
CALCI UM- I NDUCED QUI ESCENCE I N REACTI VATED

SEA URCHI N SPERM

BARBARA H. GI BBONS and I . R. GI BBONS

Fr om t he Paci f i c Bi omedi cal Resear ch Cent er , Uni ver si t y of Hawai i , Honol ul u, Hawai i 96822

ABSTRACT

Sper m f l agel l a of t he sea ur chi n Tr i pneust es gr at i l l a beat wi t h asymmet r i cal

bendi ng waves af t er demembr anat i on wi t h Tr i t on X- 100 i n t he pr esence of EGTA

and r eact i vat i on at pH 8 . 1 wi t h 1 mMATP i n t he pr esence of 2 mMMgS0 4 .

Addi t i on of 0 . 1- 0. 2 mMf r ee Ca
21

t o t hese r eact i vat ed sper m i nduces 70- 95% of

t hem t o become qui escent . Thi s qui escence can be r ever sed by r educt i on of t he

f r ee Ca
21

concent r at i on wi t h EGTA, or by di l ut i on t o r educe t he MgATP2-

concent r at i on bel ow 0. 3 mM. The qui escent wavef or mi s char act er i zed by a shar p

pr i nci pal bend of - 5 . 6 r ad i n t he pr oxi mal r egi on of t he f l agel l um, a sl i ght r ever se

bend i n t he mi dr egi on t hat aver ages - 0 . 3 r ad, and a pr i nci pal bend of - 1 . 1 r ad

i n t he t i p . The qui escent sper m ar e hi ghl y f r agi l e mechani cal l y, and di sr upt i on,

i ncl udi ng mi cr ot ubul e sl i di ng, occur s spont aneousl y at a sl ow r at e upon st andi ng

or i mmedi at el y upon gent l e agi t at i on . Mi l d di gest i on by t r ypsi n causes a gr adual

appear ance of nor mal , symmet r i cal f l agel l ar beat i ng . Addi t i on of i ncr easi ng

concent r at i ons of vanadat e t o qui escent sper m causes a gr aded decr ease i n t he

pr oxi mal bend angl e, wi t h 50 p, Mvanadat e r educi ng i t t o - 2 . 6 r ad . I n t he pr esence

of 0 . 1 mMf r ee Ca2' and 10 , uM vanadat e, a char act er i st i c, cr escent ed st at i onar y

bend i s i nduced i n t he demembr anat ed sper m, wi t hout i nt er medi at e osci l l at or y

beat i ng, by t he addi t i on of ei t her 0 . 1 or 1 mMATP. I n t he absence of vanadat e,

t hese t wo concent r at i ons of ATP pr oduce asymmet r i c beat i ng and qui escence,

r espect i vel y . The r esul t s suppor t t he hypot hesi s t hat qui escence i n l i ve sper m i s

i nduced by an el evat ed concent r at i on of i nt r acel l ul ar Ca" . I n addi t i on, t hey

demonst r at e t hat bendi ng can occur i n f l agel l a i n whi ch osci l l at or y beat i ng i s

i nhi bi t ed and emphasi ze t he cl ose r el at i onshi p bet ween asymmet r i c beat i ng and

qui escence .
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I n t hi s wor k we have sought t o i nvest i gat e di r ect l y

t he hypot hesi s of t he pr ecedi ng paper ( 11) t hat t he

qui escent phase of t he i nt er mi t t ent swi mmi ng ob-

ser ved i n sper m of Tr i pneust es gr at i l l a i s caused by

a t r ansi ent i ncr ease i n t he i nt r acel l ul ar f r ee Ca"

concent r at i on . Fol l owi ng t he st udi es of ot her s on

t he i nvol vement of Ca" i n ci l i ar y ar r est ( 35, 36) ,

and i n r egul at i ng t he di r ect i on of ci l i ar y and f l a-

gel l ar beat i ng ( 24, 25, 29) , we have l ooked t o see

i f Ca 21 can i nduce a qui escent st at e i n demem-

br anat ed sea ur chi n sper m r eact i vat ed wi t h

MgATP2- .

Si nce t he wor k of Br okaw et al . ( 4) , t he i mpor -

t ance of Ca2* i n r egul at i ng t he f or m of f l agel l ar
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bendi ng waves i n sea ur chi n sper mhas been r ec-

ogni zed . These wor ker s showed t hat i n r eact i vat ed

sper mof t he Cal i f or ni an sea ur chi n, St r ongyl ocen-

t r ot us pur pur at us, t he degr ee of asymmet r y of t he

bendi ng waves can be assayed by t he t ur ni ng r at e

of t he swi m pat h, and t hat i t depends on t he Ca"

concent r at i on i n bot h t he demembr anat i ng and

r eact i vat i on sol ut i ons . When St r ongyl ocent r ot us

sper m had been demembr anat ed wi t h Tr i t on X-

100 i n t he pr esence of 0. 5 mMEDTA and no

added Cat +, t hei r f l agel l ar beat was asymmet r i c at

a Ca
21 concent r at i on as l ow as 1 nMi n t he r eac-

t i vat i on sol ut i on and became i ncr easi ngl y asym-

met r i cal i n r esponse t o i ncr easi ng f r ee Cat '. At a

Ca
21

concent r at i on of 1 AM, t he asymmet r y was

so ext r eme t hat t he t ur ni ng r at e of most of t he

sper m was t oo gr eat t o be measur ed by t he t ech-

ni que used . On t he ot her hand, when t he demem-

br anat i ng sol ut i on had cont ai ned 5 mM Ca" ,

al t hough t he r esponse t o i ncr easi ng Ca" i n t he

r eact i vat i ng sol ut i on was qual i t at i vel y si mi l ar , a

r el at i vel y much hi gher concent r at i on of Ca
21

was

r equi r ed t o pr oduce a gi ven degr ee of asymmet r y,

and i n r eact i vat i ng sol ut i on cont ai ni ng <0 . 1 AM

Cat +, t he f l agel l ar beat was so near l y symmet r i cal

t hat t he sper m swam i n pat hs wi t h l i t t l e or no

cur vat ur e .

I n t he pr esent wor k, we have conf i r med t hat

sper m of a Hawai i an speci es of sea ur chi n, T.

gr at i l l a, behave si mi l ar l y t o t hose of St r ongyl ocen-

t r ot us . For ease of descr i pt i on, we pr opose t o cal l

sper mt hat have been demembr anat ed i n t he pr es-

ence of EGTA wi t h no added Ca" " pot ent i al l y

asymmet r i c sper m, " because when t hese sper mar e

subsequent l y r eact i vat ed wi t h 1 mM MgATPz-

t hei r f l agel l ar wavef or ms ar e mar kedl y asymmet -

r i c, even i n r eact i vat i ng sol ut i on t hat cont ai ns

EGTA and no added Cat +. ' Li kewi se we shal l use

t he t er m pot ent i al l y symmet r i c sper m f or pr epa-

r at i ons demembr anat ed i n t he pr esence of 5 mM

Ca" , because t he wavef or ms of t hese sper m ar e

near l y symmet r i c when t hey ar e r eact i vat ed wi t h

' We use t he t er m " pot ent i al l y asymmet r i c" f or t hese

sper mbecause t he asymmet r y of t hei r f l agel l ar wavef or m

i s expr essed onl y when t hey ar e r eact i vat ed wi t h a hi gh

concent r at i on of ATP. I n unpubl i shed exper i ment s, we

have f ound t hat t he f l agel l ar asymmet r y of such sper m

decr eases mar kedl y when t hey ar e r eact i vat ed i n l ow

concent r at i ons of ATP; and, f or exampl e, at 12 AMATP,

whi ch i s j ust above t he mi ni mum concent r at i on needed

f or mot i l i t y, t he f l agel l a beat al most symmet r i cal l y, wi t h

near l y equal angl es i n t he pr i nci pal and r ever se bends .
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1 mMMgATP2- i n t he pr esence of EGTA and no

added Cat +.

Sper m of a second Hawai i an speci es of sea

ur chi n, Col obocent r ot us at r at us, show a subst an-

t i al l y di mi ni shed suscept i bi l i t y t o Ca" under most

condi t i ons, al t hough t hei r suscept i bi l i t y i s i n-

cr eased i f t he demembr anat ed sper mar e depl et ed

of dynei n by br i ef ext r act i on wi t h 0. 5 MKCl ( 13) .

I n t hi s r epor t , we descr i be condi t i ons under

whi ch pot ent i al l y asymmet r i c Tr i pneust es sper m

r eact i vat ed wi t h MgATP' ` become qui escent i n

r esponse t o added Ca" , and exhi bi t a qui escent

wavef or m t hat r esembl es t hat of qui escent l i ve

sper m ( 11) . The qui escent r eact i vat ed sper m r e-

sume swi mmi ng when t he f r ee Ca
21

concent r at i on

i s r educed by addi t i on of EGTA. We have i nves-

t i gat ed t he det ai l ed condi t i ons t hat ar e r equi r ed t o

pr oduce qui escence and have exami ned some of

i t s pr oper t i es, i ncl udi ng t he ef f ect of vanadat e on

t he wavef or m. The r esul t s cor r obor at e t he hypot h-

esi s of t he pr ecedi ng paper t hat qui escence i s

i nduced by an el evat ed concent r at i on of i nt r acel -

l ul ar Ca
2

' , al t hough i t i s possi bl e t hat t her e may

be some di f f er ences bet ween t he r egul at or y pat h-

ways i nvol ved i n l i ve and demembr anat ed cel l s .

We al so pr esent evi dence t hat t he mechani sms

r esponsi bl e f or qui escence and f or asymmet r i c

beat i ng ar e cl osel y r el at ed, and t hat qui escence i n

r eact i vat ed sper mi s an act i ve st at e i n whi ch cer t ai n

of t he dynei n ar ms r emai n pot ent i at ed whi l e ot her s

ar e i nact i ve .

MATERI ALS AND METHODS

T. gr at i l l a sper m wer e col l ect ed i n seawat er cont ai ni ng 0 . 2 mM

EDTA, and st or ed as a st ock suspensi on ( 3- 10 mg pr ot ei n/ ml )

f or up t o 4 h at r oomt emper at ur e as descr i bed i n t he pr ecedi ng

paper ( 11) .

I n our st andar d pr ocedur e f or pr oduci ng qui escence i n r eac-

t i vat ed sper m, t he sper m wer e demembr anat ed by t r ansf er r i ng

25 Al of t he st ock suspensi on of sper mt o 0. 3 ml of Tr i t on- EGTA

ext r act i on sol ut i on ( 10 mMTr i s- HCI , pH 8 . 1, 2 mMEGTA, l

mM di t hi ot hr ei t ol , and 0 . 05% ( wt / vol ) Tr i t on X- 100) at r oom

t emper at ur e ( 22° - 23 . 5° C) . Thi s ext r act i on sol ut i on di f f er s f r om

t he one i n our pr ecedi ng paper s ( 12, 15) i n t hat i t cont ai ns no

KCl or MgSO, , because we have f ound t hat t hi s change gr eat l y

i mpr oves t he qual i t y and l ongevi t y of r eact i vat ed sper m of

Tr i pneust es, and i n t hat i t cont ai ns 2 mMEGTA r at her t han 0. 5

mM EDTA, because t hi s i s r equi r ed t o pr oduce pot ent i al l y

asymmet r i c sper m. Af t er 20- 30 s ext r act i on, 50 [ LI of ext r act i on

sol ut i on cont ai ni ng sper m wer e t r ansf er r ed t o r eact i vat i ng sol u-

t i on ( 10 mMTr i s- HCI , pH 8 . 1, 0. 15 MKCI , 2 mMMgS04, 0 . 1

mMEGTA, 1 mMdi t hi ot hr ei t ol , 2%[ wt / vol t pol yet hyl ene gl ycol

120, 000 mol wt ) , and 1 mMATP) , t he swi mmi ng mot i on and

per cent age of mot i l e sper m wer e checked under t he mi cr oscope,

and t hen 0 . 2- 0 . 3 mMCa
z+

( f r oma st ock sol ut i on of 0 . 1 MCaCl 2

i n wat er ) was added . Thi s pr ot ocol wi l l be r ef er r ed t o as t he

st andar d pr ocedur e . I n some exper i ment s, we var i ed t he or der of



t he addi t i on of sper m, Ca" , and ATP, or we var i ed t he concen-

t r at i on of MgSO4, Ca" , or ATP, as descr i bed i n Resul t s . For t he

sake of br evi t y, we shal l use t he t er m" f r ee Caz" ' t o denot e t he

t ot al Ca" concent r at i on mi nus t he EGTA concent r at i on ( whi ch

i s 0 . 1 mMi n most cases) . Some of t hi s Ca" wi l l i n f act be bound

t o ATP and t o pr ot ei ns, but we bel i eve t hat t hi s amount i s not

si gni f i cant t o t he di scussi on except wher e not ed . Magnesi um

concent r at i ons ar e expr essed as t ot al added MgSO, . Li ght mi -

cr oscopy and phot ogr aphy wer e per f or med at r oomt emper at ur e

as descr i bed i n t he pr ecedi ng paper ( 11) , except t hat wi t h t he

wat er i mmer si on l ens, i t was f ound best t o omi t pol yet hyl ene

gl ycol f r omt he r eact i vat i ng sol ut i on .

CaCl 2 was ei t her r eagent gr ade f r om J . T. Baker Chemi cal

Co . , Phi l l i psbur g, N. J . , or " ul t r apur e" f r om Mer ck Chemi cal

Di v . , Mer ck & Co. , I nc. , Rahway, N. J . , and t he t wo gave

i dent i cal r esul t s. ATPwas obt ai ned f r omBoehr i nger Mannhei m

Bi ochemi cal s, I ndi anapol i s, I nd . , and EGTA was f r om Si gma

Chemi cal Co. , St . Loui s, Mo. Sodi ummet avanadat e f r omFi sher

Sci ent i f i c Co . , Pi t t sbur gh, Penn. , was r ecr yst al l i zed as descr i bed

ear l i er ( 19) .

RESULTS

Qui escence i n React i vat ed Sper m

Bef or e t he addi t i on of Ca" i n t he f i nal st ep of
our st andar d pr ocedur e, t he l evel of f r ee Ca" i n
t he r eact i vat i ng sol ut i on i s ver y l ow, si nce t he t ot al
Ca" car r i ed over f r om t he seawat er i s about 10
uMand i s f ar l ess t han t he EGTA concent r at i on.

The f l agel l a of t he pot ent i al l y asymmet r i c sper m
added t o t hi s sol ut i on beat i n a hi ghl y asymmet r i c
manner t hat causes t he sper m t o swi m i n smal l
ci r cl es t hat cor r espond t o a t ur ni ng r at e of - 0 . 6
r ad/ beat , i n gener al agr eement wi t h t he obser va-
t i ons of Br okaw et al . ( 4) . We have f ound t hat
addi t i on of 0 . 1 mMf r ee Ca

21 t o such pr epar at i ons
causes 70- 95% of t he sper m t o st op swi mmi ng

( Fi g. 1) wi t h t hei r f l agel l a uni f or ml y bent i nt o a
qui escent wavef or m t hat r esembl es t he qui escent

wavef or m seen i n l i ve sper m ( Fi g . 2 of r ef er ence
11) , al t hough t he angl es of t he pr oxi mal and t i p

bends ar e l ar ger . I n most pr epar at i ons t he per -
cent age of qui escent sper m r eaches i t s f i nal val ue
wi t hi n t he t i me r equi r ed f or mi xi ng t he added
Caz+, al t hough we occasi onal l y f ound t hat t he
per cent age woul d i ncr ease by 10- 20%i n t he mi n-
ut e or t wo af t er addi t i on of Ca21 or t hat t he
per cent age coul d be i ncr eased by i ncr easi ng t he
t emper at ur e of obser vat i on t o 25° C . Among t he
sper mt hat r emai n mot i l e, t he f l agel l a of some beat
i r r egul ar l y wi t h waves of ver y l ow ampl i t ude i n
t he pr oxi mal r egi on onl y and bar el y pr oduce any

f or war d pr ogr essi on, whi l e ot her s beat mor e vi g-
or ousl y wi t h waves pr opagat i ng about t wo- t hi r ds
of t he l engt h of t he f l agel l um, causi ng t he sper m
t o swi mat t he bot t omof t he di sh i n ci r cl es of even

smal l er r adi us t han bef or e t he addi t i on of Ca" .

I t was of i nt er est t o det er mi ne whet her non-

beat i ng f l agel l a woul d bend i nt o t he same qui es-

cent wavef or m when t he ATP was added l ast t o
r eact i vat i ng sol ut i on al r eady cont ai ni ng nonmot i l e
demembr anat ed sper m and 0 . 1 mMf r ee Ca" , and

t o see i f t he r esul t was dependent upon whet her

t he f l agel l a of t he nonmot i l e sper mwer e st r ai ght ,

or bent i n st at i onar y r i gor waves bef or e t he addi -

t i on of ATP. When t he suspensi on of sper m t hat
have been i n t he demembr anat i ng sol ut i on f or 20-

30 s accor di ng t o t he usual pr ocedur e i s di l ut ed

i nt o r eact i vat i ng sol ut i on cont ai ni ng no ATP or

Ca" , t he f l agel l a of most of t he sper mbecome set

i nt o r i gor waves because t he l evel of sper m- der i ved

endogenous ATP i n t he ext r act i ng sol ut i on at t hi s

t i me i s at an appr opr i at e l ow l evel f or pr eser vat i on

of r i gor waves upon di l ut i on ( 14) . I f , on t he ot her

hand, t he sper m r emai n i n t he ext r act i on sol ut i on

l ong enough f or t hi s endogenous ATP t o be hy-

dr ol yzed ( - 4 mi n) , t hen t he f l agel l a ar e mor e

near l y st r ai ght af t er di l ut i on ( Fi g. 2 a) . The addi -

t i on of 0 . 1 mM f r ee Ca" t o ei t her of t hese t wo
f or ms of pot ent i al l y asymmet r i c sper m i n t he ab-
sence of ATP causes no appar ent change i n t he
shape of t hei r f l agel l a . However , upon subsequent

addi t i on of 1 mMATP t he f l agel l a of bot h f or ms
bend i nt o a qui escent f or m ( Fi g. 2 b) whi ch i s

i ndi st i ngui shabl e f r om t hat of sper mpr epar ed by
t he st andar d pr ocedur e . Thi s r esul t suggest s t hat

i t i s not necessar y f or t he f l agel l a t o be beat i ng t o

bend i nt o t he qui escent wavef or m, al t hough t he

possi bi l i t y t hat a br i ef per i od of f l agel l ar beat i ng

occur r ed dur i ng t he mi xi ng of t he sper m wi t h ATP

i s not compl et el y excl uded.

Ef f ect of Ca
2, 1

Concent r at i on

Exper i ment s i n whi ch di f f er ent concent r at i ons
of Ca21 wer e used t o i nduce qui escence have
shown t hat f r ee Ca21 i n t he r ange 0. 1- 0 . 2 mM
seems t o be t he most ef f ect i ve and t ypi cal l y pr o-
duces qui escence i n 70- 95% of t he sper m i n our
st andar d pr ocedur e . However , qui escence i n up t o
50% of t he sper m has been obt ai ned wi t h a f r ee

Ca" concent r at i on of - 0 . 05 mM. Wi t h supr aop-
t i mal l evel s of f r ee Ca" , such as 1 or 2 mM, onl y
5- 20%of t he sper m become qui escent , whi l e t he
r est swi m vi gor ousl y and uni f or ml y i n ci r cl es of
smal l r adi us at t he bot t om of t he di sh, wi t h ap-
pr oxi mat el y t he same asymmet r y as bef or e t he
addi t i on of Ca" . The per cent age of qui escent
sper m i s even l ower i f 2 mMf r ee Ca" i s added t o
t he di sh bef or e addi t i on of t he ATP.
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FI GURE 1

	

Dar k- f i el d mi cr ogr aphs of r eact i vat ed sper m of Tr i pneust es t hat have become qui escent af t er
addi t i on of 0 . 1 mM f r ee Cat ' accor di ng t o t he st andar d pr ocedur e. ( A) Mi cr ogr aph made at l ow
magni f i cat i on . The asymmet r i c movement of one sper mmay be seen as a st ar - shaped i mage at l ef t cent er
( ar r ow) . The r esol ut i on of t he axoneme cl ose t o t he head i n t hese sper m i s poor er t han t hat of qui escent
l i ve sper m ( Fi gs . l and 4 of r ef er ence 11) , because of t he gr eat er angl e of t he pr oxi mal bend and because
demembr anat ed f l agel l a scat t er l ess l i ght t han do i nt act ones . Si nce t he sper m ar e f l oat i ng i n f r ee f l ui d
away f r om t he bot t om sur f ace, onl y a f ew ar e l yi ng i n a pl ane per pendi cul ar t o t he vi ewer . Exposur e, ' / z
s x 380. ( B) Mi cr ogr aphs t aken at hi gh magni f i cat i on showi ng t he f l agel l ar wavef or ms of i ndi vi dual
qui escent r eact i vat ed sper m. Exposur e: f l ash . x 930 .

Ef f ect of Changes i n Composi t i on of

	

st andar d pr ocedur e and have f ound t hat a mi ni

React i vat i ng Sol ut i on

	

mum concent r at i on of - 0 . 7 mMATP ( i n t he

pr esence of 2 mMMgS0 4 and 0. 1 mMf r ee Ca" )

We have st udi ed t he ef f ect of ATP concent r a-

	

i s r equi r ed t o obt ai n t he maxi mumper cent age of

t i on on t he i nduct i on of qui escence by Ca" i n our

	

qui escence . Rai si ng t he ATP concent r at i on t o 5
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mM wi t h ei t her 5 or 7 MM MgS04 appear s t o

pr oduce t he same r esul t s as 1 mMATP, and i n

par t i cul ar t he per cent age of qui escent sper m does

not i ncr ease beyond t he usual val ue of 70- 95%.

Lower i ng t he ATP concent r at i on pr oduces a sub-

st ant i al ef f ect , however , and i n 0. 5 and 0. 3 mM

ATP, onl y - 50 and 10%, r espect i vel y, of t he sper m

become qui escent .

Changes i n t he MgS04 concent r at i on ( i n t he

pr esence of 1 mM ATP and 0. 1 mM f r ee Ca" )

have shown t hat - 0 . 6 mMMgS04 i s needed t o

pr oduce maxi mumqui escence . At MgS04 concen-

t r at i ons bel ow t hi s l evel , an i ncr easi ng per cent age

of t he sper m r emai n mot i l e af t er t he addi t i on of

0 . 1 mM f r ee Caz+ , unt i l al most al l t he sper m

r emai n mot i l e at MgS0 4 concent r at i ons of 0. 3 mM

and l ess . Taken t oget her t hese r esul t s i ndi cat e t hat

a MgATP2- concent r at i on of at l east 0 . 6 mM i s

necessar y t o obt ai n a maxi mum per cent age of

qui escence . However , i n appar ent cont r adi ct i on t o

t he r esul t obt ai ned wi t h i onophor e- t r eat ed l i ve

sper m ( 11) , addi t i on of 10 MMMgS0 4 t o a st an-

dar d pr epar at i on of qui escent r eact i vat ed sper m

di d not i nduce any r esumpt i on of beat i ng .

Pr el i mi nar y r esul t s on t he ef f ect of pH i ndi cat e

t hat qui escence can be pr oduced when t he r eact i -

vat i ng sol ut i on i s at any pH wi t hi n t he r ange 7. 7-

8 . 5 and t he st andar d pr ocedur e i s f ol l owed i n ot her

r espect s . I t i s not abl e t hat t he angl e of t he pr oxi mal

bend decr eases subst ant i al l y, and t he r ever se bend

FI GURE 2 Dar k- f i el d mi cr ogr aphs showi ng i ndi vi dual , pot ent i al l y asymmet r i c sper m suspended i n

r eact i vat i ng sol ut i on cont ai ni ng 0 . 1 mMf r ee Ca" . ( A) Wi t hout ATP; ( B) same pr epar at i on af t er addi t i on

of 1 mMATP. Exposur e : f l ash. x 930 .
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i n t he mi dr egi on of t he f l agel l um i s l ost , as t he pH

i s r educed t hr ough t he nar r ow r ange 8. 0- 7 . 7, so

t hat t he qui escent wavef or m of t he r eact i vat ed

sper mat t he l ower pH r esembl es mor e cl osel y t hat

of t he qui escent l i ve sper m. Amor e compl et e st udy

of t he pr oper t i es of t he r eact i vat ed qui escent sper m

at l ower pH i s i n pr ogr ess .

Pr oper t i es of t he Qui escent Sper m

I n qui escent r eact i vat ed sper mpr oduced by t he

st andar d pr ocedur e ( Fi g . 1) , as i n l i ve sper m, t he

f l agel l um cur ves ar ound shar pl y i n t he r egi on near

t he head, f or mi ng a l ar ge angl e pr oxi mal bend

measur i ng - 5 . 6 r ad ( r ange 5 . 4- 5 . 9 r ad ; number of

sper mmeasur ed, n = 12) . By anal ogy t o t he si mi l ar

wavef or m i n qui escent l i ve sper m ( 11) , t hi s bend

wi l l be consi der ed t o be i n t he pr i nci pal bend

di r ect i on . The mi ddl e por t i on of t he f l agel l um

usual l y exhi bi t s a sl i ght r ever se bend wi t h an

aver age angl e of 0. 3 r ad, al t hough i n some sper m

t hi s bend i s absent whi l e i n ot her s i t i s qui t e

pr onounced ( 0- 0 . 5 r ad, n = 12) ( Fi gs . 1 b and 2 b) .

I n t he t i p r egi on of t he f l agel l um, t her e i s a second

pr i nci pal bend wi t h an aver age angl e of 1 . 1 r ad,

( 0 . 5- 1 . 6 r ad; n = 12) . The t ot al change i n angul ar

di r ect i on bet ween t he axi s of t he head and t he t i p

of t he f l agel l um( ¢, ; p) i s t hus ext r emel y hi gh, bei ng

as much as 7. 2 r ad i n some cases ( Fi g. 1 b) , and

aver agi ng 6. 4 r ad .

The aver age angl e of t he pr oxi mal bend i n t hese

qui escent demembr anat ed sper m i s subst ant i al l y

gr eat er t han t he val ue of 3 . 5 r ad f ound i n qui escent

l i ve sper m( 11) , and i t causes t he t i p of t he sper m

head t o cr oss back over t he f l agel l um. The r esul t -

ant nonpl anar i t y of t he qui escent wavef or m i s

appar ent i n t he l ack of per f ect f ocus i n t he head

r egi on of t he i mages i n Fi g . 1 b . Thi s t wi st i ng can

be seen di r ect l y i n f l agel l a of sper mt hat ar e f l oat -

i ng wi t h t hei r pl ane of bendi ng par al l el t o t he

opt i cal axi s, and pr el i mi nar y obser vat i ons suggest

t hat r i ght - handed and l ef t - handed t wi st ed f or ms

occur i n about equal number s. The aver age angl e

of t he t i p bend, 1 . 1 r ad, i n qui escent demembr a-

nat ed sper mi s al so l ar ger t han t he aver age val ue

of 0. 4 r ad f ound i n qui escent l i ve sper m( 11) .

Ast r i ki ng char act er i st i c of qui escent r eact i vat ed

sper m i s t hei r mechani cal f r agi l i t y, whi ch i s ver y

di f f er ent f r om t he mechani cal st abi l i t y of r i gor

wave sper m ( 14) . Gent l e agi t at i on of qui escent

r eact i vat ed sper m, such as t hat caused by dr awi ng

t hemup i nt o and del i ver i ng t hemf r om a Past eur

pi pet t e, pr oduces a var i et y of changes i ncl udi ng a
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decr ease i n angl e of t he pr oxi mal bend, f r ayi ng of

mi cr ot ubul es f r om t he t i p end of t he axoneme, and

ki nks and ot her l esi ons i n t he axonemal st r uct ur e .

When al l owed t o st and f or a shor t t i me at r oom

t emper at ur e, even wi t hout agi t at i on, most pr epa-

r at i ons of qui escent sper mshow a gr adual di st or -

t i on of t he i ni t i al qui escent wavef or m, and af t er

20- 30 mi n a maj or i t y of t he sper mf l agel l a exhi bi t

dr ast i c shape changes t hat of t en i ncl ude sl i di ng

and l oopi ng out of some mi cr ot ubul es f r om t he

mai n axonemal bundl e ( Fi g . 3) . Sper mf l agel l a i n

whi ch some t ubul es have sl i d out f r om t he axo-

nemal bundl e usual l y show a di mi nut i on i n pr ox-

i mal bend angl e, pr esumabl y because t he sl i di ng

of some t ubul es par t i al l y al l evi at es t he shear st r ess

i n t he qui escent axoneme . I n a f ew i nst ances, t hese

separ at ed bundl es of t ubul es have been obser ved

t o pr opagat e r epeat ed bendi ng waves at a f r e-

quency of - 2 Hz, but we have not yet been abl e

t o char act er i ze t hei r mot i on i n det ai l . Si mi l ar

bendi ng waves have been descr i bed i n spl i t f l agel l a

of Chl amydomonas by Nakamur a and Kami ya

( 30) .

We have i nvest i gat ed t he r ever si bi l i t y of t he

qui escent st at e by addi ng 2 mMEGTA subsequent

t o t he addi t i on of Ca" . The degr ee of r ever sal

obt ai ned has var i ed f r om one pr epar at i on t o an-

ot her , and we t hi nk i t l i kel y t hat t he consi der abl e

FI GURE 3 Dar k- f i el d mi cr ogr aphs showi ng f l agel l ar

di sr upt i on t hat occur s i n a pr epar at i on of qui escent

r eact i vat ed sper mon br i ef st andi ng . Two exampl es show

l oopi ng out and sl i di ng of a smal l bundl e of mi cr ot u-
bul es, wi t h concomi t ant decr ease i n pr oxi mal bend angl e .

Exposur e : f l ash . x 930.



shear st r ai n i n t he qui escent wavef or m causes

f ai r l y r api d mechani cal t ear i ng of t he axonemal

st r uct ur e i n a way t hat i nt er f er es wi t h r ever sal of

qui escence . I n some i nst ances, when EGTA was

added i mmedi at el y af t er t he pr epar at i on had been

checked f or qui escence, ^ - 80% of t he qui escent

sper m r esumed swi mmi ng asymmet r i cal l y i n t he

manner seen bef or e t he addi t i on of Ca" . How-

ever , i f t he addi t i on of EGTA was del ayed f or 4-

5 mi n, t hen l i t t l e r ever sal was usual l y obt ai ned . I f

2 mM EGTA was added t o a di sh cont ai ni ng

r eact i vat i ng sol ut i on, 0. 2 mMf r ee Ca
2

' , and 1 mM

ATPbef or e t he addi t i on of pot ent i al l y asymmet r i c

sper m, t he sper m swami n t he manner seen i n t he

st andar d pr ocedur e bef or e t he addi t i on of Ca" ,

i ndi cat i ng t hat t he f ai l ur e t o obt ai n compl et e r e-

ver sal upon addi t i on of EGTA af t er qui escence

has been i nduced i s not due t o t he af f i ni t y of t he

f l agel l ar r ecept or pr ot ei n f or Ca" bei ng t oo hi gh

f or t he Ca" t o be r emoved by t he EGTA.

Qui escence coul d al so be r ever sed by l ower i ng

t he ATP concent r at i on t o 0. 2 mM or l ess by

di l ut i ng t he suspensi on of qui escent sper m i nt o

addi t i onal r eact i vat i ng sol ut i on cont ai ni ng 0. 1 mM

f r ee Ca
2

' , but no ATP. Wi t h a gi ven pr epar at i on

of qui escent sper m, t he degr ee of r ever sal obt ai ned

by l ower i ng t he ATP concent r at i on was usual l y

gr eat er t han t hat obt ai ned by l ower i ng t he Ca
21

concent r at i on, and i n par t i cul ar t he f or mer ap-

pear ed t o be l ess dependent on t he age of t he

qui escent sper m. I n seven t r i al s per f or med at t i mes

r angi ng up t o 5 mi n af t er t he i nduct i on of qui es-

cence, bet ween 80 and 100%of t he qui escent sper m

became mot i l e when t he ATP concent r at i on was

l ower ed t o 0. 2 mM.

Tr eat ment of f r eshl y pr epar ed qui escent sper m

wi t h t r ypsi n ( 0. 1 j i g/ ml r eact i vat i ng sol ut i on)

causes gr adual r esumpt i on of f l agel l ar beat i ng .

Thi s beat i ng i s at f i r st of ver y l ow ampl i t ude, and

i s l ar gel y conf i ned t o t he pr oxi mal r egi on of t he

f l agel l um. Over a per i od of a f ew mi nut es of

i ncubat i on wi t h t r ypsi n, t he f l agel l a beat mor e and

mor e act i vel y, and t he l ar ge angl e of t he pr oxi mal

bend di mi ni shes t oget her wi t h much of t he wave

asymmet r y, unt i l af t er - 10 mi n, cl ose t o 100%of

t i e sp,3r mswi mi n ci r cl es of l ar ge r adi us si mi l ar t o

t hose of pot ent i al l y symmet r i c sper m r eact i vat ed

at ver y l ow Ca
z+

concent r at i on . Mor e pr ol onged

exposur e t o t r ypsi n event ual l y causes cessat i on of

movement and axonemal di si nt egr at i on . The exact

manner i n whi ch t he qui escent f l agel l a r esume

beat i ng and i n whi ch t he l ar ge pr oxi mal bend i s

di ssi pat ed dur i ng t he i ni t i al st ages of di gest i on

shoul d be amenabl e t o anal ysi s by mi cr oci nema-

t ogr aphy .

Ef f ect of Vanadat e on Qui escence

I n vi ew of t he r ecent l y di scover ed usef ul ness of

vanadat e as an i nhi bi t or of ci l i ar y and f l agel l ar

mot i l i t y ( 7, 19, 26, 32) , we have exami ned i t s ef f ect

on qui escent r eact i vat ed sper m, addi ng i t ei t her

bef or e or af t er t he addi t i on of ATP. To i nvest i gat e

whet her t he qui escent wavef or m can f or m i n f l a-

gel l a i n whi ch osci l l at or y beat i ng i s compl et el y

i nhi bi t ed wi t h vanadat e, we added 5 gMvanadat e

and 0. 1 mMf r ee Ca
2+ t o pr epar at i ons of pot en-

t i al l y asymmet r i c sper m wi t h near l y st r ai ght f l a-

gel l a. I n t he absence of ATP, t hese addi t i ons

caused no change i n t he wavef or m. Upon subse-

quent addi t i on of 1 mM ATP, t he f l agel l a bent

uni f or ml y i nt o t he wavef or m shown i n Fi g. 4a,

wi t h a shar p bend at t he pr oxi mal end of t he

f l agel l um as i t l eaves t he head, f ol l owed by a

gr adual , f ai r l y uni f or m bend of cur vat ur e 0. 022

Am- ' over t he r est of t he f l agel l um. Si nce t her e i s

no st r ai ght por t i on i n t he mi dr egi on of t he f l agel -

l um and consequent l y no wel l def i ned pr oxi mal

bend, we used t he angl e bet ween t he axi s of t he

head and t he f l agel l ar t i p, q) , I p, as a measur e of t he

degr ee of bendi ng . I n 5 AMvanadat e, t he val ue of

( AI i p aver ages 3 . 1 r ad ( 3 . 0- 3 . 3 r ad ; n = 16) . Wi t h a

hi gher concent r at i on of vanadat e, 50 , AM, subse-

quent addi t i on of 1 mMATP pr oduces t he gent l y

cur vi ng wavef or m shown i n Fi g. 4b . I n t hi s case,

¢, i p aver ages 1 . 1 r ad ( 0 . 8- 1 . 4 r ad ; n = 11) and t he

sper mappear t o f or m a f ai r l y smoot h ar c f r omt he

t i p of t he head t o t he t i p of t he f l agel l um. The

cur vat ur e of t hi s ar c i s about t he same as t hat of

t he f l agel l a i n 5 AMvanadat e ( Fi g. 4a) , and t he

pr i nci pal di f f er ence bet ween t he wavef or ms at t he

t wo concent r at i ons of vanadat e i s t hat t he gagel l a

of t he sper m i n 50 t t M vanadat e compl et el y l ack

t he shar p bend bet ween t he axi s of t he head and

t he basal r egi on of t he f l agel l um. When t he con-

cent r at i on of vanadat e i s r ai sed as hi gh as 1 mM,

t hen subsequent addi t i on of 1 mMATP i nduces

no si gni f i cant bendi ng of t he f l agel l um ( Fi g . 4 c

and d) . Al t hough most of t hese exper i ment s wer e

per f or med wi t h sper m t hat i ni t i al l y had st r ai ght

f l agel l a, t r i al exper i ment s wi t h 5 t t M vanadat e

suggest ed t hat t he same r esul t s wer e obt ai ned st ar t -

i ng wi t h sper mt hat i ni t i al l y had t hei r f l agel l a bent

i nt o r i gor waves ( 14) .

When t he sper mf l agel l a ar e made t o bend i nt o
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FI GURE 4

	

Dar k- f i el d mi cr ogr aphs showi ng t he f l agel l ar bendi ng i nduced when 1 mMATP i s added t o

pot ent i al l y asymmet r i c sper mi n whi ch osci l l at or y beat i ng i s i nhi bi t ed by vanadat e. Sper mwer e suspended

i n r eact i vat i ng sol ut i on cont ai ni ng 0 . 1 mMf r ee Cat ' and vanadat e bef or e t he addi t i on of ATP. The sper m

ar e st at i onar y . ( A) 51I M vanadat e, f ol l owed by ATP. x 930 . ( B) 50 I I Mvanadat e, f ol l owed by ATP. x 930 .

( C) 1 mMvanadat e, wi t hout ATP. x 880. ( D) 1 mMvanadat e, f ol l owed by ATP. x 880 . Exposur e : f l ash .
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FI GURE 5

	

Dar k- f i el d mi cr ogr aphs showi ng t he ef f ect of addi ng vanadat e t o pr epar at i ons of sper m t hat

have al r eady been made t o bend i nt o t he qui escent wavef or m by t he addi t i on of 0 . 1 mMf r ee Ca t ' and 1

mMATP. ( A) 10 AMvanadat e added - 2 mi n af t er i nduct i on of qui escence . ( B) Same, but wi t h 50 [ LM

vanadat e added. Exposur e : f l ash. x 830 .

t he st andar d qui escent wavef or m by addi t i on of

0 . 1 mMCa
z+

and 1 mMATP bef or e t he addi t i on

of vanadat e, t he f i nal wavef or ms obt ai ned depend

on bot h t he concent r at i on of vanadat e and t he

l engt h of t i me t he f l agel l a spend i n t he qui escent

wavef or m bef or e t he vanadat e i s added . When 5,

10, or 50 AMvanadat e i s added i mmedi at el y af t er

addi t i on of t he ATP, t he wavef or ms obt ai ned ap-

pear essent i al l y t he same as t hose descr i bed above

f or vanadat e added bef or e t he ATP ( Fi g . 4a and

b) . However , i f t he addi t i on of vanadat e i s del ayed

so t hat t he sper mspend l onger t han - - - 1 mi n i n t he

f ul l y bent qui escent f or m, t hen t he wavef or ms

obt ai ned upon addi t i on of vanadat e di f f er i n cer -

t ai n char act er i st i c and r epr oduci bl e pr oper t i es . I n

par t i cul ar , t he cur vat ur e i s di st r i but ed l ess uni -

f or ml y over t he l engt h of t he f l agel l um, and t he

val ue of ¢, ;P i s gr eat er . Wi t h 10 AMvanadat e ( Fi g .

5 a) , t he cur vat ur e i s l ocal i zed i nt o t he pr oxi mal

10 Am of t he f l agel l um so t hat t he mi dr egi on i s

near l y st r ai ght , and t he val ue of Ot i n aver ages 3 . 6

r ad ( 3 . 3- 3 . 9 r ad ; n = 15) . Wi t h t he same concen-

t r at i on of vanadat e added pr e- ATP, t he wavef or m

i s essent i al l y l i ke t hat i n Fi g . 4a, and t he aver age

val ue of gt i v i s 3 . 2 r ad . When 50 AM vanadat e i s

added > 1 mi n post - ATP ( Fi g. 5 b) , t he whol e

f l agel l um i s cur ved, but t he degr ee of cur vat ur e

i ncr eases t owar d t he base wi t h a f ai r l y shar p bend

i n t he pr oxi mal 2 pm; t he val ue of q) t i , aver ages 2. 6

r ad ( 2 . 1- 3 . 1 r ad ; n = 15) . Compar i son wi t h t he

wavef or m obt ai ned wi t h 50 AMvanadat e added

pr e- ATP ( Fi g . 4b) , suggest s t hat most of t he

gr eat er bend angl e of t he f or mer r esul t s f r om t he

gr eat er cur vat ur e i n t he basal r egi on of t he f l agel -

l um. The basi s of t he al t er ed wavef or m obt ai ned

when vanadat e i s added - >I mi n post - ATP i s not

yet cl ear , but i t does not appear t o be t he r esul t of

pr ogr essi ve r andom st r uct ur al damage t o t he f l a-

gel l um whi l e i t i s bent i nt o t he hi ghl y st r essed

r i gor wavef or m, because t he f i nal wavef or m ob-

t ai ned i s not al t er ed when t he t i me of vanadat e

addi t i on i s changed wi t hi n t he r ange 1- 5 mi n post -

ATP.

The val ue of t he pr oxi mal bend angl e i n qui es-

cent f l agel l a i s hi ghl y sensi t i ve t o l ow concent r a-

t i ons of vanadat e, and addi t i on of as l i t t l e as 1 AM

vanadat e post - ATP causes a decr ease i n ot ; n f r om

i t s usual val ue of 5 . 6 r ad t o - 4 r ad . The r ever se

bend i n t he mi dr egi on of qui escent f l agel l a di s-

appear s compl et el y at a vanadat e concent r at i on of

5 AM.

Addi t i on of 2 . 5 mMcat echol ( 19) r ever ses t he

ef f ect s of vanadat e concent r at i ons up t o 50 AM,

and over a per i od of - 1 mi n t he wavef or m r ever t s

t o t he t ypi cal qui escent f or m ( Fi g. 1 b) .

I n st andar d pr epar at i ons of qui escent sper mt o

whi ch 10 AMvanadat e or mor e has been added,

t he wavef or m i s st abl e wi t h t i me, and t he f l agel l a

appear t o be r esi st ant t o mechani cal damage when

t he sper m ar e subj ect ed t o gent l e agi t at i on wi t h a

Past eur pi pet . No l oopi ng out or f r ayi ng of mi cr o-

t ubul e bundl es i s seen, and i f t he i nhi bi t i on by

vanadat e i s r ever sed by addi ng 2. 5 mMcat echol

af t er 15 mi n, t he sper mr esume t he st andar d qui es-

cent wavef or m, wi t h vi si bl e damage i n onl y - 10%

of t he sper m as compar ed t o 90%i n ot her wi se
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equi val ent sper maged i n t he absence of vanadat e .

When t he qui escent sper mar e aged i n t he pr esence

of 5 AM or l ess vanadat e added pr e- ATP, t hei r

wavef or m i s of t en unst abl e, and over a per i od of

15- 30 mi n i t changes sl owl y f r om t hat shown i n

Fi g . 4a t o one t hat r esembl es t hat i n Fi g . 5a .

To obt ai n i nf or mat i on about t he r el at i onshi p

bet ween asymmet r i c beat i ng and qui escence, we

exami ned t he ef f ect of t wo concent r at i ons of ATP,

0. 1 mM and 1 mM, on t he bendi ng of st r ai ght

f l agel l a of pot ent i al l y asymmet r i c sper m i n whi ch

osci l l at or y beat i ng had been i nhi bi t ed by addi t i on

of 10 AMvanadat e bef or e t he addi t i on of ATP.

The r at i onal e f or t hi s exper i ment i s t hat wer e i t

not f or t he pr esence of vanadat e t he f l agel l a woul d

be beat i ng asymmet r i cal l y i n 0. 1 mM ATP and

woul d be qui escent i n 1 mM ATP. The r esul t s

showed t hat , i n t he pr esence of 0 . 1 mMCa2' and

10 AM vanadat e, addi t i on of ei t her concent r at i on

of ATP caused t he f l agel l a t o assume cr escent ed

wavef r m cl osel y r esembl i ng t hose i n Fi g . 4a,

wi t h an aver age $t i p of 2 . 6 r ad i n 0. 1 mMATP

and 3. 0 r ad i n 1 mMATP.

Lack of Qui escence i n Symmet r i cal l y

Beat i ng Sper m

As yet we have been unabl e t o i nduce a hi gh

per cent age of qui escence i n pot ent i al l y symmet r i c

sper mr eact i vat ed wi t h ATP. The hi ghest l evel s of

qui escence wer e obt ai ned by addi ng 0. 1- 0. 3 mM

f r ee Ca" t o t he r eact i vat ed sper m f i r st so as t o

i nduce r el at i vel y asymmet r i c beat i ng ( 4) , and t hen

addi ng an addi t i onal 0. 5 mMCa" . Thi s pr ocedur e

usual l y caused - 5- 10% of t he sper m t o become

qui escent wi t h t he t ypi cal wavef or m, al t hough i n

occasi onal pr epar at i ons t he per cent age was as hi gh

as 50%. I n al l cases, t he r est of t he sper m i n t he

pr epar at i ons cont i nued t o swi m wi t h asymmet r i c

wavef or ms.

We have al so at t empt ed t o i nduce qui escence i n

r eact i vat ed sper m of Col obocent r ot us usi ng t he

st andar d pr ocedur e devel oped f or Tr i pneust es, but

t he per cent age of qui escence obt ai ned was usual l y

onl y 5- 10%. I n qui escent r eact i vat ed sper m of

Col obocent r ot us, t he angl e of t he pr oxi mal bend

was - 3 r ad, subst ant i al l y l ess t han t hat i n r eact i -

vat ed sper m of Tr i pneust es, al t hough si mi l ar t o

t hat i n qui escent l i ve sper mof Tr i pneust es ( 11) .

DI SCUSSI ON

The pr esent r esul t s demonst r at e t hat a uni f or m

qui escent st at e can be i nduced by addi t i on of Ca"
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t o demembr anat ed Tr i pneust es sper m, and t hat

many of t he pr oper t i es of t hi s st at e r esembl e t hose

of qui escence i n l i ve sper m. The wavef or m of

qui escent r eact i vat ed sper m i s si mi l ar t o t hat of

qui escent l i ve sper m, al t hough t he angl e of t he

pr oxi mal bend i s subst ant i al l y gr eat er . Wi t h ap-

pr opr i at e car e, qui escence i n r eact i vat ed sper m

can be r ever sed by r educt i on i n f r ee Ca" concen-

t r at i on t hr ough addi t i on of excess EGTA, or by a

r educt i on i n ATP concent r at i on t hr ough di l ut i on.

I n bot h r eact i vat ed sper mand i onophor e- t r eat ed

l i ve sper m, a f r ee Ca" concent r at i on i n t he r ange

0. 05- 0 . 1 mMi s suf f i ci ent t o i nduce qui escence i n

most of t he sper m( 11) .

Our obser vat i ons i ndi cat e t hat Ca" - i nduced

qui escence r epr esent s an act i ve st at e of t he f l agel -

l um i n whi ch many of t he dynei n cr oss- br i dges

r emai n pot ent i at ed t o pr oduce sl i di ng bet ween t he

doubl et t ubul es of t he axoneme . Thi s concl usi on

i s suppor t ed pr i mar i l y by t he mechani cal f r agi l i t y

of qui escent f l agel l a and by t hei r r equi r ement f or

t he cont i nued pr esence of a hi gh concent r at i on of

MgATP2- , bot h of whi ch ar e compl et el y cont r ar y

t o t he pr oper t i es of f l agel l a i n a r i gor st at e ( 14) .

On t he basi s of our r esul t s wi t h bot h r eact i vat ed

and l i ve sper m ( 11) , we t hi nk i t most l i kel y t hat

t he wavef or m of qui escent f l agel l a i s l ar gel y t he

r esul t of an asymmet r i cal di st r i but i on of act i vi t y

among t he dynei n ar ms, i n whi ch t he ar ms r espon-

si bl e f or gener at i ng r ever se bends on t he f l agel l um

ar e i nhi bi t ed, pr esumabl y i n a r el axed st at e, by t he

pr esence of Ca" , whi l e t hose r esponsi bl e f or gen-

er at i ng pr i nci pal bends r emai n pot ent i at ed . Thi s

concl usi on i s suppor t ed most di r ect l y by t he f act

t hat agi ng or gent l e mechani cal agi t at i on of qui es-

cent r eact i vat ed f l agel l a causes smal l bundl es of

mi cr ot ubul es t o sl i de out and f or m a l oop on t he

axoneme, wi t h a concomi t ant decr ease i n t he angl e

of t he pr oxi mal bend, and by t he f act t hat smal l

gr oups of t ubul es t hat have separ at ed f r om qui es-

cent axonemes ar e capabl e of pr opagat i ng r e-

peat ed bendi ng waves . Evi dence t hat t ubul e sl i d-

i ng of t he f or mer t ype i s power ed by t he dynei n

ar ms on adj acent doubl et t ubul es by a mechano-

chemi cal cr oss- br i dge cycl e dr i ven by dephospho-

r yl at i on of MgATP2- ( 13, 34, 37) has been ob-

t ai ned pr evi ousl y by st udy of i sol at ed f l agel l ar

axonemes br i ef l y di gest ed wi t h t r ypsi n . Addi -

t i onal , l ess di r ect suppor t i s pr ovi ded by t wo ot her

pr oper t i es of qui escent f l agel l a, namel y, t he gr aded

decr ease i n pr oxi mal bend angl e wi t h i ncr easi ng

concent r at i ons of vanadat e, whi ch i s i n qual i t at i ve

accor dance wi t h t he known sensi t i vi t y of t he dy-



nei n cr oss- br i dge t o i nhi bi t i on by vanadat e ( 19,

32) , and t he r equi r ement f or cont i nued pr esence

of a hi gh concent r at i on of MgATP2- . The l at t er ,

i n par t i cul ar , appear s t o excl ude t he possi bi l i t y of

a pur el y Cat +- dr i ven mechani sm l i ke t hat under -

l yi ng t he cont r act i on of t he spasmoneme i n t he

ci l i at e Vor t i cel l a ( 1) , si nce such a mechani sm

woul d r equi r e onl y a l ow l evel of MgATP2- suf -

f i ci ent t o mai nt ai n t he dynei n ar ms i n a det ached

st at e . Bendi ng as a r esul t of act i ve sl i di ng bet ween

t he t wo cent r al t ubul es appear s t o be pr ecl uded,

because t hi s woul d pr oduce bendi ng wi t hi n t he

pl ane of t he cent r al t ubul es, per pendi cul ar t o t he

nor mal pl ane of beat , and so woul d pr esumabl y

l ead t o t hr ee- di mensi onal waves dur i ng st oppi ng

and st ar t i ng t r ansi ent s ; such nonpl anar beat i ng

has not been obser ved ( 20, 22) . Thus, at t he pr esent

t i me, t he most l i kel y basi s of t he qui escent wave-

f or m appear s t o be a Ca" - i nduced asymmet r y i n
t he di st r i but i on of dynei n cr oss- br i dge act i vi t y on

t he ni ne doubl et t ubul es of t he axoneme . Thi s

hypot hesi s r ecei ves some i ndependent suppor t

f r omt he pr el i mi nar y r epor t of t hr ee di st i nct cl asses

of dynei n ( f r om Par ameci um ci l i a) t hat di f f er i n

t hei r r esponse t o r egul at or y concent r at i ons of Ca"
( 10) .

The di sr upt i on caused by mi l d mechani cal agi -

t at i on i ndi cat es t hat t he f l agel l a of qui escent r eac-

t i vat ed sper m ar e ver y hi ghl y st r essed, and ar e at

t he poi nt of t ear i ng t hemsel ves apar t . I f we accept

f or t he pr esent t hat axonemal t wi st i ng does not
occur t o any maj or ext ent i n qui escent r eact i vat ed

f l agel l a and t hat t he ef f ect i ve di amet er of t he

axoneme i s 165 nm ( 17, 39) , t hen t he aver age

pr oxi mal bend angl e of 5 . 6 r ad and t he t i p angl e

of 1 . 1 r ad cor r espond t o t ot al sl i di ng di spl acement s

bet ween each pai r of adj acent doubl et t ubul es of
- 280 r i m. i n t he mi dr egi on of t he f l agel l um and
360 nm at t he t i p ( 33) . Thi s di spl acement woul d

r epr esent at l east a t enf ol d ext ensi on of t he nexi n

l i nks t hat ar e t hought t o be t he pr i nci pal st r uct ur es

l i mi t i ng t he amount of sl i di ng bet ween t ubul es

and mai nt ai ni ng t he i nt egr i t y of t he beat i ng axo-

neme, f or t he nexi n l i nks appear t o have a r est

l engt h of - 18- 30 nm i n st r ai ght axonemes ( 16) .

Whi l e so gr eat an ext ensi bi l i t y i s qui t e except i onal

f or a pr ot ei n st r uct ur e, t her e i s i ndependent el ec-

t r on mi cr oscope evi dence t hat t he nexi n l i nks ar e

hi ghl y el ast i c and capabl e of bei ng st r et ched t o
300 r i m. ( 8, 31, 38) . Our dat a showi ng t he me-

chani cal f r agi l i t y of qui escent r eact i vat ed f l agel l a
suggest t hat t hi s gr eat an ext ensi on i s cl ose t o t he
el ast i c l i mi t of t he nexi n l i nks . The r andom f r ac-

t ur e of a smal l number of nexi n l i nks i n any hi ghl y

st r essed r egi on of t he axoneme mi ght be expect ed
t o pl ace an addi t i onal shear st r ess on nei ghbor i ng

i nt act l i nks so t hat t hese woul d become mor e l i abl e

t o f r act ur e, causi ng t he di sr upt ed r egi on t o spr ead

cooper at i vel y al ong much of t he l engt h of t he
axoneme . The amount of di st or t i on of wavef or m

seen i n qui escent f l agel l a t hat have been aged f or
15- 30 mi n suggest s t hat such ext ended di sr upt ed

r egi ons ar e pr esent i n most axonemes by t hi s t i me.
The f act t hat qui escent sper maged i n t he pr esence
of 10 1, M vanadat e ( whi ch causes an ^- 50% de-

cr ease i n pr oxi mal bend angl e, and pr esumabl y

al so a r oughl y pr opor t i onal decr ease i n t he sl i di ng

di spl acement bet ween t ubul es) do not show such

st r uct ur al di si nt egr at i on when t he vanadat e i nhi -

bi t i on i s r ever sed wi t h cat echol af t er agi ng, ar gues

agai nst t he al t er nat i ve possi bi l i t y t hat degr adat i on

of axonemal st r uct ur es by a Ca" - act i vat ed sper m

pr ot ease i s a maj or f act or i n t he obser ved di sr up-

t i on . I t seems l i kel y t hat t he t ear i ng t hat occur s as

a consequence of t he excessi ve st r ai n const i t ut es

t he l i mi t i ng f act or i n det er mi ni ng t he degr ee t o

whi ch qui escence can be r ever sed by subsequent

r educt i on i n f r ee Ca" concent r at i on wi t h EGTA.

The f act t hat a somewhat gr eat er r ever sal can

usual l y be obt ai ned by l ower i ng t he ATP concen-

t r at i on t han by l ower i ng t he f r ee Ca" may be t he

r esul t of r eact i vat i on at l ow ATP concent r at i ons

bei ng l ess demandi ng on axonemal i nt egr i t y and

opt i mal r eact i vat i on condi t i ons t han r eact i vat i on

at hi gh ATP concent r at i on ( 3) .

The exi st ence of a smal l r ever se bend i n t he

mi dr egi on of qui escent demembr anat ed f l agel l a

seems unl i kel y t o be due t o r esi dual act i vi t y of t he

dynei n cr oss- br i dges t hat usual l y pr oduce r ever se

bends i n beat i ng f l agel l a, f or i t i s sel dom seen i n

qui escent l i ve sper m. A mor e l i kel y possi bi l i t y,

per haps, i s t hat i t hel ps accommodat e t he enor -

mous shear st r ai n t hat r esul t s f r om t he l ar ge pr ox-

i mal bend angl e i n qui escent r eact i vat ed sper m. I f

t hi s shear st r ai n pr oduces a si gni f i cant amount of

axonemal t wi st i ng ar ound t he l ong axi s ( 17, 23) ,

t hen t he r ever se bend i n t he f l agel l ar mi dr egi on

mi ght be a r eact i on t hat par t i al l y al l evi at es t he

shear st r ai n i n t hi s r egi on . I t i s wor t h not i ng t hat

t he r ever se bend i s compl et el y l ost upon addi t i on

of l owconcent r at i ons of vanadat e ( e. g . , 5 pM) t hat

cause onl y a r el at i vel y smal l r educt i on i n t he angl e

of t he pr oxi mal bend . The over l ap of sper mhead

and axoneme i n t he pr oxi mal r egi on of qui escent

r eact i vat ed sper m i ndi cat es t hat t her e has t o be

some nonpl anar i t y of t he bend i n t hi s r egi on, but
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our obser vat i ons do not i ndi cat e t hat t he qui escent

r eact i vat ed f l agel l um shows any maj or depar t ur e

f r om a pl anar wavef or m.

Our r esul t s i ndi cat i ng t hat a MgATP2- concen-

t r at i on of 0 . 6 mMor gr eat er i s r equi r ed t o i ni t i at e

and mai nt ai n qui escence i n t he maj or i t y of sper m

coul d be i nt er pr et ed i n t wo ways. One possi bi l i t y

i s t hat a hi gh r at e of cycl i ng of t he dynei n ar ms

t hat gener at e pr i nci pal bends i s r equi r ed t o make

t he f l agel l um bend suf f i ci ent l y t o become qui es-
cent . At a MgATP2- concent r at i on of 0 . 3 mM,

onl y - 10% of t he sper m become qui escent , al -

t hough t he f l agel l ar beat f r equency ( 25 Hz) i s 69%

of t hat i n 1 mM MgATP2- ( 36 Hz) ( 19) , whi ch

woul d appear t o i ndi cat e t hat a near maxi mum
r at e of cr oss- br i dge cycl i ng i s r equi r ed f or qui es-
cence i n most sper m under t hese condi t i ons . The

second possi bi l i t y i s t hat t he Cat + - i nduced i nhi -
bi t i on of t he dynei n ar ms t hat gener at e r ever se

bends may r equi r e a hi gh MgATP2- concent r at i on

t o be f ul l y ef f ect i ve ; t hi s woul d al so pr ovi de an

expl anat i on f or t he asymmet r y of t he f l agel l ar

bendi ng waves decr easi ng i n a gr aded manner as

t he MgATP2- concent r at i on i s l ower ed f r om 0 . 6

t o 12 pm. I t may be not ed t hat t hese t wo possi bi l -

i t i es ar e not mut ual l y excl usi ve .

The gr aded decr ease i n pr oxi mal bend angl e

wi t h vanadat e concent r at i ons of 1- 50 pMi ndi cat es

t hat t her e i s suf f i ci ent r esi dual cr oss- br i dge act i vi t y

t o mai nt ai n a subst ant i al pr i nci pal bend angl e at

concent r at i ons of vanadat e up t o t en t i mes t hose

r equi r ed t o st op compl et el y osci l l at or y f l agel l ar

beat i ng under si mi l ar condi t i ons ( 19, 26) . Thi s i s
i n gener al agr eement wi t h t he obser vat i ons of

Cande and Wol ni ak ( 7) and of Sal e and Gi bbons

( 32) , al t hough i t i s not possi bl e t o make a quant i -

t at i ve compar i son, because, unl i ke t he ot her cases

st udi ed, t he qui escent f l agel l um i s a st at i c syst em

doi ng no ext er nal wor k . Our r esul t s i ndi cat e t hat

i n exper i ment s wher e compl et e i nhi bi t i on of dy-

nei n cr oss br i dge act i vi t y i s desi r ed, t he concent r a-

t i on of vanadat e shoul d be >50 t t M, and possi bl y

as hi gh as 1 mM.

The mechani sms i nvol ved i n qui escence appear
t o be cl osel y r el at ed t o t hose i n asymmet r i cal
beat i ng, f or t he condi t i ons t hat f avor obt ai ni ng a
hi gh per cent age of qui escence ar e t he same as
t hose t hat pr oduce a hi gh degr ee of asymmet r y,

and vi ce ver sa . Dr awi ng on t he wor k of Br okaw

and col l abor at or s on asymmet r y ( 2, 4) , whi ch we

have cor r obor at ed her e wi t h t he speci es Tr i p-

neust es, i t i s cl ear t hat ( a) bot h asymmet r y and
qui escence can be r egul at ed by changi ng t he con-
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cent r at i on of f r ee Ca
21 i n t he r eact i vat i ng sol ut i on,

( b) bot h ar e f avor ed by t he absence of Ca2' dur i ng

demembr anat i on, so t hat t he demembr anat ed

sper m ar e i n t he pot ent i al l y asymmet r i c st at e, ( c)

f or f ul l ef f ect , bot h r equi r e t he pr esence of a

r el at i vel y hi gh concent r at i on of MgATP2- ( - 1

mM) i n t he r eact i vat i ng medi um, ( d) bot h ar e

er adi cat ed by mi l d di gest i on wi t h t r ypsi n ( 3, 6) ,
and ( e) bot h occur onl y t o a l i mi t ed ext ent i n
sper mof t he speci es Col obocent r ot us. The nar r ow

r anges of Ca 2' and MgATP2- concent r at i on t hat

appear t o be r equi r ed t o obt ai n a hi gh per cent age

of qui escence may expl ai n why i t has not been

obser ved pr evi ousl y i n asymmet r i cal l y swi mmi ng
r eact i vat ed sea ur chi n sper m ( 2, 4) .

Al t hough our r esul t s bear onl y i ndi r ect l y on t he

mechani sms i nvol ved i n asymmet r i cal beat i ng,

t hey t end t o suppor t t he vi ew t hat t he l at t er i s t he

r esul t of an asymmet r i cal act i vi t y of dynei n ar ms

t hat pr oduces a pat t er n of beat i ng i n whi ch t he

appar ent " r est posi t i on" of t he f l agel l umi s cur ved

i n t he pr i nci pal bend di r ect i on ( 2, 20) . The st r ong-

est evi dence f or t hi s vi ew der i ves f r om compar i son

of t he ef f ect s of addi ng ei t her 0 . 1 or 1 mMATP t o
i ni t i al l y st r ai ght , pot ent i al l y asymmet r i c sper m i n

a medi umcont ai ni ng 2 mMMgS04, 0 . 1 mMf r ee

Ca t + , and 10 pMvanadat e . Under such condi t i ons,

i f t he vanadat e wer e not pr esent , t he addi t i on of

0 . 1 mM ATP woul d cause asymmet r i c beat i ng,

whi l e t he 1 mMATP woul d i nduce t he st andar d

qui escent wavef or m. However , i n t he pr esence of

10 pMvanadat e, osci l l at or y beat i ng i s pr event ed

and t he f l agel l a assume a si mi l ar , gent l y bent f or m

i n bot h cases . The si mi l ar i t y of t hese wavef or ms

emphasi zes t he cl ose r el at i onshi p of asymmet r i c

beat i ng and qui escence.

Our st udy of f l agel l ar wavef or ms dur i ng st op-

pi ng and st ar t i ng t r ansi ent s suggest s t hat a f l agel -

l um becomes qui escent when t he l evel of asym-

met r y i n i t s bendi ng waves at t ai ns a cer t ai n cr i t i cal

l evel at whi ch no new r ever se bends can be i ni t i -

at ed ( 20) . Thi s hypot hesi s i s suppor t ed by t he f act

t hat t he degr ee of asymmet r y i s t he par amet er of

t he f l agel l ar waves t hat usual l y shows t he gr eat est

r ange of var i at i on among t he di f f er ent i ndi vi dual

sper m i n r eact i vat ed pr epar at i ons ( 2, 12) , and t hat

t hi s br oad scat t er i n asymmet r y appear s r oughl y

t o cor r espond t o t he br oad r ange of f r ee Ca 21

concent r at i ons t hat ar e r equi r ed t o make t he di f -

f er ent sper m i n a pr epar at i on become qui escent .

However , whi l e t he vi ew t hat a cer t ai n cr i t i cal

l evel of asymmet r y must be at t ai ned bef or e qui -

escence occur s may wel l be val i d f or t he sper m i n



a gi ven r eact i vat ed pr epar at i on, i t i s cl ear l y an

over si mpl i f i cat i on f or i t pr ovi des no expl anat i on

f or t he di f f er ent l evel s of asymmet r y ( as i ndi cat ed

by ot i , ) i n t he qui escent wavef or ms of r eact i vat ed

sper m and of l i ve and i onophor e- t r eat ed sper m.

For exampl e, 4) t i p i n qui escent r eact i vat ed sper m

aver ages 6 . 4 r ad, subst ant i al l y gr eat er t han i t s

val ue of 3 . 6 r ad i n qui escent l i ve and i onophor e-

t r eat ed sper m, whi ch i s i n t ur n gr eat er t han t he

angl e of 2. 4 r ad i n qui escent l i ve sper m wi t h shor t

f l agel l a ( 11, 20) . Thi s var i at i on i ndi cat es t hat whi l e

a hi gh degr ee of asymmet r y may wel l be a neces-

sar y pr er equi si t e f or qui escence, i t i s not i n i t sel f

suf f i ci ent , and t hat t her e ar e addi t i onal f act or s t hat

i nf l uence t he cr i t i cal l evel of asymmet r y at whi ch

t he t r ansi t i on t o qui escence occur s . Our pr el i mi -

nar y exper i ment s ment i oned above, t oget her wi t h

t he r esul t s of Gol dst ei n ( 21) , suggest t hat one of

t hese addi t i onal f act or s may be pH.

The degr ee of asymmet r y i n r eact i vat ed sper m

depends par t l y on t he concent r at i on of Ca" i n t he

r eact i vat i ng medi um, but i s al so i nf l uenced t o a

maj or ext ent by whet her t he sper m wer e demem-

br anat ed under pot ent i al l y symmet r i c or pot en-

t i al l y asymmet r i c condi t i ons, i . e. , i n t he pr esence

or absence of Ca" ( 4) . The chemi cal nat ur e of t he

di f f er ence pr oduced by t he pr esence or absence of

Ca' i n t he demembr anat i ng sol ut i on has not yet

been i dent i f i ed, but t he f act t hat we do not see t he

ext r eme f or ms of Cat ' - i nduced asymmet r y of r eac-

t i vat ed sper m ( 2, 18, 20) i n i onophor e- t r eat ed

sper m, or i n l i ve sper mswi mmi ng i n seawat er wi t h

el evat ed K+ ( 11) , suggest s t hat l i ve sper m ar e

usual l y i n a st at e r esembl i ng pot ent i al l y symmet r i c

r eact i vat ed sper m.

A Ca
21

concent r at i on of bet ween 0. 1 and 1 AM

has been r epor t ed t o pr oduce ar r est i n demem-

br anat ed l at er al ci l i a i n gi l l f i l ament s of El l i pt i o,

wher eas a 100- f ol d hi gher concent r at i on i s needed

t o ar r est t he l at er o- f r ont al and f r ont al ci l i a ( 36) .

I n demembr anat ed cel l s of sever al ot her or ga-

ni sms, t wo di st i nct modes of ci l i ar y or f l agel l ar

behavi or , cor r espondi ng appr oxi mat el y t o Ca 21

concent r at i ons bel ow and above 1 AM, have been

descr i bed ( 24, 25, 29) . To i nduce a maxi mum

per cent age of qui escence i n pr epar at i ons of r eac-

t i vat ed sea ur chi n sper m, i t appear s t hat a Ca
21

concent r at i on of 50- 100 AM i s r equi r ed, whi ch

suggest s t hat t he af f i ni t y of t he Ca" - bi ndi ng si t es

i n t he sper m f l agel l a i s mor e l i ke t hat of t he l at er o-

f r ont al and f r ont al gi l l ci l i a t han t hat of t he l at er al

ci l i a . The f act t hat supr aopt i mal concent r at i ons of

f r ee Ca
21

( 1- 2 mM) i nduce mot i l i t y r at her t han

qui escence i n bot h demembr anat ed and i ono-

phor e- t r eat ed sper m of Tr i pneust es may be a con-

sequence of t he f or mat i on of CaATP2- , f or t hi s

wi l l r educe t he concent r at i on of MgATP2- , and

al so compet e wi t h t he r emai ni ng MgATP2- f or

bi ndi ng si t es on t he axoneme ( 12) . Si nce qui es-

cence r equi r es a r el at i vel y hi gh concent r at i on of

MgATP2- f or i t s i ni t i at i on and mai nt enance, such

dual compet i t i on mi ght be expect ed t o have a ver y

not i ceabl e ef f ect .

At pr esent , not hi ng i s known about t he pr oper -

t i es of t he pr ot ei n( s) i nvol ved i n Ca" - dependent

r egul at i on of ci l i ar y and f l agel l ar beat i ng . The

Ca t + - dependent r egul at or pr ot ei n of r at t est i s ( cal -

modul i n) has been char act er i zed and shown t o

have f our equi val ent bi ndi ng si t es f or Ca" , each

wi t h a di ssoci at i on const ant of 2 . 4 AM( 9) . Such a

hi gh af f i ni t y i s compat i bl e wi t h a r egul at i on of t he

di r ect i on of ci l i ar y beat i ng by AM l evel s of Cat
+,

as i t seems t o be i n sever al or gani sms . However , i n

sea ur chi n sper m f l agel l a, a f r ee Ca
21

concent r a-

t i on of - 100 AMhas been r epor t ed t o be r equi r ed

f or maxi mum asymmet r y ( 2, 4) , and we have

f ound about t he same concent r at i on necessar y t o

obt ai n a maxi mum per cent age of qui escence .

These f i ndi ngs t oget her suggest t hat at l east some

of t he Ca" bi ndi ng si t es i n sea ur chi n sper m

f l agel l a have l ower af f i ni t i es of t he or der of 100

AMunder t he condi t i ons used f or f l agel l ar r eact i -

vat i on. I t i s possi bl e t hat t he pr oper t i es of t he

f l agel l a Ca t +- bi ndi ng si t es ar e modi f i ed by de-

membr anat i on wi t h Tr i t on X- 100 i n t he pr esence

of 5 mMCa" . Hol wi l l and McGr egor ( 24) r e-

por t ed t hat pr epar at i ons of Cr i t hi di a demembr a-

nat ed wi t h Noni det P- 42 coul d not be made t o

pr opagat e f l agel l ar waves pr oxi mal l y i n a sus-

t ai ned f ashi on as do t he l i ve cel l s, wher eas gl yc-

er ol - t r eat ed cel l s behave l i ke t he l i ve cel l s and

pr opagat e waves i n ei t her di r ect i on dependi ng

upon t he i nt r acel l ul ar f r ee- Ca
21

concent r at i on,

and i nt er pr et ed t hi s t o i ndi cat e t hat ei t her t he

pr esence of t he membr ane i s essent i al f or pr oxi -

mal l y- di r ect ed wave pr opagat i on, or t he det er gent

t r eat ment i t sel f al t er s t he Ca 2+ - dependent r egul a-

t or y mechani sm.

The Ca 2+ - i nduced qui escence whi ch we have

descr i bed her e, and t he r el at ed phenomenon of

ar r est i n ci l i a, ar e not t he onl y known pr ocedur es

f or obt ai ni ng a r ever si bl e cessat i on of f l agel l ar

beat i ng . The pr evi ous wor k of Br okaw and Si -

moni ck ( 5) descr i bed a r ever si bl e i nhi bi t i on of

mot i l i t y i n r eact i vat ed sea ur chi n sper m by C0 2

and i ndi cat ed t hat t he i nhi bi t i on af f ect s one of t he
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r egul at or y mechani sms under l yi ng f l agel l ar move-

ment r at her t han t he act i ve sl i di ng pr ocess i t sel f .

Ar ever si bl e i nhi bi t i on of mot i l i t y by l ower ed pH

has been descr i bed by Gol dst ei n ( 21) . I n t hi s case

t he sper mar e usual l y near l y st r ai ght i n t he qui es-

cent st at e, and t he r esul t s demonst r at ed t hat t he

pr i nci pal and r ever se bends possess di f f er ent sen-

si t i vi t i es t o pH. At hi r d f or mof r ever si bl e cessat i on

of mot i l i t y occur s upon depr i vat i on of ATP ( 14,

21) . The possi bl e r el at i onshi ps bet ween t he mech-

ani sms under l yi ng t hese var i ous i nduced qui escent

st at es r emai n t o be det er mi ned .

The r esul t s i n t hi s paper demonst r at e cl ear l y

t hat demembr anat ed f l agel l a i n whi ch t he dynei n

cr oss- br i dges ar e pot ent i at ed by t he pr esence of

MgATP2- , but i n whi ch osci l l at or y bendi ng i s

i nhi bi t ed ar e capabl e of bendi ng, st r ai ght eni ng,

and r ebendi ng under appr opr i at e condi t i ons .

Cl ear i nst ances of such bendi ng and st r ai ght eni ng

ar e pr ovi ded by t he ATP- i nduced bendi ng of

st r ai ght f l agel l a of pot ent i al l y asymmet r i c sper m

i n whi ch osci l l at or y beat i ng i s i nhi bi t ed by 10 I i M

vanadat e added bef or e t he ATP, by t he decr ease

of - - - 50% i n pr oxi mal bend angl e upon addi ng 50

, uM vanadat e t o sper m f l agel l a pr evi ousl y made

qui escent by addi t i on of Ca t ` and ATP, and by

t he r ecover y of t he st andar d qui escent wavef or m

upon r ever sal of vanadat e i nhi bi t i on wi t h cat echol

( 19) . Achange i n t he angul ar or i ent at i on of non-

beat i ng ci l i a i n Par ameci um, upon addi t i on of

Cat + , ATP, and Zn2+, has been r epor t ed by Nai t oh

( 28) , and a r esponse of non- beat i ng ci l i a of Myt i l us

t o mechani cal st i mul at i on has been descr i bed by

Mot okawa and Takahashi ( 27) .

I t has not so f ar been possi bl e t o det er mi ne t he

l ocal i zat i on of t he dynei n cr oss- br i dge act i vi t y r e-

sponsi bl e f or gener at i ng bends dur i ng nor mal f l a-

gel l ar beat i ng. However , t he bendi ng of t he whol e

l engt h of a non- beat i ng f l agel l um i nt o a near l y

ci r cul ar ar c, such as Fi g . 4b, i s r emi ni scent of a

bi met al l i c st r i p, and i t suggest s t hat under t hese

condi t i ons t he shear st r ess pr oduced by a uni f or m

cr oss- br i dge act i vi t y di st r i but ed al ong t he whol e

l engt h of t he f l agel l umi s opposed by a si mi l ar l y

uni f or m r esi st ance t o sl i di ng and bendi ng. The

accr et i on of cur vat ur e i n t he pr oxi mal r egi ons of
f l agel l a wi t h a somewhat hi gher l evel of cr oss-

br i dge act i vi t y ( Fi g . 4 a) , suggest s i n t ur n t hat an

i ncr ease i n shear st r ai n beyond a cer t ai n l evel

r esul t s i n t r ansf er of much of t hat st r ai n t o t he

vi ci ni t y of t he cent r i ol ar bl ock t o sl i di ng at t he
pr oxi mal end of t he f l agel l um. At t he pr esent t i me,

t he r el at i onshi p of t hese pat t er ns of bendi ng i n t he
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pr esence of vanadat e t o t hose t hat occur dur i ng

nor mal osci l l at or y beat i ng i s not cl ear , but i t seems

possi bl e t hat t he gener al appr oach of i nvest i gat i ng

t he bendi ng and st r ai ght eni ng of demembr anat ed

f l agel l a under non- osci l l at or y condi t i ons may be

a usef ul way t o obt ai n i nf or mat i on about t he

f act or s r egul at i ng t he act i vi t y of dynei n cr oss-

br i dges at di f f er ent posi t i ons on t he f l agel l um, as

wel l as about t he pr oper t i es of t he st r uct ur al com-

ponent s t hat r esi st act i ve sl i di ng bet ween t ubul es

and conver t i t i nt o bendi ng .

Thi s wor k has been suppor t ed by Nat i onal I nst i t ut e of

Chi l d Heal t h and Devel opment gr ant HD06565 .

Recei vedf or publ i cat i on 16 Jul y 1979, and i n r evi sedf or m

25 Sept ember 1979.
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