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ABSTRACT The cent r i ol es of cni dar i an sper m associ at e wi t h st r i at ed speci al i zat i ons ( per i cen-

t r i ol ar pr ocesses) dur i ng sper mi ogenesi s . Thr ee f unct i ons have been pr oposed f or t he r ol e of

t hese st r uct ur es : ( a) an anchor i ng mechani sm f or t he sper mf l agel l um, ( b) a si gnal - t r ansmi t t i ng

mechani sm f or communi cat i on bet ween sper m head and t ai l , and ( c) a cont r act i l e mechani sm

i nvol ved i n mot or f unct i on of t he sper m f l agel l um. To i nvest i gat e t hese pr oposed f unct i ons,

we devel oped a t echni que f or t he i sol at i on and pur i f i cat i on of Hydr act i ni a sper m di st al

cent r i ol es wi t h at t ached per i cent r i ol ar pr ocesses . SI DS pol yacr yl ami de el ect r ophor et i c pr of i l es

of whol e sper m and per i cent r i ol ar pr ocess pr ot ei ns r eveal ed a pr omi nent pr ot ei n t hat comi -

gr at es wi t h r abbi t and penaei d shr i mp muscl e act i n . To l abel and l ocal i ze act i n i n hydr oi d

sper m, we pr oduced i n r abbi t s a hi ghl y speci f i c ant i ser umt o i nver t ebr at e act i n t hat cr oss- r eact s

wi t h bot h i nver t ebr at e and ver t ebr at e muscl e and nonmuscl e act i n . I mmunof l uor escent doubl e

ant i body l abel i ng of hydr oi d sper m wi t h ant i act i n has demonst r at ed t he pr esence of act i n i n

t he per i cent r i ol ar pr ocess r egi on of t he sper m. I n ear l i er r epor t s, i t has been pr oposed t hat

per i cent r i ol ar pr ocesses, i f cont r act i l e, coul d al t er t he mi d- pi ece asymmet r y of hydr oi d sper m,

f aci l i t at i ng t he di r ect i onal mot i l i t y t hat t hese cel l s demonst r at e i n r esponse t o egg- r el eased

chemoat t r act ant s . The pr esent r esul t s suppor t t hi s hypot hesi s .

St r i at ed speci al i zat i ons ar e common subcel l ul ar el ement s as-

soci at ed wi t h cent r i ol es and basal bodi es i n a gr eat var i et y of

cel l t ypes ( 27) . The st r i at ed, myof i br i l l ar - l i ke appear ance of

t hese st r uct ur es has l ed sever al i nvest i gat or s t o suggest t hat

t hey may be cont r act i l e i n nat ur e ( 13, 30) . Recent l y, t he

cal ci um- dependent cont r act i l e nat ur e of one such st r i at ed cen-

t r i ol ar speci al i zat i on, t he r hi zopl ast of gr een al ga, has been

cl ear l y demonst r at ed ( 29) .

We have been wor ki ng wi t h t he st r i at ed cent r i ol ar speci al i -

zat i ons ( per i cent r i ol ar pr ocesses) associ at ed wi t h t he di st al

cent r i ol es of cni dar i an sper m. For sever al year s i t has been

r ecogni zed t hat cni dar i an sper m r espond t o egg- or f emal e-

r el eased chemoat t r act ant s . Two t heor i es account i ng f or t hi s

behavi or have been post ul at ed. One opi ni on has been t hat

al t er at i ons i n t he wave f or m of f l agel l ar beat may be r espon-

si bl e f or t he di r ect i onal sel ect i vi t y of chemot act i cal l y st i mul at ed

sper m ( 18) . Unf or t unat el y, not al l chemot act i c sper mdemon-

st r at e t hese wave f or m al t er at i ons dur i ng t ur ni ng ( 22) . I t has

been pr oposed t hat t he di r ect ed swi mmi ng of cni dar i an sper m
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may be at t r i but abl e t o a cont r act i l e mechani sm associ at ed wi t h

t he di st al cent r i ol e ( 3, 12, 13) . Such a cont r act i l e mechani sm

woul d f unct i on t o al t er mi d- pi ece symmet r y, changi ng t he

angul ar r el at i onshi p bet ween sper m head and t ai l , gi vi ng t he

sper ma " r udder " capabi l i t y . The hypot hesi s i s based on sever al

obser vat i ons: ( a) t her e appear s t o be a pr onounced al t er at i on

i n t he head- t ai l angl e dur i ng sper m t ur ni ng ( 12) ; ( b) cni dar i an

sper m di st al cent r i ol es ar e associ at ed wi t h st r i at ed per i cent r i o-

l ar pr ocesses, whi ch, i f cont r act i l e, ar e pr oper l y shaped and

posi t i oned t o f aci l i t at e al t er at i ons i n sper mmi d- pi ece symmet r y

( 3, 13) ; ( c) cent r i ol es and t hei r associ at ed speci al i zat i ons such

as r oot l et s ar e capabl e of i ndependent ATPase act i vi t y ( 1, 16,

30) ; and ( d) as ment i oned pr evi ousl y, such st r uct ur es have now

been demonst r at ed t o be capabl e of cont r act i on ( 29) .

To i ncr ease under st andi ng of t he st r uct ur e and f unct i on of

per i cent r i ol ar pr ocesses and t he r ol e of di st al cent r i ol es i n

sper m mot i l i t y, we have used t wo i nvest i gat i ve appr oaches .

Fi r st , t echni ques f or t he i sol at i on of sper m di st al cent r i ol es

wi t h i nt act per i cent r i ol ar pr ocesses have been devel oped . Such

87



t echni ques ar e pr er equi si t e t o t he mol ecul ar char act er i zat i on

of t hese st r uct ur es . For t hi s pur pose we chose t he hydr ozoan,

Hydr act i ni a echi nat a, whi ch possesses si mpl e sper mwe t hought

mi ght l end t hemsel ves t o di sr upt i on and or ganel l e i sol at i on .

Second, keepi ng i n mi nd t hat act i n i s gener al l y accept ed as a

component of cel l ul ar and subcel l ul ar cont r act i on, we have

pr oduced an ant i body t o i nver t ebr at e act i n ( 14) . Usi ng i ndi r ect

i mmunof l uor escence mi cr oscopy wi t h t hi s ant i body, we have

speci f i cal l y i dent i f i ed and l ocal i zed act i n i n Hydr act i ni a sper m.

MATERI ALS AND METHODS

Acqui si t i on of Sper m

Mal e col oni es of Hydr act i ni a echi nat a wer e col l ect ed and mai nt ai ned on shel l s

occupi ed by Pagur us sp. her mi t cr abs . The col oni es wer e f ed heavi l y on Ar t emi a

naupl i i unt i l f ul l sexual mat ur at i on . Dur i ng t hi s per i od, t he col oni es wer e mai n-

t ai ned under cont i nuous phot oexposur e t o pr event spawni ng. Mat ur e col oni es

wer e spawned by exposur e t o an i nt ense i ncandescent l i ght sour ce af t er a 12- h

dar k per i od ( 2) .

El ect r on Mi cr oscopy

Whol e gonophor es cont ai ni ng l at e sper mat i ds and mat ur e sper m wer e f i xed

i n Kar novsky' s ( 11) gl ut ar al dehyde- par af or mal dehyde mi xt ur e buf f er ed wi t h 0 . 1

Mphosphat e. The t i ssue was dehydr at ed wi t h acet one, embedded i n epoxy r esi n

( 32) , t hi n sect i oned, and st ai ned wi t h l ead ci t r at e and sat ur at ed aqueous ur anyl

acet at e .

Cent r i ol e pr epar at i ons f r omt he i sol at i on pr ocedur e wer e appl i ed one dr op at

a t i me t o 0. 4% For mvar - coat ed, car bon- r ei nf or ced gr i ds . The excess f l ui d was

r emoved wi t h f i l t er paper wi cks, and t he gr i ds wer e st ai ned wi t h 0. 2% aqueous

ur anyl acet at e and ai r dr i ed . These whol e- mount pr epar at i ons and t he whol e-

t i ssue t hi n sect i ons wer e obser ved on a Hi t achi HS8 or AEI 6B el ect r on

mi cr oscope .

Cent r i ol ar Compl ex I sol at i on

Spawned sper mwer e washed wi t h st er i l e ar t i f i ci al seawat er and concent r at ed

by sedi ment at i on at 1, 000 g . Pel l et ed sper m wer e suspended i n a hypot oni c buf f er

( SMT) cont ai ni ng 10 mMNaCl , 10 MMMg2SO, , and 10 mMTr i s- HCI ( pH 7 . 2

at 0° C) at a cel l concent r at i on of 5 x I Oh/ ml . The sper m wer e al l owed t o swel l

f or 10 mi n at 4 ° C. The suspensi on was t hen di sr upt ed by 30 s of ul t r asoni cat i on

wi t h a Bi o Soni c Ul t r asoni cat or set t o mi d- gr een r ange . The pr epar at i on was

sedi ment ed at 2, 000 g and r esuspended i n SMT pl us 0. 02% Tr i t on X- 100 and

sedi ment ed agai n at 2, 000 g . Mor e t han one soni cat i on and det er gent t r eat ment

may be r equi r ed t o separ at e t he cent r i ol ar compl ex f r om ot her cel l const i t uent s .

Af t er t he cent r i ol es wer e pr oper l y det ached, t hey wer e l ayer ed over 0. 6 Msucr ose

buf f er ed wi t h SMT and cl ear ed at 5, 000 g f or 30 mi n. The pel l et was di scar ded,

and t he 0 . 6- M sucr ose f r act i on was r el ayer ed over a st ep gr adi ent of 0 . 6, 1 . 0, and

2 . 0 Msucr ose and spun at 25, 000 g f or 30 mi n. Cent r i ol ar compl exes t hat l ayer ed

over t he 2 . 0- M i nt er f ace wer e r ecover ed and pr epar ed f or el ect r on mi cr oscopy

and el ect r ophor esi s .

SDS Pol yacr yl ami de Gel El ect r ophor esi s

SDS pol yacr yl ami de gel el ect r ophor esi s was per f or med accor di ng t o Weber

and Osbor n ( 38) . St andar d 10%acr yl ami de, 3 . 5% bi sacr yl ami de gel s wer e r un at

8 mA per gel f or anal ysi s of pr ot ei n pur i t y and mol ecul ar wei ght det er mi nat i on.

Pr ot ei n sampl es wer e di ssol ved i n sampl e buf f er cont ai ni ng 0 . 1 M sodi um

phosphat e, pH 7 . 2, 2% SDS, 1% f 3- mer capt oet hanol ( MEO) , 15% gl ycer i n, and

0. 002% br omphenol bl ue mar ker dye. To f aci l i t at e di ssol ut i on, some sampl es

wer e heat ed t o boi l i ng f or 2- 4 mi n wi t h t he addi t i on of 8 Mur ea t o t he sampl e

buf f er . The SDS r unni ng buf f er cont ai ned 0. 1 Msodi um phosphat e, pH 7 . 2, and

0. l %; SDS. Gel s wer e st ai ned i n 0. 1%Coomassi e Bl ue R250, 50%met hanol , and

10° , acet i c aci d at 50° C at 2 h. Dest ai ni ng was conduct ed over ni ght at 50 ° C i n

400 vol of 7% met hanol , 7% acet i c aci d wi t h t wo changes . Densi t omet r i c meas-

ur ement s of pr ot ei n l evel s i n SDS el ect r ophor esi s bands wer e made on a Canal co

Model G scanni ng densi t omet er wi t h yel l ow f i l t er s ( 560 nm) . Each di sc gel was

scanned t hr ee t i mes wi t h 120° r ot at i on bet ween scans, and t he r esul t i ng peaks

wer e i nt egr at ed t o gi ve t he composi t e scans pr esent ed her e.

Ant i body Pr oduct i on

A det ai l ed descr i pt i on of t he ant i body pr oduct i on t echni que, i ncl udi ng t he

pur i f i cat i on of ant i gen and t he muscl e mar ker pr ot ei ns used f or el ect r ophor esi s,
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i s descr i bed el sewher e ( 14) . I n br i ef , i nver t ebr at e muscl e act i n was obt ai ned f r om

penaei d shr i mp t ai l muscl e and was pur i f i ed by sel f - assembl y pol ymer i zat i on ( 31)

and SDS gel el ect r ophor esi s ( 15) . The ant i bodi es wer e pr oduced i n r abbi t s and

par t i al l y pur i f i ed f r om ser a by ammoni um sul f at e pr eci pi t at i on . The ant i body

cr oss- r eact ed speci f i cal l y wi t h nat i ve, SDS- denat ur ed, or f or mal i n- f i xed act i n and

gave doubl e i mmunodi f f usi on pr eci pi t i n r eact i ons at a 500- f ol d di l ut i on of ser a .

I ndi r ect I mmunof l uor escence

Spawned sper m wer e f i xed f or 20 mi n wi t h 3% f or mal dehyde i n phosphat e-

buf f er ed sal i ne ( PBS) . The f i xed sper m wer e smear ed and ai r dr i ed on cover sl i ps,

t r eat ed wi t h - 10° C acet one f or 7 mi n and washed f or l mi n i n PBS. The

cover sl i ps wer e t hen i ncubat ed f or 45 mi n at 37° C i n ammoni um sul f at e-

pr eci pi t at ed ant i penaei d- act i n gl obul i ns di l ut ed 1 : 50 wi t h PBS. Af t er f our 10- mi n

washes i n PBS, t he sper m- coat ed cover sl i ps wer e i ncubat ed f or 45 mi n wi t h

f l uor escei n- conj ugat ed goat I gG ( pr epar ed agai nst r abbi t I gG) di l ut ed 1 : 6 wi t h

PBS. Af t er f our addi t i onal 10- mi n washes i n PBS, t he cover sl i ps wer e mount ed

on gl ass sl i des i n a dr op of I : 1 gl ycer ol : PBS, pH 9 . 5- 10. 0 . Cont r ol s wer e t r eat ed

as wer e exper i ment al s, except t hat pr ei mmune r abbi t gl obul i ns or act i n- absor bed

ant i penaei d gl obul i ns wer e used . A ser i es of i ncubat i ons was conduct ed wi t h PBS

di l ut i ons of ant i body r angi ng f r omwhol e ser umconcent r at i on t o 1 : 500 di l ut i on .

The 1 : 50 di l ut i on wi t h PBS gave t he most accept abl e f l uor escence f or phot o-

gr aphi c pur poses . No det ect abl e di f f er ence i n f l uor escence pat t er n was not ed

over t he r ange of t he di l ut i on ser i es .

RESULTS

Per i cent r i ol ar Pr ocess St r uct ur e

The per i cent r i ol ar pr ocess compl ex i s composed of ni ne

pr ocesses t hat emanat e f r om t he di st al cent r i ol ar mat r i x be-

t ween t he t r i pl et s ( Fi g . 1) . Each of t he ni ne member s i s com-

posed of a pr i mar y pr ocess t hat ext ends f r om t he cent r i ol ar

mat r i x f or - 200 t t mand t er mi nat es i n a t hi ckened t i p . Thr ee

secondar y pr ocesses r adi at e f r om t hat t i p, al so ext endi ng 200

j i m and t er mi nat i ng i n t hi ckened t i ps . Numer ous t er t i ar y el e-

ment s ext end f r om t he t i ps of each secondar y pr ocess . I nt er -

pr i mar y pr ocesses ar e component s t hat i nt er connect adj acent

pr i mar y pr ocesses . They ar e posi t i oned di agonal l y wi t h r espect

t o pr i mar y pr ocesses and ext end f r om t he base of one pr i mar y

pr ocess, near t he poi nt of mat r i x at t achment , t o a poi nt near

t he t hi ckened t i p of t he next pr i mar y pr ocess . I nt er pr i mar y

pr ocesses ar e par al l el t o t he pl ane of cent r i ol ar t r i pl et bl ades,

whi l e pr i mar y pr ocesses ar e per pendi cul ar t o t he bl ades . The

Fi c; URE 1

	

Cr oss sect i on of t he post er i or r egi on of a l at e sper mat i d .

The sect i on passes t hr ough t he di st al cent r i ol e at t he l evel of t he

per i cent r i ol ar pr ocesses . Ni ne pr i mar y pr ocesses can be seen ema-

nat i ng f r om t he cent r i ol ar mat r i x bet ween t r i pl et s . The pr i mar y

pr ocesses t er mi nat e i n t hi ckened t i ps, and t hr ee secondar y pr ocesses

emanat e f r om t hese t i ps ( ar r ows) . X 56, 000 .



ent i r e compl ex ext ends r adi al l y f r om t he cent r i ol ar mat r i x i nt o

t he sper m cyt opl asm bet ween t he mi t ochondr i a and pl asma

membr ane, wher e i t l i es i n cl ose apposi t i on t o t he membr ane.

Thus, t he el ement s of t he per i cent r i ol ar pr ocess compl ex f or m

a cr adl e t hat wr aps ar ound t he mi t ochondr i a of t he sper mmi d-

pi ece, of t en ext endi ng ant er i or l y unt i l t hey meet t he nucl ear

envel ope ( Fi g . 2) .

I n t hi n sect i on, bot h pr i mar y and secondar y pr ocesses appear

t o be composed of par al l el l ongi t udi nal f i l ament s wi t h a subuni t

di amet er of 50- 70A. Pr i mar y and secondar y pr ocesses appear

st r i at ed, whi l e i nt er pr i mar y pr ocesses ar e composed of par al l el

f i l ament s t hat do not demonst r at e a st r i at ed per i odi ci t y . The

st r i at i ons consi st of a mi nor bandi ng pat t er n cover i ng t he

l engt h of pr i mar y and secondar y pr ocesses and maj or bands

t hat occupy t hi ckened posi t i ons mi dway down t he l engt h of

pr ocesses and t he t hi ckened t i ps t hat t er mi nat e pr ocesses . The

mi nor band st r i at i ons, whi ch appear as al t er nat i ng l i ght and

dar k t r ansver se bands, ar e not gener at ed by per i odi c changes

i n f i l ament ar r angement , packi ng, or subuni t di amet er . I n

advant ageous sect i ons t hat show separ at i on of t he f i l ament s, i t

can be seen t hat t he dar k mi nor bands ar e composed of a dense

mat er i al t hat t r ansver ses and connect s t he l ongi t udi nal f i l a-

ment s ( Fi g . 3) . The per i cent r i ol ar pr ocesses ar e t hus composed

of uni t s of l ongi t udi nal f i l ament s and mi nor t r ansver se bands

t hat ar e bounded by hi gh- densi t y maj or bands . Each uni t i s

composed of seven t o t en set s of l i ght and dar k mi nor bands,

wi t h pr i mar y and secondar y pr ocesses bei ng composed of t wo

t o t hr ee such uni t s . I t cannot be det er mi ned f r om t hi n- sect i on

mat er i al whet her t he l ongi t udi nal f i l ament s t er mi nat e at t he

poi nt of i nser t i on i nt o mi nor or maj or t r ansver se bands, or r un

as cont i nuous f i l ament s over t he t ot al l engt h of each pr ocess .

I n f i xed mat er i al t he spaci ng of st r i at i ons i s somewhat var i -

abl e, r angi ng f r om 100 t o 200 A f or t he l i ght bands and f r om

50 t o 100 Af or t he dar k bands. I t al so appear s t hat as t he wi dt h

of l i ght bands decr eases, t he wi dt h of dar k bands i ncr eases .

The maj or bands t hat separ at e bl ocks of mi nor band uni t s ar e

- 200- 300 A wi de and ar e - 100 g. m apar t .

The ar r ay of per i cent r i ol ar pr ocesses f or ms an ext ensi ve and

i nt r i cat e compl ex . A det ai l ed ul t r ast r uct ur al descr i pt i on of t he

cent r i ol ar compl ex and per i cent r i ol ar pr ocesses of cni dar i ans

has been pr esent ed i n pr evi ous st udi es ( 3, 13) . For t he sake of

cl ar i t y, a schemat i c di agr am of t he di st al cent r i ol ar compl ex of
Hydr act i ni a sper m i s pr esent ed i n Fi g . 4 . Thi s gi ves a conci se
pi ct ur e of t he spat i al r el at i onshi p of t he var i ous component s of

t he cent r i ol ar compl ex .

I sol at i on Pr ocedur e

Successf ul i sol at i on of Hydr act i ni a di st al cent r i ol es wi t h

at t ached per i cent r i ol ar pr ocesses i s dependent on t he ext ent of

swel l i ng and t he dur at i on and ext ent of soni cat i on. Ther e wer e

t wo maj or obj ect i ves i n t he swel l i ng pr ocedur e : ( a) t o expand

t he cyt opl asm of t he sper m, causi ng t ur gor on t he pl asma
membr ane, t hus maki ng t he membr ane mor e suscept i bl e t o
f r act ur e by ul t r asoni cat i on ; and ( b) t he di sr upt i on and di sl o-

cat i on of t he i nt er nal sper mor ganel l es ( mi t ochondr i a, nucl eus,

and f l agel l um wi t h at t ached cent r i ol ar compl ex) .

The swel l i ng t r eat ment appear s t o have l i t t l e ef f ect on t he
nucl eus, whi ch does not swel l wi t h r espect t o t he cyt opl asm.
The nucl eus does, however , become l oose and f l oat s f r eel y i n
t he cyt opl asm ( Fi g . 5) . Dur i ng swel l i ng, t he mi t ochondr i a ar e
di sl odged f r om t hei r post er i or posi t i on at t he base of t he
nucl eus and al so f l oat f r eel y i n t he cyt opl asm. The f l agel l um
i s dr awn i nt o t he sper m cel l and wr aps i t sel f ar ound t he cel l
per i pher y . Such l ooseni ng of t he sper m' s i nt er nal component s

i s per haps r esponsi bl e f or t he i nt act st at e of t he del i cat e per i -

cent r i ol ar pr ocesses af t er i sol at i on.

The f i r st soni cat i on accompl i shed t he di sr upt i on of t he sper m

FI GURE 2

	

Longi t udi nal sect i on passi ng t hr ough t he mi d- pl ane of a l at e sper mat i d . The per i cent r i ol ar pr ocesses t hat emanat e f r om

t he di st al cent r i ol e ar e cl ear l y st r i at ed . They r un bet ween t he pl asma membr ane and mi t ochondr i a and ext end i n an ant er i or

di r ect i on t o t he nucl ear membr ane and f or m a cr adl e ar ound t he sper m mi d- pi ece. x 36, 000 .

FI GURE 3

	

Hi gh magni f i cat i on of per i cent r i ol ar pr ocesses shown i n Fi g. 2 . I n t hi s advant ageous sect i on t he 50- A f i l ament s t hat r un

l ongi t udi nal l y al ong t he pr ocess ar e vi si bl e as wel l as t he dense mat er i al t hat t r ansver ses t hese f i l ament s t o gi ve t he pr ocesses t hei r

st r i at ed appear ance ( ar r ows) . x 150, 000 .
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pl asma membr ane, pr oduci ng a br ay of cel l ul ar component s .

The cent r i ol ar compl ex r emai ns at t ached t o t he f l agel l um and

some adher i ng cyt opl asmi c mat r i x . The det er gent t r eat ment

det aches t he cent r i ol ar compl exes f r om f l agel l a and r emoves

t he cyt opl asmi c mat r i x . Cent r i f ugat i on i nt o 0 . 6 M sucr ose

el i mi nat es most of t he cyt opl asmi c cont ami nat i on, and t he

f i nal sucr ose st ep gr adi ent concent r at es t he cent r i ol ar com-

pl exes and separ at es t hem f r om axonemal f r agment s . Repet i -

t i on of t he di f f er ent i al sedi ment at i on st ep and pool i ng of

sever al r uns wi l l yi el d cent r i ol ar compl exes of good qual i t y i n

suf f i ci ent amount ( 100 f t g or mor e) f or bi ochemi cal anal ysi s .

Fi gs . 6 and 7 ar e whol e- mount el ect r on mi cr ogr aphs of

FI GURE 4

	

A cr oss- sect i onal schemat i c of t he di st al cent r i ol ar com-

pl ex of Hydr act i ni a sper mdepi ct i ng t he per i cent r i ol ar pr ocess ar r ay .

The pr omi nent component s of t he compl ex ar e t he dense di st al

cent r i ol ar ( C) , ni ne pr i mar y pr ocesses ( PP) , 27 secondar y pr ocesses

( SP) , f i l ament ous t er t i ar y pr ocesses ( TP) , and t he i nt er pr i mar y pr oc-

esses ( 1P) t hat connect adj acent pr i mar y pr ocesses . The t hi ckeni ngs

t hat appear al ong pr i mar y and secondar y pr ocesses ar e maj or

st r i at ed bands ( MB) whi ch cor r espond i n di mensi ons wi t h t he maj or

bands of st r i at ed ci l i ar y r oot l et s . Two of t he f our l ong secondar y

pr ocesses, whi ch gi ve t he compl ex asymmet r y, f use t o f or m one

pr ocess at t hei r second maj or band ( ar r ow) .
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i sol at ed cent r i ol ar compl exes . Per i cent r i ol ar pr ocesses ar e wel l

pr eser ved i n t he i sol at i on pr ocedur e . These st r uct ur es demon-

st r at e ext r aor di nar y st abi l i t y dur i ng i sol at i on and ar e easi l y

st or ed f r ozen wi t hout appar ent st r uct ur al degr adat i on . They

r et ai n t hei r pr i mar y and secondar y pr ocesses endi ng i n t hi ck-

ened t i ps; however , t er t i ar y el ement s ar e f or t he most par t l ost

i n t he i sol at i on pr ocedur e . The mi nor band st r i at i ons appear

i n whol e mount as a negat i ve i mage of t hat seen i n sect i oned

mat er i al . Because t he ur anyl acet at e st ai ni ng pr ocedur e used

i n t hese pr epar at i ons i s a posi t i ve r at her t han negat i ve st ai n,

t hese r esul t s ar e conf usi ng . The maj or bands t hat separ at e t he

seven- t o t en- uni t bl ocks of mi nor bands ar e not negat i vel y

st ai ned by t he pr ocedur e and appear much as t hey do i n

sect i oned mat er i al .

I n whol e mount , t he i sol at ed pr ocess compl ex appear s t o be

asymmet r i cal , an aspect poor l y di scer ni bl e i n t hi n sect i on

because of t he angl e of pr ocess pr oj ect i on f r om t he cent r i ol ar

mat r i x . Thi s asymmet r y i s demonst r at ed by t he secondar y

ext ensi ons of t wo adj acent pr i mar y pr ocesses . These ar e much

l onger t han t hose ext endi ng f r om t he ot her seven ( Fi g . 7) . I n

whol e mount , i t i s cl ear t hat t hese l ong, secondar y pr ocesses

anast omose at t hei r ext r emi t i es, whi l e t he ot her seven set s of

pr ocesses ar e unconnect ed except f or t he i nt er pr i mar y pr oc-

esses . Cent r i ol ar compl exes vi ewed i n i sol at es and t hi n sect i ons

f r om ear l y sper mat i ds do not demonst r at e t hi s asymmet r y and

f usi on, whi ch i s obser ved onl y as t he sper mappr oach mat ur i t y

( 13) .

El ect r ophor esi s of Di st al Cent r i ol ar Pr ot ei ns

The el ect r ophor et i c di st r i but i ons of whol e sper m, cent r i ol ar

i sol at e pr ot ei ns, and muscl e pr ot ei n mar ker s ar e shown i n Fi g .

8 . The el ect r ophor et i c pr of i l e of whol e- sper m ext r act ( Fi g. 8 B)

i s compl ex, wi t h t he l ar ge number of l ow- l evel pr ot ei n bands

t hat woul d be expect ed f r om a whol e- cel l ext r act . Bot h act i n-

and t ubul i n- comi gr at i ng pr ot ei ns ar e cl ear l y pr esent i n whol e

sper m. These sper m pr ot ei ns comi gr at e i dent i cal l y wi t h cont r ol

act i n and t ubul i n on bot h compar at i ve and act i n- t ubul i n spi ked

gel s . The cent r i ol ar i sol at e gel ( Fi g . 8 D) di f f er ent i at es numer -

ous pr ot ei n bands, t he most pr omi nent of whi ch comi gr at e wi t h

cont r ol t ubul i n ( 55, 000 dal t ons) and act i n ( 42, 000 dal t ons) .

FI GURE 5

	

Phase- cont r ast mi cr ogr aph of hydr oi d sper msubj ect ed t o swel l i ng wi t h hypot oni c buf f er . As i s t ypi cal of swol l en sper m,

t he t ai l s ar e dr awn i nt o t he cel l body . Dur i ng t he swel l i ng pr ocedur e, mi t ochondr i a and t he sper mnucl eus ar e f r equent l y separ at ed

and f l oat f r eel y i n t he ext ended cel l cyt opl asm. Of t en t he mi t ochondr i a al so swel l and r upt ur e bef or e t he ul t r asoni cat i on t r eat ment .

Sper m nucl ei appear unaf f ect ed by t he swel l i ng pr ocedur e ( ar r ows) . x 1, 500.

FI GURE 6

	

Whol e- mount el ect r on mi cr ogr aph showi ng t he t ypi cal appear ance of i sol at ed di st al cent r i ol es wi t h t hei r per i cent r i ol ar

pr ocesses at t ached and i nt act . Thi s mi cr ogr aph was sel ect ed t o show t he maxi mum l evel of cont ami nat i on . As can be seen qui t e

of t en, t he cent r i ol es al so r emai n at t ached t o f r agment ed por t i ons of t he sper m f l aggel um. x 12, 500.



FI GURE 7

	

Hi gh- magni f i cat i on whol e- mount el ect r on mi cr ogr aph of an i sol at ed di st al cent r i ol e wi t h par t i cul ar l y wel l - pr eser ved

per i cent r i ol ar pr ocesses . The st r i at ed bandi ng of t he pr ocesses can be seen and t he mi d- pr ocess t hi ckeni ngs whi ch ar e compar abl e

t o maj or bands of st r i at ed r oot l et s ar e cl ear ( smal l ar r ows) . The asymmet r y of t he compl ex i s demonst r at ed by t he t wo l ong

secondar y pr ocesses and t he poi nt of anast omosi s bet ween t hese pr ocesses i s mar ked by a l ar ge ar r ow. x 80, 000 .

FI GURE 8 SI DS el ect r ophor et i c pr of i l es of whol e sper m, cent r i ol ar

ext r act , and cont r act i l e mar ker pr ot ei ns . Al l gel s wer e 10%acr yl am-

i de and wer e r un f or mol ecul ar wei ght det er mi nat i on . Gel A was

r un wi t h pur i f i ed bovi ne br ai n t ubul i n, gel B cont ai ns a t ot al pr ot ei n

ext r act of whol e washed hydr oi d sper m, gel C cont ai ns pur i f i ed

shr i mp t ai l muscl e act i n, gel D cont ai ns a t ot al pr ot ei n ext r act of

i sol at ed di st al cent r i ol es wi t h i nt act per i cent r i ol ar pr ocesses, gel E

cont ai ns a r abbi t muscl e ext r act wi t h enr i ched quant i t i es of myosi n

and act i n . Bot h whol e sper m and cent r i ol ar i sol at e ext r act s cont ai n

pr ot ei ns whi ch comi gr at e wi t h t ubul i n and act i n .

Densi t omet r i c scans of cent r i ol ar i sol at e and whol e- sper m

gel s ar e shown i n Fi g. 9 . Expect edl y, t he densi t omet r i c scan of
whol e sper m i ndi cat es t hat t he t ubul i n- comi gr at i ng band i s t he

most pl ent i f ul si ngl e pr ot ei n pr esent . The scans of cent r i ol ar

i sol at e pr ot ei ns i ndi cat e t hat act i n- comi gr at i ng pr ot ei n i s t he

most pr omi nent pr ot ei n f ound i n t he cent r i ol ar f r act i on of

hydr oi d sper m. Thi s enr i chment of act i n- comi gr at i ng pr ot ei n

associ at ed wi t h t he cent r i ol ar f r act i on cont ai ni ng per i cent r i ol ar

pr ocesses suggest s t hat a maj or i t y of t hi s pr ot ei n pr esent i n

Hydr act i ni a sper m i s associ at ed wi t h t he cent r i ol ar r egi on.

Ant i act i n Label i ng of Sper m

The f l uor escent l abel i ng pat t er n obser ved i n Hydr act i ni a

sper m t r eat ed wi t h ant i act i n f or ms a cr adl e sur r oundi ng t he

mi d- pi ece mi t ochondr i a ( Fi g . 10) . Thi s f l uor escence ext ends

f r om t he di st al cent r i ol e ant er i or l y t o t he nucl ear r egi on of t he

sper m over l ayi ng t he ar ea occupi ed by t he per i cent r i ol ar pr oc-

ess compl ex . I n wel l - l abel ed sper m, st r onger f l uor escence can

be seen r unni ng i n l ongi t udi nal bands f r om t he cent r i ol e t o t he

nucl eus . The di st al cent r i ol e pr oper al so demonst r at es i nt ense

f l uor escence wi t h ant i act i n t r eat ment . Thi s pat t er n f ol l ows t he

posi t i oni ng of per i cent r i ol ar pr ocesses as depi ct ed i n t he sche-

mat i c di agr am shown i n Fi g. 11 . No si gni f i cant l abel i ng was

seen at t he ant er i or end of Hydr act i ni a sper m t hat do not

possess an acr osome ( 8) . Sper mt r eat ed wi t h ant i act i n demon-

st r at e no si gni f i cant t ai l l abel i ng as seen i n mammal i an sper m

t hat have been t ent at i vel y demonst r at ed t o cont ai n act i n ( 36) .

Cont r ol sper m wer e t r eat ed wi t h ammoni um sul f at e pr eci pi -

t at es of pr ei mmune ser a or i nunune ser a adsor bed wi t h pur i f i ed

act i n . Under t hese condi t i ons, Hydr act i ni a sper m do not f l u-

or esce .

DI SCUSSI ON

Locat i on of Act i n i n t he Cent r i ol ar Compl ex

Thr ee l i nes of evi dence have been pr esent ed t o ver i f y t he

pr esence of act i n i n t he cent r i ol ar compl ex of Hydr act i ni a

sper m. The st r uct ur al obser vat i ons of per i cent r i ol ar pr ocesses
i ndi cat e t hat t hese st r uct ur es ar e composed of par al l el l ongi -

t udi nal f i l ament s wi t h a di amet er si mi l ar t o t hat of act i n
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FI GURE 9 A compar i son of opt i cal densi t y scans of t ubul i n- and

act i n- comi gr at i ng pr ot ei ns f r om whol e sper mand cent r i ol ar i sol at es

r un on SDS pol yacr yl ami de gel s . ( a) The scan of gel B i n Fi g . 8

cont ai ni ng whol e sper m pr ot ei ns . ( b) The scan of gel D i n Fi g . 8

cont ai ni ng cent r i ol ar i sol at e pr ot ei ns . The change i n r at i o of act i n t o

t ubul i n bet ween whol e sper m and sper m cent r i ol es i s mor e t han

one opt i cal densi t y uni t . Thi s change i n r at i o bet ween act i n and

t ubul i n i ndi cat es t hat t he cent r i ol ar f r act i on i s act i n r i ch when

compar ed t o t he t ot al sper m. The r ever sal of act i n- t ubul i n r at i o

f ound i n i sol at ed cent r i ol es i s si gni f i cant when t he t ubul i n ( axone-

mal ) cont ami nat i on of cent r i ol ar i sol at es i s consi der ed .

92

mi cr of i l ament s . SDS el ect r ophor esi s of whol e sper m and i so-

l at ed di st al cent r i ol ar compl ex pept i des i ndi cat es t he pr esence

of a pr ot ei n wi t h a mol ecul ar wei ght i dent i cal t o t hat of act i n

monomer . The densi t omet r i c anal yses of SDS gel pr of i l es of

whol e sper mand i sol at ed cent r i ol ar compl exes cannot be com-

par ed quant i t at i vel y, because t he wei ght f r act i on of cent r i ol ar

compl exes wi t h r espect t o whol e sper mcannot be det er mi ned .

Qual i t at i vel y, however , t he enr i chment of t he cent r i ol ar com-

pl ex f r act i on wi t h act i n- comi gr at i ng pr ot ei n i s appar ent . Dou-

bl e- ant i body i mmunof l uor escent - l abel i ng exper i ment s wi t h

speci f i c ant i bodi es t o act i n i ndi cat e t hat t he di st al cent r i ol ar

compl ex cont ai ns a pr ot ei n i mmunol ogi cal l y i dent i cal t o act i n .

Fr omt hese l i nes of evi dence, i t i s our concl usi on t hat t he di st al

cent r i ol ar compl ex cont ai ns act i n .

The i mmunof l uor escence dat a pr esent ed her e suggest t hat

bot h t he per i cent r i ol ar pr ocesses and t he di st al cent r i ol e pr oper

pr obabl y cont ai n act i n . The st r uct ur al obser vat i ons of t he

f i l ament ous nat ur e of t he per i cent r i ol ar pr ocesses suggest t hat

act i n i s ar r anged i n mi cr of i l ament s t hat ext end l ongi t udi nal l y

al ong t he pr ocess ar ms. These mi cr of i l ament s may be mai n-

t ai ned i n t he or gani zed st r uct ur e of t he per i cent r i ol ar pr ocesses

by cr oss- l i nki ng mat er i al t hat gi ves t he pr ocess compl ex i t s

st r i at ed appear ance . Anot her st udy has t ent at i vel y l ocal i zed a

pr ot ei n i mmunol ogi cal l y l i ke act i n i n t he st r i at ed basal f eet of

ci l i ar y basal bodi es ( 7) . I n t hi s case, t he maj or i t y of t he act i n

was l ocal i zed i n t he dar k por t i on of t he st r i at ed bandi ng and

i n t he dense mat r i x t hat connect s t he basal f oot and cent r i ol e .

The or gani zat i on of act i nl i ke pr ot ei n i n t he di st al cent r i ol e,

whi ch does not demonst r at e a f i l ament ous nat ur e asi de f r om

t he mi cr ot ubul ar t r i pl et s t hemsel ves, i s not cl ear . Per haps t hi s

pr ot ei n i s pr esent as a component of t he ext ensi ve di st al

cent r i ol ar mat r i x . Thi s mat r i x i s not pr esent i n pr oxi mal cen-

t r i ol es, whi ch do not l abel wi t h ant i act i n .

Cont r act i l e Nat ur e of t he Cent r i ol ar Compl ex

The var i abi l i t y of band wi dt h and separ at i on seen i n per i -

cent r i ol ar pr ocess st r i at i ons suggest s t hat , i f cont r act i l e, t hese

pr ocesses may f unct i on i n a f ashi on si mi l ar t o t hat pr oposed

f or r hi zopl ast s ( 29) . I n r hi zopl ast s, t he shor t eni ng of t he f i l a-

ment ous por t i on of t he st r i at ed uni t i s accompani ed by a

l engt heni ng and t hi ckeni ng of t he dense amor phous st r i at i ons

t hat t r ansver se t he r hi zopl ast . Thi s woul d expl ai n t he hi gh

FI GURE 10

	

UV and t ungst en l i ght mi cr ogr aphs of ant i act i n- t r eat ed Hydr act i ni a sper m. ( a) I mage of f our sper mwi t h dar k- f i el d

t ungst en i l l umi nat i on t o ai d i n vi sual i zat i on of t he sper mout l i ne f or r ef er ence . ( b) UV i mage of t he same f our sper m shown i n a .

The f l uor escent pat t er n demonst r at es ant i act i n l abel i ng i n t he r egi on occupi ed by t he per i cent r i ol ar pr ocess compl ex . Not e t he

l ongi t udi nal zones of i nt ense f l uor escence whi ch cor r espond t o t he posi t i on of per i cent r i ol ar pr ocesses ( ar r ows) . x 4, 200 .
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degr ee of var i abi l i t y i n st r i at ed band wi dt h seen i n t he per i cen-

t r i ol ar pr ocess compl exes, some of whi ch may have been

st opped, by f i xat i on, i n t he pr ocess of cont r act i on, whi l e ot her s

wer e r el axed . Si mi l ar var i at i ons i n t he st r i at ed pat t er n of ci l i ar y

r oot l et s have been obser ved and suggest ed t o r epr esent a

possi bl e cont r act i l e pr ocess ( 30) . The st r uct ur al dat a pr esent ed

her e, al t hough not pr ecl udi ng a sl i di ng f i l ament mode of

cont r act i on, t end t o suppor t a syst em of f i l ament r ear r angement

such as assembl y- di sassembl y . I n such a syst em, t he dense,

dar k bands may act as ar eas of st or age f or depol ymer i zed

component s such as G- act i n and as si t es of at t achment and

nucl eat i on f or t he f i l ament ous component s such as F- act i n,

whi ch may r epr esent l i ght bands .

Al t hough var i at i ons i n Ca" l evel cause cont r act i on of t he

al gal r hi zopl ast i n si t u ( 29) , pr el i mi nar y exper i ment s t hat i nt r o-

duced var i ous di val ent cat i ons and phosphonucl eot i des t o i so-

l at ed cent r i ol ar compl exes f r om Hydr act i ni a sper m have not

gener at ed measur abl e cont r act i ons. Undoubt edl y, t he i sol at i on

pr ocedur e used i n t hi s st udy f or acqui r i ng di st al cent r i ol ar

compl exes causes t he l oss of many sol ubl e compl ex compo-

nent s, some of whi ch may be r equi r ed f or cont r act i l e f unct i on.

Sever al f undament al l y di f f i cul t quest i ons must be answer ed

bef or e a model f or cont r act i on can be ser i ousl y pr oposed. The

exact l ocat i on, wi t hi n t he per i cent r i ol ar pr ocess compl ex, of

cont r act i l e pr ot ei ns such as act i n must be det er mi ned at t he

el ect r on mi cr oscope l evel . The exi st ence and l ocat i on of ener gy-

l i ber at i ng mechani sms such as myosi n ATPase and ot her r eg-

ul at or y pr ot ei ns such as t r opomyosi n and t r oponi n need t o be

det er mi ned, and ul t i mat el y a successf ul i n vi t r o syst em i n

whi ch cont r act i on can be st udi ed must be devel oped .

Rol e of t he Cent r i ol ar Compl ex i n Sper m

Pr evi ous i nvest i gat or s have suggest ed t hr ee possi bl e r ol es f or

st r i at ed r oot l et s, i ncl udi ng per i cent r i ol ar pr ocesses t hat ar e

ZONE
OF

FLUORESCENCE

FI GURE 11

	

Schemat i c di agr am of Hydr act i ni a sper m showi ng t he

l ocat i on of t he per i cent r i ol ar pr ocess compl ex t hat f or ms a cr adl e

ar ound t he sper m mi d- pi ece and t he ar ea of ant i l act i n l ocal i zat i on

wi t h r espect t o per i cent r i ol ar pr ocess l ocat i on .

FI GURE 12 Schemat i c di agr am of pr oposed model f or hydr oi d

sper m t ur ni ng under i nf l uence of chemo- at t r act ant s . Par t A r epr e-

sent s t he pat t er n of t ai l wave f or m and r el at i onshi p of head- t ai l

al i gnment dur i ng nonchemot act i c swi mmi ng . Par t B r epr esent s t he

pat t er n of t ai l wave f or m and r el at i onshi p of head- t ai l angl e dur i ng

chemot act i cal l y i nduced sper m t ur ni ng . The change i n head- t ai l

angl e whi ch i s si mul t aneous wi t h t he change i n sper mswi mmi ng

di r ect i on i s mar ked wi t h a st ar .

associ at ed wi t h cent r i ol es or f l agel l ar basal bodi es . One of t hese

possi bi l i t i es i s t hat st r i at ed r oot l et s ar e st r uct ur al , act i ng as an

anchor i ng mechani sm t o absor b t he ener gy gener at ed by f l a-

gel l ar or ci l i ar y mot i on ( 3, 9, 33- 35) . Anot her possi bl e r ol e i s

sensor y, pr ovi di ng a si gnal - t r ansmi t t i ng net wor k i n speci al i zed

cel l s wi t h sensor y ci l i a ( 6, 16, 34) . The t hi r d suggest ed f unct i on

i s cont r act i l e, par t i ci pat i ng i n mot or f unct i on and f l agel l ar or

ci l i ar y movement ( 3, 13, 30) . The cont r act i l e r ol e i s par t i cul ar l y

appeal i ng t o us, consi der i ng t he r ecent evi dence of cont r act i l e

f unct i on ( 29) and t he cl ear l y demonst r at ed di r ect i onal sel ect i v-

i t y of chemot act i cal l y st i mul at ed sper m( 22) .

The most obvi ous chemot act i c sper m behavi or i s seen i n

cni dar i an speci es i ncl udi ng Hydr act i ni a ( 20, 26) . The cni dar i an

speci es, whi ch demonst r at e a hi gh l evel of di r ect i onal sel ect i v-

i t y, al so possess el abor at e per i cent r i ol ar pr ocesses . I t i s i nt er -

est i ng t o not e t hat speci es such as t he sea ur chi n t hat do not

expr ess chemot act i c behavi or al so do not possess st r i at ed cen-

t r i ol ar speci al i zat i ons . Al t er at i ons i n t he sper mmi d- pi ece sym-

met r y r esul t i ng i n a change i n t he angl e of f l agel l ar pr oj ect i on

woul d pr ovi de t he r udder necessar y f or t hi s di r ect i onal sel ec-

t i vi t y . A cont r act i l e uni t l ocat ed at t he base of t he mi d- pi ece

and pr ef er abl y at t ached t o t he di st al cent r i ol e and f l agel l ar

shaf t coul d pr ovi de t he mot i ve f or ce necessar y t o change ei t her

t he mi d- pi ece symmet r y or t he angl e of f l agel l ar shaf t pr oj ec-

t i on f r om t he sper m mi d- pi ece. Because of t he l ocat i on and

st r uct ur al f or m of t he per i cent r i ol ar pr ocesses, we bel i eve t hat

t hi s compl ex may ser ve such a cont r act i l e f unct i on.

The second al t er nat i ve, t hat of a sensor y or si gnal - t r ansmi t -

t i ng mechani sm, i s al so appeal i ng . When sper m r espond t o a

chemoat t r act ant , t hey ar e f unct i oni ng as a si ngl e- cel l sensor y

uni t . I n such an i nst ance, t he sper m f l agel l um may be f unc-

t i onal l y anal ogous t o a sensor y ci l i um. Numer ous i nvest i gat or s

have obser ved per i cent r i ol ar pr ocess compl exes associ at ed wi t h

t he basal bodi es of sensor y ci l i a. Per i cent r i ol ar pr ocessl i ke

st r uct ur es ar e f ound i n t he sensor y ci l i a of t he ver t ebr at e i nner
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ear and l at er al l i ne or gans ( 4, 5, 39) , ol f act or y ci l i a ( 28) , and

phot or ecept i ve ci l i a ( 10, 37) . The r ol e t hat per i cent r i ol ar pr oc-

esses pl ay i n t he f unct i on of sensor y ci l i a i s not cl ear . These

ci l i a ar e not i nvol ved i n l ocomot or act i vi t y and do not seem t o

r equi r e an anchor i ng mechani sm t o suppor t f l agel l ar mot i on .

Thei r f r equent associ at i on wi t h sensor y ci l i a as opposed t o

l ocomot or ci l i a, however , i mpl i es a f unct i onal connect i on. I n

t he case of sensor y ci l i a, per i cent r i ol ar pr ocesses may or i ent t he

ci l i ar y shaf t t owar d t he st i mul us . The per i cent r i ol ar pr ocesses

of chemot act i c sper m may ser ve bot h l ocomot or and sensor y

r ol es .

The di r ect i onal sel ect i vi t y expr essed by cni dar i an sper m

pr esent ed wi t h a chemoat t r act ant of f emal e or i gi n consi st s of

t wo phases : t he r ecept i on and r ecogni t i on of t he st i mul us, and

t he r esponse t o t hat st i mul us . The under st andi ng of bot h phases

i s st i l l qui t e l i mi t ed . Wi t h r espect t o t he f i r st phase, our

knowl edge of sper mr ecept or si t e l ocat i on, t he mode of si gnal

r ecogni t i on of t hose si t es, and t he mechani smof si gnal t r ans-

mi ssi on t o t he poi nt of second phase act i on i s onl y conj ect ur e .

Ther e i s, however , some knowl edge of t he nat ur e of t he che-

mot act i c subst ance and t he subst ance' s gener al ef f ect on sper m

( 17, 19, 21- 26) . The at t r act ant appear s t o be a smal l pept i de

( under 1, 000 dal t ons) t hat i s speci es speci f i c, pr ot ease l abi l e,

and r equi r es cal ci um i n t he medi um( seawat er ) t o af f ect sper m.

The at t r act ant appear s t o pr ovi de a di f f er ent i abl e si gnal t o t he

sper mby a concent r at i on gr adi ent t hat t he sper m f ol l ows .

When pr esent ed wi t h chemoat t r act ant , hydr oi d sper m un-

der go obvi ous behavi or changes t hat may r el at e t o t he second

phase of t he chemot act i c r eact i on . Tr eat ment of sper m wi t h

at t r act ant has a compl ex ef f ect on t he mode of swi mmi ng .

Fl agel l ar beat r at e and wave ampl i t ude i ncr ease, and t he nat ur e

of swi mmi ng ( st r ai ght l i ne as opposed t o ci r cul ar ) i s al t er ed .

Thi s change i n f l agel l ar movement i s char act er i zed by a sup-

pr essi on of t he f l agel l ar wave f or m over t he post er i or hal f of

t he f l agel l um and an asymmet r y i n t he wave f or m over t he

ant er i or hal f . These al t er at i ons cause t he f l agel l ar beat t o have

a wave of l ar ge ampl i t ude and l ow r adi us, wi t h t he concave

mar gi n of t he wave i n t he di r ect i on of t he t ur n bei ng made by

t he sper m( 22, 25) . The change i n angl e of f l agel l ar pr oj ect i on

i s di f f er ent dur i ng chemot act i c t ur ni ng. I n t hi s case, t he change

i n angl e i s compl et ed bef or e t he t er mi nat i on of t he wave as

woul d be t he case wi t h nor mal swi mmi ng. The act ual change

i n angl e occur s at t he i ni t i at i on of t he new wave and causes, or

i s at l east si mul t aneous wi t h, t he change i n sper m swi mmi ng

di r ect i on . We have pr oposed a hypot het i cal model ( Fi g. 12)

summar i zi ng t hese event s as t hey r el at e t o sper m di r ect i onal

swi mmi ng .

Our i nt er pr et at i on of t he mode of di r ect i onal t ur ns made by

sper m i n r esponse t o a chemoat t r act ant i mpl i es t he pr esence,

i n t he post er i or mi d- pi ece of t he sper m, of cont r act i l e uni t s t hat

can change t he or i ent at i on of t he di st al cent r i ol e and t he

f l agel l ar shaf t wi t h r espect t o t he sper mhead . Thi s i nt er pr et a-

t i on i s subst ant i at ed by t he dat a pr esent ed i n t hi s st udy, i ndi -

cat i ng t hat t he per i cent r i ol ar pr ocesses ar e associ at ed wi t h t he

di st al cent r i ol e and t he f l agel l ar shaf t ; t hat per i cent r i ol ar pr oc-

esses ar e si t uat ed i n an appr opr i at e posi t i on t o medi at e changes

i n cent r i ol ar and f l agel l ar or i ent at i on ; and t hat act i nl i ke pr o-

t ei ns ar e associ at ed wi t h t he per i cent r i ol ar pr ocess compl ex.

Thi s i nt er pr et at i on i s f ur t her suppor t ed by r ecent st udi es show-

i ng: t he cont r act i l e nat ur e of ot her st r i at ed cent r i ol ar speci al i -

zat i ons ( 29) , t he i nvol vement of cal ci um i n bot h t he pr ocess of

cent r i ol ar speci al i zat i on cont r act i on ( 29) and sper mchemot axi s
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( 21) , and t he pr esence of ATPase i n t he st r i at ed speci al i zat i ons

of cent r i ol es ( 1, 16) .
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