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When either membranes from scallop gill cilia or reconstituted membranes from the same source are 
solubilized with Triton X-II4 and the detergent is condensed by wanning, no significant fraction of any 
major membrane protein partitions into the miceilar detergent. Rather, most of the membrane iipuls 
condense with the detergent phase, forming mixed micelles from which nearly pure lipid vesicles may be 
produced by adsorption of detergent with polystyrene beads. One minor membrane protein, with a molecular 
weight of about 20000, is associated consistently with these vesicles. The aqueous phase contains a fairly 
homogeneous protein-Triton X-II4  micelle sedimenting at 2.6 S in the analytical ultracentrifuge. Sucrose 
gradient velocity analysis in a detergent-free gradient indicates moderate size polydispersity but constant 
polypeptide composition throughout the sedimenting protein zone. Sucrose gradient equilibrium analysis 
(also in a detergent-free gradient) results in a protein-detergent complex banding at a density of 1.245 
g / c m  3 Sedimentation of the protein-detergent complex in the ultracentrifuge, followed by fixation and 
normal processing for electron microscopy, reveals a fine, reticular material consisting of 5-10-rim granules. 
These data are consistent with previous evidence that membrane tubulin and most other membrane proteins 
exist together as a discrete lipid-protein complex in molluscan gill ciliary membranes. 

Introduction 

The membranes of lamelhbranch gill cilia, but 
not of sperm flagella, contain a tubuhn variant as 
the major protein constituent [1,2] Having a higher 
percentage of non-polar amino acids than 
axonemal tubuhn, this tubuhn, though not that of 
the 9 + 2 axoneme, can be reconstituted Into mem- 
branes from a Triton X-100 extract, freed of deter- 
gent and subjected to freeze-thaw Under a variety 
of conditions of reconstltUt~on or extraction and 
through several cycles of reconstltUtlOn, numerous 
minor membrane proteins remain associated, in 
constant StolChlometry, with such membranes [3,4] 

Detergent-solublhzed cdlary membrane con- 
stituents, subjected to equihbrlum centrifugation 
on a detergent-free sucrose gradient, band at a 

density approximating that of the original mem- 
brane This basic observation led to the suggestion 
that ciliary membrane tubuhn and associated pro- 
telns form a relatwely stable structural complex 
with hplds [4] In fact, the tight association of 
hplds with membrane proteins is the primary rea- 
son that the reconstitution takes place so effi- 
ciently after removal of detergent by adsorption to 
polystyrene beads 

Bordler [5] demonstrated a striking separation 
of integral membrane proteins into a detergent-rich 
phase when a solution of membrane proteins in 
Triton X-114 was warmed above the cloud point 
(22°C) Based on the fact that only amphlphlhc 
integral membrane proteins form mixed mlcelles 
with non-ionic detergents, and prompted by the 
observation of Regula and coworkers [6] that brain 
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synaptosome tubuhn part~tmns into the Triton 
X-114-rlch phase, I attempted to use Bordler's 
detergent condensatmn method to determine which 
cdmry membrane proteins were integral Some- 
what unexpectedly, I found that the bulk of the 
hplds condense with the detergent rmcelles whde 
essentially all of the membrane proteins remain in 
the aqueous phase, ewdently as a large protein-de- 
tergent complex 

Materials and Methods 

Oha lsolatton and membrane reconstztutton Clha 
were isolated from excised gills of the bay scallop, 
Aequtpecten wradmns, by hypertomc decflmtion, 
followed by differential centrffugauon at normal 
tonlclty [3] For reconsUtutmn, membranes were 
solubfllzed with 0 5% Triton X-100, the detergent 
was removed by treatment w~th SM-2 Bin-Beads 
(Blo-Rad Laboratories). and the resulting cloudy 
solutmn was frozen with llqmd mtrogen, upon 
thawing, reconstituted membranes were recovered 
by lugh-speed centnfugauon [3,4] 

Triton X-114-solubthzatton and condensatton 
Isolated whole clha or reconstituted membranes 
were treated with 5-10 vol of a solution contaan- 
mg 1% Triton X-114, 30 mM Tns-HCI (pH 8 0), 3 
mM MgC12, and 1 mM dlthlothreltol for 30 nun 
at 0°C Insoluble material (axonemes and mucus 
in the first case, mucus and denatured protein m 
the second) was removed by centrlfugatlon for 15 
nun at 25 000 × g The supernatant was warmed to 
30°C for 5 mln and the detergent-rich phase was 
separated from the aqueous phase by low-speed 
centnfugat lon through a detergent-saturated 
sucrose cushion [5] The aqueous phase was again 
made 1% in Triton X-114 and the condensation 
was repeated, the first and second condensates 
being combined A tlurd condensation was some- 
umes done but the condensate was discarded [5] 
These moderate-scale detergent condensations were 
most accurately and convemently carried out using 
a 10-ml Kolmer urine sediment tube (Pyrex brand, 
No 8360) 

Polyacrylamtde gel electrophorests Slab gels (1 5 
mm) with 5-15% linear polyacrylamlde gradients 
were run using the discontinuous, SDS-contammg 
ionic system of Laemmh [7] Staanmg with 
Coomassw (Serva) Blue was by the sensmve equi- 

hbrlum method of Falrbanks et al [8] Sliver stain- 
ing was performed by the method of Wray and 
coworkers [9] 

Gradwnt centrtfugauon Linear sucrose gradi- 
ents, 20-60% (w/w) buffered with 10 mM Trls- 
HCI (pH 8 0) but containing no detergent, were 
centrifuged at 4°C in a Beckman SW 41 rotor at 
35000 rpm for periods of time dictated by the 
experimental protocol The gradients were pumped 
into 20 equal fractions, using a fine needle inserted 
through the gradient to the tube bottom [4] 

Analytical ultracentrtfugatton Detergent-solubl- 
hzed consutuents were analyzed at 20°C with a 
Beckman Model E ultracentrifuge, using Schheren 
optics and 12-mm double-sector cells The solvent 
sector contained the experimental buffer, sub- 
jected to the same condensatmn protocol as the 
sample, in order to equalize aqueous-phase deter- 
gent concentraUons 

Electron mtcroscopy Thin pellets ( < 1 mm) were 
fixed for 1 h with 25% glutaraldehyde in the 
experimental buffer, rinsed, and post-fixed for 1 h 
with Karnovsky's osmmm-ferrocyanlde [10] The 
material was stained en bloc overmght with 1% 
uranyl acetate, dehydrated with ethanol and em- 
bedded in Epon-Araldlte resin Ultrathln sections 
were observed and photographed with a Zelss 
EM-10C electron mtcroscope 

Results 

When ciliary membranes were dissolved with 
Triton X-114 and the detergent was condensed by 
warming, most of the solubdlzed protein remained 
in the aqueous phase One minor protein, having a 
molecular weight of about 20 000, specifically par- 
tmoned into the detergent-rich phase at pH 8 0 A 
trace of membrane tubuhn and a 42 kDa protein 
were also generally found When the solublhzauon 
was carried out using a nucrotubule polymenza- 
uon buffer at pH 6 4 [cf 3], a greater proportion 
of the 42 kDa protein was found m the detergent- 
rich phase The same basic results were obtained 
when reconstituted ciliary membranes were used, 
the only difference being that fewer minor proteins 
were present, since soluble proteins of the ciliary 
matrix, chiefly calmoduhn, were discarded as a 
consequence of the reconsututlon but, of course, 
were present tn the Triton X-114 solubdlzed clhary 
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Fig 1 Partitioning of clhary membrane proteins into Triton 
X-114 
(a) Ciliary membrane plus matrix the first lane is the mitml 
extract of isolated cilia m 1% Triton X-114, T designates 
membrane tubuhn subumts The second lane is the aqueous 
phase (supernatant), containing most of the protein, while the 
third lane Is the detergent-rich phase (condensate), containing 
mainly a protein with a molecular weight of about 20000, a 
trace of tubuhn subumts and a protein with a molecular weight 
of about 42000 are also visible The condensate and super- 
natant were &luted to the same volume as the initial extract to 
achieve Stolcluometric loading Band broadening is the result of 
the high concentration of Triton X-114 present in the extract 
and diluted condensate Coomassie Blue stare 
(b) Reconstituted membranes when pure membranes are dis- 
solved in nucrotubule polymerization buffer (0 1 M 4-morpho- 
hneethanesulfonic acid, pH 64, 1 mM EGTA and 0 5 mM 
MgCI 2), most proteins remain in the aqueous phase (first lane) 
but more of the 42 kDa protein and less of the tubuhn subumts 
partition into the detergent-rich phase (second lane) Similar 
results were obtained when ciliary membranes were dissolved 
directly m this pH 6 4 buffer Band distortion is a result of the 
Mes buffer present during electrophoretlc staclong Coomassie 
Blue stain The molecular weight scale is expressed in kflodal- 
tons 

membrane plus matrix extract Examples of these 
partmonmg results are dlustrated m Fig 1 

When the Triton X-114 of the aqueous-phase 
membrane extract (supernatant) was adsorbed with 
SM-2 Blo-Beads, a mildly turbid suspension re- 
sulted, becormng more turbid upon standing on 

415 

ice or after freeze-thaw When the detergent-rich 
phase (condensate) was diluted and treated with 
Blo-Beads, a highly turbid suspension resulted, 
changing httle upon standing or after freeze-thaw 
When these two Blo-Bead-treated fractions were 
analyzed by sucrose gradient equilibrium centnfu- 
gation, they had dramatically &fferent equdlbrlum 
densmes The material derived from the con- 
densate had a density range consistent w~th nearly 
pure hpld ( d =  1 132_+0012 g/cm3), contained 
less than 5% protein (mainly consisting of one 
polypepUde with a molecular weight of approx 
20000), and was vesicular The material derived 
from the supernatant had a density range con- 
Slstent with a much higher protein content (d = 
1 245 _+ 0 005 g / c m  3), contained ohary  membrane 
tubuhn and its assocmted proteins, and was mainly 
granular but  contained some membranous  
material Overnight &alysls of the dense-band 
material to remove sucrose, followed by precipita- 
tion of the protein with tnchloroacetlc acid, re- 
vealed the presence of 3 8 -4  2% Triton X-114 (w/w 
of protein), as estimated from the ultraviolet ab- 
sorption spectrum of the supernatant, assuming no 
loss of bound Triton X-114 during the short-term 
dialysis Chloroform-methanol extracUon of the 
materml preopl ta ted by trlchloroacetlc acid 
showed no detectable hpld, but as much as 5% 
hpld by weight could have been present but not 
detected, since the amount of material was very 
limited The original reconstituted membrane con- 
tamed more than 55% lipid by weight [3] Single 
condensation steps ymlded lnterme&ate and varia- 
ble eqmhbrlum densmes, indicating partml de- 
hpldatlon Fig 2 dlustrates the equlhbrlum gra&- 
ent centnfugatlon of the two Triton X-114 frac- 
tions, the electrophoret~c analysis thereof, and 
electron mlcrographs of low- and high-density 
material recovered from the gra&ents 

Since the protein composmon of the Blo-Bead- 
treated aqueous-phase material, at lsopycmc equl- 
hbrlum, closely approximated that of the original 
membrane, It was of mterest to determine whether 
there was size or composmon heterogeneity as the 
material se&mented toward eqmhbnum To mira- 
mine mltml aggregaUon upon detergent removal, 
the aqueous phase was apphed directly (1 e without 
Blo-Bead treatment and freeze-thaw) to a deter- 
gent-free sucrose gra&ent and rephcates were 
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Fig 2 Characteristics of the aqueous and detergent-rich phases from Trtton X-I14 condensation after removal of excess detergent b~ 
adsorption, followed by freeze-thaw (a, b) Sucrose gradient equilibrium analysis (hnear 20-60% sucrose w/w for 12 h at 
150000)< g) of the condensate (a) and the supernatant (b) fractions of reconstituted membranes mltmllv dtssolved m lq: Triton "K-114 
at pH 8 0 (c, d) Polyacrylamlde gel analysis of 20 fractions obtained from the two respective gradients The arrow m (c) designates the 
20 kDa polypeptlde that selectwely partitions into the detergent-rich phase The eqmhbrated polypeptldes from the aqueous fraction 
(d) are distributed with relatively constant Stolchlometrv near the bottom of the gradient Coomassle Blue stain (e f) Electron 
mlcrographs of the material recovered from the low- and high density bands of the respective gradients The low-density material 
consists of convoluted membrane vesicles of qmte variable size (e) while the high-density material ~s maml~ granular containing some 
membrane fragments The bar indicates 0 5 /~m Lead c~trate post-stare 

centr ifuged for various periods of txme, excess 
detergent  being lost as the proteins sedlmented 
The results of one such run, silver stained to detect 
minor  components ,  is i l lustrated m Fig 3 Al- 
though polyd~sperse in terms of saze, the protein  
composi t ion of the sedlment lng material  was rela- 
uvely cons tant  throughout  the gradient  

The results obta ined  above are consistent  w~th a 
m e m b r a n e  protein  complex of un i fo rm composi- 
tion, essentmlly devoid of hpld as a consequence 
of condensa t ion  w~th Tr i ton  X-114, but  stdl ' solu-  
ble '  by wrtue of associated detergent Ultracentr l-  
fugal analys~s of the Tr i ton  X-114 aqueous-phase 
revealed the presence of a particle (protein-de- 
tergent maxed mlcelleg) with a sed~mentauon rate 
of 2 6 S at 1 -2  m g / m l ,  showing httle concentra-  
t ion-dependence  of sedimenta t ion rate (Fig 4a) 
However, a t tempts  to prepare solutions more con- 
centrated than 2 - 3  m g / m l  (e g by ul trafi l t rat lon 

followed by recondensat lon)  resulted in aggrega- 
t ion of protein  so polydtsperse that tt was not  
observed dur ing rotor acceleration (although still 
no addl t tonal  protein  partxtloned into the deter- 
gent-rich phase dur ing the recondensat lon)  In the 
ultracentrifuge,  the sedtmentmg peak of soluble 
prote in  remained relatwely constant  m area after 
such a concent ra t ion-condensa t ion  step, suggest- 
mg a crmcal  concent ra t ion  for aggregation in the 
absence of excess detergent At lower protein  con- 
centrat lons,  where m m a l  concent ra t ion- induced 
aggregation was not a problem, the sed~mentmg 
material  (as expected) accumulated at the cell sec- 
tor bo t tom This ma tena l  was not  readily disper- 
sed at the end of the run, allowing removal and 
fixation for electron microscopy Fig 4b indicates 
that this concentra ted material  is reticular in na- 
ture, consist ing of 5-10-r im granules In contrast  
to F~g 2f, the sample for which was derwed by 
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F~g 3 Sedimentation of aqueous-phase protein on a detergent- 
free sucrose gra&ent Without prior detergent-removal or 
freeze-thaw the proteins solubdlzed from reconstituted ohary 
membranes achieve density eqmhbrmm more slowly, but sedi- 
ment with relatively constant composition when centrifuged at 
150000× g for 24 h (a) or 48 h (b) One protein, designated by 
the arrow, plus other polypeptldes m the tubuhn region remain 
near the top of the gradient Silver stain 

freeze-thaw from a twace-condensed preparataon, 
httle or no membranous material as seen after 
ultracentrlfugataon of thrace-condensed material, 
suggesting even more complete dehpadatlon 

Attempts were made to induce microtubules or 
tubulan polymorphs from the calaary membrane 
proteins solubdazed wath Triton X-114, using ml- 
crotubule polymerization buffer in the initial ex- 
tractaon of cllaary membranes (cf Ref 3) Experi- 
ments were carried out eather with detergent at or 
above the crltacal macelle concentration (le after 
condensataon) or only with bound detergent (l e 
after Bao-Bead treatment) Preparataons were in- 
cubated with (a) 25 /~M taxol for taxol-lnduced 
mlcrotubules [11], (b) 0 1 mM vlnblastlne sulfate 
for vmblastlne-tubuhn crystals [12], and (c) 0 5 
mM Zn 2+ for zinc-reduced tubulm protofllament 
sheets [13], all at pH 6 4 an the presence of 1 mM 
GTP and 0 1 mM dathaothreltol Incubations were 
for 1 h at 35°C or overnight at 0°C After high- 
speed centrlfugation, no ordered structures were 
observed an pelleted material from any of these 

Fig 4 Velooty se&mentatlon and electron microscopy of 
aqueous-phase ollary membrane protein (a) Analytical ultra- 
centrlfugatlon, 80 mm after reaching a speed of 42 040 rpm 
Upper pattern approx 2 mg/ml ,  lower one-half this con- 
centratlon Solvent sectors contain buffer alone saturated with 
Triton X-114 by condensation In these cases the initial buffer 
used for the solubihzation and condensation (3 mM MgCl 2, 30 
mM Tris-HCl pH 8 0) was supplemented with 0 1 M NaCI to 
minimize charge interactions Temperature = 20°C, bar angle 
= 50 ° (b) Electron microscopy of the material sedlmentmg 
during analytical ultracentnfugation The run above was 
terminated at 120 mln (about 30% sedimentation) and the 
pellet was removed from the dismantled cell, then fixed em- 
bedded and sectioned Any detergent present should be lost 
during the fixatlon-embedment procedure Regardless of posi- 
tion within the thickness of the pellet, a uniform granulo-retlcu- 
lar material was seen Uranyl acetate en bloc stare Bar = 0 5 
/~m 

cases Only the granulo-retacular material noted 
above was seen electron rmcroscoplcally Also, 
none of these treatments resulted m any increase 
m sedamentable protean m comparison with un- 
treated controls incubated for comparable times 
Very h~gh divalent cation concentrataons (20 mM 
Mg 2+ or Ca 2 +) caused substantaal unselectlve pro- 
teln precipitation but induced no ordered struc- 
ture 

Discussion 

In contrast to the results of Bordler [5] with 
several well-known integral membrane proteins, 
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only one minor protein from clhary membranes 
selectively partitions into Triton X-114 mlcelles 
One must conclude either that none of the other 
proteins is integral or that, as a group, they behave 
anomalously The latter appears to be the case 
Condensation with Triton X-114 results in dehpi- 
dation of the proteins and the subsequent forma- 
tion of a soluble detergent-protein complex of 
relatively uniform size and composition 

A similar anomaly was recently reported by 
Maher and Stager [14] for the acetylchohne recep- 
tor, a pentameric complex of four non-identical 
polypeptides with a molecular weight of about 
250 000 Tbas complex remained intact in the aque- 
ous phase after Triton X-114 condensation, still 
able to bind llgands normally These authors sug- 
gested that this channel-forming Integral mem- 
brane protein complex differed from other kinds 
of integral protein in the exterior surface of ~ts 
hydrophobic domains, unable to form detergent- 
protein micelles, apparently for sterlc reasons In 
support of this, they noted that mixed micelles of 
Triton X-114 and hnolelc acid carried the 
acetylchohne receptor into the detergent-rich 
phase 

Earlier, Glenney and Glenney [15] utilized Tri- 
ton X-114 to demonstrate that a 110 kDa protein 
of the microvillus was integral They noted that 
either SDS or lauric acid was required for the 
initial solubfllZatlon by Triton X-100, after further 
purification, the protein was shown to partition 
into the detergent-rich phase of Triton X-114 
However, Verner and Bretscher [16] found this 
protein to be water-soluble, given that ATP was 
present continually, and they suggested that the 
Triton X-114 solubility noted by the above authors 
may have been the consequence of SDS denatura- 
tion, exposing hydrophoblc regions Alternatively, 
it could be argued that bound SDS (or lauric acid) 
facilitates micelle formation with Triton X-114, as 
in the case of the acetylchohne receptor 

Regula and coworkers [6] purified synapto- 
somal membranes, dissolved them In Triton X-100, 
taxol-precipitated the tubulln therein, and then 
extracted with Triton X-114 Upon condensation, 
about half of the tubuhn and some of the micro- 
tubule-associated proteins partitioned into the 
micellar detergent phase This preliminary report 
noted that soluble tubulln differed chemically from 

hydrophobic tubuhn and that certain mlcrotubule- 
associated proteins were uniquely present in the 
hydrophoblc phase, suggesting that membrane- 
specific tubuhn and mlcrotubule-associated pro- 
teins might be involved in membrane function As 
noted above, taxol did not precipitate clhary mem- 
brane tubuhn from Triton X-114 solutions, so a 
direct comparison with synaptosome tubuhn parti- 
tioning is not possible In fact, taxol will reduce 
vesicle formation from Triton X-100 solutions of 
ciliary membrane proteins [17], possibly a conse- 
quence of taxol-lnduced lipid-protein separation 
from the mixed detergent-hpld-protem micelles 
formed during Triton X-100 (or Nonldet P-40) 
solublhzatlon [4] 

How much lipid stdl remains bound to integral 
membrane proteins after Triton X-114 extraction 
and condensation has not been reported, but resid- 
ual hpld may Influence the partitioning of specific 
integral membrane proteins or complexes thereof 
into Triton X-114 micelles Similarly, displacement 
of lipid by detergent may result m a soluble entity, 
having insufficient bound detergent to form large 
(i e condensable) mlcelles 

That even cytoplasmic tubuhn can interact w~th 
non-denaturing detergents was demonstrated 
clearly by Andreu [18] Brain tubuhn was shown 
to bind about 1 /4  and 1 /2  of its weight of de- 
oxycholate and octyl glucoside, respectively, and 
probably a comparable amount of Triton X-100 
Deoxycholate promoted microtubule assembly, oc- 
tyl glucoside prevented it, and Triton X-100 mod- 
erately inhibited assembly, each case indicating 
some degree of detergent interaction with the hy- 
drophobic sites revolved in microtubule assembly 

It thus seems most likely that when clhary 
membrane tubulin and associated proteins are 
solublhzed with Triton X-114, a mixed detergent- 
hpld-proteln micelle results, as is the case with 
Triton X-100 [4] But unlike the situation with 
Triton X-100 where treatment with polystyrene 
beads adsorbs only the detergent, condensation 
with Triton X-114 must involve selective removal 
of hpld by the condensing tmcellar detergent, evi- 
dently leaving the tightly-associated membrane 
proteins as a soluble, non-condensing complex 
stablhzed by bound Triton X-114 
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