
県立広島大学人間文化学部紀要　11，43-54（2016）

Two Active Fragments of Outer Arm Dynein from  
Tetrahymena Cilia; Purification of Fragment-β and -γ

Etsuko	Masuyama

Department	of	Health	Sciences,	Prefectural	University	of	Hiroshima,	Hiroshima.

INTRODUCTION
Dyneins	are	large	multisubunit	ATPases	that	interact	with	microtubules	to	generate	force.	

In	 the	axonemes	of	eukaryotic	cilia	and	 flagella,	dyneins	are	contained	 in	 the	 inner	and	outer	
arms.	These	arms	are	permanently	attached	to	the	A-tubules	of	the	outer	doublets	and	undergo	
cyclic	 attachment	and	detachment	 to	 the	adjacent	B-tubules,	 concomitant	with	ATP	binding	
and	hydrolysis.	It	 is	this	action	that	results	in	the	sliding	of	doublet	microtubules	relative	to	one	
another,	which	when	resisted	in	a	controlled	manner	gives	rise	to	axonemal	bending,	and	hence	to	
ciliary	and	flagellar	motility1).	The	best	characterized	dyneins	are	the	outer	arms	of	flagella,	which	
consist	of	two	(sea	urchin)	or	three	(Chlamydomonas)	different	heavy	chains	(>400	kDa)	together	
with	several	intermediate	and	light	chains2,3).	The	heavy	chains	contain	the	ATP-hydrolytic	site(s)	
and	are	responsible	 for	 force	production4-6).	Moreover,	 recent	cell	biological	and	genetic	studies	
indicate	that	individual	heavy	chain	isoforms	of	the	outer	arm	dynein	are	functionally	different7-11).

In	other	species,	 the	dyneins	 that	can	be	extracted	 from	Tetrahymena	ciliary	axonemes	
are	well	 characterized	 as	 22	 S	 and	 14	 S	 dyneins.	The	 22	 S	 dynein	 is	 very	 similar	 to	 the	
Chlamydomonas	outer	arm	dynein.	 It	 is	 a	 large	particle	with	a	mass	of	 approximately	1.9	x	
106	Da	 is	composed	of	 three	heavy	chains12).	When	observed	by	scanning	transmission	electron	
microscopy,	the	intact	22S	dynein	particle	has	a	bouquet-like	structure	with	three	globular	heads	
attached	by	slender	stalks	to	the	common	base	 in vitro12).	Further	 investigations	have	 indicated	
that	the	number	of	globular	domains	corresponds	to	the	number	of	dynein	heavy	chains13).	Partially	
purified	22	S	dynein	will	rebind	with	moderate	specificity	to	the	outer	arm	position	when	mixed	
with	salt-extracted	Tetrahymena	axonemes14),	and	antibodies	to	22	S	dynein	can	be	shown	to	bind	
near	the	outer	arm	position	in	immunoelectron	micrographs15).	However,	it	is	unknown	where	the	
three	dynein	heads	having	different	functions	are	located	in	the	region	of	the	outer	arm	and	how	
each	head	utilizes	the	differences	among	its	heavy	chain	components	during	axonemal	bending	as	
the	result	of	interaction	with	microtubules.

In	order	 to	clarify	 the	structure	and	 function	of	each	head	of	outer	arm	dynein	by	 the	
method	of	protein	chemistry,	 attempts	were	made	 to	prepare	dynein	 fragments	by	digesting	
the	outer	arm	dynein	 from	Tetrahymena	cilia.	Dynein	 fragment	was	prepared	by	Ogawa	and	
Mohri16).	They	purified	tryptic	fragment	originating	from	β	heavy	chain	of	two-headed	outer	arm	
dynein	 from	sea	urchin	flagella.	 In	 further	studies	of	 the	 functional	substructure	of	solubilized	β	
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heavy	chain	by	 limited	proteolysis,	Ow	et al.17)	and	Mocz	and	Gibbons18)	have	reported	that	 the	
digested	β	chain	is	separable	into	fragments	A	and	B,	the	sediments	at	12	S	and	6	S,	respectively,	
suggesting	that	 these	 fragments	may	correspond	to	 the	head	and	tail	domains	of	 the	molecule.	
In	 the	case	of	Tetrahymena,	 tryptic	 fragmentation	of	 the	outer	arm	dynein	has	been	reported	
in	an	earlier	study19)	as	follows.	Although	12	S	fragment	which	was	smaller	than	the	intact	form	
was	obtained,	the	fragment	consisted	of	four	polypeptides	(405-123	kDa)	and	could	not	be	purified	
into	fragments	such	as	fragment	A.	Brief	limited	proteolysis	with	chymotrypsin	was	successfully	
performed:	 three-headed	dynein	was	separated	 into	 two-headed	and	one-headed	dyneins	which	
were	supplied	in	gliding	on	microtubules20).	Furthermore,	Niino	and	Miki-Noumura21)	attempted	to	
analyze	the	functional	substructure	by	digesting	two-headed	dynein	(	β	and	γ	heavy	chains)	with	
thermolysin.	They	concluded	that	the	ATPase	site	is	located	in	the	β	and	γ	heavy	chains	based	on	
the	measurements	of	ATPase	activity	of	the	digested	fragments.

In	the	present	study,	we	prepared	fragments	by	effectively	digesting	outer	arm	dynein	of	
Tetrahymena	cilia	with	thermolysin,	and	then	purified	the	two	fragments	which	both	possessed	
high	ATPase	activities	by	anion	exchange	chromatography.

EXPERIMENTAL PROCEDURES
Preparation of Cilia -Tetrahymena pyriformis	strain	GL	was	cultured	in	1%	PYD	culture	

medium	(1%	proteose	pepton,	0.1%	yeast	extract,	0.3%	glucose	and	0.1%	sodium	acetate)	at	23℃.	
Two	kinds	of	reagents	such	as	calcium-ethanol	and	dibucaine	were	used	 in	order	to	 isolate	cilia	
from	Tetrahymena.	Unless	otherwise	stated,	calcium-ethanol	method	described	previously22)	was	
performed	 to	prepare	 the	dynein	 fragments.	Dibucaine	method	 is	described	as	 follows.	Cells	
were	harvested	by	gentle	centrifugation	and	resuspended	 in	a	small	volume	of	culture	medium	
containing	0.1	mM	Nα-	tosyl-L-lysine	chloromethyl	ketone	(TLCK)	and	0.1	mM	4	-	 (2-aminoethyl)-
benzenesulfonyl	fluoride	hydrochloride	(p-ABSF).	Dibucaine	HCl	was	added	to	a	final	concentration	
of	1.5	mM,	and	deciliation	was	monitored	by	phase-contrast	 light	microscopy.	When	deciliation	
was	complete,	 the	 suspension	was	diluted	with	an	equal	volume	of	culture	medium	and	 then	
centrifuged	at	1,500	xg	for	15	min.	The	supernatant	containing	the	cilia	was	recentrifuged	at	1,500	
xg	for	15	min	at	4℃	to	remove	the	cell	bodies	and	then	centrifuged	again	at	10,000	xg	for	15	min	
at	4℃	to	collect	the	cilia.

Crude Dynein Extract-	The	pellet	of	cilia	was	washed	twice	with	HMEDK	buffer	 (10m	
M	HEPES,	5	mM	MgSO4,	0.5	mM	EDTA,	0.2	mM	DTT,	0.1	M	KCl	and	0.1	mM	p-ABSF,	pH	7.4)	
by	centrifugation.	The	ciliary	membrane	was	extracted	twice	at	4℃	for	5	min	with	0.2%	Nonidet	
P-40	 in	the	HMEDK	buffer.	The	demembranated	axonemes	were	then	washed	three	times	with	
the	buffer	to	remove	traces	of	the	detergent.	The	axonemes	were	dialyzed	against	1	liter	of	1	mM	
Tris/HCl,	0.1	mM	EDTA	and	0.1	mM	p-ABSF,	pH	8.0	overnight	at	4℃.	Crude	dynein	was	obtained	
by	centrifuging	 the	dialysate	at	40,000	xg	 for	30	min.	 In	certain	experiments,	 axonemes	were	
extracted	with	0.6	M	NaCl	buffer	containing	 in	10	mM	HEPES,	4	mM	MgCl2,	0.1	mM	EGTA,	1	
mM	DTT	and	1	mM	phenylmethylsulfonyl	fluoride	(PMSF)	,	pH	7.4	for	30	min	at	4℃	and	then	the	
extracts	were	centrifuged	at	40,000	xg	for	30	min.	To	desalt,	the	supernatant	was	applied	to	Hitrap	
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Desalting	column	(Pharmacia	Biotech,	Sweden)	and	eluted	in	the	solution	of	5	mM	Tris	/HCl	and	0.1	
mM	EDTA	,	pH	8.0.

Sucrose Density Gradient Centrifugation-Crude	dynein	was	layered	on	the	top	of	a	5-20	
%	(w/v)	 linear	sucrose	gradient	containing	HMEDK	buffer,	and	centrifuged	at	25,000	rpm	for	18	
h.	Bovine	thyroglobulin	(19.0	S),	bovine	catalase	(11.3	S)	and	aldolase	(7.9	S)	were	used	as	marker	
proteins	for	the	estimation	of	the	sedimentation	coefficients23).

Digestion of Crude Dynein with Thermolysin-	Crude	dynein	 (1-2	mg/ml)	 in	 low	 ionic	
strength	buffer	was	digested	with	various	amounts	of	thermolysin	at	27℃	for	30	min.	Thermolysin	
(about	1	mg/ml,	Sigma	Chemicals,	St.	Louis,	MO)	was	dissolved	in	10	mM	HEPES	and	1	mM	CaCl2	
(pH	7.0).	Digestion	was	terminated	by	adding	of	EDTA	to	a	final	concentration	of	5	mM,	and	the	
digested	samples	were	immediately	centrifuged	at	10,000	xg.

Purification of Two Dynein Fragments-	The	supernatant	containing	the	dynein	fragments	
was	added	to	an	elution	buffer	of	70	mM	NaCl,	5	mM	HEPES,	5	mM	MgSO4,	5	mM	EDTA,	0.1	
mM	DTT	and	0.1	mM	PMSF,	pH	7.4	 in	final	concentration.	The	sample	was	then	centrifuged	at	
12,000	xg	for	10	min	at	4℃ and	 immediately	applied	to	a	Q-Sepharose	column	(5-ml	bed	volume,	
Pharmacia	Chemicals,	Sweden)	which	had	been	previously	equilibrated	with	 the	elution	buffer	
plus	70	mM	NaCl.	The	material	was	eluted	 from	the	column	with	30-ml	steps	of	0.07,	0.15,	0.25,	
and	1.0	M	NaCl	in	the	elution	buffer.	Dynein	fragments	were	eluted	in	the	0.15	and	0.25	M	NaCl	
fractions.	Earlier	work	was	done	using	a	gradient	of	NaCl	to	elute	the	dynein	fragments.	However,	
a	stepwise	method	was	considerably	better	than	a	linear	gradient	from	0.1	to	0.3	M	NaCl	elution	
buffer,	because	two	fragments	were	eluted	in	overlapping	fractions	in	the	linear	gradient	method.	
Peak	 fractions	were	determined	 for	protein	 concentrations	and	assayed	 for	ATPase	activity.	
Next,	to	be	approximately	estimated	molecular	weight	of	two	fragments,	each	peak	fraction	was	
chromatographed	on	an	Sephacryl	S	300	column	 (1	cm	x	45	cm,	Pharmacia	Chemicals,	Sweden)	
by	eluting	the	above	elution	buffer.	Estimation	of	molecular	weight	as	made	using	the	 following	
standards:	bovine	thyroglobulin	(670,000),	ferritin	(460,000)	,	catalase	(240,000)	and	aldolase	(158,000).

Electrophoresis-	SDS-polyacrylamide	gradient	gels	 (5-15%)	were	 run	according	 to	 the	
procedure	of	Laemmli24).	To	best	resolve	the	high	molecular	weight	polypeptides	of	dynein,	 the	
separating	gels	were	1	mm	thick	slabs	composed	of	a	3.5-5%	 linear	acrylamide	gradient	and	3-8	
M	urea	gradient.	Gels	were	stained	with	Coomassie	Brilliant	Blue	R-250.	Estimates	of	molecular	
weight	were	made	using	the	 following	standards:	myosin	 (200,000),	β-galactosidase	 (116,000),	BSA	
(66,000),	aldolase	(42,000),	carbonic	anhydrase	(30,000)	and	myoglobin	(17,000).

To	analyze	the	products	of	dynein	fragments,	a	disc	on	polyacrylamide	gel	was	carried	out	
at	4℃	by	the	method	of	Laemmli24)	except	 for	removing	sodium	dodecyl	sulfate.	Protein	on	the	
gel	was	stained	with	Coomassie	Brilliant	Blue	G-250.	For	 the	detection	of	ATPase,	 the	gel	was	
incubated	with	the	reaction	mixture	for	assay	of	ATPase	(1	mM	ATP,	10	mM	MgCl2,	10	mM	CaCl2	
and	20	mM	Tris/HCl,	pH	8.0)	at	27℃	for	20	min.	The	excess	reaction	mixture	was	then	removed	
and	the	 liberated	Pi	was	detected	by	 immersing	the	gel	 in	color-developing	reagents	 for	Pi	as	
described	previously22).	Within	10-20	min	at	27℃	a	blue	band	appeared	against	almost	colorless	
background,	indicating	the	position	of	the	enzyme.

Preparation of Antibodies-	White	male	rabbits	were	 injected	at	several	sites	along	their	
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back	with	50-100	μg	of	purified	 fragment	 in	 complete	Freund’s	 adjuvant	 (1	 :	 1,	vol/vol).	The	
injection	was	performed	five	times	at	two-week	intervals.	Blood	was	drawn	two	weeks	after	the	
final	injection.	The	sera	were	incubated	at	57℃	for	30	min	and	stored	frozen	at	-80℃.

Immunoblotting	 -For	protein	blotting	of	 the	 fragments	and	22	S	dynein	SDS-PAGE	was	
performed	according	to	the	method	of	Laemmli24)	using	slab	gel.	The	conditions	 for	the	transfer	
of	protein	 to	nitrocellulose	membrane	were	 similar	 to	 those	described	by	Kyhse-Andersen25).	
Transfers	were	performed	on	a	Sertoblot Ⅱ (Sartorius	GmbH,	Goettingen,	Germany)	at	1	mA/
cm2	 for	1	h.	The	nitrocellulose	membrane	used	had	a	pore	size	of	0.45μm.	After	completion	of	
the	 transfer	procedure,	 the	nitrocellulose	membrane	was	washed	 in	distilled	water,	 air	dried	
and	stored	 -20℃	until	use.	The	nitrocellulose	membrane	was	first	 incubated	with	the	antiserum	
diluted	100	to	200-fold	with	PBS	 (0.15	M	NaCl	and	10	mM	sodium	phosphate,	pH	7.5).	Antigens	
were	detected	using	Vectastain	ABC	kit	(Vector	Labs.,	Inc.,	Burlingame,	CA,	USA).	Nitrocellulose	
membrane	was	stained	with	AuroDye	(Amersham,	Inc.,	Amersham,	UK).

Affinity Purification of Antibodies from Nitrocellulose Protein Blots-	After	column	
purified	 fragments	were	 resolved	 in	polypeptides	by	SDS-PAGE,	 the	gel	was	 transferred	 in	
nitrocelulose	membrane.	The	protein	blots	were	stained	with	Amido	Black	to	visualize	the	178	kDa	
polypeptide	bands	so	they	could	be	excised	from	the	nitrocellulose	and	used	for	affinity	purification	
as	described	by	Marchese-Ragona	et al.26).

ATPase Assays-	The	 assay	procedures	 for	dynein	 and	 fragments	were	 the	 same	as	
described	previously22).	One	unit	 of	 the	enzyme	activity	was	defined	as	 the	amount	 causing	
liberation	of	1	μmol	of	Pi/min	under	these	conditions.

Protein Determinations-	Protein	concentrations	were	determined	by	the	Coomassie	Blue	
dye-binding	assay,	using	bovine	serum	albumin	as	standard.

RESULTS
Dyneins	were	prepared	from	Tetrahymena	cilia	by	the	following	methods.	Cilia	were	isolated	

by	calcium-ethanol	method,	and	axonemes	were	dialyzed	against	low	ionic	strength	buffer	in	order	
to	obtain	crude	dynein.	During	 the	digestion,	both	dynein	ATPase	activities	were	 stimulated	
and	the	maximum	activation	was	about	3-4	times	of	undigested	dynein.	In	order	to	examine	the	
formation	of	fragment	dynein,	the	crude	dynein	digested	with	thermolysin	was	analyzed	by	PAGE	
using	both	ATPase	activity	and	protein	stainings.	As	shown	in	Fig.	1,	many	fragments	appeared	in	
the	digestion	ratios	of	100	:	1	and	50	:	1.	Moreover,	in	10	:	1	ratio	induced	high	ATPase	activation,	
the	crude	dynein	was	degradated	into	two	major	fragments.	The	two	fragments	were	observed	in	
equal	amount	bands	and	designated	as	TH-A	and	TH-B	fragments	from	the	slower	moving	band.	
The	two	fragments	differed	in	the	fragmentation	process.	TH-B	was	visible	in	the	early	digestion	
stage	(100	:	1)	and	maintained	stable	band	up	to	10	:	1	ratio.	In	2	:	1	ratio	,	TH-B	band	apeared	as	
two	closely	seperated	bands	by	slight	digesting.	However,	TH-A	was	produced	slower	than	TH-
B,	that	is,	TH-A	appeared	as	sharp	band	in	10	:	1	ratio	and	was	still	stable	in	2	:	1	ratio.	The	best	
condition	of	digestion	was	a	dynein	:	thermolysin	ratio	of	10	:	1	by	weight	and	30	min	as	digestion	
time.
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In	order	 to	 study	 the	properties	 of	 the	 two	 fragments,	 attempts	were	made	 to	purify	
them	by	using	an	anion	exchange	chromatography	and	a	gel	filtration.	The	thermolysin-digested	
dynein	was	applied	 to	a	Sepharose	Q	column	 (1	cm	x	5	cm)	equilibrated	with	70	mM	NaCl	 in	
HEPES	buffer,	pH	7.4,	and	eluted	with	150	mM	and	then	250	mM	NaCl	 in	the	elution	buffer	by	
stepwise	 fractionation.	The	elution	profile	 (Fig.	2)	shows	that	the	peaks	of	150	mM	and	250	mM	
NaCl	in	elution	buffer	have	similar	amounts	of	proteins	and	ATPase	activities.	The	peak	fractions	
both	showed	a	considerable	amount	of	specific	ATPase	activity,	that	is,	8-9μmol/mg	per	min	per	
1	mM	ATP.	 	 In	our	analysis	by	PAGE	to	 identify	the	two	protein	peaks,	each	peak	revealed	 in	
one	sharp	protein	band.	By	analyzing	electrophoretic	mobilities,	 the	 first	ATPase	peak	eluted	
with	150	mM	NaCl	was	identified	as	TH-A	fragment	and	the	following	elution	peak	with	250	mM	
NaCl	was	identified	as	TH-B	fragment.	Next,	the	each	peak	fraction	(nos.	3-4)	was	applied	to	a	gel	
filtration	on	Sephacryl	S	300.	The	elution	curves	of	protein	concentration	and	ATPase	activity	
of	each	fragment	were	demonstrated	by	symmetric	peaks	(Fig.	3).	The	molecular	weights	of	two	
fragments	were	estimated	to	be	approximately	400	kDa	by	a	Sephacryl	S	300	gel	filtration	and	
both	cosedimentations	were	11	S	by	sucrose	gradient	centrifugation	(data	not	shown).	

To	detect	 polypeptide	 composition	 of	 the	 two	 fragments,	TH-A	 and	TH-B	bands	 on	
polyacrylamide	gel	were	cut	as	gel	slices	of	1	mm	thick	and	then	they	were	analyzed	by	SDS-
PAGE.	The	TH-A	band	was	composed	in	the	equal	molar	ratio	of	approximately	178	k,	89	k,	and	50	
kDa.	On	the	other	hand,	the	TH-B	band	were	composed	in	the	equal	molar	ratio	of	approximately	
178	k	and	126	kDa	(Fig.	4(A)).	To	determine	the	origin	of	the	fragments,	anti-fragment	sera	were	
prepared	 in	 rabbits	against	 the	column	purified	TH-A	and	TH-B	 fragments.	As	described	 in	
Experimental	Procedures,	nitrocellulose	blots	of	178	kDa	polypeptide	 in	both	TH-A	and	TH-B	

TH-A
TH-B

Figure 1 .  Native PAGE patterns of thermolysin-digested crude dynein. 
Crude	dynein	obtained	from	axonemes	by	dialysis	against	a	low	ionic	strength	buffer	from	axoneme	

was	digested	at	27℃for	30	min	with	thermolysin	at	dynein	 :	 thermolysin	weight	ratios	 indicated	 in	 the	
figure.	The	digest	was	subjected	to	native	PAGE	on	a	5%	disc	gel	at	4℃.	Arrows,	the	two	(TH-A,	TH-B)	
fragment	bands.
(P)	protein	staining,	(A)	ATPase	activity	staining,	(Th)	Thermolysin.
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fragments	were	used	to	prepare	affinity-purified	antibodies	 from	the	antisera.	As	shown	 in	Fig.	
4(B),	the	each	affinity-purified	antibody	recognizes	only	the	178	kDa	polypeptide	in	each	fragment.	
We	observed	that	the	two	fragments	were	immunologically	different,	but	they	were	very	similar	
with	 respect	 to	 the	molecular	mass,	 the	 specific	activity	of	 the	ATPase,	 and	 the	polypeptide	
composition.	

Next,	 to	 identify	 the	origin	of	 fragments,	 examination	was	made	by	 the	 immunoblotting	
method.	Before	the	examination,	we	studied	the	preparation	method	of	dynein	which	β	and	γ	heavy	
chains	corresponding	with	three	heads	of	the	outer	arm	dynein	would	not	be	degrade	by	intrinsic	
protease	of	Tetrahymena	cell.	From	results	of	some	trials	the	preparation	method	was	obtained	as	
follows;	the	cells	were	deciliated	with	1.5	mM	dibucaine	instead	of	calcium-ethanol	method,	dynein	
was	briefly	extracted	with	high	salt	solution	from	axonemes,	and	protease	inhibitors,	for	example,	
TLCK,	PMSF	or	p-ABSF,	were	added	to	all	solutions.	After	crude	dynein	was	prepared	by	the	
above	methods	and	purified	by	sucrose	gradient	centrifugation,	the	heavy	chains	of	22	S	dynein	
were	resolved	by	SDS-urea	PAGE.	Figure	5A	shows	that	22	S	dynein	has	three	heavy	chains	in	
high	molecular	weight	region	 (>400	kDa)	and	has	almost	no	degradation	of	 three	heavy	chains.	
Affinity	purified	antibodies	were	recognized	in	each	heavy	chain;	affinity	purified	TH-A	(178	kDa)	
antibody	only	cross-reacts	with	γ	heavy	chain	and	affinity	purified	TH-B	(178	kDa)	antibody	only	
cross-reacts	with	β	heavy	chain	on	22	S	dynein.	These	results	indicated	TH-A	and	TH-B	fragments	
originate	from	γ	and	β	heavy	chains	of	Tetrahymena	outer	arm	dynein,	respectively.	Thus,	TH-A	
and	TH-B	were	designated	as	Fragment-γ	 and	 -β,	which	both	possess	178	kDa	polypeptide	of	
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Figure 2 .  Q-Sepharose column chromatography of crude dynein digested with thermolysin and 5 % 
native PAGE patterns of the peak fractions.

After	the	thermolysin-digested	dynein	was	applied	to	the	column,	it	was	washed	with	70	mM	NaCl		
and	eluted	with	0.15	M	NaCl	(A),	0.25	M	NaCl	(B)	and	finally	1	M	NaCl	(C)	in	the	elution	buffer	by	stepwise	
fractionation.
(a)	 fragment	band	eluted	with	0.15	M	NaCl,	which	was	 identified	as	TH-A	fragment,	 (b)	 fragment	band	
eluted	with	0.25	M	NaCl,	which	was	identified	as	TH-B	fragment.	Arrowheads,	the	locations	of	TH-A	and	
TH-B	fragments.	　　	,	protein	concentration,	　　	,	ATPase	activity,	one	fraction	contained	was	0.7	ml.
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Figure 3 .  Gel filtration of TH-A and TH-B fragments by a Sephacryl S 300 column. 
The	Q-Sepharose	peak	fractions	of	TH-A	and	TH-B	fragments	were	applied	to	a	Sephacryl	S	300	

column	and	eluted	with	HEPES	buffer.	Arrows	indicated	elution	peaks	of	standard	proteins-1,	thyroglobulin	
(670,000);	2,	ferritin	(460,000);	3,	catalase	(240,000);	4,	aldolase	(158,000).	◦,	protein	concentration,	◦,	ATPase	
activity.

(A) CBB stain                 (B)immunoblot
1 2 1+2 1        2          1       2     

Mr
kDa

178

126

89

50

Figure 4 .  SDS-PAGE patterns and immunoblots of the Q-Sepharose purified fragments. 
The	gel	A	was	stained	 for	protein	with	CBB.	 Immunoblots	 (B)	were	reacted	with	affinity-purified	

TH-A	antibody	and	affinity-purified	TH-B	antibody.	Five	μg	of	TH-A	fragment	(lane	1)	and	5	μg	of	TH-B	
fragment	 (lane	2)	were	electrophoresed	on	a	6%	acrylamide	gel.	Numbers	on	 the	 left	 indicate	Mrs	of	
polypeptides	composing	the	fragments.
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thermolysin-resistant	region.
Crude	dynein	extracted	with	a	high	salt	buffer	was	almost	not	affected	by	endogeneous	

proteases.	On	the	other	hand,	when	crude	dynein	dialyzed	against	low	ionic	strength	buffer	was	
digested	with	thermolysin,	two	fragment	bands	were	clearly	observed	on	PAGE	pattern.	Though	
not	conclusive,	 some	structural	changes	caused	 into	 the	dynein	would	result	different	digested	
products.	We	presumed	 that	 the	structural	 changes	were	exposed	 to	 the	attacking	sites	with	
thermolysin	on	dynein	by	some	reasons.	One	of	the	reasons	may	be	that	γ	heavy	chain	degraded	
into	about	380	kDa	polypeptide	because	of	endogeneous	proteases	(Fig.	5B),	and	then	both	γ	heavy	
chain	and	about	380	kDa	polypeptide	were	labile	to	digest	with	thermolysin.	Other	possible	reasons	
can	be	the	following	:	light	chains	combined	to	heavy	chains	were	removed	and/or	αheavy	chain	
may	be	degraded,	though	not	confirmed	in	this	study.

DISCUSSION
In	 this	 study,	we	used	proteolytic	 digestion	 of	 thermolysin	 in	 order	 to	 obtain	dynein	

fragments	from	crude	dynein	which	was	prepared	to	dialyze	from	Tetrahymena	ciliary	axoneme	
against	 low	 ionic	 strength	buffer.	Thermolysin,	 thermostable	metallo-endopeptidase,	 is	 zinc-

1            2                  3           4                    5               6                  7

α
Β
γ

α
Β
γ

α
Β
γ
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(A)                                                               (B)

Figure 5 .  Immunoblot characterization of antibodies. 
22	S	dynein	 (A)	extracted	with	high	salt	 and	crude	dynein	 (B)	 extracted	by	dialysis	 against	a	

low	 ionic	strength	buffer	were	separated	on	3.5%-5%	acrylamide	and	3-8	M	urea	gradient	SDS	gels	and	
transferred	to	duplicate	membranes	(lanes	1	and	2,	3	and	4)	or	single	ones	(lane	5,	6,	and	7).	Lanes	1,	3	and	
5	were	stained	for	protein	with	Aurodye.	Lanes	2	and	6	were	reacted	with	affinity-purified	TH-A	antibody,	
and	 lanes	4	and	7	were	reacted	with	affinity-purified	TH-B	antibody.	The	 locations	of	outer	arm	dynein	
heavy	chains	(α	,	β	and	γ)	and	380	kDa	polypeptide	are	indicated	to	the	left	of	lanes	1,	3	and	5.	Anti-TH-A	
cross-reacts	with	the	γ	chain	and	380	kDa	polypeptide,	while	anti-TH-B	cross-reacts	with	β	chain.
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dependent	and	exhibits	 specificity	 for	hydrophobic	amino	acids27).	Due	 to	 its	zinc	dependence,	
the	enzyme	is	accessible	to	fast	and	effective	inactivation	by	chelating	agents,	such	as	EDTA.	In	
Tetrahymena,	Niino	and	Miki-Noumura21)	have	reported	that	 two-headed	dynein	 (	β	and	γ	heavy	
chains)	separated	 from	three-headed	dynein	by	digesting	slightly	with	chymotrypsin28)	was	then	
digested	with	thermolysin	in	order	to	search	for	ATPase	active	sites.	From	the	patterns	of	SDS-
PAGE,	many	polypeptides	including	intermediate	types	seem	to	be	produced.	A	similar	result	was	
obtained	in	this	study	using	the	two	kinds	of	dynein	preparation.	Thus,	when	intact	form	dynein	
which	would	not	be	 influenced	by	endogenous	protease	of	Tetrahymena	cell	was	digested	with	
thermolysin,	many	active	 fragments	were	produced	as	shown	 in	Fig.	5.	On	the	other	hand,	 the	
degraded	dynein	which	may	be	digested	slightly	with	endogeneous	protease	was	easily	attacked	
by	 thermolysin.	As	 the	 result,	 the	 two	active	 fragments	 from	 the	degraded	dynein	 could	be	
obtained	by	 limited	digestion.	 In	this	study,	 it	was	clarified	that	the	two	active	 fragments	were	
derived	from	β	and	γ	heavy	chains	of	22	S	outer	arm	dynein.	

Ogawa16)	first	obtained	a	tryptic	fragment	with	ATPase	activity	from	a	low-salt	extract	of	
dynein	from	sea	urchin	sperm	and	named	it	fragment	A.	Fragment	A	is	a	molecule	of	about	360-
400	kDa	 in	 its	native	 form	and	can	be	seperated	 into	 two	polypeptides;	190	k	and	135	kDa,	by	
SDS-PAGE.	Ow	et	al.17)	established	the	principal	pathway	for	tryptic	cleavage	of	dynein	β	heavy	
chain	 from	sea	urchin,	as	shown	 in	Figure	6.	They	 isolated	 fragment	B	which	 is	detached	 from	
fragment	A	during	digestion,	because	 fragment	B	was	 liable	to	digest.	Moreover	α	heavy	chain	
did	not	generate	a	stable	tryptic	fragment.	In	the	same	manner	as	these	tryptic	cleavage,	it	was	
considered	that	the	remaining	 fragments	other	than	Fragment-β	and	 -γ	heavy	chain	might	have	

sea urchin5)

Β heavy chain

Tetrahymena
Β heavy chain

Tetrahymena
γ heavy chain

130 190                        135

178                        80/50

178 126

N dom M dom C dom

fragment B                     fragment A

Fragment-β （TH-B)

Fragment-γ （TH-A)

Figure 6 .  Linear maps of the principal cleavage sites of dynein heavy chains in the axonemes. 
The	linear	maps	of	dynein	β	and	γ	heavy	chains	from	Tetrahymena	were	drawn	with	reference	to	

the	map	of	dynein	β	and	γ	heavy	chain	from	sea	urchin	sperm	flagella	proposed	by	Ogawa5).		Dom	stands	
for	domains	of	dyneins:	N,	amino	terminal;	M,	middle;	C,	carboxy	terminal.	The	numbers	are	approximate	
molecular	masses	in	kilodaltons.	▲	,	protease	digestion	sites.
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been	digested	 in	early	stage,	because	active	 fragments	and	main	digestion	products	except	 for	
Fragment-β	and	-γ	were	not	observed	in	this	study.	

Heavy	chains	 from	several	dyneins	have	been	fully	cloned	and	sequenced5,6,11).	By	analysis	
of	 the	secondary	structure	of	β	heavy	chain,	Ogawa5)	has	observed	that	β	heavy	chain	 from	sea	
urchin	 is	composed	 two	 long	α	helix	dominant	containing	 trypsin	attack	sites	and	 three	 large	
β-structure	domains	 (termed	N,	M,	and	C	domains)(Fig.	6).	From	the	study	of	overall	 sequence	
identity29),	 the	degree	of	conservation	between	species	 for	 the	heavy	chain	of	dynein	 tends	 to	
be	higher	 than	 that	between	 the	heavy	chains	of	dynein	 for	 the	same	species.	 In	 the	case	of	
fragment	dynein	derived	from	β	heavy	chain	of	the	two	species,	Fragment	β	 from	Tetrahymena	
seems	to	be	similar	to	 fragment	A	from	sea	urchin	with	respect	to	molecular	mass,	polypeptide	
composition	and	ATPase	activation	 (Fig.	6).	Though	β	and	γ	heavy	chains	should	be	functionally	
different	 in	Chlamydomonas8),	Fragment-β	and	 -γ	 from	Tetrahymena	had	very	similar	molecular	
mass	and	property,	 that	 is,	 approximately	400	kDa,	composed	of	178	kDa	polypeptide	and	 the	
same	high	specific	activity.	Wilkerson	et al.11)	have	described	that	the	variable	region	of	β	heavy	
chain	from	sea	urchin	outer	arm	dynein	occupies	the	first	third	of	dynein	heavy	chain	(N	domain)	
and	specifies	an	 isoform-specific	 function.	Further,	 the	region	remaining	of	dynein	heavy	chain	
regards	as	conserved	region	containing	the	nucleotide-binding	sites	 in	M	domain	and	the	ATP-
sensitive	microtubule-binding	site	 in	C	domain.	Moreover,	M	domain	contains	 four	P-loop	motifs	
and	is	invariant	in	axonemal	dynein	heavy	chains.	These	can	be	considered	as	follows,	Fragments	
β	and	γ	were	cut	off	from	the	variable	region	of	dynein	heavy	chains	by	thermolysin	and	remained	
only	at	the	conserved	region	whose	M	domain	would	be	178	kDa	polypeptide.	As	 in	the	case	of	
fragment	A,	Fragment	β	and	γ	can	be	regarded	to	be	the	basic	structure	for	ciliary	motility	which	
has	ATP	hydrolyzing	and	binding	sites.	Further	biochemical	studies	of	Fragments	β	and	γ	are	be	
very	important	for	the	understanding	of	the	fundamental	function	of	ATPase	active	centers.	

During	 the	studies	on	dynein	 it	has	been	 found	 that	 the	dynein	molecule	displays	 two	
different	 shapes,	 two-headed	 type	 and	 three-headed	 one,	 although	no	 significant	 functional	
difference	has	been	observed.	Moreover,	 it	has	been	suggested	 that	 the	 third	head	 (γ	heavy	
chain)	of	 the	three-headed	dynein	 is	unique	to	Protozoan	axonemal	outer	arm	dyneins.	 In	order	
to	understand	the	rules	of	γ	heavy	chain	 in	Protozoa,	Fragment-γ	can	be	used	as	a	convenient	
material	because	it	can	be	easily	prepared	and	purified	from	Tetrahymena	cilia.
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Summary

Two Active Fragments of Outer Arm Dynein from  
Tetrahymena Cilia; Purification of Fragment-β and -γ

Etsuko	Masuyama

When	dynein	obtained	by	dialyzing	Tetrahymena	ciliary	axonemes	against	a	 low	 ionic	
strength	buffer	was	digested	with	various	amounts	of	thermolysin	at	27	℃for	30	min,	the	ATPase	
activity	increased	about	four-fold	and	degradation	of	dynein	heavy	chains	was	observed	by	SDS-
PAGE.	The	digested	dynein	with	thermolysin	 (dynein	 :	 thermolysin=10	 :	1,	by	weight)	was	also	
analyzed	by	PAGE	using	ATPase	active	 staining.	Dynein	having	a	 large	molecular	mass	was	
consistently	degraded	 into	two	smaller	and	stable	active	 fragment	bands.	Other	major	 fragment	
bands	were	not	observed	 in	polyacrylamide	gel	electrophoretic	patterns.	Furthermore,	 to	purify	
the	dynein	 fragments,	 the	digested	dynein	was	chromatographed	on	Q-Sepharose	column	and	
two	peaks	possessing	high	ATPase	activities	were	eluted	 in	0.15	M	and	0.25	M	NaCl	 in	HEPES	
buffer	(pH	7.4),	respectively.	Both	molecular	weights	of	the	purified	fragments	were	estimated	to	
be	approximately	400	kDa	by	gel	filtration	and	both	of	the	specific	activities	were	8-9	μmol	Pi	/	mg	
per	min	per	1	mM	ATP.	The	two	fragments	were	composed	in	equal	molar	ratio	of	approximately	
178	k,	 89	k,	 and	50	kDa,	 and	178	k	and	126	kDa,	 respectively.	Futhermore,	 affinity	purified	
polyclonal	antibodies	against	the	two	purified	fragments	cross-reacted	with	β	and	γ	heavy	chains	
of	the	outer	arm	dynein,	respectively,	on	immunoblots.	We	concluded	that	the	two	fragments	were	
very	similar	to	fragment	A	from	sea	urchin	with	respect	to	the	molecular	mass,	the	polypeptide	
composition	and	the	activation	of	ATPase.
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