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ABSTRACT

Di r ect measur ement s of t he st i f f ness ( el ast i c bendi ng r esi st ance) of demembr a-
nat ed sea ur chi n sper m f l agel l a wer e made i n t he pr esence of MgATP2- and
vanadat e . Under t hese condi t i ons, t he f l agel l um i s i n a r el axed st at e, wi t h a
st i f f ness of - 0 . 9 x 10- 2 ' N ml , whi ch i s - 5%of t he st i f f ness obt ai ned i n t he r i gor
st at e i n t he absence of MgATP2- . MgADP- ' does not subst i t ut e f or MgATP2 " i n
pr oduci ng t he r el axed st at e . A pr ogr essi ve i nhi bi t i on of movement i s obser ved
af t er addi t i on of MgATP2- t o f l agel l a pr ei ncubat ed wi t h vanadat e, i n whi ch new
bend gener at i on, pr opagat i on, and r el axat i on by st r ai ght eni ng ar e di st i ngui shed,
dependi ng on t he r at i o of MgATP2- and vanadat e . At appr opr i at e concent r at i ons

of vanadat e, i ncr ease of t he vel oci t y of bend pr opagat i on i s obser ved at a ver y l ow

concent r at i on of MgATP2- t hat i s not enough t o i nduce spont aneous beat i ng .

Vanadat e enhances compet i t i ve i nhi bi t i on of beat f r equency by MgADP- but not
by ADP3- , ATP - , or Pi . These obser vat i ons, and t he uncompet i t i ve i nhi bi t i on of
beat f r equency by vanadat e, i ndi cat e t hat vanadat e can onl y bi nd t o dynei n-

nucl eot i de compl exes i nduced by MgATP2- and MgADP- . The st at e accessi bl e

by MgATP2- bi ndi ng must be a st at e i n whi ch t he cr oss- br i dges ar e det ached and

t he f l agel l um i s r el axed . The st at e accessi bl e by MgADP- bi ndi ng must be a cr oss-

br i dged st at e . Bound vanadat e pr event s t he t r ansi t i on bet ween t hese t wo st at es .

I nhi bi t i on and r el axat i on by vanadat e i n t he pr esence of MgATP2- r esul t s f r om

t he speci f i c af f i ni t y of vanadat e f or a st at e i n whi ch nucl eot i de i s bound, r at her
t han a speci f i c af f i ni t y f or t he det ached st at e .

The sl i di ng mi cr ot ubul e hypot hesi s f or f l agel l ar
and ci l i ar y movement has been f i r ml y est abl i shed
by a ser i es of exper i ment al ( 42, 49, 52) and t heo-
r et i cal wor ks ( 4, 5, 31, 40) , si nce t he f i r st i mpor t ant
obser vat i ons by P. Sat i r ( 43, 44) . Thi s hypot hesi s
pr edi ct s t hat t he dynei n ar m pl ays a vi t al r ol e i n
gener at i ng t he bendi ng wave of f l agel l a, because
t he dynei n ar mi s i nvol ved i n t he t r ansduct i on of
t he chemi cal ener gy pr ovi ded by ATP dephospho-
r yl at i on i nt o mechani cal ener gy ( 15, 16) . The con-
f or mat i onal change of t he dynei n ar m i s assumed
t o i nvol ve t he cycl i c change of i t s or i ent at i on,

i ncl udi ng associ at i on and di ssoci at i on wi t h t he
adj acent mi cr ot ubul e, as i n t he act omyosi n syst em
( 26) . Thi s mechanochemi cal behavi or of t he dy-
nei n ar m i s t hought t o be t i ght l y coupl ed wi t h t he
cycl i c dephosphor yl at i on of ATP, because t he r at e
of ATPhydr ol ysi s i s t i ght l y coupl ed wi t h f l agel l ar
movement and beat f r equency ( 7, 10, 11) , and
because dynei n ATPase not onl y has a l at ency ( I ,
21, 32, 47, 48) but al so can be i ncr eased i n act i vi t y
by mi cr ot ubul ar pr ot ei n ( l , 39) and t ubul i n ( 25) .

The dynei n mi cr ot ubul e coupl i ng medi at ed wi t h
ATP has al so been suggest ed by some physi ol ogi -
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cal obser vat i ons, such as t he f or mat i on of r i gor
bends ( 13) of f l agel l a i n t he absence of ATP, and
t he change i n st i f f ness of f l agel l a, dependi ng on
ATP ( 29, 35, 38) . Meanwhi l e, r ecent el ect r on mi -
cr ogr aphy has pr ovi ded vi si bl e evi dences of t he
cr oss- br i dged and unbr i dged f or ms of dynei n ar ms
( 12, 17, 54, 55, 57) . However , we have not enough
evi dence yet t o pr ovi de t he exact cor r espondence
bet ween t he st eps of ATP dephosphor yl at i on and
t he conf or mat i onal changes of dynei n ar ms .

Recent l y, vanadat e has been f ound t o be a
pot ent i nhi bi t or of dynei n ATPase ( l 4, 19, 27) , as
wel l as of t he movement of t he r eact i vat ed demem-
br anat ed f l agel l a ( 19) . I n t he pr esent paper , t he
ef f ect of vanadat e on f l agel l ar st i f f ness was i nves-
t i gat ed, and cor r el at ed wi t h obser vat i ons on r i gor
bend r el axat i on and beat f r equency of demembr a-
nat ed sea ur chi n sper m f l agel l a .

MATERI ALS AND METHODS
Sper mat ozoa wer e obt ai ned f r om t he sea ur chi ns, Lyt echi nus

pi ct us and St r ongyl ocent r ot us pur pur at us, as descr i bed i n ear l i er

paper s ( 8, 36) . S. pur pur at us sper mat ozoa wer e used onl y f or pH-

st at measur ement s and a f ew obser vat i ons on mot i l i t y . Sper ma-

t ozoa demembr anat ed wi t h Tr i t on X- 100 wer e used f or al l of t he

exper i ment s .
Sea ur chi n semen was di l ut ed wi t h 2- 50 vol of 0 . 5 Mcol d

NaCl , dependi ng on t he exper i ment s, and st ocked on i ce . De-

membr anat i on of sper mat ozoa was made accor di ng t o t he

met hod devel oped by Gi bbons and Gi bbons ( 11) wi t h some

modi f i cat i ons. A vol ume of sper msuspensi on was mi xed wi t h 20

vol of t he ext r act i on sol ut i on and kept f or 30 s at r oom t emper -

at ur e ( 18° C) f ol l owed by mi xi ng wi t h wor ki ng sol ut i on . The

ext r act i on sol ut i on f or most of t he exper i ment s, except pH- st at

exper i ment s, cont ai ned 0. 15 MKCI , I mMdi t hi ot hr ei t ol ( DTT) ,

2 mMTr i s buf f er , 0 . 1 mMCaCh, and 0. 04%( vol / vol ) Tr i t on X-

100, pH 8 . 2. Thi s i s t he same ext r act i on sol ut i on r ef er r ed t o as

LESi n a pr evi ous paper ( 36) .

St i f f ness Measur ement s

Ext r act i on sol ut i on cont ai ni ng 2 pM vanadat e was used t o

obt ai n a hi gher per cent age of i ni t i al l y st r ai ght f l agel l a. Pr el i mi -

nar y exper i ment s showed t hat t hi s amount of vanadat e i n t he

ext r act i on sol ut i on had l i t t l e ef f ect on subsequent st i f f ness or
mot i l i t y . We t r ansf er r ed <I pl of t he ext r act ed sper msuspensi on

t o I ml of wor ki ng sol ut i on cont ai ni ng RBASE ( 20 mM Tr i s
buf f er , 2 mM DTT, 2% [ wt / vol ) pol yet hyl ene gl ycol [ PEG) . and

KCI at 0. 2 Mor a l esser amount as r equi r ed t o mai nt ai n const ant

i oni c st r engt h when ot her component s wer e added) and ot her

const i t uent s r equi r ed f or par t i cul ar exper i ment s . Ca z' concent r a-
t i on was buf f er ed t o be 10 - " Mor l ess, and pH was adj ust ed t o

8 . 2 .
The wor ki ng sol ut i on cont ai ni ng sper mat ozoa was pour ed

i nt o a chamber on t he mi cr oscope st age. The st i f f ness measur e-
ment was car r i ed out accor di ng t o t he met hod descr i bed pr evi -

ousl y ( 38) . One sper mat ozoon f l oat i ng i n t he medi umwas caught

by t he head wi t h a f l at mi cr oneedl e coat ed wi t h pol yl ysi ne ( 34)

and i nser t ed t hr ough one of t he si de openi ngs of t he chamber .

Posi t i on and i ncl i nat i on of t he f l agel l um was adj ust ed t o gi ve a

cl ear i mage ( Fi g . 1) . Then, t he di st al r egi on of t he f l agel l umwas

suppor t ed wi t h a hook- shaped mi cr oneedl e t hat was f ai r l y r i gi d

and was appl i ed per pendi cul ar t o t he f l agel l um. The l engt h of

t he f l agel l um bet ween t he head of t he f l agel l um and t he sup-

por t i ng mi cr oneedl e was usual l y - 30 / Am.

A ver y f l exi bl e mi cr oneedl e f or measur ement s, al so hook

shaped, was appl i ed per pendi cul ar t o t he mi ddl e r egi on of t he

f l agel l um. The measur ement s wer e r epeat ed at l east t hr ee t i mes

i n each di r ect i on, as shown i n Fi g . 1, and aver aged . The mea-

sur ement mi cr oneedl es wer e cal i br at ed agai nst st i f f er mi cr onee-

dl es ( 56) , and had st i f f nesses of 0 . 3- 1 . 0 x I O- " N per I , am

di spl acement of t he t i p, wi t h cal i br at i ng er r or of ±30%.

Obser vat i ons of Ri gor Bend Rel axat i on

A smal l por t i on of t he demembr anat ed sper m suspensi on,

usual l y 50- 100, ul , was added t o 2- 4 vol of r eact i vat i on sol ut i on

cont ai ni ng 10 pM MgATPz- , i n whi ch t he beat f r equency of

f l agel l a was - l Hz . Then, 0 . 5- 1 pl of t he r eact i vat ed sper m

suspensi on was abr upt l y di l ut ed wi t h I ml of t he wor ki ng sol ut i on

t o obt ai n r i gor bends of f l agel l a . I n t he exper i ment s i n whi ch t he

wor ki ng sol ut i on cont ai ned a hi gh concent r at i on of Mgt ' ( I mM

or mor e) , t he r eact i vat i on sol ut i on used cont ai ned RBASE, 1 . 8

mMEGTA, 1 . 8 mMMgCh, 0. 5 mMCaCl 2, and 0. 011 mMATP,

at pH 8 . 2. I n t he exper i ment s i n whi ch Mg" - f r ee wor ki ng

sol ut i on was used, l ow Mg t ' r eact i vat i on sol ut i on was used, t o

l essen t he cont ami nat i on of t he wor ki ng sol ut i on by Mgz ' f r om

t he r eact i vat i on sol ut i on. Thi s l ow Mg t ' r eact i vat i on sol ut i on

cont ai ned RBASE, 1 . 8 mM EGTA, 0. 04 mM MgCI _, 0. 5 mM

CaCh, and 0. 11 mMATP, at pH 8 . 2 . Al t hough Mg t ' concent r a-

t i on was as l owas 0. 01 mMi n t hi s r eact i vat i on sol ut i on, t he wave

f or mof t he r eact i vat ed f l agel l a was qui t e si mi l ar t o t hat obt ai ned

i n t he condi t i on descr i bed above, except f or a sl i ght l y l ower bend

angl e, as r epor t ed pr evi ousl y ( 36) . Sper mat ozoa wer e obser ved

f or a per i od of at l east 20 mi n af t er addi t i on t o t he wor ki ng

sol ut i on, t o det er mi ne whet her r el axat i on occur r ed . The mot i l i t y

of sper mat ozoa was al so checked by addi ng MgATP- - bef or e
and af t er t he i ncubat i on .

When t he ef f ect of ADP was exami ned, t he wor ki ng sol ut i on
cont ai ni ng ADP and 100 pMdi adenosi nepent aphosphat e was

pr ei ncubat ed wi t h 20I pg/ ml hexoki nase and 10 mMgl ucose f or
5 h at r oom t emper at ur e . Hexoki nase was used t o r emove ATP
cont ami nat i on ( 23) and di adenosi nepent aphosphat e t o i nhi bi t
adenyl at e ki nase ( 28) .

Two ot her t echni ques wer e used t o obser ve MgATPz- - i nduced

bend r el axat i on i n t he pr esence of vanadat e : An ATP- f r ee wor k-

i ng sol ut i on cont ai ni ng RBASE, 1 . 8 mMMgCl . , , 1 . 8 mMEGTA,
0. 5 mM CaCl z, and vanadat e was used t o obt ai n r i gor wave

f l agel l a ( vanadat e- r i gor sol ut i on) . A dr op of t hi s suspensi on of
sper mat ozoa i n r i gor was pl aced on a sl i de and cover ed wi t h a

cover gl ass. Whi l e t he sper mat ozoa wer e obser ved, a dr op of t he

wor ki ng sol ut i on cont ai ni ng 1 mMMgATPz- and vanadat e was

added at t he edge of t he cover gl ass, so t hat MgATP' - was

suppl i ed by di f f usi on t o t he sper mat ozoa bei ng obser ved near t he

cent er of t he pr epar at i on . I n t he second t echni que, t he r i gor

sper msuspensi on was pour ed i nt o t he chamber used f or st i f f ness

measur ement s, and MgATPz- was appl i ed by a mi cr opi pet t e

br ought cl ose t o t he sper mat ozoon bei ng obser ved.

Beat Fr equency Measur ement s

We added 2 t d of ext r act ed sper m suspensi on t o I ml of
r eact i vat i on sol ut i on . A dr op of t he r eact i vat ed sper msuspensi on

was pl aced i n a wel l sl i de, cover ed wi t h a cover sl i p, and exami ned

by dar k- f i el d mi cr oscopy wi t h st r oboscopi c i l l umi nat i on, as de-
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FI GURE l

	

Dar k f i el d mi cr ogr aphs showi ng t he met hod

of det er mi nat i on of t he st i f f ness of f l agel l a. ( a) A sper -

mat ozoon i s f i xed by i t s head wi t h a f l at mi cr oneedl e

coat ed wi t h pol yl ysi ne ( Mp) , and t he f l agel l um ( F) i s

suppor t ed wi t h a hook- shaped mi cr oneedl e ( Ms) at t he

di st al r egi on. ( b) The ot her f l exi bl e hook- shaped mi cr o-

needl e f or measur ement ( Mm) , wi t h a st i f f ness of 3 . 7 X

10 - ' z N ( newt on) f or I pm di spl acement of t he t i p, i s

appl i ed ver t i cal l y at t he mi ddl e r egi on of t he f l agel l um.

( c) Then t he f l agel l um i s r emoved, causi ng f ur t her di s-

pl acement of Mm, and r et ur ned t o t he ot her si de of Ms .
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scr i bed pr evi ousl y ( 36) . The f r equency of f l agel l a osci l l at i on was

measur ed on sper mat ozoa whose heads wer e t i ght l y at t ached t o

t he gl ass sur f ace and beat i ng i n a pl ane par al l el t o t he sur f ace .

At l east 15 sper mat ozoa wer e measur ed under each condi t i on .

Each exper i ment was r epeat ed f our t o si x t i mes and t he r esul t s

wer e aver aged . The r eact i vat i on sol ut i on cont ai ned RBASE, 1 . 8

mMEGTA, and var i abl e r eagent s such as ATP, ADP, MgCI _,

CaC1 2 , KH2PO, , and vanadat e . Ca
t .

concent r at i on was buf f er ed

t o be 10- ' M.

ATPase Act i vi t y Measur ement s

ATPase act i vi t y of i nt act and br oken sper mat ozoa was mea-

sur ed accor di ng t o t he met hods of Br okaw and Si moni ck ( l 0) .

Semen of S. pur pur ar us was di l ut ed wi t h l - 2 vol of col d 0 . 5 M

NaCl , and st ocked on i ce . The concent r at i on of sper mat ozoa was

checked by opt i cal densi t omet r y at 540 nm. The sper m suspen-

si on was added t o 20 vol of t he ext r act i on sol ut i on and kept f or

30 s at r oomt emper at ur e. Nonmot i l e sper mat ozoa ( br oken sper -

mat ozoa) wer e pr epar ed by vi gor ous shaki ng f or 40 s wi t h a

Vor t ex mi xer ( Sci ent i f i c Pr oduct s Co. , Evanst on, I l l . ) bef or e

ext r act i on . The ext r act i on sol ut i on cont ai ned 0. 15 M KCI , 2 . 0

mMMgSO, , 2 . 0 mMCaC12 , 2 . 0 mMTr i s buf f er , 2. 0 mMDTT,

0 . 5 mMEDTA, and 0. 04% ( vol / vol ) Tr i t on X- 100, pH 8. 4. The

ext r act ed sper msuspensi on was added t o 40 vol of t he r eact i va-

t i on sol ut i on, usual l y 10 ml , whi ch cont ai ned 0 . 15 MKCI , 1 . 3

mMMgCl 2, 0. 33 mMATP, 1 . 0 mM DTT, 0. 2 mMEGTA, 2%

( wt / vol ) PEGand 8 kg/ ml ol i gomyci n . The r eact i vat i on sol ut i on

was t i t r at ed at pH 8 . 4 wi t h 5 mMNaOH dur i ng t he exper i ment ,

usi ng r ecor di ng pH- scat s ( Sar gent - Wel ch Sci ent i f i c Co. , Ana-

hei m, Cal i f . ) .

Exper i ment al Condi t i ons and Chemi cal s

Al l of t he obser vat i ons wer e car r i ed out by usi ng dar k- f i el d

mi cr oscopy i l l umi nat ed by st r oboscopi c l i ght ( Chadwi ck- Hel -

mut h Co. , I nc . , Monr ovi a, Cal i f . ) and r ecor ded on Tr i - X f i l ms

wi t h ei t her a Robot camer a or a kymogr aph camer a ( Gr ass

I nst r ument Co. , Qui ncy, Mass . ) . Mi cr oneedl es and mi cr opi pet t es

wer e posi t i oned wi t h mi cr omani pul at or s ( Er nst Lei t z Wet zl ar ,

Wet zl ar , W. Ger many, and Nar i shi ge Sci ent i f i c I nst r ument Lab-

or at or y, Tokyo, Japan) . Al l of t he exper i ment s wer e made at

r oom t emper at ur e ( l 8' ± l ° C) and, f or beat f r equency measur e-

ment s, t he st age of t he mi cr oscope was kept at 18' t 0 . 5' C by

ci r cul at i ng wat er .

Na_ATP. 3H, 20 was obt ai ned f r om Boehr i nger Mannhei m

Bi ochemi cal s, I ndi anapol i s, I nd. , NaADP. 2H: 0 f r om P- L Bi o-

chemi cal s, I nc . , Mi l waukee, Wi s . , hexoki nase ( gr ade 6) and

di adenosi nepent aphosphat e f r omSi gma Chemi cal Co . . St . Loui s .

Mo . , ol i gomyci n f r om Cal bi ochem- Behr i ng Cor p. , Amer i can

Hoechst Cor p . , San Di ego, Cal i f . , and sodi um or t hovanadat e

( Na; ~VO, ) f r om Fi sher Sci ent i f i c Co . , Pi t t sbur gh, Pa .

The concent r at i ons of
Mg' . ,

MgATP- - , et c. , wer e cal cul at ed

usi ng t he f ol l owi ng associ at i on const ant s : Mg- ' associ at i on con-

st ant s wi t h EGTA, EDTA, ATP, ADP, and P, at pH 8 . 2 ar e 1 . 6

x 10' M- ' ( 36) , 4. 2 x 10" M- ( 45) , 1 . 0 x 10'
M- ' ( 50) , 1 . 0 x 10'

( d and e) The same pr ocedur e i s made i n t he opposi t e

di r ect i on. The posi t i on of t he suppor t i ng mi cr oneedl e

( Ms) i s f i xed dur i ng t he exper i ment . The st i f f ness det er -

mi ned her e i s 1 . 0 ± 0 . 1 X 10" N mz. Bar at t op r i ght ,

10 pm. The wor ki ng sol ut i on cont ai ns RBASE, 1 . 8 mM

EGTA, 2 . 8 MMMgC1 2, 0 . 5 mMCaC12, 1 . 1 mMATP,

and 10 pMvanadat e, at pH 8 . 2 .
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M- ' ( 51) , and 80 M' ( 36) , r espect i vel y . The Cal ' associ at i on

const ant s wi t h EGTA and EDTA ar e 9. 3 x 10" M- ' ( 50) and 3 . 3

x 10" M- ' ( 45) , r espect i vel y .

RESULTS

Vanadat e concent r at i ons of up t o 0. 5 AM caused
r educt i ons i n t he beat f r equency of L. pi ct us sper m
f l agel l a, wi t h l i t t l e or no change i n ot her wave
par amet er s or i n t he dur at i on of r eact i vat ed mo-
t i l i t y . However , even wi t h 0. 5 AMvanadat e, a f ew
nonmot i l e sper mat ozoa wer e not i ced i n t he sam-
pl e, and t he st andar d devi at i ons of t he beat f r e-
quency measur ement s wer e l ar ger t han t hese ob-
ser ved wi t hout vanadat e ( Fi gs, 6 and 7) .

At vanadat e concent r at i ons bet ween 0. 5 and 2
AM, t her e was a gr adual det er i or at i on of r eact i -
vat ed mot i l i t y dur i ng t he per i od of obser vat i on .
Beat f r equency, wave ampl i t ude, and symmet r y
al l decr eased gr adual l y, and t hen t he movement
became er r at i c and st opped abr upt l y . Al most al l
of t he sper mat ozoa st opped beat i ng wi t hi n 15 mi n
at 1 . 0 AMvanadat e. No f l agel l a wi t h nor mal beat -
i ng wer e obser ved at vanadat e concent r at i ons of
2. 51í Mor gr eat er , al t hough wi t h 2 . 5 AMvanadat e
some sper mat ozoa cont i nued t o show osci l l at or y
bendi ng l i mi t ed t o t he pr oxi mal r egi on of t he
f l agel l umf or per i ods of up t o 5 mi n . Sper mat ozoa
f r om S. pur pur at us r equi r ed sl i ght l y hi gher vana-
dat e concent r at i ons t o obt ai n t he same ef f ect ob-
ser ved wi t h L. pi ct us sper mat ozoa. The ef f ect s of
vanadat e on L. pi ct us sper mat ozoa ar e qual i t a-
t i vel y si mi l ar t o t hose r epor t ed f or Tr i pneust es
sper mat ozoa ( 19) , but L. pi ct us sper mat ozoa ap-
pear t o be sl i ght l y mor e sensi t i ve t o vanadat e .

Di r ect Measur ement s of Fl agel l ar St i f f ness

Cal i br at ed gl ass mi cr oneedl es wer e used as
shown i n Fi g . 1 t o make di r ect measur ement s of
t he st i f f ness ( 38) of L. pi ct us sper m f l agel l a at
var i ous concent r at i ons of MgATPz- and vanadat e .
At l east 2 . 5 AMvanadat e was used, t o ensur e t hat
t he sper m f l agel l a wer e compl et el y i mmot i l e dur -
i ng t he measur ement s. Fl agel l a i mmobi l i zed by
vanadat e wer e somet i mes bent sl i ght l y, of t en near
t he basal end as shown i n Fi g, 3 ( 26 s) . Thi s bend
pl ane was obser ved t o coi nci de wi t h t he pl ane of
nor mal bendi ng waves, when i nhi bi t i on by vana-
dat e was obser ved i n exper i ment s wher e vanadat e
r eached t he f l agel l um by di f f usi on f r om t he edge
of t he pr epar at i on . I n t he st i f f ness measur ement s,
t he f or ce f or measur ement was appl i ed t o t he
mi dr egi on of t he f l agel l um, par al l el t o t he bendi ng
pl ane when i t was r ecogni zed . A t ypi cal exper i -

ment i s shown i n Fi g. 1, wher e t he sper mat ozoon

was i n a sol ut i on cont ai ni ng 1 mMMgATPz- and
10 AM vanadat e . The basal j oi nt of t he f l agel l um

t o t he head seemed f l exi bl e, because t he f l agel l ar
axi s near t he basal r egi on devi at ed shar pl y f r om
t he head axi s, dependi ng on t he di r ect i on of t he
appl i ed f or ce . Usual l y, t he st i f f ness val ues ob-
t ai ned f or t he t wo opposi t e di r ect i ons agr eed wi t h
each ot her wi t hi n exper i ment al er r or .

The ef f ect of MgATPz- concent r at i on on st i f f -
ness i n t he pr esence of 10 AMvanadat e i s shown
i n Fi g . 2 a . I n t he absence of ATP, at l

MMMgz+ ,

t he mean st i f f ness was 15 . 1 x 10 - z ' Nmz . I n t he
absence of vanadat e, t he mean st i f f ness i n t he
absence of ATP was 15 . 6 x 10 - z ' N mz ; t hese
val ues ar e not si gni f i cant l y di f f er ent . Wi t h onl y 1
AMMgATPz- , t he st i f f ness was gr eat l y r educed,
but t he t i me r equi r ed f or r eachi ng t he equi l i br i um
posi t i on of t he mi cr oneedl es was much l onger t han
at hi gher MgATPz- concent r at i ons . At hi gher
MgATPz- concent r at i ons, t he st i f f ness f al l s t o a
val ue of - 0 . 9 x 10" N mz and t her e i s no
det ect abl e change i n st i f f ness bet ween 0. 1 and 5
mMMgATPz- . Fi g . 2 b shows t he ef f ect of vana-
dat e concent r at i on on st i f f ness i n t he pr esence of
1 mM MgATPz- . Over t he r ange of vanadat e
concent r at i ons f r om2. 5 AMt o 1 mM, t he st i f f ness
val ues ar e di st r i but ed i n t he r ange of 0. 7- 1 . 3 x
10 - z ' N mz, whi ch i s pr obabl y not si gni f i cant l y
di f f er ent f r om t he r esul t obt ai ned i n t he exper i -
ment s i n Fi g . 2 a .

Some of t hese measur ement s ar e summar i zed i n
Tabl e I , al ong wi t h st i f f ness measur ement s i n t he
absence of Mgz+, usi ng wor ki ng sol ut i ons cont ai n-
i ng 10 mMEDTA. I n t hese measur ement s, t he
st i f f ness was 13 . 7 x 10- z1 Nmz i n t he absence of
ATP ( sol I ) and 17 . 3 x 10- z ' Ni n' i n t he pr esence
of 10 mM ATP" - ( sol 6) . I n cont r ast t o ear l i er
r esul t s, when

Mgz+
was not compl et el y excl uded

f r om t he wor ki ng sol ut i ons ( 35) , f l agel l a r emai ned
i n t he r i gor st at e i n t he pr esence of hi gh concen-
t r at i ons of ATP4- .

Ri gor Bend Rel axat i on

Rel axat i on of r i gor bends was exami ned i n sev-
er al ki nds of wor ki ng sol ut i on, and t he r esul t s ar e
i ncl uded i n Tabl e I . As mi ght be expect ed, r i gor
bends ar e st abl e ( f or >20 mi n i n my exper i ment s)
under condi t i ons wher e hi gh st i f f ness val ues, i n
t he nei ghbor hood of 15 x 10 - z ' N mz , ar e mea-
sur ed, such as i n t he wor ki ng sol ut i on cont ai ni ng
nei t her Mg nor ATP, and i n t he wor ki ng sol ut i ons
cont ai ni ng ei t her ATP or Mg . Fl agel l a wer e al so
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FI GURE 2 ( a) Change i n st i f f ness of f l agel l a wi t h
MgATP2- concent r at i on i n t he pr esence of 10 / AMvan-
adat e . ( b) Ef f ect of vanadat e on f l agel l ar st i f f ness i n t he
pr esence of 1 mM MgATP2- . The wor ki ng sol ut i on
consi st ed of t he r i gor sol ut i on ( RBASE, 1 . 8 mMEGTA,

1 . 8 MMMgC12 , and 0 . 5 mMCaCl 2 ) , ATP, ext r a MgC1 2
( keepi ng Mgt ` concent r at i on at I mM) , and vanadat e .
Two val ues at t he l ef t r epr esent t hose obt ai ned i n t he
r i gor sol ut i on ( R) and i n t he r i gor sol ut i on i n t he pr esence
of 10 yM vanadat e ( VR) . The number s at t he t op r ep-
r esent t he number of f l agel l a measur ed, and ver t i cal
bar s, SD.

st i f f when t he wor ki ng sol ut i ons descr i bed above
cont ai ned vanadat e, because t he r i gor bends wer e
mai nt ai ned f or >20 mi n, as shown by condi t i ons
2, 4, and 7 i n Tabl e I . Rel axat i on of r i gor bends,

and l ow st i f f ness val ues, ar e onl y obser ved i n t he

pr esence of MgATP2- . Some ear l i er r epor t s ( 13,

29, 35) suggest ed t hat t he r el axed st at e coul d be

obt ai ned wi t h ADP; however , i n my exper i ment s,

no r el axat i on was obt ai ned wi t h ADP i f t he ade-
nyl at e ki nase act i vi t y was i nhi bi t ed and ATP con-

t ami nat i on was excl uded by di adenosi nepent a-
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phosphat e and by hexoki nase, r espect i vel y . The
possi bi l i t y t hat di adenosi nepent aphosphat e coul d
i nhi bi t t he r el axat i on was exami ned by usi ng t he
wor ki ng sol ut i ons cont ai ni ng RBASE, 2. 8 mM
MgC1 2 , 1 . 8 mMEGTA, 0. 5 mM CaC1 2 , 100 AM
di adenosi nepent aphosphat e, and ei t her 3 j MATP

or 2 mM unpur i f i ed ADP ( whi ch may cont ai n
sever al per cent of ATP; pur chased f r om Boehr i n-
ger Mannhei m Bi ochemi cal s) . I n bot h cases, t he
r i gor bends r el axed wi t hi n 2- 3 mi n . An i nhi bi t or y
ef f ect of hexoki nase i n t he pr esent st udy was al so
el i mi nat ed, because addi ng an appr opr i at e amount

of MgATP2- t o t he wor ki ng sol ut i on cont ai ni ng
hexoki nase af t er a 20- mi n i ncubat i on i nduced r e-
l axat i on or act i vat i on of r i gor f l agel l a .

P; or bot h P; and ADP di d not mai nt ai n t he
r el axed st at e of f l agel l a, because t he r i gor bends
wer e pr eser ved dur i ng t he i ncubat i on . Fl agel l a
wer e al so st i f f under t he condi t i on combi ned van-
adat e and ADP or P; or bot h ADP and P; as
summar i zed i n Tabl e I .

Ri gor bend r el axat i on, t er mi nat i ng wi t h t he f l a-
gel l umi n a qui escent , appr oxi mat el y st r ai ght st at e,
coul d be obser ved wi t h MgATP2- concent r at i ons
of 1- 5 t t M, whi ch wer e t oo l ow t o i nduce spont a-
neous beat i ng as r epor t ed by Gi bbons and Gi b-
bons ( 13) , wher eas >5 or 6 [ M MgATP caused
spont aneous beat i ng, under t he condi t i ons of t hese
exper i ment s. I n t he pr esent exper i ment s, r el axa-
t i on occur r ed sl owl y enough t hat t he behavi or of
i ndi vi dual sper m f l agel l a coul d be f ol l owed . The
pr eexi st i ng bends t ypi cal l y pr opagat ed sl owl y t o
t he di st al end of t he f l agel l um, mai nt ai ni ng near l y

t he or i gi nal cur vat ur e and bend angl e . Af t er t hese
bends had pr opagat ed past t he di st al end, t he
f l agel l um r et ai ned i t s appr oxi mat el y st r ai ght , r e-
l axed shape . Bends t hat i ni t i al l y had angl es l ess
t han - . , 1 r ad usual l y r el axed by si mpl e st r ai ght en-
i ng of t he f l agel l um, wi t hout obser vabl e pr opaga-
t i on .

Vanadat e di d not i nhi bi t r el axat i on ( 14, 41) , and
act ual l y accel er at ed bend pr opagat i on dur i ng r e-
l axat i on under some condi t i ons . I n t he pr esence of

10 pM vanadat e, 1 [ LM MgATP2- caused r el axa-

t i on by bend pr opagat i on t o occur at about t he

same vel oci t y obser ved i n t he pr esence of 3 pM

MgATP2- wi t hout vanadat e . However , at hi gh

( 100 pM or mor e) vanadat e concent r at i ons, t he
pr opagat i on vel oci t y was r educed and t he ampl i -
t ude of t he bends decr eased as t hey pr opagat ed .

The addi t i on of vanadat e t o i nhi bi t spont aneous

beat i ng made i t f easi bl e t o obser ve r el axat i on i ni -

t i at ed by suppl yi ng hi gher concent r at i ons of
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Sol ut i on ( sol )

no .

TABLE I

The Ri gor Bend Rel axat i on and St i f f ness of Fl agel l a

Condi t i on of t he wor ki ng sol ut i on

1 .

	

0 Mg, 0 ATP*
2 .

	

sol 1 + 10 gMVanadat e*
3 .

	

1 MMMg2 .

4 .

	

sol 3 + 1011M Vanadat e
5 .

	

sol 3 + 1 mMVanadat e
6.

	

0 Mg, 10 mMATP`
7 .

	

sol 6 + 10 pMVanadat e*
8 .

	

1 mMMg2+, 1 1<MMgATP2-
9.

	

sol 8 + 101t M Vanadat e
10.

	

1 MMMg2+, 1 mMMgATP2-
11 .

	

sol 10 + 10 t M Vanadat e
12 .

	

0 Mg2+, 10 mMADP3- *

	

-
13 .

	

sol 12 + 101LM Vanadat e*

	

-
14 .

	

1 MMMg2 +, 1 mMMgADP- §

	

-
15 .

	

sol 14 + 101LM Vanadat e§

	

-
16 .

	

1 mMMg2 + , 30 mMP;

	

-
17 .

	

sol 16 + 10 t LM Vanadat e

	

-
18 .

	

1 MMMg2 +, 30 mMPi , 1 mMMgADP- §

	

-
19 .

	

sol 18 + 10 t LMVanadat e§

	

-

MgATPz- f r om t he edge of a pr epar at i on or by
mi cr opi pet t e, and t o obt ai n phot ogr aphs showi ng
t he r el axat i on of i ndi vi dual f l agel l a . Fi g . 3 i l l us-
t r at es t he r esul t s obt ai ned af t er pr ei ncubat i on of a
r i gor f l agel l um f or 5 mi n i n t he pr esence of 5 pM
vanadat e at t he r oomt emper at ur e, wi t h r el axat i on

i ni t i at ed by MgATPz- di f f usi ng f r om t he edge of
t he pr epar at i on. I n t hi s exampl e, t he r i gor bends
pr esent at t i me 0 pr opagat ed t o t he di st al end,
l eavi ng most of t he f l agel l um st r ai ght . Thi s was
f ol l owed by sl ow devel opment of a new bend at
t he basal end, whi ch r esembl ed t he i ni t i at i on of
bendi ng i n qui escent f l agel l a obser ved by Gol d-
st ei n ( 22) and by Gi bbons ( 18) . Thi s new bend
t hen pr opagat ed r api dl y al ong t he f l agel l um, but
t he bend i n t he opposi t e di r ect i on, whi ch began t o
f or m at t he basal end as t he pr ecedi ng bend pr op-
agat ed, r emai ned at t he base and di d not l engt hen
or pr opagat e. ( I n i nt er pr et i ng t he r el at i ve r at es of
t hese event s, i t must be r emember ed t hat t he
MgATPz- concent r at i on was not const ant , and

The r i gor bend r el axat i on was exami ned af t er 20 mi n of i ncubat i on wi t h wor ki ng sol ut i ons . Each wor ki ng sol ut i on

basi cal l y cont ai ns RBASE, 1 . 8 mMEGTA, and 0. 5 mMCaC1 2 at pH 8 . 2 . ( +) Rel axat i on was obser ved; ( - )
r el axat i on was not obser ved .

* The wor ki ng sol ut i on cont ai ned 10 mMEDTA.
$ I t t ook - 20 mi n t o r each a r easonabl y st r ai ght shape. At condi t i on 9, r el axat i on was compl et ed wi t hi n a f ew

mi nut es .
§The sol ut i on was pr ei ncubat ed wi t h 10 mMgl ucose, 20 wg/ ml hexoki nase, 1001í M di adenosi nepent aphosphat e f or

5 h at r oom t emper at ur e .

was pr obabl y st eadi l y i ncr easi ng, dur i ng t he t i me

per i od of t hese obser vat i ons . ) At sl i ght l y l ower

vanadat e concent r at i ons, or i n exper i ment s wi t h

mi cr opi pet t e appl i cat i on of MgATPz- , devel op-

ment and pr opagat i on of sever al newbends bef or e

t he f l agel l um became qui escent was t ypi cal l y ob-

ser ved.
Resul t s of si mi l ar exper i ment s i n t he pr esence

of 10 AM vanadat e ar e shown i n Fi g . 4. At t hi s

concent r at i on, r el axat i on usual l y i nvol ved onl y t he

pr opagat i on of f ul l y est abl i shed bends, as shown

i n Fi gs . 4 a and b; gr owt h and pr opagat i on of
i ncompl et el y f or med r i gor bends, as shown i n Fi g .
4c, was i nf r equent . I n t he pr esence of 100 pM

vanadat e, r el axat i on occur r ed by a si mpl e

st r ai ght eni ng of t he bends, wi t hout pr opagat i on,
as shown i n Fi g. 5 . However , wi t h mor e r api d
appl i cat i on of MgATPz- by mi cr opi pet t e, bends
wer e somet i mes obser ved t o pr opagat e even i n t he
pr esence of 100 , uM vanadat e, al t hough usual l y
t hei r ampl i t ude decr eased bef or e t hey r eached t he
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Ri gor bend r el axat i on St i f f ness

1( 1 - = ' Nm-

No . of f l agel l a

measur ed

- 13 . 7 t 2 . 6 6
-
- 15 . 6 ± 2 . 2 6

- 15 . 1 ± 1 . 9 11

-
- 17 . 3 ± 2. 3 7

-
+$
+$ 2. 3 ± 1 . 0 6

React i vat ed
+ 0. 89 ± 0. 26 14
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di st al end of t he f l agel l um.
I ncr ease i n t he t i me of pr ei ncubat i on wi t h 5 or

10 AM vanadat e t o 30 mi n or l onger di d not al t er
t he r esul t s. However , i n exper i ment s wi t h 50 AM
vanadat e, r el axat i on by bend pr opagat i on was
t ypi cal l y obser ved af t er 5- mi n i ncubat i ons wi t h
vanadat e, whi l e af t er 30- mi n or l onger i ncuba-
t i ons, t he capabi l i t y f or bend pr opagat i on was
r educed, and bends r el axed by st r ai ght eni ng .

Pr opagat i on of Mechani cal l y I nduced Bends

Bends wer e i nduced i n t he f l agel l a of sper ma-
t ozoa at t ached by t hei r heads t o t he t i p of a
pol yl ysi ne- coat ed mi cr oneedl e, by t appi ng t he mi -
cr oneedl e hol der . I n sol ut i ons cont ai ni ng 1- 5 AM
MgATP2- , t hi s pr ocedur e easi l y i nduced bends
near t he basal r egi on of t he f l agel l um, and t hese
passi vel y f or med bends t hen pr opagat ed t o t he
di st al end, as descr i bed above f or pr opagat i on of
r i gor bends; si mi l ar r esul t s have been r epor t ed
pr evi ousl y ( 49) . Si mi l ar exper i ment s wer e at -
t empt ed i n sol ut i ons cont ai ni ng 10 AMvanadat e,
at MgATP2- concent r at i ons over t he r ange of 1-
10 mM. Under t hese condi t i ons, i t appear ed t o be
ver y di f f i cul t t o i nduce bends i n t he f l agel l um by
t hi s met hod, and bends t hat wer e i nduced al ways
r el axed by st r ai ght eni ng r at her t han by pr opaga-
t i on .

Beat Fr equency Measur ement s

Fi g . 6 a shows t he ef f ect of vanadat e concent r a-
t i on on beat f r equency of at t ached sper mat ozoa i n
r eact i vat i on sol ut i ons cont ai ni ng 0. 2 mM
MgATP2- and 1 . 0 MMMg2+ . The measur ement s
wer e made wi t hi n 5 mi n of exposur e t o vanadat e
t o avoi d compl i cat i ons r esul t i ng f r om decr ease i n
f r equency wi t h t i me at t he hi gher vanadat e con-
cent r at i ons . Fi g. 6 b shows t he ef f ect of 0. 5 AM
vanadat e on t he doubl e r eci pr ocal pl ot s of beat
f r equency and MgATP2- concent r at i on at 1 . 0 mM

a

0
10

T
U
c

0L
0

a

1

0. 5

Vanadat e
concent r at i on

( 10 - 6 M)

I
5

Reci pr ocal of
MgATp 2-

concent r at i on
( 10 3 M- 1 )

FI GURE 3- 5

	

Dar k f i el d mi cr ogr aphs showi ng r i gor bend r el axat i on . I n each f i gur e, one of t he sper ma-
t ozoa wi t h r i gor bends f l oat i ng i n t he vanadat e- r i gor sol ut i on ( RBASE, 1 . 8 mMEGTA, 1 . 8 MMMgC12,
0 . 5 mMCaC12 , and vanadat e) i s f ol l owed . The sol ut i on consi st i ng of t he vanadat e- r i gor sol ut i on and 1
mMMgATP2- at l mMMe' i s pl aced at t he edge of t he sl i de . The number s at t he bot t om r epr esent t he
t i me i n seconds f r om each f i r st f r ame . Bar at t op r i ght , 10 Am. Fi g . 3 shows f l agel l a i n t he pr esence of 5
AMvanadat e . Af t er t he pr eexi st i ng bends pr opagat ed out , a new bend was i ni t i at ed at t he pr oxi mal r egi on
of t he f l agel l um ( 16- 18 s) and pr opagat ed t o t he di st al end . No new pr opagat i ng bend was gener at ed . Fi g .
4 shows f l agel l a i n t he pr esence of 10 AMvanadat e. ( a) Pr ef or med bends exi st i n t he mi ddl e and di st al
r egi on of t he f l agel l um. These bends pr opagat e t o t he di st al end. ( b) A pr ef or med bend exi st s i n t he
pr oxi mal r egi on, whi ch pr opagat es t o t he di st al end . ( c) Apr ef or med smal l bend at t he basal r egi on shown
by ar r ow head gr ows ( 3 . 5- 7 s) and t hen pr opagat es . Fi g. 5 shows f l agel l a i n t he pr esence of 100 AM
vanadat e. Pr eexi st i ng bends ar e r el axed by st r ai ght eni ng .
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FI GURE 6 Ef f ect of vanadat e on beat f r equency of
f l agel l a of at t ached sper mat ozoa . The r eact i vat i on sol u-
t i on cont ai ned RBASE, 1 . 8 mMEGTA, 0. 5 mMCaCl 2 ,
MgC12 ( keepi ng Mgt ' const ant at 1 mM) , and ATP.
Combi ned dat a f r om f our exper i ment s . ( a) Reci pr ocal of
beat f r equency i s pl ot t ed agai nst vanadat e concent r at i on .
MgATP2- concent r at i on was 0 . 2 mM. ( b) Doubl e r eci p-
r ocal pl ot s of beat f r equency and MgATP2- concent r a-
t i on i n t he absence ( l i ne 1) and pr esence ( l i ne 2) of 0 . 5
AM vanadat e . Each st r ai ght l i ne i s obt ai ned by l east -
squar es met hod . Ver t i cal bar s r epr esent st andar d devi a-
t i ons .

Mg t + . These r esul t s conf i r mpr evi ous r epor t s t hat
vanadat e i s a si mpl e uncompet i t i ve i nhi bi t or of
beat f r equency ( 19) and i ndi cat e a K of 2. 6 AM
f or vanadat e under t he condi t i ons of t hese exper -
i ment s .

The uncompet i t i ve i nhi bi t i on of beat f r equency
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by Mg2+ and t he compet i t i ve i nhi bi t i on by ATP' - ,
ADP3- , MgADP- , and P; wer e exami ned i n a
pr evi ous paper ( 36) . I have now exami ned t he
ef f ect of 0 . 5 pMvanadat e on i nhi bi t i on by each of
t hese i nhi bi t or s . Resul t s obt ai ned wi t h ADP ar e
shown i n Fi g. 7 . Fi g . 7 a shows r esul t s obt ai ned
wi t h a Mgt + concent r at i on of 0. 1 mM, wher e
MgADP- i s cal cul at ed t o be onl y 9%of t he t ot al
ADPconcent r at i on, so t hat t he i nhi bi t or y ef f ect of
added ADP i s pr edomi nant l y at t r i but abl e t o
ADP3- . I n t hi s case, t he near l y par al l el l i nes ob-
t ai ned i n t he pr esence and absence of vanadat e
i ndi cat e t hat t her e i s no enhancement of vanadat e
i nhi bi t i on by ADP3- . Fi g. 7 b shows r esul t s ob-
t ai ned wi t h an Mga+ concent r at i on of 2. 0 mM;
MgADP- i s cal cul at ed t o be 67%of t he t ot al ADP
concent r at i on, so t hat t he i nhi bi t or y ef f ect of
added ADP i s pr edomi nant l y at t r i but abl e t o
MgADP- . I n t hi s case, i n addi t i on t o t he i nt r i nsi c
i nhi bi t or y ef f ect s of hi gher concent r at i on of Mg"
and MgADP- , t he l i nes obt ai ned i n t he pr esence
and absence of vanadat e ar e not par al l el , i ndi cat -
i ng t hat t he i nhi bi t i on by vanadat e i s enhanced by
MgADP- ( and vi ce ver sa) . AKof 2 . 1 p, Mf or t he
MgADP- - dependent i nhi bi t i on by vanadat e can
be cal cul at ed f r om t hese r esul t s i n combi nat i on
wi t h t he ear l i er r esul t s ( 36) .

Si mi l ar exper i ment s wi t h i nhi bi t i on by Mgt +,

ATP" - , and P; al l gave near l y par al l el l i nes i n t he

pr esence and absence of vanadat e, i ndi cat i ng t hat

t her e i s no enhancement of vanadat e i nhi bi t i on by
t hese i nhi bi t or s .

ATP Dephosphor yl at i on Measur ement s

Resul t s of pH- st at measur ement s of ATP de-
phosphor yl at i on r at es by suspensi ons of demem-

br anat ed sper mat ozoa of S. pur pur at us ar e shown

i n Fi g . 8 . 5 [ LM Vanadat e i s suf f i ci ent t o i nhi bi t

al most compl et el y t he ATP dephosphor yl at i on of
br oken, nonmot i l e sper m pr epar at i ons as wel l as
t he movement - coupl ed ATP dephosphor yl at i on
r epr esent ed by t he di f f er ence bet ween t he r at es f or

unbr oken and br oken sper m pr epar at i ons .

DI SCUSSI ON

Ri gor and Rel axed St at es of Fl agel l a

The exi st ence of di st i nct r i gor and r el axed st at es
of f l agel l a was or i gi nal l y i ndi cat ed by t he obser -
vat i ons of Gi bbons and Gi bbons ( 13) on r i gor
wave r el axat i on i n sea ur chi n sper mat ozoa and t he
i ndi r ect st i f f ness measur ement s on bul l sper mat o-
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Tot al ADP concent r at i on

	

Tot al ADP concent r at i on

( 10 - 3 M)

	

( 10 - 3 M)

FI GURE 7 Ef f ect of vanadat e on beat f r equency of

f l agel l a of at t ached sper mat ozoa. The r eact i vat i on sol u-

t i on cont ai ned RBASE, 1 . 8 mMEGTA, MgCh, ATP,
and ADP. MgATP2- was kept at 0. 2 mM. Li ne I i n each
f i gur e r epr esent s r esul t s obt ai ned wi t hout vanadat e and
l i ne 2, t hose obt ai ned i n t he pr esence of 0 . 5 I LM vanadat e.
The r esul t s shown i n a wer e obt ai ned i n t he pr esence of
0 . 1 MMMgz' so t hat 9 . 1% of t ot al ADP was MgADP
and 91% ADP' ' - . I n b, Mgz ' concent r at i on was 2 mM;
t hus 67%of t ot al ADP was MgADP- and 33%ADP" .
Ver t i cal bar s r epr esent st andar d devi at i ons . Dat a f r om
si x exper i ment s . Each st r ai ght l i ne i s obt ai ned by l east -
squar es met hod .

zoa by Li ndemann et al . ( 29) . Di r ect st i f f ness
measur ement s on echi noder msper m f l agel l a ( 38)

i ndi cat ed t hat t he r el axed st at e coul d be obt ai ned

wi t h l i ve sper mat ozoa i mmobi l i zed by CO: , and

t hat t he r i gor st at e coul d be obt ai ned wi t h demem-

br anat ed sper mat ozoa i n t he absence of ATP. I n

t hat wor k, a l ow st i f f ness val ue was measur ed f or

demembr anat ed sper mat ozoa at hi gh ATP con-
cent r at i ons and ver y l ow Mg' + concent r at i ons,
suggest i ng t hat f r ee ATP ( ATP' - ) , whi ch bi nds t o
f l agel l a as a compet i t i ve i nhi bi t or of beat f r e-
quency ( 36) , mi ght be abl e t o mai nt ai n t he r el axed
st at e . Subsequent l y, i t was shown t hat st abl e r i gor
wave f l agel l a coul d be obt ai ned by abr upt r emoval
of Mg" i n t he pr esence of ATP ( 14) . My st i f f ness
measur ement s, usi ng mor e t hor ough r emoval of
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Vanadat e concent r at i on ( 10 - 6 M)
FI GURE 8

	

Ef f ect of vanadat e on ATP dephosphor yl a-

t i on by demembr anat ed sper mat ozoa . Sol i d ci r cl es r ep

r esent t he i nt act sper mat ozoa, open ci r cl es t he br oken

sper mat ozoa . ATP dephosphor yl at i on by i nt act sper -

mat ozoa measur ed at 0 vanadat e concent r at i on i s nor -

mal i zed t o be 1 . 0. Dat a f r om t hr ee exper i ment s .

Mg" f r om t he pr epar at i ons, now i ndi cat e t hat

ATP" - cannot mai nt ai n t he r el axed st at e, and t hat

MgATPZ- i s r equi r ed bot h f or r el axat i on of r i gor

waves and l ow val ues of st i f f ness . Ear l i er sugges-

t i ons t hat ADP coul d mai nt ai n t he r el axed st at e

( 13, 29, 38) nowappear t o be i ncor r ect ; no r el ax-

at i on i s obt ai ned wi t h ADPi f t he pr esence of ATP

i s r i gor ousl y excl uded .

Rel axat i on of r i gor bends can occur i n t he pr es-

ence of vanadat e ( 14, 41) , and di r ect measur ement s

of st i f f ness now show t hat t he combi nat i on of

vanadat e ( >2. 5 I t M) and MgATPZ- i s a r el i abl e

and conveni ent condi t i on f or mai nt ai ni ng f l agel l a

i n a r el axed st at e . The best val ues f or t he st i f f ness

of t he t wo st at es now appear t o be about 15 x
l 0 - Z ' N I n' f or t he r i gor st at e and 0. 9 x 10" N
i n'

f or t he r el axed st at e . Because t he l at t er val ue

shows no si gni f i cant t r ends wi t h i ncr easi ng vana-

dat e concent r at i on or wi t h i ncr easi ng MgATPZ-

concent r at i on above 0. 1 mM, i t may be an accur at e

r ef l ect i on of t he i nt r i nsi c st i f f ness of t he axonemal

st r uct ur es i n t he compl et e absence of dynei n cr oss-

br i dgi ng. However , i t i s not cl ear why t he f l agel l a

of t en f ai l t o become compl et el y st r ai ght i n t he

pr esence of vanadat e and MgATPZ- .

The r i gor st at e i s bel i eved t o r esul t f r om t he

pr esence of st abl e cr oss- br i dges bet ween t he out er

doubl et mi cr ot ubul es of t he axoneme, mai nt ai ned

by at t achment of t he dynei n ar ms t o t he B t ubul e

of t he adj acent doubl et ( 13) . Sever al el ect r on mi -

cr oscope st udi es have pr ovi ded conf i r mat i on of

t hi s i nt er pr et at i on ( 17, 53) , and a MgATPZ- con-

cent r at i on of 1 p. Mhas been shown t o be suf f i ci ent

f or det achment of dynei n f r om t he B t ubul es of

Tet r ahymena axonemes ( 53) . However , ot her st ud-

i es r epor t el ect r on mi cr oscope obser vat i on of

cr oss- br i dges bet ween out er doubl et mi cr ot ubul es

when ci l i a ar e f i xed i n t he pr esence of Mgt
+,

wi t hout added ATP, but no cr oss- br i dgi ng when

ci l i a ar e f i xed i n t he pr esence of ATP, wi t hout

added Mg" ( 54, 55, 57) . Ther e may be subt l e

di f f er ences bet ween t he at t ached cr oss- br i dges i n

t hese t wo r i gor st at es, such t hat t hey r espond

di f f er ent l y t o t he f i xat i on pr ocedur es f or el ect r on

mi cr oscopy .

Bend Pr opagat i on

At MgATPZ- concent r at i ons bel ow t he l evel

r equi r ed t o suppor t spont aneous beat i ng, bend

pr opagat i on can st i l l be obser ved, ei t her by t aki ng

advant age of pr eexi st i ng bends i n r i gor wave f l a-

gel l a or , as not ed pr evi ousl y ( 49) , by i nduci ng

bends by means of mechani cal st i mul i . The

MgATPZ- concent r at i on r equi r ed f or bend pr op-

agat i on appear s t o be l ess t han t hat r equi r ed f or

bend i ni t i at i on and sust ai ned osci l l at i on .

Bend pr opagat i on can be obser ved dur i ng r el ax-

at i on of r i gor wave f l agel l a i n t he pr esence of

MgATPZ- at concent r at i ons of vanadat e suf f i ci ent

t o compl et el y suppr ess osci l l at or y beat i ng and t o

al most compl et el y i nhi bi t ATP dephosphor yl a-

t i on. At f i r st gl ance, t hi s mi ght suggest t hat bend

i ni t i at i on i s an ener gy- dependent pr ocess dr i ven

by act i ve sl i di ng, and t hat bend pr opagat i on can

occur passi vel y . However , t he f ai l ur e t o i nduce

bend pr opagat i on mechani cal l y af t er i ncubat i on

of f l agel l a i n bot h MgATPZ- and vanadat e, and

obser vat i on of t he i ni t i at i on of one or a f ew bends

bef or e compl et e qui escence at sl i ght l y l ower van-

adat e concent r at i ons or when t he MgATPZ- con-

cent r at i on i s i ncr eased r api dl y i n t he mi cr opi pet t e

exper i ment s, suggest s a di f f er ent i nt er pr et at i on . I t

seems mor e l i kel y t hat f or mat i on of an i nhi bi t or y

dynei n- MgATPZ- - vanadat e compl ex i s a r el at i vel y

sl ow pr ocess, so t hat t he r el at i ve concent r at i ons of

vanadat e and MgATPZ- det er mi ne how much

bend pr opagat i on and bend i ni t i at i on can occur

bef or e enough vanadat e has bound t o gi ve com-

pl et e i nhi bi t i on . Asl ow t i me- cour se has been mea-
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sur ed f or vanadat e i nhi bi t i on of Na, K- ATPase,
but was not det ect ed wi t h dynei n ATPase ( 19) .
However , t hose measur ement s woul d not have
been sensi t i ve enough t o det ect changes occur r i ng
wi t hi n a f ew seconds af t er addi t i on of MgATP' -
and vanadat e, whi ch i s t he t i me scal e r el evant t o
t he obser vat i ons on bend pr opagat i on . I t i s i mpl i ci t
i n t hi s i nt er pr et at i on t hat vanadat e cannot f or m
an i nhi bi t or y compl ex wi t h dynei n i n t he absence
of MgATP2- .

When i nhi bi t i on occur s by f or mat i on of an i n-
hi bi t or y compl ex wi t h vanadat e, t he f l agel l umf r e-
quent l y st ops wi t h a par t i al bend f or med at t he
basal end of t he f l agel l um ( cf . Fi g. 3) . Thi s bend
was pr esumabl y f or med by act i ve sl i di ng bet ween
t ubul es i n t he mor e di st al r egi on of t he f l agel l um,
and t he di r ect i on of t hi s act i ve sl i di ng woul d be
t he same as r equi r ed wi t hi n t he pr ecedi ng bend
f or pr opagat i on of t hat bend. The f l agel l umst ops
j ust bef or e act i ve sl i di ng i n t he opposi t e di r ect i on
woul d begi n i n t he newl y f or med bend near t he
base of t he f l agel l um t o compl et e i t s gr owt h and
i ni t i at e i t s pr opagat i on . The mechani sm f or r e-
ver si ng t he di r ect i on of sl i di ng i n new bends near
t he base of a f l agel l um i s pr obabl y i nt i mat el y
i nvol ved i n spont aneous osci l l at i on and t he det er -
mi nat i on of beat f r equency, but r emai ns poor l y
under st ood .

When bend pr opagat i on i s r esumed af t er r i gor ,
i t al ways occur s i n t he nor mal base- t o- t i p di r ec-
t i on, even i n cases such as i n Fi g. 4a, wher e t he
bend i s near t he mi dr egi on of t he f l agel l um. The
di r ect i on of t he pr opagat i on must be " r emem-
ber ed" by some cont r ol mechani sm t hat ensur es
t hat t he cor r ect subset of dynei n ar ms becomes
f or ce- pr oduci ng cr oss- br i dges when MgADP` - i s
added . I t i s not known whet her t hi s i nf or mat i on i s
st or ed i n t he f or mof t he di st r i but i on of r i gor cr oss-
br i dges or si mpl y t he bent conf i gur at i on of t he
f l agel l um, or i n some ot her manner . As ment i oned
pr evi ousl y, t he mechani cal l y gener at ed bends al so
pr opagat e f r om base- t o- t i p i n t he amput at ed st ar -
f i sh sper m f l agel l a ( 37) . However , i t i s not known
yet whet her t hey ar e caused by t he same mecha-
ni sm i n f l agel l a .

A Ki net i c Model

Fl agel l ar beat f r equency may be equal , or at
l east pr opor t i onal , t o t he f r equency of cycl i c de-
phosphor yl at i on of ATP by dynei n ( 3, 8, 10, 24) .
A si mpl e ki net i c scheme f or an ATP dephospho-
r yl at i on cycl e i s depi ct ed by st at es 1, 2, and 3 i n
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E. - ADP ( 3) ( 2) Ed ' ATP

( 5)

	

( 4)
V- E, * ADP V- Ed - ATP

FI GURE 9 A ki net i c model f or t he f l agel l ar ATP- de-
phosphor yl at i on cycl e. E. , dynei n ATPase of at t ached
st at e ; Ed, det ached st at e; ATP, MgATP2- ; ADP,
MgADP- ; V, vanadat e; 1, any of sever al compet i t i ve
i nhi bi t or s, such as ATP' - , ADP' - , or P; .

Fi g . 9 . Thr ee addi t i onal st at es ar e shown t o i ndi -
cat e t he mode of act i on of i nhi bi t or s . The f r e-
quency of cycl i c ATP dephosphor yl at i on by t hi s
cycl e i s gi ven by :
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i n whi ch [ ATP] r epr esent s t he concent r at i on of

MgATP2- , [ ADP] r epr esent s t he concent r at i on of
MgADP- , [ V] r epr esent s t he concent r at i on of van-

adat e, and [ I ] r epr esent s t he concent r at i on of a
compet i t i ve i nhi bi t or , such as ADP' ' - , P; , or
ATP' - . I f t hi s f r equency i s equat ed t o f l agel l ar
beat f r equency, al l of t he measur ement s of f l agel -
l ar beat f r equency as a f unct i on of concent r at i ons
of MgATP2 " , MgADP- , vanadat e, and compet i -
t i ve i nhi bi t or s such as ATP' - , ADP' ' - , and P;
obt ai ned i n t hi s and t he pr evi ous paper ( 36) can
be summar i zed by Eq . 1 . The exi st ence of st at e 5,
i n whi ch vanadat e i s bound t o an enzyme-
MgADP- compl ex accessi bl e by bi ndi ng of
MgADP- , i s demonst r at ed by t he r esul t s i n Fi g . 7 .

The sl ope of l i ne 1 i n Fi g. 7 a and b gi ves a val ue

of 0. 4 mMf or k31/ k13, and t he r at i o of l i nes 1 and
2 i n Fi g . 7 b gi ves a val ue of 2 . 1 pM f or ks: I / k35 .
St at e 5 i s suf f i ci ent t o expl ai n t he uncompet i t i ve
i nhi bi t i on of beat f r equency by vanadat e, i f k_ 3 /
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k3, i s appr oxi mat el y 3 . However , st at e 4 coul d al so

cont r i but e t o uncompet i t i ve i nhi bi t i on . I f st at e 4

exi st s, i t coul d be compl et el y r esponsi bl e f or un-

compet i t i ve i nhi bi t i on of beat f r equency by van-

adat e, i f i n f act t he st at e accessi bl e by MgADP-

bi ndi ng i s not t he st at e ( i n t he nor mal ATP de-

phosphor yl at i on cycl e) pr ecedi ng MgADP-

r el ease . Because vanadat e does not act as a com-

pet i t i ve i nhi bi t or , i t does not bi nd t o st at e 1, and

because i t does not enhance t he compet i t i ve i nhi -

bi t i on by ATP - , ADP- , and P; , i t does not bi nd

t o st at e 6 . Accor di ng t o t hi s scheme, i nhi bi t i on by

vanadat e i s t he r esul t of r educi ng t he amount of

enzyme i n t he usef ul st at es 1, 2, and 3 .
Measur ement s of t he el ast i c bendi ng r esi st ance

of f l agel l a and obser vat i ons of r el axat i on of r i gor
bends al l ow an expanded i nt er pr et at i on of t he

model shown i n Fi g . 9 . Exi st ence of a r i gor st at e

i n t he absence of MgATP2- i ndi cat es t hat st at e 1
i s a " cr oss- br i dged" or " at t ached" st at e i n whi ch
dynei n ar ms f or m st abl e at t achment s on t he op-
posi t e B t ubul e. The obser vat i ons t hat r i gor bend
f l agel l a can be made by sudden r emoval of Mgt +

( 14) and t hat f l agel l a r et ai n a hi gh bendi ng r esi s-
t ance i n t he pr esence of hi gh concent r at i ons of
ATP4- i f Mgt + i s excl uded i ndi cat e t hat ATP4-
bi ndi ng, l eadi ng t o st at e 6, does not cause r el axa-
t i on . For mat i on of st at e 6 by bi ndi ng of ADP' ' - or
P; has al so been shown t o l ead t o mai nt enance of
t he r i gor st at e .

St at e 3 i s an at t ached st at e, as i s st at e 5, because
MgADP" or MgADP- and vanadat e t oget her do
not cause r el axat i on.

Addi t i on of 1- 5 / , MMgATP2- causes r el axat i on
of r i gor bends ( 13) and di ssoci at i on of dynei n f r om
B t ubul es ( 53) and 0. 1 mMATP i nhi bi t s r ecom-
bi nat i on of dynei n t o mi cr ot ubul es ( 46) , i ndi cat i ng
t hat st at e 2 i s a " det ached st at e" . Because vanadat e
does not i nhi bi t but i n f act can enhance r el axat i on
by MgATP2- , st at e 4 must exi st and al so must be
a det ached st at e . These f act s al so i ndi cat e t hat t he
r eact i on pat h f r om st at e 4 t o st at e 5 must be
negl i gi bl e . The abi l i t y of vanadat e t o accel er at e
r el axat i on by l ow MgATP2- concent r at i ons i ndi -
cat es t hat bi ndi ng of vanadat e t o pr oduce st at e 4

accel er at es t he t r ansi t i on f r om st at e I t o st at e 2,

t hus r educi ng t he number of at t ached cr oss-
br i dges t hat r esi st bend pr opagat i on . The t r ansi -
t i on f r om st at e 1 t o st at e 2 t hat accompani es
MgATP2- bi ndi ng must r esul t i n t he pr ef er ent i al
det achment of cr oss- br i dged ar ms t hat have com-
pl et ed t hei r wor ki ng st r oke and ar e i n a posi t i on

t o r esi st sl i di ng. The r emai ni ng cr oss- br i dged ar ms

ar e i n f or ce- pr oduci ng posi t i ons. Thi s t ype of po-

si t i on- dependent cr oss- br i dge det achment i s a use-
f ul f eat ur e of model s f or cr oss- br i dge act i on i n
muscl e and f l agel l a, begi nni ng wi t h t he model of
A. F. Huxl ey ( 26) . The obser vat i on of bend pr op-
agat i on dur i ng r el axat i on, under condi t i ons wher e
t he compl et e ATP dephosphor yl at i on cycl e be-
comes i nhi bi t ed, pr ovi des some evi dence t hat t hi s
f eat ur e i s a r eal par t of t he MgATP2- - concent r a-
t i on- dependent st ep i n f l agel l ar osci l l at i on .

The si mpl e ki net i c scheme i n Fi g. 9 i s not
adequat e t o expl ai n one i mpor t ant f eat ur e of f l ag-
el l ar osci l l at i on : al t hough t he MgATP2- concen-
t r at i on r equi r ed f or hal f - maxi mal beat f r equency
i s - 0 . 2 mM ( 6, 11, 36) , much l ower MgATP2-
concent r at i ons ar e adequat e f or r el axat i on, f or
di ssoci at i on of sol ubi l i zed dynei n ar ms f r om B-
t ubul e bi ndi ng si t es of t he out er doubl et mi cr ot u-
bul es ( 53) and f or hal f - maxi mal ATPase act i vi t y
of uncoupl ed dynei n ( 2, 8, 20, 32) . Thi s di scr ep-
ancy pr obabl y i ndi cat es t hat t he cont r ol of beat
f r equency by ATP concent r at i on i s not br ought
about si mpl y by det er mi ni ng t he concent r at i on of
t he enzyme- MgATP2- compl ex ( st at e 2) . Exampl es
of mechanochemi cal model s f or f l agel l ar osci l l a-
t i on i n whi ch t he ATP concent r at i on f or hal f -
maxi mal beat f r equency i s much gr eat er t han t he
equi l i br i um concent r at i on f or t he ATP- concent r a-
t i on- dependent r eact i on st ep have been descr i bed
by Br okaw and Ri nt al a ( 9) . Ther e may be ot her
possi bl e ways t o compensat e t he di scr epancy . For
exampl e, a f our - st at e model i n whi ch st at e 2 i n
Fi g . 9 i s di vi ded i nt o t wo subst at es can r epr oduce
t hi s behavi or i f t he r at e const ant f r om st at e 2 t o
st at e 3, k 23 , i s much smal l er t han t he ot her s .

Recent st udi es have shown t he exi st ence of i n-
hi bi t or y vanadat e- enzyme- ADP compl exes i n
myosi n ( 23) and al kal i ne phosphat ase ( 30) , i n
whi ch vanadat e i s suggest ed t o occupy a posi t i on
anal ogous t o phosphat e . I t woul d be r easonabl e t o
suggest t hat i n f l agel l a t he i nhi bi t or y compl ex
accessi bl e by MgATP2- bi ndi ng ( st at e 4 i n Fi g . 9)
i s al so a vanadat e- enzyme- MgADP- compl ex t hat ,
i n cont r ast t o st at e 5, r emai ns i n a det ached f or m.
I f st at e 2 i n Fi g . 9 i s an enzyme- MgADP- compl ex,

an addi t i onal st at e i n whi ch MgATP2- i s bound
must be i nser t ed bet ween st at e 1 and st at e 2 of Fi g .
9 . However , my pr esent dat a do not pr ovi de any

evi dence t o deci de whet her t he bound nucl eot i de
i n t he i nhi bi t or y compl ex accessi bl e by MgATP2-
bi ndi ng i s ATP or ADP or t o deci de whet her t he
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enzyme- MgATP2- compl ex, i nt r oduced bet ween
st at e I and st at e 2, woul d be an at t ached or
det ached st at e.

The aut hor i s i ndebt ed t o Pr of essor C. J . Br okaw f or t he
oppor t uni t y t o wor k i n hi s l abor at or y and f or val uabl e
di scussi on and ki nd hel p i n pr epar at i on of t he manu-
scr i pt . He t hanks al so T. F. Si moni ck f or abl e assi st ance
dur i ng t he exper i ment s .

Thi s wor k was suppor t ed by Nat i onal I nst i t ut es of
Heal t h gr ant GM 18711 t o C. J . Br okaw.
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