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ABSTRACT

	

When det er gent - ext r act ed, demembr anat ed cel l model s of Chl amydomonas wer e

r esuspended i n r eact i vat i on sol ut i ons cont ai ni ng <10- 8 MCa" , many model s i ni t i al l y swam

i n hel i cal pat hs si mi l ar t o t hose of i nt act cel l s ; ot her s swam i n ci r cl es agai nst t he sur f ace of t he

sl i de or cover sl i p . Wi t h i ncr easi ng t i me af t er r eact i vat i on, f ewer model s swam i n hel i ces and

mor e swam i n ci r cl es . Thi s t r ansi t i on f r om hel i cal t o ci r cul ar swi mmi ng was t he r esul t of a

pr ogr essi ve i nact i vat i on of one of t he axonemes ; i n t he ext r eme case, one axoneme was

compl et el y i nact i ve wher eas t he ot her beat wi t h a nor mal wavef or m. At t hese l ow Ca"

concent r at i ons, t he i nact i vat ed axoneme was t he t r ans- axoneme ( t he one f ar t hest f r om t he

eyespot ) i n 70- 100%of t he model s . At 10 - 7 or 10 - 6 MCa" , cel l model s al so pr oceeded f r om

hel i cal t o ci r cul ar swi mmi ng as a r esul t of i nact i vat i on of one of t he axonemes ; however , under

t hese condi t i ons t he ci s- axoneme was usual l y t he one t hat was i nact i vat ed . At 10 - 8 MCa" ,

most cel l s cont i nued hel i cal swi mmi ng, i ndi cat i ng t hat bot h axonemes wer e r emai ni ng r el a-

t i vel y act i ve . The pr ogr essi ve, Ca" - dependent i nact i vat i on of t he t r ans- or ci s- axoneme was

r ever sed by swi t chi ng t he cel l model s t o hi gher or l ower Ca" concent r at i ons, r espect i vel y . A

si mi l ar r ever si bl e, sel ect i ve i nact i vat i on of t he t r ans- f l agel l um occur r ed i n i nt act cel l s swi mmi ng

i n medi um cont ai ni ng 0 . 5 mM EGTA and no added Ca" . The r esul t s show t hat t her e ar e

f unct i onal di f f er ences bet ween t he t wo axonemes of Chl amydomonas . The di f f er ent i al r e-

sponses of t he axonemes t o submi cr omol ar concent r at i ons of Ca" may f or m t he basi s f or

phot ot act i c t ur ni ng .

The bi f l agel l at ed gr een al ga Chl amydomonas di spl ays sever al

behavi or al r esponses, i ncl udi ng posi t i ve and negat i ve phot o-

t axi s ( 5, 23) and t r ansi ent , l i ght - i nduced r ever sal of t he swi m-

mi ng di r ect i on ( t he " phot ophobi c" r esponse) ( 19, 21) .

Dur i ng t he phot ophobi c r esponse, t he t wo f l agel l a coor di -

nat el y change f r om a br east st r oke- l i ke, ci l i ar y pat t er n of

beat i ng t o an undul at i ng, f l agel l ar pat t er n ( 19, 21) . Thi s

r esponse i s dependent upon ext r acel l ul ar Ca" ( 21) . I t has

been pr oposed t hat phot ost i mul at i on of a speci al i zed r egi on

of t he pl asma membr ane over l yi ng t he eyespot ( 24) i ni t i at es

t r ansmembr ane i on f l uxes, l eadi ng t o an el evat ed concent r a-

t i on of i nt er nal Ca" ; t hi s i n t ur n causes al t er at i on of t he
f l agel l ar wavef or m ( 21, 15) . Thi s i s suppor t ed by obser vat i ons
t hat an i ncr ease i n Ca" concent r at i on i n t he 10- b- 10 - ° M
r ange i nduces t he t r ansi t i on f r omci l i ar y t o f l agel l ar wavef or m
i n i sol at ed f l agel l ar appar at uses ( 15) and i n demembr anat ed

THE JOURNAL Of CELL BI OLOGYzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" VOLUME 98 JANUARY 1984 97- 107

0 The Rockef el l er Uni ver si t y Pr ess - 0021- 9525/ 84/ 01/ 0097/ 11 $1 . 00

f l agel l ar axonemes ( 1) .

Ca" al so pl ays a cr uci al r ol e i n t he phot ot axi s of Chl amy-

domonas ( 23) , and i t i s pr esumed t hat phot ot axi s, l i ke t he

phot ophobi c r esponse, i nvol ves st i mul at i on of t he phot or e-

cept or f ol l owed by t r ansmembr ane i on f l uxes and an i ncr ease

i n i nt r acel l ul ar Ca" , l eadi ng t o t he appr opr i at e f l agel l ar r e-

act i on . However , phot ot axi s i n Chl amydomonas i nvol ves an

abr upt change i n t he swi mmi ng di r ect i on wi t h onl y a smal l

change i n swi mmi ng speed ( 2) ; t hi s di f f er s f r om t he phot o-

phobi c r esponse i n t hat , f or such t ur ni ng t o occur , t he t wo

f l agel l a must r espond di f f er ent i al l y t o t he event s f ol l owi ng

phot ost i mul at i on .

We show i n t hi s paper t hat a di f f er ent pat t er n of beat i ng

occur s i n t he t wo axonemes of det er gent - ext r act ed model s of

Chl amydomonas, and t hat t he bal ance of beat i ng bet ween t he
t wo axonemes i s changed by var yi ng t he cal ci um concent r a-
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t i on at submi cr omol ar l evel s. The r esponses of t he axonemes
t o Ca" appear t o be suf f i ci ent t o account f or t he behavi or of
l i vi ng cel l s dur i ng t ur ni ng and phot ot axi s . That t he t wo
axonemes r espond di f f er ent l y t o Ca" suggest s ei t her t hat
t her e ar e i nher ent di f f er ences i n t hei r mot i l e machi ner y, or
t hat some aspect s of f l agel l ar act i vi t y ar e cont r ol l ed di r ect l y
by cel l st r uct ur es ot her t han t he axoneme .

MATERI ALS AND METHODS

Cul t ur e Condi t i ons :

	

Chl amydomonas r ei nhar di i st r ai n 137( +) was
gr own synchr onousl y at 24° C as pr evi ousl y descr i bed ( 26) . 100 ml of f r esh
medi um i n a 250 ml Er l enmeyer f l ask was i nocul at ed wi t h 2 ml of a f ul l y
gr own cel l cul t ur e, and t he new cul t ur e was used bet ween 48 and 60 h af t er t he
i nocul at i on.

Demembr anat i on and React i vat i on :

	

For most of t he exper i -

ment s r epor t ed her e, cel l s i n 15 ml of cul t ur e medi um wer e har vest ed by

cent r i f ugat i on at - - 500 g f or 3 mi n i n a 15 ml coni cal pl ast i c cent r i f uge t ube,

and washed t hr ee t i mes wi t h 10 mM HEPES ( pH 7 . 4) , 0. 5 mM EGTA by

r epeat ed cent r i f ugat i on and r esuspensi on . ' Demembr anat i on of t he cel l s was

car r i ed out by addi ng t o t he cel l pel l et 5 vol of i ce- chi l l ed demembr anat i ng

sol ut i on cont ai ni ng 30 mMHEPES ( pH 7 . 4) , 5 mMMgSO4 , I mMdi t hi ot hr e-

i t ol , I mMEGTA, 25 mMKCI , 0 . 5%pol yet hyl ene gl ycol ( 20, 000 mol wt ) , I %

Fi col l ( 400, 000 mol wt ) , and 0 . 1 %Noni det P- 40. ' I n some exper i ment s, t he

cel l pel l et was r esuspended i mmedi at el y i n t he demembr anat i ng sol ut i on .
However , i n most exper i ment s, t he cel l pel l et was over l ai d wi t h t he demem-

br anat i ng sol ut i on and l ef t st andi ng f or 5 mi n bef or e bei ng r esuspended wi t h a
Past eur pi pet t e. The l at t er pr ocedur e per mi t t ed t he pel l et t o sof t en somewhat
so t hat t he r esuspensi on coul d be car r i ed out mor e gent l y ; t hi s hel ped pr event
t he axonemes f r om comi ng of f t he cel l body . Al l of t he exper i ment s r epor t ed
her e wer e car r i ed out wi t h cel l s st or ed i n i ce- col d demembr anat i ng sol ut i on f or
no mor e t han 3 h ; dur i ng t hi s t i me t her e was no change i n t he, r esul t s obt ai ned

upon r eact i vat i on.

For r eact i vat i on, about 0 . 1 ml of t he cel l suspensi on i n demembr anat i ng

sol ut i on was cent r i f uged at 1, 500 g f or 30 s i n a 10 x 75 mmgl ass cul t ur e t ube,

and t he super nat e was car ef ul l y r emoved wi t h a Past eur pi pet t e . The cel l pel l et

was t hen gent l y r esuspended i n about 0. 3 ml of st andar d r eact i vat i on sol ut i on

( 30 mMHEPES [ pH 7 . 3] , 5 mMMgSOa, 1 mMdi t hi ot hr ei t ol , 25 mMKCI ,

2% pol yet hyl ene gl ycol [ 20, 000 mol wt ] , 2 mM EGTA, and 1 mMATP) or
one of t he Ca" - buf f er ed r eact i vat i on sol ut i ons of Bessen et al . ( 1) . Al l t he

pr ocedur es af t er t he demembr anat i on wer e per f or med at 0° C except f or t he

mi cr oscope obser vat i ons, whi ch wer e car r i ed out at r oom t emper at ur e.

Mi cr oscope Obser vat i ons :

	

Li ght mi cr oscope obser vat i on usual l y

began i mmedi at el y af t er t he onset of r eact i vat i on. One dr op of sampl e, was

pl aced on a mi cr oscope sl i de t hat had been pr et r eat ed wi t h Sur f asi l " si l i coni zi ng

agent ( Pi er ce Chemi cal Co . , Rockf or d, I L) t o r educe st i cki ng of t he axonemes

t o t he gl ass sur f ace . The sampl e was t hen cover ed wi t h a cover sl i p and seal ed

wi t h Vasel i ne® pet r ol eum j el l y . I n most cases, obser vat i ons wer e car r i ed out
usi ng a Zei ss Uni ver sal Mi cr oscope equi pped wi t h an Ol ympus DCdar k- f i el d

condenser ( NA 1 . 2- 1 . 33) and Ol ympus 40X apochr omat i c oi l i mmer si on

obj ect i ve or Ol ympus 10X achr omat i c obj ect i ve l enses. For r ecor di ng i mages

of movi ng cel l model s, a 35- mm st i l l camer a or a Locam Model 51 16- mm

hi gh- speed ci ne camer a ( Redl ake Cor p. , Cambel l , CA) was used i n combi nat i on

wi t h a St r obex l i ght sour ce ( Chadwi ck- Hel mut h Co . , I nc . , Monr ovi a, CA) .

Kodak Tr i - X 35- mm f i l m was used at an ef f ect i ve speed of El 3200 and

devel oped i n Per f ect i on XR- I devel oper ( Per f ect i on Phot ogr aphi c Pr oduct s,

I nc . , Los Angel es, CA) ; Kodak Tr i - X 16- mm f i l m was exposed at El 800 and

pr ocessed commer ci al l y .

For el ect r on mi cr oscopi c exami nat i on, cel l s i n demembr anat i ng sol ut i on

wer e f i xed by addi t i on of an equal vol ume of col d 2% gl ut ar al dehyde i n

demembr anat i ng sol ut i on. Af t er 10 mi n, t he suspensi on was cent r i f uged f or 10

mi n at 12, 000 g. The r esul t i ng pel l et was f ur t her f i xed i n I %gl ut ar al dehyde i n

100 mMsodi um cacodyl at e, pH 7 . 2, f or 50 mi n, f ol l owed by post f i xat i on i n

1 %OsO. i n 50 mMsodi um cacodyl at e f or 1 h . The pel l et s wer e t hen st ai ned

en bl oc, dehydr at ed, and embedded as descr i bed el sewher e ( 12) .

Quant i f i cat i on of Ci s- or Tr ans- Axoneme Domi nance :
React i vat ed cel l model s t ended t o r ot at e or swi m i n smal l ci r cl es agai nst t he

sur f ace of t he mi cr oscope sl i de or cover sl i p. I n each r ot at i ng or ci r cl i ng cel l ,

' Mor e r ecent l y, we have f ound t hat i ncl usi on of 4%sucr ose i n t he

wash sol ut i on pr ot ect s t he f l agel l a f r om osmot i c shock and pr event s

l oss of f l agel l a dur i ng washi ng, and t hat i ncl usi on of 40%gl ycer ol i n

t he demembr anat i ng sol ut i on r esul t s i n a cel l model t hat can be

r eact i vat ed af t er st or age at - 20° C f or sever al days .
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t he eyespot was f aci ng t owar d or away f r omt he cent er of r ot at i on, dependi ng

on whet her t he t r ans- or ci s- axoneme, r espect i vel y, was beat i ng mor e ef f ect i vel y .

I n each exper i ment , appr oxi mat el y 50 r ot at i ng cel l s wer e scor ed as bel ongi ng

t o one of t hese t wo cl asses . Car e was t aken not t o count cel l s r ot at i ng f or t r i vi al

r easons, such as ( a) one of t he t wo axonemes was l ost ; ( b) one of t he t wo

axonemes was par t i al l y di si nt egr at ed, as i ndi cat ed by f r ayi ng or ext r usi on of

t he cent r al pai r f r om t he t i p ( 16) ; or ( c) t he t i p of an axoneme was st uck t o t he

gl ass sur f ace. The pr opor t i on of cel l s r ot at i ng f or t hese r easons var i ed f r om

exper i ment t o exper i ment , but amount ed t o as many as one- hal f of t he t ot al

r ot at i ng cel l s . Cel l s wer e not scor ed i f t hei r eyespot s wer e not r eadi l y appar ent .

RESULTS

Appear ance of Cel l Model s

When cel l s wer e obser ved i n t he l i ght mi cr oscope wi t hi n 1

mi n af t er r esuspensi on i n demembr anat i ng sol ut i on, al l cel l s

had ceased act i ve movement . The axonemes had var i ous st i f f

f or ms r esembl i ng t he wavef or ms seen at di f f er ent phases of

t he f l agel l ar beat cycl e . The shapes of t he axonemes wer e
st abl e f or at l east sever al hour s, i ndi cat i ng t hat t he axonemes

wer e i n a r i gor st at e si mi l ar t o t hat obser ved i n demembr a-

nat ed sea ur chi n sper m upon sudden depl et i on of ATP ( 8,
17) .

El ect r on mi cr oscopi c obser vat i ons of cel l s f i xed af t er 10
mi n i n i ce- col d demembr anat i ng sol ut i on r eveal ed t hat t he
pl asma and f l agel l ar membr anes wer e compl et el y r emoved
except f or a nar r ow band sur r oundi ng t he t r ansi t i on r egi on
( Fi g. 1) . I nt er nal membr anous or ganel l es showed var i ous

degr ees of di sr upt i on .

Gener al Behavi or of Cel l Model s

When t he demembr anat ed cel l s wer e t r ansf er r ed t o a r eac-

t i vat i on sol ut i on cont ai ni ng Ca" concent r at i ons : z~ 10- 6 M,

t hei r axonemes r esumed beat i ng wi t h an asymmet r i cal , ci l i ar y

pat t er n t hat caused t he cel l s t o move t hr ough t he medi um.

Gr eat er t han 90% of t he cel l model s became mot i l e i n t he

st andar d r eact i vat i on sol ut i on ( cont ai ni ng <10' M f r ee

Ca" ) , but a l ower per cent age wer e r eact i vat ed at l 0- ' or 10- 6

MCa" ( see bel ow) . At 10- 4 MCa" , t he axonemes det ached

f r om t he cel l bodi es and began beat i ng wi t h a symmet r i cal

wavef or m. The beat pat t er ns of t he axonemes at l owand hi gh

concent r at i ons of Ca" wer e t hus si mi l ar t o t hose obser ved

pr evi ousl y f or i sol at ed axonemes ( 1) or f l agel l ar appar at uses

( 15) . However , because of t he Ca' - dependent det achment of

t he axonemes, a model syst em composed of a cel l body and

t wo axonemes coul d be pr epar ed onl y at l ow Ca" concent r a-

t i ons .

These " compl et e" cel l model s wer e abl e t o swi m i n t he

st andar d r eact i vat i on sol ut i on wi t h a maxi mum vel oci t y of

30- 50 gm/ s . Thi s i s about one- t hi r d t o one- hal f t he vel oci t y

of l i vi ng cel l s swi mmi ng i n cul t ur e medi um cont ai ni ng t he

same concent r at i on of pol yet hyl ene gl ycol . I ni t i al l y, many

model s swam i n hel i cal pat hs si mi l ar t o t hose obser ved f or

l i vi ng cel l s ( cf . Fi g . 2, A and B) , except t hat t he model s swam

mor e smoot hl y t han l i vi ng cel l s and di d not r espond t o t he

i l l umi nat ed f i el d or change swi mmi ng di r ect i on as di d l i vi ng

cel l s . Al t er nat i vel y, some model s swam i n smal l ci r cl es ( Fi g.

3) or si mpl y r ot at ed at ~0 . 5- 3 Hz agai nst t he sur f ace of t he

sl i de or cover sl i p ( Fi g. 5) . Wi t h t i me, t he number of hel i cal l y

swi mmi ng model s decr eased, whi l e mor e and mor e model s

began swi mmi ng i n pr ogr essi vel y smal l er ci r cl es . I n a t ypi cal

exper i ment , t he number of r eact i vat ed cel l model s swi mmi ng

i n hel i cal pat hs was >70%when i ni t i al l y obser ved, and de-

cr eased t o <5%af t er 10 mi n of obser vat i on under t he mi cr o-

scope . Ci r cl i ng usual l y cont i nued f or at l east an addi t i onal 10

mi n. Model s swi mmi ng i n cont act wi t h t he sur f ace of t he



FI GURE 1

	

El ect r on mi cr ogr aph of t he f l agel l a and basal bodi es of a det er gent - ext r act ed Chl amydomonas . The pl asma and f l agel l ar

membr anes have been compl et el y r emoved wi t h t he except i on of a shor t cyl i nder of membr ane ( ar r ows) t hat of t en r emai ns

associ at ed wi t h t he t r ansi t i on r egi on of t he f l agel l um. Pr oxi mal and di st al st r i at ed f i ber s and basal body r oot l et s ar e st i l l pr esent

af t er det er gent t r eat ment . x 88, 000 .
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Ca" Cont r ol s Bal ance of Fl agel l ar Beat
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FI GURE 2 Dar k- f i el d mi cr ogr aphs showi ng t ypi cal hel i cal swi mmi ng pat hs of ( A) an i nt act cel l i n nor mal medi um and ( B) a

demembr anat ed cel l model i n a r eact i vat i on sol ut i on cont ai ni ng 10- 9 M Ca' . The mi cr ogr aphs ar e t i me exposur es made usi ng

cont i nuous i l l umi nat i on ( A) or st r oboscopi c i l l umi nat i on at 10 Hz ( B) . x 710 .

sl i de wer e ci r cl i ng pr edomi nant l y ( >90%) i n a count er cl ock-

wi se di r ect i on, wher eas about t he same pr opor t i on of t hose

swi mmi ag agai nst t he cover sl i p wer e ci r cl i ng cl ockwi se.

Di f f er ent i al Act i vi t y of t he Two Axonemes

That a l i vi ng cel l or cel l model swi ms i n a hel i cal pat h

suggest s t hat t her e i s an i mbal ance i n t he f or ces exer t ed by

t he t wo f l agel l a or axonemes, causi ng t he cel l t o cont i nuousl y

t ur n t o one si de ( see Di scussi on) . Such an i mbal ance pr esum-

abl y occur s because one f l agel l um or axoneme i s beat i ng mor e

r api dl y or mor e f or cef ul l y t han t he ot her . I ndeed, as wi l l be

z We wi l l use t he t er ms " domi nant , " " most act i ve, " or " most ef f ect i ve"

t o r ef er t o t he f l agel l um or axoneme whose act i vi t y i s most i mpor t ant

i n det er mi ni ng t he di r ect i on of t ur ni ng of t he cel l .
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FI GURE 3 Dar k- f i el d mi -

cr ogr aphs showi ng t r acks

of demembr anat ed cel l

model s ci r cl i ng agai nst t he

sl i de or cover sl i p i n r eact i -

vat i on sol ut i on cont ai ni ng

10 - 9 M Ca' * . The eyespot

i s vi si bl e as a per i odi cal l y

r epeat i ng br i ght spot ( ar -

r ow) al ong t he out er edge

of each t r ack . Exposur e

condi t i ons ar e t he same as

i n Fi g . 2 B. x 890.

shown bel ow, i n t he ext r eme case of r eact i vat ed cel l model s

r ot at i ng agai nst t he sl i de or cover sl i p, one axoneme appear ed

t o beat nor mal l y wher eas t he ot her showed no movement or

beat wi t h onl y a ver y smal l ampl i t ude .

To det er mi ne i f t he same axoneme was al ways domi nant ,

we t ook advant age of t he f act t hat t he eyespot i n Chl amydo-
monas i s posi t i oned t o t he si de of t he cel l j ust out of a pl ane

connect i ng t he t wo basal bodi es and t her ef or e cl oser t o one

f l agel l um ( t he ci s- f l agel l um) t han t he ot her ( t he t r ans- f l agel -

l um) . I n t he st r ai n 137( +) used i n t hi s st udy, t he eyespot i s

vi si bl e as a r ed spot when vi ewed wi t h br i ght - f i el d opt i cs or

as a br i ght pat ch when vi ewed wi t h dar k- f i el d opt i cs ( Fi g. 4) .

By obser vi ng t he posi t i on of t he eyespot r el at i ve t o t he cent er

of r ot at i on of a ci r cl i ng cel l , we coul d r eadi l y det er mi ne whi ch

axoneme was beat i ng most ef f ect i vel y . A cel l i n whi ch t he ci s-



axoneme i s most ef f ect i ve wi l l t ur n away f r om t he si de havi ng

t he eyespot ; as a r esul t , t he eyespot wi l l be on t he si de of t he

cel l f ar t hest f r om t he cent er of r ot at i on. Conver sel y, a cel l i n

whi ch t he t r ans- f l agel l um i s domi nant wi l l t ur n t owar d t he

si de havi ng t he eyespot , and t he eyespot wi l l be on t he si de of

t he cel l near est t he cent er of r ot at i on . I n t he maj or i t y of cel l

model s ci r cl i ng or r ot at i ng i n st andar d r eact i vat i on sol ut i on,

t he eyespot was posi t i oned f ar f r om t he cent er of r ot at i on

( Fi gs . 3 and 5) , i ndi cat i ng t hat t he ci s- axoneme was beat i ng

mor e ef f ect i vel y t han t he t r ans- axoneme . The pr opor t i on of

r ot at i ng cel l s wi t h t he ci s- axoneme domi nant var i ed t o some

ext ent , but was al most al ways bet ween 70 and 100%( Fi g. 7) .

The cause and si gni f i cance of t hi s var i abi l i t y ar e uncl ear ,

al t hough we f ound t hat t he above per cent age t ended t o be

smal l er when cel l s f r omol der ( denser ) cul t ur es wer e used .

Ca" Cont r ol s t he Di f f er ent i al Act i vi t y of

t he Axonemes

Because Ca" i s essent i al f or phot ot axi s ( 23) , i t seemed

possi bl e t hat i t mi ght af f ect t he pat t er n of beat i ng of t he

axonemes . We t her ef or e exami ned t he ef f ect of cal ci um over

a concent r at i on r ange bet ween 10 - 6 and 10- 9 M. As i n t he

st andar d condi t i ons, cel l model s i n r eact i vat i on sol ut i ons

cont ai ni ng 10- 6 or 10' M f r ee Ca" swam f i r st i n hel i cal

pat hs and t hen i n ci r cl es of pr ogr essi vel y smal l er di amet er .

However , f ewer model s wer e r eact i vat ed t han i n t he st andar d

sol ut i on, and t hey t ended t o st op beat i ng af t er onl y 5- 10 mi n .

Most i mpor t ant l y, i n cont r ast t o t he si t uat i on i n t he st andar d

sol ut i on, t he eyespot was usual l y posi t i oned on t he si de of t he

cel l near est t he cent er of r ot at i on ( Fi g. 6) , i ndi cat i ng t hat

under t hese condi t i ons t he t r ans- axoneme was most act i ve.

The pr edomi nant di r ect i on of r ot at i on was t he same as i n t he

st andar d sol ut i on : i n a sur vey of 30 cel l s r ot at i ng on t he gl ass

sl i de, 77%wer e ci r cl i ng count er cl ockwi se .

By r epeat i ng obser vat i ons at di f f er ent concent r at i ons of

Ca" , we obt ai ned a cur ve showi ng t he Ca" dependence of

ci s- or t r ans- axonemal act i vi t y ( Fi g. 7) . The t r ans- axoneme

was most act i ve i n ^ - 94 and ^- 90% of t he cel l s at 10- 6 or

10' Mf r ee Ca" , r espect i vel y, wher eas at 10 - 9 MCa" t he

ci s- axoneme was domi nant i n ^ - 84%of t he cel l s. At 10- 8 M

Ca" , a l ar ger number of cel l s cont i nued hel i cal swi mmi ng

t han at hi gher or l ower concent r at i ons, i ndi cat i ng t hat bot h

axonemes cont i nued t o be r el at i vel y act i ve . Mor eover , among

t he f ew cel l model s t hat wer e r ot at i ng agai nst t he sl i de, t he

per cent havi ng ei t her t he ci s- or t r ans- axoneme domi nant

var i ed consi der abl y f r omexper i ment t o exper i ment .

As st at ed above, when cel l model s wer e f i r st obser ved af t er

r esuspensi on i n r eact i vat i on sol ut i on, many model s wer e

swi mmi ng i n smoot h hel i cal pat hs. I f t he above descr i bed

pat t er n of Ca" - dependent act i vat i on or i nact i vat i on of t he

ci s- or t r ans- axoneme occur s i n t hese hel i cal l y swi mmi ng

model s, t hen at 10- 9 MCa" t he ci s- axoneme wi l l be most

act i ve and, f or r easons descr i bed i n t he Di scussi on, t he eyespot

wi l l be on t he out si de of t he hel i x . At 10' M Ca" t he

opposi t e wi l l be t r ue. I ndeed, t hi s i s exact l y what we obser ved .

I n 76 r andoml y r ecor ded t r acks of cel l model s t hat wer e

swi mmi ng hel i cal l y at 10- 9 MCa" and had i dent i f i abl e

eyespot s, t he eyespot was on t he out si de i n >80%of t he t r acks

( Fi g. 8A) . Conver sel y, i n 49 t r acks r ecor ded at 10' MCa" ,

FI GURE

	

4

	

Si ngl e- f l ash dar k- f i el d mi cr ogr aph of a

demembr anat ed cel l model swi mmi ng i n r eact i -

vat i on sol ut i on cont ai ni ng 10- ' MCa' . The mi cr o-

gr aph was pr i nt ed t o show t he axonemes ( A) and

t he eyespot ( B) , whi ch appear s as a br i ght pat ch at

t he si de of t he cel l . I n t hi s cel l model t he axoneme

near est t o t he eyespot ( t he ci s- axoneme) was beat -

i ng wi t h a nor mal wavef or m, wher eas t he t r ans-

axoneme was i nact i ve and hel d i n a ci r cul ar ar c .

As a r esul t , t he cel l was t ur ni ng away f r om t he

eyespot . x 2, 200 .

FI GURE 5

	

Tr i pl e ( A) and doubl e ( B and B' ) f l ash exposur es of anot her cel l model ci r cl i ng cl ockwi se agai nst t he cover sl i p i n

r eact i vat i on sol ut i on cont ai ni ng 10' M Ca' * . B and B' wer e pr i nt ed f r om t he same negat i ve t o show t he eyespot and axonemes,

r espect i vel y . The ci s- axoneme ( ar r ow i n B' ) was beat i ng; t he t r ans- axoneme was i nact i ve . Consequent l y, t he si de of t he cel l wi t h

t he eyespot was f ar t hest f r om t he cent er of r ot at i on . Fl ash r at e, 3 Hz . x 2, 000.
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Gr aph of t he per cent of r eact i vat ed cel l model s i n whi ch

t he t r ans- axoneme was t he most act i ve one at t he i ndi cat ed con-

cent r at i ons of f r ee Ca" . Each dat a poi nt r epr esent s t he mean ± SD

of about 10 exper i ment s . SRS, st andar d r eact i vat i on sol ut i on ( con-

t ai ni ng <10- 9 Mf r ee Ca" ) .

67% of t he model s wer e or i ent ed wi t h t hei r eyespot s f aci ng

t he i nsi de of t he hel i x ( Fi g. 8 B) . These r esul t s i ndi cat e t hat i n
hel i cal l y swi mmi ng cel l model s, as wel l as ci r cl i ng or r ot at i ng

model s, t he bal ance of beat i ng of t he t wo axonemes i s af f ect ed
by t he concent r at i on of f r ee Ca" i n t he r eact i vat i on sol ut i ons .
Thi s pat t er n of act i vi t y had al r eady been det er mi ned at t he

ear l i est t i mes t hat we coul d make obser vat i ons .
For compar i son, i nt act cel l s swi mmi ng i n nor mal medi um

ar e al ways or i ent ed so t hat t he eyespot f aces t he out si de of

t he hel i x ( Fi g . 8 C) .

To mor e accur at el y assess t he f or m and movement of t he

t wo axonemes at t he di f f er ent concent r at i ons of Ca" , cel l

model s r ot at i ng agai nst t he sl i de or cover sl i p wer e f i l med by
hi gh speed ci nephot omi cr ogr aphy .

I n cel l model s r eact i vat ed at 10 - 9 MCa" ( Fi g . 9) , t he ci s-
axoneme beat wi t h a wavef or m ver y si mi l ar t o t hat of i nt act
f l agel l a of nor mal f or war d swi mmi ng cel l s ( 3, 15, 19) . I n
cont r ast , t he t r ans- axoneme showed no movement or onl y
occasi onal , l owampl i t ude bendi ng movement s ; t hi s axoneme
appear ed t o be r el at i vel y r i gi d and was most commonl y hel d

i n a smoot h ar c at var i ous angl es r el at i ve t o t he cel l body.
Si mi l ar l y, i n cel l model s r ot at i ng at 10' MCa" ( Fi g. 10) ,

t he t r ans- axoneme beat wi t h a wavef or m si mi l ar t o t hat of
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FI GURE 6 Tr i pl e ( A) and si ngl e ( B) f l ash

exposur es of a cel l model ci r cl i ng cl ockwi se

agai nst t he cover sl i p i n r eact i vat i on sol ut i on

cont ai ni ng 10 - ' MCa" . Under t hese con-

di t i ons t he t r ans- axoneme ( ar r ow i n B) was

most act i ve . I n A, t he t hr ee i mages of t he

eyespot ar e super i mposed near t he cent er

of r ot at i on . x 3, 100 .

nor mal i nt act f l agel l a, wher eas t he ci s- axoneme was nonmo-

t i l e . As at 10- 9 MCa" , t he nonmot i l e axoneme was r i gi d
and usual l y hel d i n an ar c at a di st ance f r omt he cel l body .

Rever si bi l i t y of Ci s- Axoneme and Tr ans-

Axoneme I nact i vat i on

To det er mi ne i f t he sel ect i ve, Ca" - dependent i nact i vat i on

of ei t her t he ci s- or t he t r ans- axoneme was r ever si bl e, we
r eact i vat ed cel l model s at var i ous Ca" concent r at i ons and

t hen swi t ched t hemt o a second r eact i vat i on sol ut i on cont ai n-

i ng a di f f er ent Ca++ concent r at i on . To assur e r eact i vat i on i n
t he f i r st sol ut i on, a sampl e was br ought t o r oomt emper at ur e

f or 30 s . The sampl e was t hen chi l l ed on i ce and al i quot s

r emoved f or mi cr oscopi c obser vat i on t o det er mi ne t he di r ec-

t i on of t ur ni ng of t he cel l s r el at i ve t o t hei r eyespot s . Af t er

quant i f i cat i on of t he eyespot posi t i on r el at i ve t o t he cent er of

r ot at i on, t he r emai nder of t he sampl e was cent r i f uged and

r esuspended i n t he second r eact i vat i on sol ut i on i n t he col d as

i n a usual exper i ment . Dur i ng t he exchange of medi um, many

cel l s l ost t hei r axonemes, pr obabl y due t o mechani cal or

shear i ng f or ces dur i ng t he cent r i f ugat i on and r esuspensi on .

Never t hel ess, obser vat i ons on t he r emai ni ng cel l s i ndi cat ed

t hat sel ect i ve i nact i vat i on of bot h t he ci s- and t he t r ans-

axoneme was r ever si bl e ( Tabl e 1) . When cel l model s wer e

swi t ched f r om st andar d r eact i vat i on sol ut i on t o a sol ut i on

cont ai ni ng 10' MCa" , t he behavi or of t he cel l s changed

f r oma pat t er n i n whi ch t he ci s- axoneme was usual l y domi -

nant t o one i n whi ch t he t r ans- axoneme was most act i ve i n

t he maj or i t y of r eact i vat ed model s . Conver sel y, t he t r ans-

axoneme was usual l y t he most act i ve one i n model s i ni t i al l y

r eact i vat ed at 10' MCa" , but af t er t he model s wer e swi t ched

t o st andar d r eact i vat i on sol ut i on, t he ci s- axoneme became

most ef f ect i ve .

Sel ect i ve I nact i vat i on of Axonemes I n Vi vo

The f act t hat mor e and mor e cel l model s swami n pr ogr es-
si vel y smal l er ci r cl es at i ncr easi ng t i mes af t er r eact i vat i on i n
sol ut i ons cont ai ni ng 10 - 9 Mor 10- ' - 10 - ' MCa" suggest ed
t hat t her e was a pr ogr essi ve, Ca" - dependent i nact i vat i on of
t he t r ans- or ci s- axoneme, r espect i vel y . To i nvest i gat e whet her
such a pr ocess mi ght al so occur i n t he l i vi ng cel l , we exami ned

i nt act cel l s af t er r esuspensi on i n HES sol ut i on cont ai ni ng 10
mMHEPES ( pH 7 . 4) , 0 . 5 mMEGTA, and 4%sucr ose, wi t h
t he expect at i on t hat t hi s sol ut i on woul d r esul t i n a depl et i on
of i nt r acel l ul ar Ca" . I ni t i al l y, t hese cel l s swam i n hel i cal
pat hs si mi l ar t o t hose of cel l s swi mmi ng i n nor mal medi um.
However , wi t h t i me, an i ncr easi ng number of cel l s swam i n



FI GURE 8

	

( A and B) Mul t i pl e exposur e, dar k- f i el d mi cr ogr aphs showi ng t he swi mmi ng pat hs of cel l model s r eact i vat ed at 10 - 9
MCa" ( A) or 10' M Ca" ( B) . The eyespot i s vi si bl e as a per i odi c br i ght spot on t he out er edge of t he hel i x i n A and on t he

i nner edge of t he hel i x i n B. Fl ash r at e, 10 Hz . x 630 . ( C) Swi mmi ng pat h of a l i vi ng cel l phot ogr aphed wi t h cont i nuous i l l umi nat i on

usi ng a pol ar i zi ng mi cr oscope . The eyespot i s vi si bl e as a ser i es of di scr et e bi r ef r i ngent spot s al ong t he out er edge of t he hel i x.

The smal l - scal e di scont i nui t i es i n t he i mage ar i se f r om di scont i nui t i es i n t he r at e of f or war d pr ogr essi on as t he cel l al t er nat es

bet ween r ecover y and ef f ect i ve st r okes ( 18) . x 630 .

ci r cl es agai nst t he sl i de or cover sl i p . Af t er 1 h, - 70% of
swi mmi ng cel l s ci r cl ed i n t hi s way ; i n vi r t ual l y al l of t hese,
t he ci s- f l agel l um was beat i ng r api dl y and t he t r ans- f l agel l um
was qui escent . I n cont r ast , ci r cl i ng was obser ved i n <10%of
cont r ol cel l s swi mmi ng f or t he same l engt h of t i me i n HES +

1 mMCaC1 2' . The EGTA- i nduced qui escence of t he t r ans-
f l agel l um i n t he exper i ment al cel l s was r eadi l y r ever si bl e ;
upon addi t i on of 1 mMCaC12 t o t he HES sol ut i on, t he cel l s
qui ckl y r ever t ed t o nor mal hel i cal swi mmi ng . These obser -
vat i ons i ndi cat ed t hat r ever si bl e, hi ghl y sel ect i ve, Ca" - mod-
ul at ed i nact i vat i on of at l east t he t r ans- axoneme coul d occur
i n vi vo .

DI SCUSSI ON

As seen i n Fi g. 2A and 8C i nt act Chl amydomonas usual l y
swi m i n hel i cal pat hs. Gr ay ( 11) has di scussed i n det ai l t he
t ypes of movement s t hat r esul t i n hel i cal and ci r cul ar swi m-

' Chl amydomonas was pr evi ousl y shown t o swi m and phot ot ax nor -
mal l y i n t he pr esence of at l east l 0- Z Mand 10' Mext r acel l ul ar
Ca" , r espect i vel y ( 21, 23) . The passi ve i nf l ux of Ca" under t hese
condi t i ons must t her ef or e be suf f i ci ent l y sl ow t hat t he cel l can mai n-
t ai n i t s nor mal i nt r acel l ul ar Ca" l evel , pr esumabl y by t he act i on of
cal ci um pumps i n t he cel l or f l agel l ar membr ane .

mi ng i n sea ur chi n sper m, and hi s anal ysi s i s gener al l y appl i -
cabl e t o Chl amydomonas ( Fi g . 11) . I f a f or war d swi mmi ng
Chl amydomonas cont i nuousl y t ur ns t o t he l ef t or r i ght i n t he

pl ane of t he f l agel l ar beat , t hen i t wi l l swi mi n a ci r cul ar ar c ;
such t ur ni ng i n t he pl ane of t he f l agel l ar beat i s t er med
" yawi ng" , and mi ght occur i f one f l agel l um i s beat i ng mor e
r api dl y' or mor e f or cef ul l y t han t he ot her . I f a f or war d swi m-
mi ng cel l r ol l s about i t s l ongi t udi nal axi s wi t hout t ur ni ng t o
t he l ef t or r i ght , i t wi l l swi m i n a st r ai ght l i ne . Fi nal l y, i f a
f or war d- swi mmi ng cel l bot h r ol l s and yaws, i t wi l l swi m i n a
hel i cal pat h. Thi s wi l l be a l ef t - handed hel i x i f t he cel l i s
r ol l i ng count er cl ockwi se as vi ewed f r ombehi nd, and a r i ght -
handed hel i x i f t he cel l i s r ol l i ng cl ockwi se . A cel l t hat yaws
away f r om t he si de havi ng t he eyespot wi l l swi mi n a ci r cul ar
or hel i cal pat h wi t h i t s eyespot f aci ng out , r egar dl ess of t he
di r ect i on of r ol l .

Ther e have been conf l i ct i ng r epor t s i n t he l i t er at ur e con-
cer ni ng whet her Chl amydomonas r ei nhar di i r ol l s as i t swi ms,

" I n hi gh speed movi es of bot h wi l d- t ype Chl amydomonas ( 6 ; H. J .
Hoops, J. Shapi r o, and G. B. Wi t man, unpubl i shed r esul t s) and a
mut ant wi t h abnor mal basal st r uct ur e ( 13) , one f l agel l umi s f r equent l y
obser ved t o beat f ast er t han t he ot her . On t he basi s of t he f i ndi ngs
r epor t ed her e, t he f ast er beat i ng f l agel l um i s pr obabl y t he ci s- f l agel -
l um.
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FI GURE 9

	

Fi l m sequence of a cel l model r eact i vat ed at 10 - ' MCa* * . One of t he axonemes i s beat i ng wi t h a nor mal wavef or m;

t he ot her i s mot i onl ess and has a f or m r esembl i ng t hat of an axoneme at t he begi nni ng of i t s r ecover y st r oke . Successi ve f r ames

ar e ar r anged t op t o bot t om begi nni ng wi t h t he upper l ef t f r ame . The f r ame r at e was accel er at i ng t hr oughout t he f i r st col umn and

t her eaf t er was const ant at 146 f r ames/ s . x 1, 400 .

wi t h some i nvest i gat or s concl udi ng t hat i t does ( 2, 7) and
some t hat i t does not ( 18, 19) . Under our condi t i ons, r ol l i ng
def i ni t el y occur s, as evi denced by t r acks such as t hat shown

i n Fi g . 8C, wher e t he eyespot i s al ways or i ent ed t owar d t he

out si de of t he hel i x . Because t he f l agel l ar appar at us of Ch/ a-

mydomonas has 180° r ot at i onal symmet r y ( 12) , such r ol l i ng

pr obabl y r esul t s f r om t he sl i ght t hr ee- di mensi onal component
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of t he f l agel l ar wavef or m ( 1) . However , r ol l i ng coul d al so

occur i f t he t wo f l agel l a beat i n di f f er ent pl anes, even i f t hei r

wavef or ms wer e not t hr ee- di mensi onal .
The maj or i t y of demembr anat ed cel l model s t hat wer e

r eact i vat ed at 10 - 9 M or 10 - a- 10- ' MCa" f i r st swam i n

hel i cal pat hs si mi l ar t o t hose of i nt act cel l s, but wi t h t i me

began t o swi mi n ci r cl es or r ot at e agai nst t he sl i de or cover sl i p .



FI GURE 10

	

Fi l m sequence of a cel l model r eact i vat ed at 10 - ' MCa" . One of t he axonemes i s beat i ng wi t h a nor mal wavef or m;

t he ot her i s mot i onl ess and hel d i n a smoot h ar c at an angl e f r om t he cel l body . Consecut i ve f r ames r un f r om t op t o bot t om

begi nni ng i n t he upper l ef t cor ner . Fr ame r at e accel er at i ng t o - 150 f r ames/ s . x 1, 400 .

KAMI YA AND WI TMAN

	

Ca" Cont r ol s Bal ance of Fl agel l ar Beat

	

105



TABLE I

Rever si bi l i t y Of Ci s- and Tr ans- Axoneme I nact i vat i on

Cel l model s wer e r esuspended i n a r eact i vat i on sol ut i on cont ai ni ng one
concent r at i on of Ca* * ( t he " f i r st sol ut i on" ) and t he r eact i vat ed cel l model s
wer e scor ed f or domi nance of t he ci s- or t r ans- axoneme . The cel l s wer e
t hen cent r i f uged and r esuspended i n t he " second sol ut i on" cont ai ni ng a
di f f er ent concent r at i on of Ca* * , and r eact i vat ed model s wer e agai n scor ed

f or domi nance of t he ci s- or t r ans- axoneme.
* SRS, st andar d r eact i vat i on sol ut i on ( cont ai ni ng 2mMEGTA and no added

Ca l . ) .
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FI GURE 11

	

Di agr am i l l ust r at i ng some of t he pat t er ns of swi mmi ng

t hat coul d occur i n Chl amydomonas . A cel l t hat cont i nuousl y yaws

i n t he pl ane of t he f l agel l ar beat wi l l swi m i n a ci r cl e ( l ef t ) . A cel l

t hat cont i nuousl y r ol l s wi t hout yawi ng wi l l swi m i n a st r ai ght l i ne

( l ower cent er ) . A cel l t hat bot h yaws and r ol l s wi l l swi m i n a hel i x

( cent er ) . ( Af t er Gr ay [ 11] ) .

Thi s t r ansi t i on f r om swi mmi ng i n a hel i cal pat h t o ci r cl i ng

agai nst a sur f ace i nvol ves a pr ogr essi ve i nact i vat i on of one of

t he axonemes . Al t hough we have not f ol l owed t he compl et e

t r ansi t i on i n any one cel l , i t seems l i kel y t hat as one axoneme

becomes l ess ef f ect i ve, t he r at e of t ur ni ng ( yawi ng) of t he cel l

i ncr eases and t he pi t ch of t he hel i cal swi mmi ng pat h de-

cr eases, wi t h t he r esul t t hat t he cel l i s mor e l i kel y t o become

t r apped agai nst t he sl i de or cover sl i p, wher e cl ose pr oxi mi t y

t o t he gl ass sur f ace wi l l pr event i t f r omf ur t her r ol l i ng, so t hat

i t can onl y swi mi n a ci r cl e . As t he af f ect ed axoneme becomes

st i l l l ess act i ve, t he t r apped cel l swi ms i n smal l er and smal l er

ci r cl es . That t he cel l model s ci r cl ed count er cl ockwi se when

vi ewed t owar d t he sur f ace over whi ch t hey wer e movi ng

i ndi cat es t hat i ni t i al l y t he hel i cal pat h was l ef t - handed and

t he cel l s wer e r ol l i ng count er cl ockwi se as vi ewed f r ombehi nd .

Our r esul t s cl ear l y showt hat t he ci s- axoneme and t he t r ans-

axoneme of demembr anat ed, r eact i vat ed Chl amydomonas

r espond di f f er ent l y t o submi cr omol ar l evel s of cal ci um: t he

t r ans- axoneme was l ess act i ve at Ca" concent r at i ons bel ow

10 - 8 M, wher eas t he ci s- axoneme was l ess act i ve at hi gher

Ca" concent r at i ons . A si mi l ar uni l at er al i nact i vat i on of t he

t r ans- f l agel l um was obser ved i n i nt act cel l s i n cal ci um- f r ee

medi um. Thi s i s t he f i r st t i me t hat f unct i onal di f f er ences have

been demonst r at ed f or t he t wo f l agel l a of Chl amydomonas .

Goodenough ( 10) r ecent l y r epor t ed t he pr epar at i on of r eact i -

vat abl e cel l model s usi ng pr ocedur es si mi l ar t o our own, and

not ed t hat t he model s swami n ci r cl es under some condi t i ons,

pr esumabl y because one axoneme was mor e ef f ect i ve t han

t he ot her . However , no di st i nct i on was made bet ween t he

axonemes i n t hat st udy .

The di f f er ent i al r esponse of t he axonemes t o Ca" may be

cont r ol l ed by st r uct ur al el ement s wi t hi n t he axonemes t hem-
sel ves, or modul at ed by ext r a- axonemal st r uct ur es such as t he

basal bodi es or t hei r associ at ed f i ber s and r oot l et s . I f t he

f or mer i s t r ue, t hen t he t wo axonemes must be bi ochemi cal l y

di f f er ent . I n t hi s cont ext i t i s of i nt er est t hat t he ci s- and t r ans-
f l agel l a of Chl amydomonas di f f er i n t hei r devel opment ( 14) .

I t may al so be si gni f i cant t hat when t he per cent of Chl amy-

domonas axonemes t hat r eact i vat ed at var i ous cal ci um con-
cent r at i ons was car ef ul l y quant i t at ed, onl y - 50%of t he axo-

nemes wer e f ound t o be act i ve at 10' MCa" ( 1) .

The cal ci um- dependent modul at i on of ci s- or t r ans- axo-

nemal act i vi t y obser ved i n t he demembr anat ed, r eact i vat ed

cel l model s i s pr obabl y ver y i mpor t ant i n t he phot ot axi s of

i nt act cel l s . I t has been pr oposed t hat t he eyespot of Chl a-

mydomonas under l i es a phot osensi t i ve r egi on of t he pl asma

membr ane, and t hat t oget her t hese st r uct ur es f or m a di r ec-

t i onal ant enna sensi t i ve t o l i ght ( 7) . As t he cel l swi ms i n a

hel i cal pat h, t he ant enna scans t he envi r onment over 360°

dur i ng ever y t ur n of t he hel i x . When t he i nt ensi t y of l i ght

st r i ki ng t he phot osensi t i ve r egi on i ncr eases, t he pl asma mem-

br ane i s depol ar i zed, l eadi ng t o an i nf l ux of Ca" f r om t he

medi umand a change i n t he f l agel l ar beat pat t er n ( see r ef er -

ence 7 f or r evi ew) . Because i nt act cel l s nor mal l y swi m i n

hel i cal pat hs wi t h t he eyespot or i ent ed t owar d t he out si de, t he

i nt r acel l ul ar concent r at i on of Ca" ( or mor e accur at el y, t he

concent r at i on of Ca" i n t he r egi on of t he Ca' - sensi t i ve

cont r ol l i ng el ement , whi ch may be l ocat ed ent i r el y wi t hi n t he

f l agel l um) under t hese condi t i ons i s pr obabl y - - 10` M, t he

concent r at i on at whi ch our model s cont i nued t o swi m i n

hel i cal pat hs. Based on our obser vat i ons of t he model s, i f t he

Ca" concent r at i on i ncr eases f r om - 10 - 8 t o 10- ' or 10- 6 M

upon phot ost i mul at i on, t hen t her e wi l l be a uni l at er al de-

cr ease i n t he act i vi t y of t he ci s- f l agel l um, causi ng t he cel l t o

t ur n t owar d t he si de havi ng t he eyespot and hence t owar d t he

sour ce of t he l i ght . I n t he i nt act cel l , t he nor mal Ca" l evel s

ar e pr esumabl y qui ckl y r est or ed, and t he or i gi nal bal ance of

beat i ng i s r esumed . However , i n our demembr anat ed model s

swi mmi ng i n Ca: ` - buf f er ed sol ut i ons, t he pr ocess t hat al t er s

t he act i vi t y of t he axonemes appar ent l y cont i nues unt i l one

of t he axonemes i s compl et el y i nact i vat ed.

The uni l at er al decr ease i n act i vi t y of t he ci s- axoneme as

t he Ca" concent r at i on i ncr eases f r om 10- 8 Mt o 10- ' or 10- 6

Mi s t her ef or e suf f i ci ent t o account f or t he t ur ni ng behavi or

of Chl amydomonas dur i ng posi t i ve phot ot axi s . Dur i ng nega-

t i ve phot ot axi s, phot ost i mul at i on may r esul t i n a t r ansi ent

decr ease i n i nt r acel l ul ar Ca" , l eadi ng t o uni l at er al i nact i va-

t i on of t he t r ans- axoneme and a t ur ni ng away f r omt he sour ce

of t he l i ght . I nt er est i ngl y, Smyt h and Ber g ( 22) have r epor t ed

t hat a pul se of l i ght usual l y r esul t s i n a t r ansi ent decr ease i n

t he beat f r equency of a uni f l agel l at e mut ant havi ng onl y t he

t r ans- f l agel l um, and have suggest ed t hat t hi s t ype of r esponse

mi ght occur i n bi f l agel l at e cel l s dur i ng negat i ve phot ot axi s .

Qui escence occur s i n bot h axonemes of Chl amydomonas

when i sol at ed, demembr anat ed axonemes ar e r esuspended i n

a r eact i vat i on sol ut i on cont ai ni ng 10` 5 MCa' ( 1) . Qui es-

cence at t hi s hi gh concent r at i on of Ca" seems t o be con-

nect ed t o t he t r ansi ent cessat i on of cel l movement obser ved

j ust bef or e and af t er backwar ds swi mmi ng dur i ng t he phot o-

phobi c r esponse ( 2, 15, 21) , and may or may not occur by a

mechani smr el at ed t o t hat causi ng t he sel ect i ve i nact i vat i on

of t he ci s- or t r ans- axoneme . I n any case, t he pat t er ns of

Fi r st sol ut i on Second sol ut i on

React i - React i -

vat ed vat ed

model s model s

wi t h t r ans- wi t h t r ans-

Ca" con- axoneme Ca" con- axoneme

Exp cent r at i on domi nant cent r at i on domi nant

M % M %

1 10 - ' 93 SRS* 39

2 10- ' 85 SRS 17

3 SRS 26 10 - 7 92

4 SRS 0 10 - 7 62

5 SRS 4 10 - 7 65



behavi or seen i n i sol at ed axonemes and i n demembr anat ed

cel l model s at var i ous Ca" concent r at i ons suggest s t hat i n

t he i nt act cel l a t ur ni ng r esponse i s i nduced by a r el at i vel y

sl i ght i ncr ease i n i nt r acel l ul ar Ca" , wher eas a phot ophobi c

r esponse i s br ought about by a much gr eat er i ncr ease . The

magni t ude of t he Ca" i ncr ease i s pr obabl y r el at ed t o t he

i nt ensi t y of t he st i mul us; Boscov and Fei nl ei b ( 2) r epor t ed

t hat a mor e i nt ense f l ash st i mul us caused an i ncr ease i n t he

number of phot ophobi c r esponses r el at i ve t o t ur n r esponses.

We do not yet know t he mechani smby whi ch t he ci s- or

t r ans- axonemes ar e pr ogr essi vel y and sel ect i vel y i nact i vat ed .

I nasmuch as t he pr ocess occur s i n at l east t he t r ans- axoneme

of i nt act cel l s and i s r ever si bl e i n bot h i nt act cel l s and demem-

br anat ed model s, i t coul d not be br ought about by pr ot eol ysi s .

I t seems mor e l i kel y t hat t he mechani sm i nvol ves r ever si bl e

modi f i cat i on of a pol ypept i de component , and t hat t he equi -

l i br i umbet ween t he modi f i ed and unmodi f i ed st at es i s shi f t ed

by changes i n t he Ca" concent r at i on . Di f f er ent mechani sms

may oper at e i n t he t wo axonemes, or t he ci s- and t r ans-

axonemes may r espond di f f er ent l y t o t he same Ca" - depend-

ent bi ochemi cal event .

The shi f t f r omdomi nance of t he ci s- axoneme t o domi nance

of t he t r ans- axoneme occur s as t he f r ee Ca" concent r at i on

i ncr eases f r om 10' t o 10' M. Cal modul i n i s pr esent i n bot h

t he Chl amydomonas cel l body and axoneme ( 9) , and al t hough

sol ubl e cal modul i n bi nds l i t t l e Ca" bel ow 1. 0 - ' M( 4, 20) , i t s

af f i ni t y f or Ca" coul d be consi der abl y hi gher i n t he t i ght l y

bound st at e i n whi ch i t exi st s i n t he axoneme ( 1, 25) . Cal -

modul i n coul d t her ef or e be i nvol ved i n t he sel ect i ve cont r ol

of ci s- or t r ans- axonemal act i vi t y . Al t er nat i vel y, t hi s cont r ol

may be medi at ed by an as yet undescr i bed pr ot ei n havi ng a

hi gher af f i ni t y f or Ca" t han does cal modul i n .
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