ot u-
bul e, composed of i dent i cal bi ndi ng el ement s, t o be t he
anal og of t he l i gand, whose concent r at i on i s var i ed i n t he ex-
per i ment . The r esul t i ng sat ur at i on cur ve f or t hi s f r agment
( Fi g . 5, Aand B, wher e i t i s shown as a Scat char d pl ot ) f i t s t he
si mpl e t heor et i cal bi ndi ng cur ve t hat descr i bes t he behavi or
of a macr omol ecul e wi t h a si ngl e bi ndi ng si t e or si ngl e cl ass
of noni nt er act i ng si t es wi t h a di sassoci at i on const ant , Kd ,
of 6. 5 x 10 - 6 Mand a SE of 19%. I n t hi s ser i es of bi ndi ng
measur ement s no mor e t han 3 %of t he t ot al t ubul i n bi ndi ng
si t es ar e ever occupi ed . Thi s est i mat e conser vat i vel y as-
sumes t he t au pr ot ei n concent r at i on i s 0. 1 p, M or l ess ( est i -
mat ed f r omt he speci f i c act i vi t y of t he l abel ed met hi oni ne i n
t he t r ansl at i on mi xt ur e) and t hat t he bi ndi ng st oi chi omet r y
of t au pr ot ei n/ t ubul i n i s no l ess t han t he sat ur at i on st oi chi -
omet r y of 1 : 5 ( Cl evel and et al . , 19776 ; Hi r okawa et al . ,
1988) . A si mi l ar l y pr eci se f i t t o a si ngl e- si t e bi ndi ng f unc-
t i on was seen f or f ul l - l engt h t au pr ot ei n when bi ndi ng dat a
f or t he t wo hi ghest mol ecul ar wei ght i sof or ms of pur i f i ed t au
pr ot ei n ( Fi g . 2 B) wer e quant i t at ed by densi t omet r y and
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Fi gur e 5. Dat a anal ysi s of t he mi cr ot ubul e- bi ndi ng f unct i on of a t au
pr ot ei n f r agment cont ai ni ng t wo r epeat s . An 35S- l abel ed t au pr o-
t ei n f r agment ext endi ng f r om ami no aci d 152 t o 297 ( encoded by
p138 l i near i zed at Accl ) was synt hesi zed i n vi t r o and i ncubat ed wi t h
var i ous concent r at i ons of mi cr ot ubul es . Bound and unbound t au
pr ot ei n f r act i ons wer e separ at ed by ul t r acent r i f ugat i on, el ect r opho-
r esed t hr ough a 5- 15 %acr yl ami de gr adi ent gel , aut or adi ogr aphed,
and quant i t at ed by densi t omet r y ( A) Bi ndi ng cur ve. Per cent t au
pr ot ei n bound f or each mi cr ot ubul e r eact i on was det er mi ned by
densi t omet r y . Exper i ment al dat a poi nt s ar e i ndi cat ed by open ci r -
cl es. To t he r i ght of each poi nt i s t he mol ar r at i o of t ubul i n mono-
mer t o t au pr ot ei n used i n t he r eact i on . The cur ve shown i s t he best
f i t t heor et i cal bi ndi ng f unct i on f or t hi s dat a cal cul at ed by r egr essi on
anal ysi s and descr i bes t he behavi or of a macr omol ecul e wi t h a si n-
gl e bi ndi ng si t e . ( Kd = 0. 65 x 10- 5Mwi t h a st andar d er r or of
1 . 25 x 10- 6 M) ( B) Scat char d pl ot of t he dat a shown i n A . Li ne
shown i s t he Scat char d t r ansf or mat i on of t he t heor et i cal f unct i on
shown i n A.

pl ot t ed as bot h hyper bol i c and Scat char d f unct i ons ( dat a not
shown) . The Kd f or each was 3 . 1 x 10 - 7 Mwi t h a st andar d
er r or of 15%.

The cl ose f i t of bot h set s of exper i ment al dat a poi nt s t o t hi s
t ype of t heor et i cal cur ve demonst r at es sever al pr oper t i es of
t he t au pr ot ei n/ mi cr ot ubul e associ at i on . Fi r st , t au pr ot ei n
behaves as t hough i t cont ai ns a si ngl e t ubul i n- bi ndi ng do-
mai n . Secondl y, t her e i s no evi dence f or cooper at i ve ef f ect s .
When a t au mol ecul e bi nds t o a mi cr ot ubul e at a l ow r at i o

But ner and Ki r schner Tau Bi ndi ng t o Mi cr ot ubul es

of t au pr ot ei n t o mi cr ot ubul e bi ndi ng si t es, i t does not pr o-
mot e or i nhi bi t t he bi ndi ng of addi t i onal t au mol ecul es .
Cooper at i ve ef f ect s bet ween t au mol ecul es coul d occur at
hi gh sat ur at i on, but her e t he anal ysi s of t he dat a woul d be
compl i cat ed by t he " par ki ng pr obl em" ( McGhee and von
Hi ppl e, 1974) .

Cont r i but i on of t he I ndi vi dual Repeat s t o t he Bi ndi ng
Af f i ni t y of Tau Pr ot ei n

The cont r i but i on of each bi ndi ng domai n t o t he af f i ni t y of t he
compl et e t au mol ecul e can be i nf er r ed by measur i ng and
compar i ng t he af f i ni t i es of l ar ger f r agment s cont ai ni ng di f -
f er ent number s of r epeat s, assumi ng t her e i s no cooper at i vi t y
wi t hi n t he r epeat domai n . The cor r ect ness of t hi s assumpt i on
can be ver i f i ed by measur i ng t he bi ndi ng ener gy of a speci f i c
r epeat i n di f f er ent t au pr ot ei n cont ext s . I t i s i mpor t ant t o
r eal i ze t hat we ar e not compar i ng cal cul at ed bi ndi ng ener -
gi es t o t hose of f r ee r epeat s . I ndi vi dual r epeat s bi nd t oo
weakl y t o measur e ( dat a not shown) and t he r esul t s wi t h t he
f r ee domai ns woul d not necessar i l y be compar abl e f or t heo-
r et i cal r easons el abor at ed i n t he Di scussi on .

Fi g. 6 summar i zes t he measur ed bi ndi ng af f i ni t i es of var i -
ous domai ns of t he t au mol ecul e . I n each case t he Kd was
measur ed by var yi ng t he pol ymer i zed t ubul i n concent r at i on
and i nt er pol at i ng t he concent r at i on of hal f maxi mal t au pr o-
t ei n bi ndi ng. The af f i ni t y of t he ent i r e r epeat domai n and
f l anki ng sequences ext endi ng f r om r esi due 152 t o r esi due
431 ( f r agment BCDEFG) was exper i ment al l y f ound t o be
2 . 5 x 10 - 8 M, cor r espondi ng t o a f r ee ener gy of - 10. 7
kcal / mol e at 37 ° C. Thi s was 4 . 4 t i mes gr eat er t han t he
af f i ni t y of f ul l - l engt h t au pr ot ei n, and as shown bel ow i ndi -
cat es t hat t he NH2- t er mi nal domai n weakens t au pr ot ei n
af f i ni t y .

The af f i ni t y cont r i but ed by t he second t au pr ot ei n r epeat
( domai n D) coul d be cal cul at ed f r om t he dat a i n Fi g . 6 by
subt r act i ng t he bi ndi ng ener gy of t he BC pr ot ei n ( - 6. 3
kcal s/ mol e, Kd = 35 p, M) f r om t he bi ndi ng ener gy of t he
BCD pr ot ei n ( - 7. 0 kcal s/ mol e, Kd = 10 pM) gi vi ng an
ener gy di f f er ence of - 0 . 7 kcal s/ mol e whi ch i s r ecor ded i n
Tabl e I .

The bi ndi ng ener gy cont r i but ed by r epeat 4 ( domai n F)
coul d be cal cul at ed i n t wo ways . By subt r act i ng t he bi ndi ng
ener gy of t he CDEpr ot ei n ( - 6. 6 kcal s/ mol e) f r omt hat of t he
CDEF pr ot ei n ( - 7. 6 kcal s/ mol e) a bi ndi ng ener gy of - 1 . 0
kcal s/ mol e i s obt ai ned . Al t er nat i vel y, subt r act i ng t he bi nd-
i ng ener gy of t he BODEpr ot ei n ( - 8 . 4 kcal s/ mol e) f r omt hat
of t he BCDEF pr ot ei n ( - 9 . 2 kcal s/ mol e) gi ves a bi ndi ng
ener gy of - 0. 8 kcal s/ mol e. The aver age, - 0. 9 kcal s/ mol e,
i s shown i n Tabl e I .

The bi ndi ng ener gy cont r i but ed by r epeat 3 ( domai n E)
coul d al so be cal cul at ed i n t wo i ndependent ways . The f r ag-
ment s compar ed wer e ei t her t he CDand CDE or BCDand
BCDE pr ot ei ns . The cal cul at ed f r ee ener gy f or r epeat 3
based on ei t her set of f r agment s was - 1 . 4 kcal s/ mol e .

For r epeat 1 ( domai n C) t he af f i ni t y of domai n B i s t oo
weak t o measur e exper i ment al l y and so a somewhat di f f er ent
st r at egy was used . By compar i ng t he measur ed Kd s of pai r s
of t au pr ot ei n f r agment s whi ch di f f er onl y i n t he pr esence or
absence of domai n B, we can cal cul at e t hat domai n B i n-
cr eases t he af f i ni t y of nei ghbor i ng r epeat f r agment s an aver -
age of 18 t i mes. For exampl e, t he BCD pr ot ei n bi nds 20

72 3



Fi gur e 6. Bi ndi ng af f i ni t i es of
t au pr ot ei n f r agment s cont ai n-
i ng di f f er ennumbt er s or r e-
Feat s . The t op l i ne i s a di a-
gr am t o scal e of f ul l - l engt h
43- 12 t au pr ot ei n ( 431 ami no
aci ds) . Each r epeat i s boxed
wi t h t he appr opr i at e number
( 1, 11, 111, or I V) i ndi cat ed
above each . The ami no aci d
r esi due number s and l ocat i ons
shown beneat h map cor r es-
pond t o begi nni ngs or ends of
t au pr ot ei n f r agment s posi -
t i oned bel ow. For each f r ag-
ment , t he pl asmi d and l i near i

zat i on si t e used t o gener at e t he i n vi t r o t r anscr i pt i onal t empl at e ar e not ed t o t he r i ght . Pr ot ei n names shown t o t he l ef t of each const r uct
di agr amr ef l ect t he t au pr ot ei n sequences wi t hi n each pr ot ei n accor di ng t o t he l et t er code above t he p110 di agr am. Kd val ues of 35 S- l abel ed
t r ansl at i on pr oduct s wer e measur ed as descr i bed i n Mat er i al s and Met hods and ar e expr essed i n mi cr omol ar uni t s of pol ymer i zed t ubul i n .
Cor r espondi ng bi ndi ng ener gi es i n kcal s/ mol e ar e gi ven under t he headi ng OGcal cul at ed at 37° C.

t i mes t i ght er t han t he CD pr ot ei n, t he BCDE pr ot ei n bi nds
20 t i mes t i ght er t han t he CDE pr ot ei n, and t he BCDEF pr o-
t ei n bi nds 13 t i mes t i ght er t han t he CDEF pr ot ei n . On t he
st r engt h of t hi s cor r el at i on, i t seems r easonabl e t o assume
t hat t he B domai n i ncr eases t he af f i ni t y of t he BC pr ot ei n t o
a si mi l ar ext ent ; t he af f i ni t y of t he C domai n al one woul d
t hen be - 0. 7 mM( OG = - 4 . 4 kcal s/ mol e) . Accor di ng t o
t hese cal cul at i ons, t he f i r st r epeat wi t h i t s f l anki ng sequences
( r esi dues 237 t o 271) has an af f i ni t y appr oxi mat el y 100 t i mes
gr eat er t han r epeat s 2, 3, or 4 .

As ment i oned above, t he val i di t y of t hese cal cul at i ons r est s
on t he t est abl e assumpt i on t hat di f f er ent t au pr ot ei n r epeat s
bi nd i ndependent l y of each ot her . The r easons why t hi s as-
sumpt i on mi ght be val i d f or a f l exi bl e mol ecul e l i ke t au and
not f or mor e r i gi d mol ecul es ( Jencks, 1981) i s el abor at ed i n
t he Di scussi on . To det er mi ne whet her r epeat bi ndi ng i s i nde-
pendent or cooper at i ve, we summed t he f our cal cul at ed r e-
peat bi ndi ng ener gi es and compar ed t he sumt o t he bi ndi ng
ener gy of t he r epeat domai n measur ed exper i ment al l y . I f
r epeat s bi nd i ndependent l y of each ot her , t he sum of t hei r
cal cul at ed bi ndi ng ener gi es shoul d be equal t o t he bi ndi ng
ener gy of t he r epeat domai n det er mi ned exper i ment al l y . I f
r epeat s bi nd i n a cooper at i ve manner , del et i on of a si ngl e r e-
peat woul d have a l ar ge ef f ect on bi ndi ng and t he sumof t he
cal cul at ed r epeat ener gi es woul d be measur abl y gr eat er t han
t he bi ndi ng ener gy measur ed exper i ment al l y f or t he com-
pl et e domai n . As shown i n Tabl e I t he sumof t he i ndi vi dual
r epeat bi ndi ng ener gi es ( C+D+E+F) i s 7. 4 kcal s/ mol e, a
val ue t hat agr ees ver y wel l wi t h t he OGof - 7. 6 kcal s/ mol e

Tabl e I . Cal cul at ed I nt r i nsi c Bi ndi ng Ener gi es f or
I ndi vi dual Repeat s

Rel at i ve bi ndi ng ener gi es f or each r epeat wer e cal cul at ed f r om t he measur e-

ment s gi ven i n Fi g. 6 as descr i bed i n t he Resul t s sect i on and ar e l i st ed her e
i n kcal s/ mol e under t he headi ng AG.
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exper i ment al l y det er mi ned f or t he compl et e r epeat domai n
( pr ot ei n CDEF) speci f i ed by t he pl . 10/ Tha I pl asmi d ( Fi g. 6) .
Thi s cl ose agr eement bet ween t he t heor et i cal and measur ed
val ues i mpl i es t he absence of cooper at i ve ef f ect s among t he
r epeat uni t s .

As a t est of t he r el evance of t hese cal cul at i ons t o t he r epeat
ener gi es wi t hi n whol e t au pr ot ei n, t he af f i ni t y of t he r epeat
domai n f r om a t au i sof or m mi ssi ng t he second r epeat was
compar ed t o t he af f i ni t y of t he r epeat domai n f r oma f our r e-
peat f or m of t au pr ot ei n . For t hi s exper i ment t he 000H-
t er mi nal SmaI / EcoRI f r agment of mouse t au cDNA" K cl one
( Lee et al . , 1988) whi ch cont ai ns onl y t hr ee r epeat s was sub-
st i t ut ed f or t he anal ogous SmaI / EcoRI f r agment of t he p138
bovi ne t au expr essi on pl asmi d whi ch cont ai ns f our r epeat s .
The r esul t i ng bovi ne- mur i ne hybr i d i s r ef er r ed t o as p175.
p175 i s mi ssi ng t he second 18 ami no aci d r epeat and t he
l i nker t hat pr ecedes i t i n p138 but i s ot her wi se vi r t ual l y i den-
t i cal t o t he bovi ne sequence i t r epl aced ( Fi g. 7 A) . The af f i n-
i t i es of t he i n vi t r o t r ansl at i on pr oduct s speci f i ed by p175/
Thai and p138/ ThaI wer e measur ed accor di ng t o pr ocedur es
descr i bed above . Bi ndi ng cur ves f or each ar e di spl ayed i n
Fi g . 7 B. The Kd f or t he t hr ee r epeat t au pr ot ei n domai n i s
- 0 . 75 g. Mpol ymer i zed t ubul i n cor r espondi ng t o a bi ndi ng
ener gy of - 8 . 6 kcal s/ mol e . The Kd f or t he f our r epeat t au
pr ot ei n domai n i s - 0. 15 uM pol ymer i zed t ubul i n cor r e-
spondi ng t o a bi ndi ng ener gy of - 9. 6 kcal s/ mol e. The di f f er -
ence i n bi ndi ng ener gi es bet ween t he t wo f or ms of t au pr o-
t ei n i s - - 1 . 0 kcal s/ mol e . Thi s i s i n ver y cl ose agr eement
wi t h t he cal cul at ed f r ee ener gy cont r i but i on of r epeat 2, - 0 . 7
kcal s/ mol e ( see Tabl e I ) .

Fi ne St r uct ur e Anal ysi s of t he Repeat Domai n

We have seen t hat t he af f i ni t y of t au pr ot ei n f or mi cr ot ubul es
i s mai nl y di st r i but ed over t he r epeat domai n i n sever al
i ndependent - bi ndi ng r egi ons . Wi t hi n t hese r egi ons, pr evi ous
exper i ment s gave no i nf or mat i on r egar di ng t he di st r i but i on
of bi ndi ng ener gy and i n par t i cul ar , whet her r epeat s and
l i nker s have di st i ngui shabl e cont r i but i ons . To i nvest i gat e t he
det ai l ed f unct i onal f eat ur es of r epeat s and l i nker s, t he bi nd-
i ng const ant s f or a ser i es of ei ght t au pr ot ei n f r agment s wer e
det er mi ned as descr i bed i n Mat er i al s and Met hods. Each
f r agment i ni t i at es Just bef or e t he f i r st r epeat at ami no aci d

. . . . . . . A. - . . . . . - . , . . . . B. - . . . - C . . p- . E- - F . . . . . . G. . . . .

I I I I I I I V

` 1 `
PROTEI N K d

NMTUBULI N)
AG

KCALS/ MOLE

136/ APA I B >200 <- 5 . 2
138/ XHO I I BC 35 - 6 . 3
138/ ACC I BCD 10 - 7 . 0
138/ BAL I BCDE 1 - 8 . 4
138/ THA 1 BCDEF 0. 28 - 9 . 2
110/ ACCI CD 200 - 5 . 2
110/ BAL I CDE 20 - 6 . 6
110/ THA I CDEF 3. 75 - 7 . 6
167/ RI G >200 <- 5 . 2
136/ BAMHI BCDEFG 0 . 025 - 10. 7

Repeat Boundar i es AG

1 237- 271 - 4 . 4

2 271- 297 - 0 . 7

3 297- 323 - 1 . 4

4 323- 367 - 0 . 9
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Fi gur e 7. Compar at i ve mi cr ot ubul e af f i ni t i es of t au pr ot ei n f r ag-
ment s cont ai ni ng ei t her t hr ee or f our r epeat s. ( A) Ami no aci d se-
quences of p138 and p175 f r agment s used t o di r ect i n vi t r o t r an-
scr i pt i on/ t r ansl at i on r eact i ons. Pl asmi d p138/ Thai ( p138 l i near i zed
at a Thai si t e) has f our r epeat s and cont ai ns t he bovi ne pBT 43- 12
f r agment encodi ng ami no aci d 152 t o 367 ( see Fi g . 1) . Pl asmi d
p175/ ThaI i s a t hr ee r epeat bovi ne/ mur i ne hybr i d t au whi ch con-
t ai ns t he pBT 43- 12 f r agment encodi ng ami no aci ds 152 t hr ough
209 ( see Fi g. 1) j oi ned t o t he mur i ne cDNA Äf r agment ( Lee et
al . , 1988) encodi ng mur i ne t au ami no aci ds 152 t hr ough 278. Se-
quences ar e di spl ayed i n one l et t er code and t he number i ng scheme
i s t hat of t he par ent bovi ne or mur i ne sequence . Ast er i sks denot e

ami no aci d homol ogi es bet ween t he mur i ne por t i on of p175 and t he

cor r espondi ng bovi ne sequence i n pl 38 . Repeat domai ns ar eunder -
l i ned . ( B) Bi ndi ng cur ves f or p138/ Thai and p175/ Thai t au pr ot ei n
f r agment s. Pl asmi ds p138 and p175, l i near i zed at Thai , wer e used
as t empl at es t o gener at e 35 [ S] met hi oni ne- l abel ed t au pr ot ei n f r ag-
ment s whi ch wer e i ncubat ed wi t h var i ous concent r at i ons of t axol -

st abi l i zed mi cr ot ubul es . Bound and unbound t au pr ot ei n f r act i ons
wer e separ at ed, el ect r ophor esed on 5- 15 0l o acr yl ami de gr adi ent
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Fi gur e 8. Fi ne st r uct ur e anal ysi s of bovi ne t au pr ot ei n r epeat do-
mai n : l i nker r egi ons do not cont r i but e t o bi ndi ng af f i ni t y. Bi ndi ng
const ant s t o t axol mi cr ot ubul es wer e det er mi ned f or a col l ect i on of
ei ght 35 [ S] met hi oni ne- l abel ed t au pr ot ei n f r agment s t r ansl at ed i n
vi t r o. Fr agment s each i ni t i at e at ami no aci d 237 and t er mi nat e at
t he var i ous r esi dues bet ween 306 and 345 shown beneat h each dat a
poi nt on t he X- axi s . Under l i ned ami no aci ds i ndi cat e t he r el at i ve
posi t i ons of t he t hi r d and begi nni ng of t he f our t h r epeat s . Li near -
i zed pl asmi d t empl at es and t he f r agment s of t au pr ot ei n t hey encode
ar e as f ol l ows : pl l 0Bst EI I : 237 t o 306; p110/ Fokl : 237 t o 311 ;
p132/ Aval : 237 t o 313; p132/ Nsi l : 237 t o 317; p132/ SmaI : 237 t o
321; p132/ Bal l: 237 t o 322; p154/ Bal l: 237 t o 337; p110/ AvaH: 237
t o 343. Ami no aci d number i ng scheme r ef er s t o t hat of pBT 43- 12
gi ven i n Fi g . 1 .

r esi due 237 and t er mi nat es at di f f er ent poi nt s wi t hi n t he t hi r d

or f our t h r epeat . The r esul t s of t he measur ed Kd ar e di s-

pl ayed gr aphi cal l y at a f unct i on of di st ance t hr ough t he se-

quence i n Fi g . 8 .

Ther e ar e t wo cl ear concl usi ons f r omt hese dat a . Fi r st , t he

r epeat domai n cont r i but es t o bi ndi ng, whi l e t he l i nker r egi on

does not . Speci f i cal l y, t au f r agment af f i ni t y i s i ncr eased

ni nef ol d when 17 ami no aci ds compl et i ng t he t hi r d r epeat ar e

added but does not i ncr ease at al l when t he subsequent 13

l i nker ami no aci ds ar e added. I t t hen i ncr eases anot her 2. 5

t i mes when t he f i r st seven ami no aci ds f r omt he f our t h r epeat

ar e added . Secondl y, t au f r agment af f i ni t y i ncr eases l i near l y

as ami no aci ds ar e added wi t hi n t he t hi r d r epeat . The l i near -

i t y of t hi s r el at i onshi p suggest s t hat i ndi vi dual or smal l

gr oups of r epeat ami no aci ds bi nd i ndependent l y wi t h r e-

spect t o nei ghbor i ng sequences and cont r i but e r oughl y si mi -

l ar amount s of bi ndi ng ener gy ( t i 0. 08 kcal s/ mol e/ ami no

aci d) t o t he t au pr ot ei n- mi cr ot ubul e i nt er act i on .

gel s, and aut or adi ogr aphed . The per cent t aupr ot ei n bound was cal -
cul at ed by densi t omet r y andpl ot t ed . The best f i t t heor et i cal bi ndi ng
f unct i on f or each dat a set was cal cul at ed by r egr essi on anal ysi s and
pl ot t ed . These f unct i ons descr i be t he behavi or of mol ecul es wi t h
a si ngl e l i gand bi ndi ng domai n and l i gand af f i ni t i es of ei t her 0. 15
AM ( p138/ Thai dat a) or 0. 75 AM ( p175/ Thal ) .
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Fi gur e 9 Kd det er mi nat i ons of t au pr ot ei n f r agment s wi t h ex-
panded or cont r act ed l i nker r egi ons . The upper map i s a scal e di a-
gr amof t he bovi ne t au pr ot ei n r epeat domai n ( ami no aci ds 237 t o
382) encoded by p110. Locat i ons of r epeat s ar e shown by open
boxes . Ami no aci d r esi due number s above t he di agr amr ef er t o Fi g.
1 and cor r espond t o t he begi nni ngs, ends or si t es of di sr upt i on f or
each of t he const r uct pr ot ei ns di agr ammed bel ow. The Kd f or each
t au pr ot ei n f r agment was measur ed as descr i bed i n Mat er i al s and
Met hods and i s shown t o t he r i ght of t he appr opr i at e di agr am. Tem-
pl at e pl asmi ds ar e shown at l ef t wi t h t he r est r i ct i on si t es used f or
l i near i zat i on i ndi cat ed beneat h t he r i ght edge of each di agr am.
Pl asmi ds p156, p154, p1ó6, and p144 ar e der i vat i ves of p110 whi ch
di f f er f r omt he par ent pl asmi d onl y by t he i nser t i on or del et i on of
sequences encodi ng l i nker ami no aci ds i n t he posi t i ons shown by
t he dashed l i nes . Sol i d l i nes ar e sequences i n common wi t h p110 .
Repeat spaci ng i s gi ven by posi t i ons of bar s at t he bot t om of t he
f i gur e . Pr ot ei n names r ef l ect t he t au pr ot ei n sequences wi t hi n each
pr ot ei n accor di ng t o t he l et t er code shown above t he p110 di agr am.
I nser t i ons ar e named wi t h t he l et t er of t he p110 segment t hey most
r esembl e f ol l owed by one or t wo ast er i sks t o show t hey ar e di s-
t i nct . Pl asmi d der i vat i ons r el at i ve t o p110 ar e as f ol l ows : p156 :
VTSVQI VYKPVDGTK i nser t ed bet ween r esi dues 306 and 307 ;
p154 : SQVEVKSEKLDFKDG i nser t ed bet ween r esi dues 324 and
325 ; p166 : SQVEVKSEKLDFKDGTGSQVEVKSEKLDFKDG i n-
ser t ed bet ween 324 and 325; p144 : ami no aci ds bet ween 325 and
338 del et ed .

The l i nker sequences i n bot h t au pr ot ei n and MAP- 2 each
consi st of ei t her 13 or 14 ami no aci ds . Si nce t he l i nker s ar e
mor e const ant i n si ze t han i n sequence, and do not seemt o
bi nd t o mi cr ot ubul es, i t i s t empt i ng t o specul at e t hat t hey ar e
i nvol ved i n posi t i oni ng and spaci ng r epeat uni t s . To t est t he
i mpor t ance of spaci ng, a ser i es of r epeat domai n der i vat i ves
wer e made such t hat t he l i nker r egi ons wer e ei t her expanded
wi t h ext r a l i nker sequences or cont r act ed ( Fi g . 9) . Asi de
f r omt he al t er ed l i nker r egi ons, t hese const r uct i ons ar e i den-
t i cal t o t he f r agment ext endi ng f r omr esi due 237 t o 382, con-
t ai ni ng t he r epeat domai ns . To f aci l i t at e a compar i son of
t hese const r uct s, we have named each pr ot ei n accor di ng t o
t he r egi ons of t he r epeat domai n encoded ( Fi g . 9) . By t hi s
nomencl at ur e, t he compl et e f r agment i s named xXyYz . I n-
ser t ed sequences ar e named f or t he t au pr ot ei n sequence
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f r omwhi ch t hey wer e der i ved as expl ai ned i n t he f i gur e l eg-
end . I n each bi ndi ng assay, we measur ed t he Kds of t he f ul l -
l engt h f r agment and a f r agment t er mi nat i ng j ust bef or e t he
si t e of l i nker as cont r ol s .

The di ssoci at i on const ant s of var i ous const r uct s wi t h
di f f er ent l i nker l engt hs ar e di spl ayed i n Fi g. 9 . I ncr easi ng t he
number of l i nker ami no aci ds bet ween r epeat s 2 and 3 f r om
13 t o 28 ami no aci ds ( xx* XyYz) pr oduced an af f i ni t y of 17
pM( AG = - 6 . 7 kcal / mol e) . Thi s i s onl y a modest ( 3 . 5- f ol d)
decr ease r el at i ve t o t he unal t er ed domai n xXyYz ( 5 p, M, AG
= - 7 . 4 kcal / mol e) but i s a mar ked ( 11- f ol d) i ncr ease over t he
200 p. M( AG = - 5. 2 kcal / mol e) af f i ni t y expect ed i f t he t wo
nor mal l y spaced pai r s of r epeat s wer e st er i cal l y pr ohi bi t ed
f r ombi ndi ng si mul t aneousl y . The expect ed af f i ni t y i n t he
l at t er si t uat i on was cal cul at ed f r om dat a i n Tabl e I and Fi g .
9 and l ar gel y r ef l ect s cont r i but i ons f r omt he f i r st t wo t au pr o-
t ei n r epeat s si nce t oget her t hey possess over 50 t i mes t he
af f i ni t y of t he t hi r d and f our t h r epeat s t oget her . I n a si mi l ar
exper i ment , i ncr easi ng t he l i nker l engt h bet ween r epeat s 3
and 4 f r om 14 t o 29 ami no aci ds ( xXy* yYz) decr eases r epeat
af f i ni t y t hr eef ol d but agai n, t hi s al t er ed domai n has a gr eat er
af f i ni t y ( 15 AM; AG = - 6. 8 kcal / mol e) t han t hat expect ed
f or a domai n wher e t he f i r st t hr ee r epeat s ar e unabl e t o bi nd
si mul t aneousl y wi t h t he f our t h ( 22 p. M; AG = - 6 . 5 kcal /
mol e) .

I n anot her exper i ment , 12 of t he 14 l i nker ami no aci ds be-
t ween t he t hi r d and f our t h r epeat s wer e del et ed ( xXYz) . Al -
t hough t he l oss of t hi s l i nker pr oduced a t wof ol d decr ease i n
t au pr ot ei n f r agment af f i ni t y ( 10 p. M; AG = - 7. 0 kcal s/
mol e) t he const r uct pr ot ei n st i l l bi nds mor e t i ght l y t han a
cont r ol f r agment wi t h onl y t hr ee r epeat s ( 22 pM; AG =
- 6 . 5 kcal s/ mol e) .

I n a f i nal l i nker exper i ment , t he l i nker r egi on bet ween
r epeat s 3 and 4 was expanded t o a t ot al of 46 ami no aci ds
( t he l engt h of t wo l i nker s and a r epeat ) . Dependi ng on t he
st r uct ur e of t he l i nker , an ext ensi on of t hi s l engt h mi ght be
expect ed t o posi t i on t he l ast r epeat at a di st ance cor r espond-
i ng t o t he next t au pr ot ei n bi ndi ng si t e on t he mi cr ot ubul e .
Thi s const r uct ( xXy* * yYz) has t he same af f i ni t y as t he par ent
mol ecul e ( xXy* yYz) showi ng t hat t he except i onal l y ex-
panded l i nker does not posi t i on t he f our t h r epeat t o a gr eat er
pr eci si on t han t he shor t er l i nker , nor does i t addi t i onal l y i n-
t er f er e wi t h t he si mul t aneous bi ndi ng of al l f our r epeat s .

These r esul t s show t hat ei t her expandi ng or el i mi nat i ng
l i nker ami no aci ds i nt er f er es wi t h but does not pr event al l
f our r epeat s f r ombi ndi ng as a si ngl e uni t . The l i nker s t hen,
seemt o pl ay a sur pr i si ngl y smal l r ol e i n opt i mi zi ng t he r e-
peat posi t i ons and do not appear t o be t he r i gi d spaci ng el e-
ment s one mi ght have expect ed .

Di scussi on

We have used an accur at e bi ndi ng assay f or mi cr ot ubul e-
associ at ed pr ot ei ns al ong wi t h i n vi t r o t r ansl at i on of speci f i c
pr ot ei n subf r agment s t o gat her st r uct ur al i nf or mat i on about
t he mi cr ot ubul e bi ndi ng i nt er act i on . I n t hi s si mpl e assay, t he
concent r at i on of st abl e mi cr ot ubul es was var i ed and t he con-
cent r at i on of t au pr ot ei n was hel d f i xed and t he l evel s of t au
pr ot ei n wer e kept wel l bel ow sat ur at i on f or t he mi cr ot ubul e
l at t i ce t o avoi d any bi ndi ng i nt er f er ence f r om over l appi ng
si t es . The dr ug t axol was used t o suppr ess mi cr ot ubul e dy-
nami cs at l ow t ubul i n concent r at i ons . The r api d sedi ment a-
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Fi gur e 10. Ener gy di agr amshowi ng pat hways by whi ch a mol ecul e
wi t h t wo t au pr ot ei n r epeat s can i nt er act wi t h t he mi cr ot ubul e l at -
t i ce . The sur f ace of t he l at t i ce wi t h t au r ecept or s i s r epr esent ed by
a st r ai ght l i ne connect i ng a hal f - di amond and a hal f - spher e shape .
Each shape r epr esent s a bi ndi ng si t e f or a si ngl e t au r epeat . The
compl et e di amond and spher e shapes j oi ned by a wavy l i ne r epr e-
sent t wo adj acent t au r epeat s j oi ned by a f l exi bl e l i nker . AGA,
AGB, AGAR, and AGBA ar e f r ee ener gi es of bi ndi ng .

t i on of equi l i br at ed t au pr ot ei n- mi cr ot ubul e compl exes i n a
f i xed angl e r ot or ef f ect i vel y bl ocked compl ex di sassoci at i on
and al l owed t he accur at e det er mi nat i on of t au pr ot ei n con-
cent r at i ons at equi l i br i um. That a t r ue equi l i br i um was
achi eved i n t hese exper i ment s i s demonst r at ed by t he est ab-
l i shment of t he same equi l i br i umval ue f r ombot h di r ect i ons .

Tau pr ot ei n bi nds t o mi cr ot ubul es pr i mar i l y t hr ough a 130
ami no aci d r epeat r egi on ( ami no aci ds 237 t o 367) t hat i s
subdi vi ded i nt o f our r epeat ed bi ndi ng uni t s t hat ar e sepa-
r at ed f r omeach ot her by t hr ee nonbi ndi ng l i nker uni t s . Each
r epeat bi nds weakl y and appear s t o be unst r uct ur ed . These
unusual char act er i st i cs ar e suggest ed by t he f i ndi ng, shown
i n Fi g . 8, t hat t he amount of bi ndi ng ener gy possessed by a
t au pr ot ei n f r agment wi t h an i ncompl et e r epeat domai n i n-
cr eased l i near l y as r epeat ami no aci ds wer e added t o i t s di s-
t al end . The aver age i ncr ease i n bi ndi ng ener gy was onl y
- 0. 08 kcal / mol e ( 0. 336 kJ/ mol e) per r esi due added . Such
weak i nt er act i ons suggest van der Waal s or hi ghl y shi el ded
i oni c f or ces ar e bei ng exer t ed wi t hi n t he t au r epeat s. The uni -
f or m di sper si on of bi ndi ng ener gy al ong t he ent i r e r epeat
suggest s t he r epeat s ar e f l exi bl e . Ther e i s no di scont i nui t y i n
t au pr ot ei n af f i ni t y t hat woul d be expect ed i f t he r epeat was
assumi ng a r i gi d and def i ned st r uct ur e . Al t hough t hi s anal y-
si s was not car r i ed out t o t he r esol ut i on of i ndi vi dual ami no
aci ds, we can say t hat gr oups no l ar ger t han t wo t o f our
ami no aci ds i n si ze ar e cont r i but i ng weak bi ndi ng ener gi es
as i ndependent uni t s .

We have shown t hat t he i ndi vi dual domai ns bi nd non-
cooper at i vel y, i . e . , t he sumt ot al of t he bi ndi ng f r ee ener gy
f or t he r epeat domai n i s equal t o t he sumof t he f r ee ener gi es
of i nt er act i ons of each r epeat . I n gener al t hi s i s not t o be ex-
pect ed f or r i gi d mol ecul es as di scussed by Jencks ( 1981) and
Er i ckson ( 1989) . The r eason i s shown i n Fi g . 10, whi ch i s
t aken f r omJencks ( 1981) . I n gener al , AGA :0 AGA and AGB
# AGB because t he mol ecul e i s al r eady const r ai ned and i m-
mobi l i zed i n a f avor abl e conf i gur at i on . I t i s possi bl e t hat
AGBA coul d be l ess f avor abl e t han AGA, but i n gener al , i m-
mobi l i zat i on of t he f i r st domai n t o bi nd woul d l i mi t t he t r ans-
l at i on and r ot at i on of t he second domai n and f aci l i t at e bi nd-
i ng. Thi s can be expr essed i n a sl i ght l y di f f er ent manner
( Jencks, 1981) . For t he bi ndi ng of any domai n t he f r ee

ener gy of i nt er act i on AG i s composed of t wo par t s : AG =
AG, TAS, , , &, . , wher e AG, i s t he i nt r i nsi c f r ee ener gy of i n-
t er act i on and i s i ndependent of t he r ot at i onal and t r ansl a-
t i onal ent r opy l ost i n bi ndi ng and TASconf i , r epr esent s t he
l oss of f r ee ener gy because of t he l oss of ent r opy f r omt he
i mmobi l i zat i on of t he r ot at i on and t r ansl at i on of t he domai n
on bi ndi ng . Consi der i ng a t wo domai n mol ecul e AB, we cal -
cul at ed i n our exper i ment s t he bi ndi ng of t he B domai n by
subt r act i ng t he f r ee ener gy of bi ndi ng of t he Adomai n al one,
AGA, f r omt he f r ee ener gy of bi ndi ng of t he AB domai n,
AGAB. I n gener al t hi s woul d not be pr oper ( Jencks, 1981) ,
especi al l y f or r i gi d mol ecul es . Each i ndependent bi ndi ng
measur ement woul d i ncl ude a val ue f or t he l oss of conf i gur a-
t i onal ent r opy ; yet f or a r i gi d mol ecul e t hi s ent r opy coul d
onl y be l ost once . The second domai n shoul d bi nd much
mor e ef f ect i vel y, si nce i t was al r eady posi t i oned i n t he pr oper
conf i gur at i on . For f l exi bl e mol ecul es l i ke t au t he si t uat i on i s
apt t o be ver y di f f er ent .

Cont i nui ng t he ar gument , i f t he mol ecul e wer e r i gi d,
AGA woul d have a TAS. nf t , i dent i cal t o t hat f or AGAR and
such a cal cul at i on shoul d gi ve us AG; f or each domai n . I n
t he end when we sumAG; f or each domai n, i t shoul d gi ve
us a val ue t hat was l ar ger i n magni t ude ( mor e negat i ve) t han
t he exper i ment al l y measur ed val ue of AGAR f or t he ent i r e
bi ndi ng mol ecul e because t he measur ed val ue woul d have t o
have a cont r i but i on of - TAS. f i g, because of i mmobi l i zat i on
of t he mol ecul e on t he l at t i ce . Tau i s cl ear l y not a r i gi d mol e-
cul e so t hat t he bi ndi ng of any new domai n even when par t
of t he mol ecul e i s al r eady bound woul d al so r equi r e a t r ans-
l at i onal and r ot at i onal ent r opy l oss and woul d t her ef or e have
a - TAS. , i , because of i mmobi l i zat i on of a pr evi ousl y f l ex-
i bl e par t of t he mol ecul e . I t i s not cl ear how much t he pr evi -
ous bi ndi ng of one domai n const r ai ns t he bi ndi ng of t he next
domai n . I f i t does not at al l , t hen each domai n woul d cont r i b-
ut e AG .TAS. * . and t he t ot al conf i gur at i onal ent r opy of t au
woul d be t he sum of t he conf i gur at i on ent r opi es of t he i n-
di vi dual domai ns. Ef f or t s t o est i mat e t he conf i gur at i onal en-
t r opi es f or r i gi d mol ecul es have not been ver y successf ul .
Ear l y t heor i es est i mat ed val ues as hi gh as 35 kcal / mol e ( see
di scussi on i n Er i ckson, 1989) , but t hey under est i mat ed t he
f l exi bi l i t y of t he mol ecul es i n t he bound st at e. Recent l y, Er i ck-
son ( 1989) est i mat ed 7 kcal / mol e of t r ansl at i onal and r ot a-
t i onal f r ee ener gy l oss t o conf i gur at i onal ent r opy . However ,
t he best exper i ment al dat a on bi dent at e bi ndi ng of ant i body
mol ecul es suggest s t hat t he t r ue val ue i s ei t her much l ower
t han 7 kcal , or compensat ed f or by unf avor abl e st er i c pr ob-
l ems ( see di scussi on i n Er i ckson, 1989) . Thus, even Er i ck-
son' s 7 kcal est i mat e i s unsuppor t ed f or r i gi d mol ecul es and
cer t ai nl y an over est i mat e f or mor e f l exi bl e mol ecul es . Tet her -
i ng on a f l exi bl e l i nker may make a ver y smal l cont r i but i on
t o t he conf i gur at i onal ent r opy and each domai n woul d bi nd
i ndependent l y . Thi s expl ai ns i n par t why t he bi ndi ng of each
domai n i s so weak . I n addi t i on t o t he i nt r i nsi c i nt er act i on,
each domai n must over come r ot at i onal and t r ansl at i onal en-
t r opy not ver y di f f er ent f r om t hat of f r ee domai ns .

Al t hough t he r epeat s ar e si mi l ar i n st r uct ur e, each r epeat
has a di f f er ent af f i ni t y f or t he mi cr ot ubul e l at t i ce ( Tabl e I ) .
The f i r st t au pr ot ei n r epeat bi nds 75 t o 200 t i mes mor e
t i ght l y t han t he ot her r epeat s ( Tabl e I ) . Thi s r epeat does not
have a di st i nct i ve net char ge and t he mol ecul ar basi s f or i t s
hi gher af f i ni t y i s unknown . The ef f ect coul d be caused by se-
quences f l anki ng t he r epeat or by par t i cul ar ami no aci ds
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wi t hi n t he r epeat . Fl anki ng sequence ef f ect s woul d have t o
be ver y l ocal si nce t he hi gh af f i ni t y of t he f i r st r epeat i s r e-
t ai ned when onl y 16 of t he nei ghbor i ng ami no aci ds r emai n
appended ( Fi g . 6) . Al t hough t he sequence of t he f i r st t au r e-
peat i s si mi l ar t o t he ot her r epeat s, i t and t he f i r st r epeat s of
bot h MAP- 2 ( Lewi s et al . , 1988) and t he 190- kD adr enal
MAP ( Ai zawa et al . , 1989) possess char act er i st i c ami no
aci ds t hat mi ght gener at e t he hi gh af f i ni t y . I f par t i cul ar
r esi dues ar e i mpor t ant , t hey ar e not conf i ned t o a si ngl e
l ocal i zed cl ust er . Thu pr ot ei n f r agment s i ni t i at i ng af t er t he
f i r st si x r esi dues of r epeat 1 ( omi t t i ng a char act er i st i c basi c
r esi due at posi t i on 246 ; Fi g . 1) l ost onl y a por t i on ( 31%) of
t he bi ndi ng ener gy associ at ed wi t h t he f i r st r epeat . The 12
r emai ni ng r epeat 1 r esi dues st i l l possessed over 10 t i mes t he
mi cr ot ubul e af f i ni t y of any ot her r epeat ( dat a not shown) .

Al t hough t he r epeat domai n cl ear l y cont r i but es t he l ar gest
i ncr ement of mi cr ot ubul e bi ndi ng ener gy ( OG = - 7. 6 kcal s/
mol e) sequences out si de t he domai n al so have measur abl e
ef f ect s on bi ndi ng . For exampl e appendi ng ami no aci ds 152
t o 237 ont o t he pr oxi mal si de of a cl ust er of ei t her 2, 3,
or 4 r epeat s i ncr eases f r agment af f i ni t y 10 t o 20 t i mes ( AG
=- 1 . 6 t o - 1 . 8 kcal s/ mol e ; see Fi g. 6) . I n addi t i on, at t achi ng

t he t au pr ot ei n sequence t hat ext ends f r omami no aci d 367
t o t he t au car boxy- t er mi nus ( ami no aci d 431) t o t he di st al
si de of t he r epeat domai n pr oduces an addi t i onal 10- f ol d i n-
cr ease i n af f i ni t y ( - 1 . 5 kcal s/ mol e) . Si mi l ar l y, i n exper i -
ment s wher e f r agment s of MAP- 2 wer e expr essed i n cul t ur ed
cel l s, a qual i t at i ve enhancement of mi cr ot ubul e bi ndi ng was
seen by i mmunof l uor escence when t he r epeat domai n was
f l anked by ei t her i t s pr oxi mal 53 or di st al 73 ami no aci ds
( Lewi s et al . , 1989) ; t he r epeat domai n and f l anki ng se-
quences ar e f r omr egi ons of MAP- 2 t hat shar e a hi gh degr ee
of homol ogy wi t h t au pr ot ei n ( Lewi s et al . , 1988) .

I n cont r ast t o t he i ncr eased mi cr ot ubul e af f i ni t y associ at ed
wi t h t he COON- t er mi nal and cent r al t au pr ot ei n sequences
descr i bed above, sequences wi t hi n t he ami no t er mi nal hal f
of t au wer e f ound t o decr ease af f i ni t y . The COOH- t er mi nal
hal f of t au ( ami no aci ds 152 t o 431) bi nds wi t h a Ka of 2 . 5
x 10- 1 Mwhi l e f ul l - l engt h t au pr ot ei n t r ansl at ed i n vi t r o
( ami no aci ds 1 t o 431) bi nds wi t h a Kd of onl y 1. 1 x 10- ' M.
Thi s af f i ni t y di f f er ence suggest s t he ami no t er mi nal hal f of
t au pr ot ei n coul d act as a r egul at or y domai n t o modul at e t he
af f i ni t y of t he bi ndi ng domai n .

Li nker sequences al so i nf l uence t au pr ot ei n af f i ni t y al -
t hough t hey do not bi nd mi cr ot ubul es di r ect l y . The absence
of i nher ent l i nker af f i ni t y f or mi cr ot ubul es i s shown i n a sen-
si t i ve exper i ment wher e r est or at i on of t he nat ur al l i nker t o
a f r agment whi ch pr evi ousl y t er mi nat ed near t he end of a r e-
peat di d not i ncr ease f r agment af f i ni t y ( Fi g . 8) . A smal l but
measur abl e r ol e f or l i nker s i n opt i mi zi ng r epeat posi t i on i s
suggest ed by t he t hr eef ol d l oss of af f i ni t y caused by doubl i ng
t he l engt h of t he l i nker ( Fi g . 9) and t he t wof ol d l oss of af f i ni t y
caused by el i mi nat i ng a r epeat . These ef f ect s ar e sur pr i si ngl y
smal l and suggest t hat t he l i nker s ar e f l exi bl e and do not con-
st r ai n t he t au st r uct ur e ver y much . I n addi t i on, st r ong but
sl i ght l y di mi ni shed bi ndi ng cont i nues t o occur af t er del et i on
of t he l i nker ; t he const r uct pr ot ei n mi ssi ng t he l i nker be-
t ween r epeat s 3 and 4 has over t wi ce t he af f i ni t y of a cont r ol
t au pr ot ei n cont ai ni ng onl y t hr ee r epeat s ( Fi g. 9) . One i n-
t er pr et at i on of t hi s l ast r esul t i s t hat t her e ar e sever al , near l y
equi val ent , conf i gur at i ons f or t au bi ndi ng t o t he mi cr ot ubul e
l at t i ce. Al t er nat i vel y, t he t au bi ndi ng si t es on mi cr ot ubul es
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coul d be spaced suf f i ci ent l y cl ose t oget her so t hat t wo adj a-
cent t au r epeat s coul d span t hemwi t hout a l i nker . I n t hi s l at -
t er vi ew, t he l i nker woul d have l i t t l e ef f ect on t he di st ance
bet ween t au r epeat s . Thi s ent i r e set of r esul t s suggest s t hat
whi l e t he l i nker s pl ay some r ol e i n opt i mi zi ng r epeat bi nd-
i ng, t hei r i nf l uence on t au pr ot ei n af f i ni t y i s smal l compar ed
t o t he r epeat s . Fur t her mor e, si nce each of t he f our r epeat s
i s abl e t o cont r i but e bi ndi ng ener gy i n const r uct pr ot ei ns
wi t h al t er ed l i nker l engt hs, t he l i nker s must not be r i gi d
spaci ng el ement s ; i nst ead t hey appear t o have some f l exi -
bi l i t y .

The appar ent f l exi bi l i t y of t he r epeat domai n and t he l ack
of cooper at i ve r epeat bi ndi ng i s consi st ent wi t h sequence
anal yses of t au pr ot ei n whi ch pr edi ct l i t t l e, i f any secondar y
st r uct ur e wi t hi n t hi s r egi on and wi t hi n t au pr ot ei n i n gener al
( Lee et al . , 1988) . I t i s al so consi st ent wi t h t he f l exi bi l i t y and
el ast i ci t y seen i n popul at i ons of t au par acr yst al s ( Li cht en-
ber g et al . , 1988) and i n pr epar at i ons of pur i f i ed t au pr ot ei n
bound t o mi cr ot ubul es and vi sual i zed i n t he el ect r on mi cr o-
scope ( Hi r okawa et al . , 1988) . The st r uct ur al basi s f or t hi s
f l exi bi l i t y i s unknown but may be r el at ed t o unusual l y hi gh
concent r at i ons of pr ol i ne and gl yci ne i n t au pr ot ei n ( Lee et
al . , 1988) .

I n summar y, t he mi cr ot ubul e- bi ndi ng r egi on of t au pr ot ei n
i s ver y l ar ge and has a compl ex subst r uct ur e. When t au pr o-
t ei n bi nds, t he hi gher r el at i ve af f i ni t y of t he f i r st t au r epeat
suggest s i t coul d anchor t au pr ot ei n t o t he mi cr ot ubul e whi l e
t he mor e weakl y i nt er act i ng r emai ni ng r epeat s r api dl y r e-
l ease about once per mi l l i second ( assumi ng di f f usi on l i mi t ed
on r at es) and t hen r ebi nd i n di f f er ent combi nat i ons and i n
di f f er ent posi t i ons as di agr ammed i n Fi g . 11 . The sat ur at i ng
mol ar r at i os measur ed f or t au pr ot ei n bi ndi ng t o pol ymer -
i zed t ubul i n ( 1 : 5) ( Cl evel and et al . , 1977b ; Hi r okawa et al . ,
1988) and f or t au pr ot ei n bi ndi ng a pept i de f r agment f r om
t he t au bi ndi ng r egi on of t ubul i n ( 1 : 4) ( Macci oni et al . , 1988)
i ndi cat e each t au pr ot ei n r epeat bi nds t o a separ at e t ubul i n
monomer . Theor et i cal l y, a si ngl e r epeat wi t h a r el axed st r uc-
t ur e shoul d be abl e t o span not onl y t he 4- nn di st ance be-
t ween si t es i n t he same pr ot of i l ament but t he 5- nmdi st ance
bet ween si t es i n adj acent pr ot of i l ament s as wel l . I n t hi s way,
t au pr ot ei n coul d assume a var i et y of bound posi t i ons on t he
mi cr ot ubul e l at t i ce .

Al t hough di sper sed, noncooper at i ve and unst r uct ur ed bi nd-
i ng i nt er act i ons may seemunusual , t hey may be ver y com-
mon i n cel l bi ol ogy. To dat e, our most det ai l ed st r uct ur al i n-
f or mat i on has been obt ai ned f r om x- r ay cr yst al l ogr aphy,
whi ch has concent r at ed on easi l y cr yst al l i zabl e and gener al l y
r i gi d st r uct ur es . Thus, t he pr ot ei n and DNA, pr ot ei n and
ot her pr ot ei n, or pr ot ei n and l i gand i nt er act i ons st udi ed so
f ar ar e pr obabl y of st r uct ur es wi t h onl y a f ew st abl e conf or -
mat i ons . Sever al i mpor t ant i nt er act i ons i n bi ol ogy may not
conf or m t o such model s . For exampl e, t he HLA mol ecul e
bi nds a l ar ge var i et y of di f f er ent pept i des ( Buns et al . , 1987)
i n one bi ndi ng pocket ( Bj or kman et al . , 1987a, b) . Si mi l ar l y,
t he bi ndi ng of si gnal sequences t o t he SRPshows no r i gi d se-
quence speci f i ci t y ( von Hei j ne, 1985) , al t hough t he SRP
mol ecul e i s l i kel y t o r ecogni ze some gener al f eat ur es of si g-
nal pept i des . A si mi l ar si t uat i on may exi st f or t he bi ndi ng of
mi t ochondr i al i mpor t si gnal t o i t s r ecept or ( von Hei j ne,
1986 ; Al l i son and Schat z, 1986) , t he bi ndi ng of l i popr ot ei ns
t o t he scavenger r ecept or ( Br own and Gol dst ei n, 1983) and
t he bi ndi ng of a var i et y of par t i al l y unf ol ded pr ot ei ns t o t he
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Fi gur e 11. Di agr am showi ng
how t au pr ot ei n mi ght pi vot
on t he mi cr ot ubul e l at t i ce . I n
t he upper r i ght i s a si de vi ew
of a shor t sect i on of a mi cr ot u-
bul e made up of 13 pr ot of i l a-
ment s . a and ß t ubul i n sub-
uni t s ar e shown as gr ay or
whi t e spher es, r espect i vel y .
The f r amed ar ea i s expanded
and shown i n A- Cwi t h t au pr o-
t ei n i n t hr ee di f f er ent sequen-
t i al conf or mat i ons . I n each
case, t he t au mol ecul e i s or i -
ent ed wi t h i t s ami no t er mi nus
at t he l ef t . The l ocat i ons of t he
f our r epeat s ar e i ndi cat ed by
f i l l ed boxes wi t h r epeat I t o
t he l ef t and r epeat I V t o t he
r i ght . Li nker s ar e r epr esent ed
by t he hai r pi n st r uct ur es sepa-
r at i ng t he r epeat s . ( A) Tau
wi t h al l f our r epeat s bound t o
t he mi cr ot ubul e l at t i ce . ( B)
Repeat s I I t hr ough I V ar e t r an-
si ent l y unbound and t au i s
t et her ed t hr ough r epeat I onl y.
( C) Repeat I V has r ebound i n
a new posi t i on .

chaper oni ns ( Rot hman, 1989) . What i s known about al l t hese
i nt er act i ons i s t hat al t hough t hey may have cer t ai n st r uct ur al
f eat ur es i n common, t he al l owabl e sequences ar e so di ver -
gent t hat i t i s unl i kel y t hat t hey have a speci f i c r i gi d conf or -
mat i on . Li ke t au pr ot ei n bi ndi ng t o t he mi cr ot ubul e l at t i ce
t hese mol ecul es may be f l exi bl e and have sever al weak and
hi ghl y di sper sed bi ndi ng si t es .

The r eason f or t he f l exi bl e and weak mul t i pl e i nt er act i ons
of t au pr ot ei n wi t h mi cr ot ubul es i s unknown but we may
specul at e t hat t hese pr oper t i es al l ow t au t o r egul at e mi cr ot u-
bul e dynami cs i n t he neur on . Tau pr ot ei n has been shown t o
st abi l i ze mi cr ot ubul es i n vi vo ( Dr ubi n and Ki r schner , 1986) .
I n addi t i on, Dr echsel and Gel f and ( unpubl i shed r esul t s) have
f ound t hat i n t au pr ot ei n- st abi l i zed mi cr ot ubul e ar r ays, al l
mi cr ot ubul es ar e abl e t o i ncor por at e bi ot i nyl at ed t ubul i n
al ong t hei r ent i r e l engt hs . Thi s i ndi cat es t au pr ot ei n can
st abi l i ze mi cr ot ubul es wi t hout compl et el y suppr essi ng i n-
t r i nsi c pol ymer dynami cs . The put at i ve abi l i t y of t au pr ot ei n
t o mi gr at e even smal l di st ances on t he mi cr ot ubul e l at t i ce
may hel p expl ai n how t au pr ot ei n can f unct i on i n t hi s man-
ner . I t i s r easonabl e t o t hi nk t hat a mi gr at i ng t au pr ot ei n
coul d t r ansi ent l y bi nd and st abi l i ze r andom pol ymer sub-
uni t s and t hus sl ow or l i mi t mi cr ot ubul e shr i nki ng phases .
Under t hese condi t i ons, any t r ansi ent l y unbound t ubul i n
subuni t s at t he ends of t ubul es coul d st i l l under go depol y-
mer i zat i on . Addi t i onal l y, one mi ght i magi ne t hat a t au mol e-
cul e t et her ed near a pol ymer end coul d st r ongl y st i mul at e t he
r ecover y of shr i nki ng ends by i ncr easi ng t he l ocal concent r a-
t i on of t ubul i n monomer and t hus t he r at e of monomer addi -
t i on . The unusual char act er i st i cs of t au bi ndi ng coul d al so

But ner and Ki r schner Tau Bi ndi ng t o Mi cr ot ubul es

expl ai n howt au coul d sat ur at e and st abi l i ze axonal mi cr ot u-
bul es ( Dr ubi n et al . , 1985) whi l e r et ai ni ng suf f i ci ent l at t i ce
mobi l i t y so as not t o i mpede t he t r ansi ent i nt er act i on of
mot or pr ot ei ns needed f or t he axopl asmi c t r anspor t of or -
ganel l es. Such a f unct i on f or a mi cr ot ubul e- associ at ed pr o-
t ei n may be cr i t i cal t o t he abi l i t y of t he ki net ochor e t o bi nd
and mi gr at e on t he ends of mi cr ot ubul es ( Mi t chi son, 1988) .
Fi nal l y, a f l exi bl e bi ndi ng domai n i s wel l sui t ed t o accommo-
dat e t he cur ved and coi l ed geomet r i es seen i n i nt er medi at e
st ages of mi cr ot ubul e pol ymer i zat i on i n vi t r o ( Penni ngr ot h
et al . , 1976) or t he shar p bendi ng of mi cr ot ubul es seen i n
gr owt h cones i n vi vo ( E. Tanaka, S. Rei nsch, J . Sabr y and
L . Evans, unpubl i shed obser vat i ons) . I f t hese unusual pr op-
er t i es of t au pr ot ei n ar e modi f i ed by phosphor yl at i on or
ar e changed by ot her post t r ansl at i onal event s i n di sease we
mi ght pr edi ct i mpor t ant consequences f or f undament al neu-
r onal pr ocesses such as t r anspor t and gr owt h .

We wi sh t o t hank a r evi ewer f or ur gi ng a mor e compl et e di scussi on of t he

t her modynami cs of bi ndi ngs, Ken Di l l f or hel pf ul di scussi ons of conf i gur a-

t i onal ent r opy, and S . Har r i son and D. Agar d f or hel pf ul di scussi ons about

mol ecul ar st r uct ur e . We ar e al so gr at ef ul t o T . Hyman f or hel p wi t h

dar kf i el d mi cr oscopy and t o T . Mi t chi son f or a cr i t i cal r eadi ng of t he manu-

scr i pt . We par t i cul ar l y t hank D. Dr echsel f or many val uabl e suggest i ons

and f or hi s gener osi t y i n shar i ng and i n hel pi ng t o gener at e many of t he

t au pr ot ei n r eagent s .

Thi s wor k was suppor t ed by gr ant GM26875 f r omt he Nat i onal I nst i t ut e
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