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ABSTRACT

	

Cilia and ciliary membranes were isolated from axenically grown, wild-type Para-
mecium tetraurelia strain 51s and from the extreme pawn mutant strain, d495, derived from this
parental strain . Over 60 protein bands having molecular weights of 15 to >300 kdaltons were
detected by Coomassie Blue staining of whole cilia proteins separated by one-dimensional
SIDS polyacrylamide gel electrophoresis . About 30 of these protein bands were visible in
Coomassie Blue-stained membrane separations . About 60 bands were detected by silver
staining of one-dimensional gels of membrane proteins . Differences between Coomassie Blue-
stained separations of wild-type and pawn mutant strain d495 membrane proteins were seen
in the quantity of a band present at 43 kdaltons . Radioiodination of cell surface proteins
labeled ^-15 protein bands in both wild-type and mutant cilia . The major axonemal proteins
were unlabeled. Six membrane glycoproteins were identified by staining one-dimensional
separations with iodinated concanavalin A and lentil lectin, two lectins that specifically bind
both glucose and mannose residues . Two major neutral sugar species present in an acid
hydrolysate of the cilia preparation were tentatively identified as glucose and mannose by gas
chromatography of the alditol acetate derivatives .

The mechanism of force generation and motility in Parame-
cium as well as in other ciliated and flagellated eucaryotic
organisms is associated with axonemal structures, while control
of the direction and frequency of ciliary beat, or swimming
behavior, is associated with ion fluxes through channels in the
surface membrane (11, 34, 35). Several ultrastructural and
biochemical studies have examined the axonemal components
responsible for motility, but few have examined the membrane
components that are responsible for its behavioral control.
Electrophysiological studies have shown that backward swim-
ming in Paramecium is associated with the influx of calcium
ions down their electrochemical gradient into the cilia through
voltage-sensitive membrane channels (12, 30). This active cal-
cium current is eliminated by deciliation of the cell and returns
with a time-course similar to that of ciliary regeneration,
indicating that the voltage-sensitive Ca channels are localized
in the ciliary membrane (10, 31, 37). Because methods are
available for the isolation and purification of cilia and ciliary
membrane, a large quantity of a relatively pure, excitable
membrane preparation can be obtained for biochemical anal-
ysis .
A set of mutants possessing a defective calcium conductance

has been isolated from nitrosoguanidine-treated cells on the

basis of altered behavior (25, 26) as well as on their resistance
to barium toxicity (47) . These mutants possess a lesion in any
of three independent loci and are known as pawn mutants
because they are unable to reverse their forward swimming
motion . Mutants whose membranes have been disrupted by
treatment with the detergent Triton X-100 swim backward in
the presence of sufficient calcium ions just as do wild-type
cells, indicating that the calcium-sensitive axonemal compo-
nent(s) responsible for backward swimming is intact in the
mutant (27).

Paramecium, with its membrane mutants, provides a good
model system for the electrophysiological and biochemical
analysis of an excitable membrane . Thus, just as the electro-
physiological properties of the calcium channel have been
identified by comparing the responses of wild-type cells with
those of pawn mutant cells that lack functional channels (36,
46), the biochemical properties of the channels may be deter-
mined by similar parallel analyses of the components of the
wild-type and mutant membranes. In the past two years, such
parallel analyses of the phospholipid and fatty acid composi-
tions of wild-type and pawn mutant cells and cilia have failed
to detect any difference which could be attributed to the loss
of excitability characterizing the pawn mutation (4, 21, 45). A
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previous study also failed to detect a significant difference
between wild-type and pawn mutant ciliary membrane proteins
(18). In that study, one major and 12-15 minor components
were detected in one-dimensional separations of ciliary mem-
brane proteins . The major membrane component was shown
to be immunologically related to the immobilization antigen
(i-antigen), a large, peripheral surface protein (42, 43) . Adoutte
and his co-workers have recently reported the detection of up
to 70 proteins in two-dimensional separations of wild-type
ciliary membranes, which represents a considerable increase in
the resolution of membrane components (3) . No analyses of
mutant membranes were reported.

In the present study, characteristics of the cilia and ciliary
membrane proteins of wild-type Paramecium tetraurelia were
examined after separation by one-dimensional SDS PAGE.
Membrane proteins exposed on the exterior surface were iden-
tified by iodination with lactoperoxidase, and the glycoprotein
composition of the preparations was determined by staining
gels with iodinated lectins . Identification of the sugar moieties
was confirmed by gas chromatography . Pawn mutant protein
separations were examined in parallel with wild-type separa-
tions in an attempt to correlate the change in pawn membrane
function with a specific alteration in the structure of a mem-
brane protein .

MATERIALS AND METHODS

Cell Cultures
Paramecium tetraurelia strain 51s, pawn mutant strains d,94 (pW A/pW A)

and d495 (pW B/pW B), temperature-sensitive pawn strain d413l (pWC/pW C),
and paranoic strain d4 149 (all mutants generously provided by Dr. C. Kung,
University of Wisconsin) were grown at 25'C in the dark to early stationary
phase in 2,800-ml Fernbach flasks containing 500 ml of medium . Cells were
grown in an axenic crude medium (48) to a density of 2-3 x 104 cells/ml for
wild-type and 0.5-2 x 10' cells/ml for the mutants.

Iodination of Surface Membrane Proteins
The ciliary surface membrane proteins were iodinated in vivo by a modifica-

tion of the methods of Phillips and Morrison (39). Late log to early stationary
phase cells were harvested, washed with buffer A (0 .15 Msucrose, 4 mM KCI, I
mM CaCl2, 1 mM 3-(N-morpholino)propanesulfonic acid buffer [MOPS], pH
7.0), and resuspended in 30 ml of buffer A at 2-4 x 10' cells/ml . Lactoperoxidase
and KI were added to final concentrations of 3 x 10-' and l x 10-° M,
respectively . In a well-ventilated hood, 300-500 pCi . ..I-Na was added and the
reaction was initiated with the addition ofhydrogen peroxide to a final concen-
tration of 2 IoM. The reaction was maintained by the further addition of four
more aliquots of peroxide at 5-min intervals . 5 min after the final addition, the
cells were washed three times by centrifugation in buffer A containing I mM KI
and I mM Na,SO;, Cilia and membranes were then isolated as described below.

Preparation of Cilia Fractions
Cilia preparations were obtained as previously described (21) . Cells were

routinely monitored by phase-contrast microscopy during the deciliation proce-
dure to insure that no cell breakage was occurring.

Ciliary membranes were isolated according to the methods of Adoutte and co-
workers (2, 3) with slight modifications . Washed cilia pellets were suspended in
25 ml of a solution containing 0.1 mM EDTA, 1.0 mM Tris buffer, pH 8.3, and
agitated on a mixer (Vortex-Genie, Scientific Industries, Inc., Bohemia, N. Y.) at
high speed for 2 min to disrupt the membrane . This suspension was centrifuged
at 48,000 g�,e, for 30 min and the pellet was resuspended in 2 ml of a solution
containing 0.1 mM CaCI,' 10 mM MOPS buffer, pH 7.0 (Ca-MOPS). The
suspension was layered over a discontinuous sucrose gradient containing I ml
each of (wt/vol) 66, 55, and 44% sucrose in Ca-MOPS and centrifuged for l h at
243,000 gma, in a Beckman SW 50.1 rotor (Beckman Instruments, Inc., Spinco
Div., Palo Alto, Calif.) . The white band of ciliary membrane was collected from
just below the buffer-44% sucrose interface with a Pasteur pipet. Membrane
material was washed in Ca-MOPS solution and collected by centrifugation at the
same speed. Cilia and membrane preparations were used immediately or stored

frozen at -70'C for up to several months with no apparent change in the protein
profiles obtained upon one-dimensional electrophoretic analysis .

Immobilization antigen was prepared as described by Preer (42) . Protein
precipitated from the salt-ethanol solution in the 35-60% ammonium sulfate
fraction was dissolved in Ca-MOPS, concentrated, and used for electrophoretic
analysis without further purification,

One-dimensional Gel Electrophoresis
Proteins were analyzed by one-dimensional polyacrylamide gel electrophoresis

(PAGE) using the discontinuous SDS buffer system of Laemmli (28) . Samples
were solubilized at a concentration of 5 mg protein/ml in a solution containing
2.3% (wt/vol) SDS, 10% (wt/vol) glycerol, and 0.0625 M Tris base, pH 6.8, and
heated at 100'C for 5 min. Proteins were reduced by adding 2-mercaptoethanol
to a final concentration of5% (vol/vol) and then were reheated . Sample aliquots
containing 100-200 lag of protein were loaded into slots in slab gels (either 130
x 1 .5 or 240 x 1 .5 mm). A 5-12% acrylamide separating gel and a 4.5%
acrylamide stacking gel were used . Proteins were separated by electrophoresis at
15 mA for t h and then at 20 mA until the tracking dye was within I cm of the
bottom of the gel.

Gels were fixed overnight either in 7% (vol/vol) acetic acid or in acetic acid/
isopropanol/water (2 :5 :13, vol/vol/vol), washed in acetic acid/ethanol/water (1 :
6:13, vol/vol/vol), and stained for I h in 0.1% (wt/vol) Coomassie Blue R-250 in
acetic acid/ethanol/water (2:9 :9, vol/vol/vol) . Gels were destained overnight in
acetic acid/ethanol/water (1 :6:13, vol/vol/vol) and stored in 7% acetic acid. For
determination of the relative amounts of the major proteins present, gels were
stained with fast green after the procedure of Gorovsky and co-workers (17) .
Additional protein components in one-dimensional gels were visualized by the
sensitive silver staining procedure of Switzer and co-workers (51).

The molecular weights of proteins were estimated by the method of Weber
and Osborn (52) . The standards used were myosin (200 kdaltons). phosphorylase
A (94 kdaltons), bovine serum albumin (68 kdaltons), ovalbumin (43 kdaltons),
DNase I (31 kdaltons), and hemoglobin (16 kdaltons). Protein concentrations
were determined by the method of Lowry and co-workers (29) .
The optical density profiles of Coomassie Blue-stained gels were obtained by

scanning the gels at 560 nm using a Gilford model 250 spectrophotometer
(Gilford Instrument Laboratories, Oberlin, Ohio) with accompanying gel scanner .
Gels stained with fast green were scanned at 600 nm and tracings of individual
peaks were cut out and weighed to determine the relative amounts of individual
proteins present.
The activity of iodinated proteins separated on one-dimensional gels was

determined by slicinggels into 2-mm sections and counting the slices in a Packard
Auto-gamma spectrometer (Packard Instrument Co ., Inc., Downers Grove, 111 .) .
Iodinated protein bands were also detected by exposing gels (dried on filter paper
under vacuum) to Kodak XR-I film for a period of5-30 d.

Binding of Lectins
Concanavalin A (Con A) and lentil lectin were dissolved at 1-5 mg/ml in

phosphate-buffered saline (PBS) containing (per liter) 0.1 g of CaCI"_, 0.2 g of
KCI, 0.1 g ofMgC12 , 8.0 g of NaCl, 0.2 g of KH 2PO,, 2.16 g of Na 2HPO4 " 7H20,
pH 6.8, and iodinated according to the method of Phillips and Morrison (39) in
the presence of 0.2 M a-methyl-D-mannoside to protect the sugar-binding site.
The iodinated lectins were dialyzed against several changes o£PBS at 4'C and
repurified by affinity chromatography on Sephadex G-100. Lectin bound to the
column was eluted with 0.2 M a-methyl-D-mannoside in PBS and dialyzed
extensively against PBS at 4'C before use. Iodinated lectins had specific activities
of 0.5-5 .0 x 10' cpm/mg and retained their sugar-binding properties as deter-
mined by their ability to agglutinate human type O erythrocytes.

Fixed gels were washed in several changes of PBS at 4'C to remove the
fixative solution and incubated overnight at room temperature in PBS solution
containing 10'-10" cpm/ml (20-100 wg/ml) of iodinated lectin with l mg/ml
hemoglobin added as a carrier protein (6). Labeled gels were washed free of
unbound lectin in several changes of PBS at 4'C over a 48-h period and stained
for protein as described above. Stained gels were dried on filter paper under
vacuum and subjected to autoradiography for 7-35 d. Control gels were treated
in the same manner, except that 0.1 M a-methyl-D-mannoside was present in the
lectin staining solution and in the PBS wash solutions after staining.

Analysis of Neutral Sugars
Analysis of the neutral sugars of the ciliary preparation was carried out

according to the procedure ofKim and co-workers (22) . Sugars were hydrolyzed
in the presence of 0.25 N H2SO4 and Dowex 50 (H') (Sigma Chemical Co., St.
Louis, Mo .), reduced to the corresponding alditols with NaBH,, and acetylated
usingacetic anhydride in the presence of pyridine . A standard mixture containing
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the acetylated sugar derivatives of 2-deoxyribose, fucose, ribose, xylose, 2-deox-
yglucose, 2-deoxygalactose, mannose, galactose, and glucose was prepared in the
same manner, except that the initial hydrolysis step was omitted . The acetylated
derivatives were analyzed by gas chromatography (Hewlett-Packard model 1850
A, Hewlett-Packard Co ., Avondale, Pa) on a 6 ft x 2 mm ID glass column packed
with Gas Chrom Q, 60-80 mesh, precoated with 3% ECNSS-M (Applied Sciences
Lab ., Inc ., State College, Pa.). Chromatography was carried out at 150°C for 10
min, after which the temperaturewas increased at l '/min to 200°C. The injection
port and detector temperatures were set at 270° and 3I0°C, respectively, and the
flow rate of the nitrogen carrier gas was 25 ml/min . The neutral sugars present
in the ciliary hydrolysate were identified on the basis of their retention times
compared to standards.

Materials
Reagents used for electrophoresis and high molecular weight protein standards

were obtained from Bio-Rad Laboratories (Richmond, Calif). SDS wasobtained
from BDH Chemicals, Ltd . (Poole, England). "I-Na was obtained from Amer-

sham Corp. (Arlington Heights, Ill.), and lactoperoxidase purified from milk was
obtained as the lyophilized powder from Sigma Chemical Co. (St . Louis, Mo .) .

MOPS buffer was synthesized according to the method of Good and Izawa (16) .
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Lentil lectin and Con A were obtained from Sigma Chemical Co . All other
chemicals were obtained from Sigma Chemical Co ., Fisher Scientific Co . (Pitts-
burgh, Pa.), and Scientific Products Div ., American Hospital Supply Corp .
(McGaw Park, Ill.), and were of at least reagent grade .

RESULTS
One-dimensional Separations
Separations of Paramecium cilia proteins by one-dimen-

sional SDS PAGE gave a reproducible pattern of over 50
Coomassie Blue-staining bands having molecular weights of 15
to >300 kdaltons (Fig . 1) . Approximately two-thirds of the
Coomassie Blue-staining protein was localized in three regions
of the gel which corresponded to : (a) tubulins having estimated
molecular weights of -50 and 53 kdaltons, (b) at least two
distinct bands that migrated with i-antigens prepared by the
method of Preer (42) and having estimated molecular weights
of 200-250 kdaltons, and (c) high molecular weight bands of

FIGURE 1

	

SDS PAGE of cilia (C), ciliary membrane (M), ciliary membrane stained with silver (MAS) and i-antigen (1) preparations .

Lanes containing cilia and ciliary membrane proteins were heavily loaded with 200-2501tg protein to allow visualization of minor

Coomassie Blue (CB)-staining bands . The high molecular weight major membrane proteins migrated the same distance as did

purified i-antigens . The major axonemal proteins, tubulins and dyneins, were greatly reduced or absent in the membrane

preparations . The approximate molecular weight of proteins was determined from the position of protein standards (S) separated

on the same gel .



>280 kdaltons which appear as a single broad band above the
i-antigen bands . The major bands of a dynein preparation,
obtained by the method of Kincaid and co-workers (23) as
modified by Doughty for Paramecium dyneins (9), migrated in
this region of the gel (M . J . Doughty and E . S . Kaneshiro,
unpublished observations). Quantitative densitometry of fast
green-stained gels indicated that the tubulins contained ap-
proximately one-third, the i-antigens one-fourth, and the dy-
neins 8-9% of the total ciliary proteins . These approximations
assume similar specific staining intensities of these proteins
with fast green .

Separations of ciliary membrane proteins resolved at least
30 Coomassie Blue-staining bands (Fig . 1). The principal bands
present in membrane separations were the i-antigens at 200-
250 kdaltons which comprised approximately two-thirds of the
total membrane protein . The next most prominent band had
an apparent molecular weight of46.5 kdaltons . Two bands that
comigrated with tubulins were either absent or present in
greatly reduced amounts of membrane separations as com-
pared to separations ofwhole cilia . The large dynein band was
absent.

Several one-dimensional separations of ciliary membrane
were stained for protein by the silver staining procedure of
Switzer and co-workers (51) . This procedure, which stains
proteins differently than Coomassie Blue, detected -30 addi-
tional membrane protein bands (Fig . 1) . Interestingly, it failed
to stain the i-antigen bands, bands that readily stained with
Coomassie Blue on the other gels .

Comparison of Wild-type and Mutant
Protein Patterns
One-dimensional separations of pawn mutant strain d 495

ciliary membrane proteins produced Coomassie Blue-staining
patterns very similar to those of wild-type separations (Fig. 2) .
None of the proteins resolved in this study were present in one
strain and not in the other . However, two consistent differences

FIGURE 2 Comparison of the Coomassie Blue-staining profiles of
wild-type (WT) and pawn mutant (P) membrane protein separa-
tions. Densitometer tracings of the Coomassie Blue-stained gels are
shown. The 43-kdalton band consistently stained with a greater
intensity in pawn mutant separations.

FIGURE 3 Comparison of the Coomassie Blue-staining profiles of
ciliary membrane proteins from wild-type strain 51s and four be-
havioral mutants. Quantitative and qualitative differences were seen
between strains in the banding pattern of the i-antigen-related
protein bands. Only pawn mutant strain d495 showed the increased
staining intensity of the 43-kdalton band as compared to the 41 .5-
kdalton band .

were noted in the banding patterns of wild-type and mutant
membrane proteins. First, the slower migrating ofthe i-antigen-
related bands in mutant protein separations was present in
greater amounts than the corresponding band in the wild-type
separations . Secondly, a quantitative difference was seen in the
relative amounts of protein present in the two bands at 41 .5
and 43 kdaltons . The 43-kdalton band consistently stained with
a greater intensity than the 41 .5 kdalton band in pawn mutant
strain d495 separations while the opposite was generally true of
wild-type separations (Fig . 2) . While other small differences in
the staining intensity of bands were sometimes found when
comparing membrane protein separations, these two differ-
ences were the only two found to occur consistently in a large
number ofseparations ofindependent ciliary membrane prep-
arations .
To determine if these two differences between wild-type and

pawn strain d495 were unique or ifsimilar differences could be
detected in other mutants, one-dimensional separations of cilia
proteins isolated from a number of additional behavioral mu-
tants were examined . Fig . 3 shows the ciliary protein patterns
of wild-type strain 51s, three pawn mutant strains having
lesions at independent genetic loci (d 4 94, pW A; d495, pW B ;
d4131, pW C), and paranoiac mutant strain d 4 149 . The quantity
and migration distance of the i-antigen-related proteins were
found to differ from strain to strain, but no correlation was
observed between the banding pattern and the behavioral
phenotype . On the other hand, only pawn mutant strain d 495
showed the increased Coomassie Blue-staining intensity of the
43-kdalton band . Thus, this difference does not appear to result
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from some general, secondary effect of the mutation such as a
reduction in growth rate .

Iodination of Membrane Proteins
The lactoperoxidase-catalyzed iodination of Paramecium

proteins in vivo resulted in the labeling of 15-18 protein bands
present in the membrane fraction . The major axonemal pro-
teins, dyneins and tubulins, remained unlabeled, supporting
the conclusion that only membrane proteins were labeled under
these conditions . When the proteins of cilia isolated from
iodinated cells were separated by one-dimensional SDS PAGE
and exposed to film for 40 h (Fig . 4), three major iodinated
bands were seen . These bands corresponded to the i-antigen-
related protein and two membrane proteins at 46.5 and 43
kdaltons . Longer exposure for 110 h (Fig . 4) have additional
labeled bands that corresponded to membrane proteins of 138,
117, 106, 98, 88, 80, 60, 38, 34, and 28 kdaltons . One iodinated
band did not correspond precisely to any Coomassie Blue-
staining membrane band (Fig . 4, see x) . The molecular weight
of this band was between 72 and 78 kdaltons and corresponded
to one of the two silver-staining membrane bands present in
this region of the gel . Three additional faintly labeled bands
could be distinguished on the original autoradiogram of the
iodinated cilia proteins: one of these was between the Coomas-
sie Blue-staining bands of 20 and 26 kdaltons, the other two

FIGURE 4 Identification of wild-type cilia proteins iodinated in
vivo . One-dimensional separations of iodinated cilia proteins were
stained with Coomassie Blue (C) and subjected to autoradiography .
The major labeled proteins were apparent after autoradiography for
a short time period (40 h) and are indicated next to the Coomassie
Blue-stained membrane reference gel (M) by large numerals corre-
sponding to their molecular weights . Additional labeled bands were
evident after a longer time exposure (110 h) . All but one of the
labeled cilia protein bands (x) corresponded to a Coomassie Blue-
staining membrane protein band . This band was detected by the
silver stain .
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Iodination profiles of wild-type (a) and pawn mutant (b)
ciliary membrane proteins iodinated in vivo . Densitometer tracings
of Coomassie Blue-stained gels (-) and the corresponding ' 25 1
activity determined by counting 2-mm gel slices ("-" ) are shown .
Arrows indicate the position of labeled bands . The iodination pro-
files were similar .

were at 19 kdaltons and at the dye front . The membrane
protein bands at 125 and 78 kdaltons and the group of four
proteins between 63 and 67 kdaltons were not detectably
iodinated. It was not possible to determine from autoradi-
ograms whether membrane protein bands at 41 .5, 37 .5, and 31
kdaltons were iodinated because of their proximity to heavily
labeled proteins that mask the detection of minor labeled
components . When control iodinations were performed in the
absence oflactoperoxidase, no cilia protein bands were labeled .
The iodination profiles of wild-type and pawn mutant strain

d495 membrane separations were compared and no major
differences were noted (Fig . 5) . As in the analyses of whole
cilia, the major peaks of radioactivity were associated with the
i-antigens and proteins at 46.5 and 43 kdaltons . It was not
possible to compare the activity of the 43-kdalton band in the
two strains and the activity of the 41.5-kdalton band because
the 41 .5-kdalton band was not detectably labeled . However,
comparison of the activity of the 43-kdalton band and the
activity of the 46.5 kdalton band, which does iodinate, reflects
the relatively greater amount of protein found in the 43-kdalton



band of pawn mutant separations (see Fig. 2) . Minor peaks of
activity were associated with bands at 117, 88, 80, 60, 34, 28
and 19 kdaltons. One peak of activity occurred on either side
of the dye front which may correspond to labeled lipids or
small peptides below 15 kdaltons . A broad peak of activity
occurred in the region ofthe gels between 117 and 200 kdaltons
which could not be resolved into its individual components,
although it is likely that a portion of the activity was associated
with the 138-kdalton band as seen as Fig. 4 . In both wild-type
and mutant separations, a small peak of activity also appeared
to be associated with the 31-kdalton protein and with a protein
between 20 and 26 kdaltons . In most cases, when wild-type and
mutant cells were iodinated under the same conditions, the
specific activity of the isolated wild-type cilia proteins was
greater than the activity of the mutant cilia proteins (compare
scales, Fig . 5) ; however, this difference in activities was no
greater than that which could be obtained from consecutive
iodinations of wild-type proteins .

Analyses of Glycoproteins
Analysis of the neutral sugars ofthe isolated cilia preparation

by gas chromatography of the alditol acetate derivatives indi-
cated the presence of two major and three minor sugar com-
ponents (Fig. 6) . By comparison with the retention times of
derivatized sugar standards, the two major components were
tentatively identified as mannose and glucose . Two of the
minor components had the same retention times as ribose and
galactose, while the third minor component had a longer
retention time than any of the sugar standards used .
The glycoprotein composition of the cilia and ciliary mem-

U%-

--FIGURE 6

	

Gas chromatogram of the alditol acetate derivatives of a
mixture of authentic standards of neutral sugars (S) and of neutral
sugars contained in an acid hydrolysate of wild-type cilia (C) prep
arations . The major peaks of the cilia hydrolysate had the same
retention times as mannose and glucose, while two of the minor
peaks had the same retention times as ribose and galactose .

FIGURE 7

	

SDS PAGE of wild-type cilia (1), mutant (strain d495) cilia

(2), wild-type membrane (3), and mutant membrane (4) . Gels were
stained with Coomassie Blue (a),

1211-lentil lectin (b), and '25 1-lentil

lectin in the presence of the specific blocking sugar, a-methyl-D-

mannoside (c) . Lentil lectin bound specifically to the i-antigen-
related proteins (I-a) and to membrane proteins at 46.5 and 19

kdaltons .

brane preparations was identified by staining one-dimensional
separations with iodinated Con A and lentil lectin, two lectins
that specifically bind to glucose and mannose residues . Lentil
lectin was found to consistently bind to the two i-antigen-
related protein bands and to membrane protein bands at 46 .5,
38, and 19 kdaltons (Fig . 7) . Weak binding was sometimes seen
to bands at 31 and 34 kdaltons . The binding of labeled lentil
lectin to the protein bands was carbohydrate specific, because
staining in the presence of the competing sugar, a-methyl-D-
mannoside, completely eliminated lectin binding (Fig. 7 c) .
Binding of lentil lectin to separations of whole cilia and mem-
brane proteins was the same (Fig . 7 b) .

Although Con A and lentil lectin have similar monosaccha-
ride-binding specificities, Con A did not exhibit the same
glycoprotein-binding properties as lentil lectin . However, it has
previously been shown that monosaccharide binding specificity
is not the only determinant of lectin-binding specificity in vivo .
Feller and co-workers (14) reported that only 25% of the Con-
A-binding sites on the cell surface of human fibroblasts were
also lentil lectin-binding sites . In the present study, Con A
consistently bound to a membrane protein band at 125 kdaltons
and to a minor band above 250 kdaltons (Fig . 8) . This higher
molecular weight band corresponded to the faster migrating of
two minor membrane bands that had approximately the same
mobility as axonemal dynein proteins in one-dimensional sep-
arations.

Binding of Con A to the 125-kdalton band was unusual . The
Coomassie Blue-staining intensity and the apparent molecular
weight of this protein band were the same in wild-type and
mutant cilia and ciliary membrane protein separations. On the
other hand, Con A stained this band only weakly, if at all, in
separations of whole cilia, very strongly in separations of wild-
type membrane, and less intensely in separations of pawn
mutant membrane . Because the protein component of this
band is apparently not altered during the membrane prepara-
tion, it would appear that some modification of the carbohy-
drate moiety of the glycoprotein occurs to allow the greater
degree of Con A binding to the membrane bands . The nature
of this modification has not yet been determined .

Fig . 8 b shows that Con A also bound weakly and diffusely

MERKEL 11 AL

	

Paramecium Cilia ry Membrane Proteins

	

21 1



FIGURE 8

	

SIDS PAGE of wild-type cilia (1), mutant (strain E1495) cilia
(2), wild-type membrane (3), and mutant membrane (4). Gels were
stained with Coomassie Blue (a),'25 1-Con A (b), and '25 1-Con A in
the presence of the specific blocking sugar, a-methyl-D-mannoside
(c) . Con A bound specifically to a minor protein band above 250
kdaltons and to a band at 125 kdaltons in membrane separations.
Con Aalso bound somewhat diffusely in the region of the i-antigen-
related proteins and to bands in the 31- to 55-kdalton region of the
gel.

in the i-antigen region of the gel and to protein bands at 46.5
and 38 kdaltons, bands that also bound lentil lectin . Con A
also bound weakly in the region of the gel just above the 46.5-
Walton band and above the 125-kdalton band . All Con A
binding could be eliminated by incubating gels in the presence
of the competing sugar, a-methyl-D-mannoside (Fig . 8 c) . Al-
though Con A consistently bound the 125-kdalton band and
the band above 250 kdaltons, binding to other bands was not
always observed, and, when present, the binding was not
always totally eliminated by incubation in the presence of the
competing sugar. Thus, Con A appears to have a low specificity
for these bands, and Con A binding may involve protein-
protein as well as protein-carbohydrate interactions. In addi-
tion to the obvious difference in the binding of Con A to the
125-kdalton band of wild-type and mutant membrane separa-
tions, smaller quantitative differences in the binding of Con A
to other bands can be seen in Fig. 8b . However, because ofthe
variability of the binding to these bands, no consistent differ-
ences in binding could be determined .

Lectins were examined for their ability to produce behavioral
changes in wild-type and pawn mutant cells . When cells were
incubated with a lectin at the same concentration and for the
same time period that gave strong agglutination of human
erythrocytes, no noticeable change occurred either in the swim-
ming behavior ofwild-type or mutant cells or in the potassium-
induced reversal behavior of wild-type cells .

DISCUSSION

The ciliary membrane of Paramecium is functionally complex .
In addition to exhibiting the voltage-dependent calcium con-
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ductance that regulates the ciliate's behavior, the membrane
has also been implicated in the mating reactivity (7, 24) and in
the immobilization reaction in the presence of specific antisera
(see reference 15) . Thus, it is not surprising that, by use ofmore
sensitive techniques, a more heterogeneous membrane protein
composition was found in this study than had been indicated
in earlier studies ofthis membrane . In the present investigation,
-30 Coomassie Blue-staining membrane protein bands were
reproducibly resolved on one-dimensional polyacrylamide gels
containing SDS, and -30 additional bands were identified by
the silver-staining procedure . Two earlier studies of the Para-
mecium ciliary membrane reported only 3 (38) and 12-15 (19)
protein bands present in one-dimensional separations . How-
ever, recent studies (3, 5) have achieved a resolution ofciliary
membrane proteins (detected by Coomassie Blue staining)
similar to that reported here. Despite differences in culture
conditions, fractionation methods, and composition of acryl-
amide gels used, the protein patterns obtained for Paramecium
cilia and ciliary membrane proteins are in general agreement
(this paper ; 3, 5) . However, in light of a previous report (3), we
were unable to detect any changes in ciliary protein profiles
for cilia isolated from cells at different stages in the culture
growth cycle .

Comparison of Wild-type and Mutant
Ciliary Membranes
Behavioral and electrophysiologic studies have shown that

the pawn mutant that we have studied has a defect in the
mechanism responsible for the voltage-dependent increase in
ciliary membrane calcium conductance exhibited by wild-type
paramecia (27, 34) . We consider it unlikely that this defect is
directly associated with quantitative and qualitative changes in
the i-antigen proteins, which is in general agreement with other
investigators (18, 35) . No obvious correlation can be made
between the banding pattern of these proteins and the mutant
behavioral phenotypes (three pawns and one paranoiac) rep-
resenting modifications in different genetic loci (35) . It is well
known that a single strain of wild-type Paramecium may
express different serotypes when grown under different envi-
ronmental conditions (44), and it has previously been shown
that cells ofdifferent serotypes express different i-antigens that
can be distinguished on polyacrylamide gels (18, 19) . The wild-
type strain, but not pawn mutant strain d a 95, used in this study
was immobilized by antisera specific for either serotype A or
B (Dr . J . Preer, Jr ., Indiana University, personal communica-
tion) . Thus, the differences seen between the i-antigen proteins
of wild-type and mutant strains probably reflect serotypic
differences .
The quantitative difference in the relative staining intensities

of the 43- and 41,5-kdalton bands between wild-type and pawn
mutant strain d a95 was found consistently over a large number
of preparations. This difference was not found in other mutant
strains examined and thus appears to be specific for strain da95 .
However, we do not yet know whether this difference is asso-
ciated directly with the pawn mutation or whether it is a
secondary effect . Because the pawn mutant used has a nearly
undetectable excitable calcium current, it was expected that
either one or more protein components would exhibit a change
in molecular weight and/or isoelectric point in the mutant, or
that one or more protein components would be totally absent
in the mutant, as occurs in axonemal mutants of Chlamydo-
monas (20, 40, 41) . No consistent difference of this type was
seen between wild-type and pawn strain da95 cilia and ciliary



FIGURE 9

	

Summary of the characteristics of Coomassie Blue-staining protein bands .

membrane proteins separated in one or two dimensions (32) .
It has recently been reported that the pawn strain d495 can
exhibit the wild-type behavioral phenotype when cells are
grown under certain nutritional conditions (12) . Thus, rather
than being an altered membrane component, the mutant gene
product may function in the synthesis or insertion of a mem-
brane component necessary for excitability .

Characterization of the Topography of the
Ciliary Membrane
A summary of the characteristics of the Coomassie Blue-

staining ciliary membrane protein bands is given in Fig . 9 .

Protein bands were classified as membrane proteins exposed to
the outer surface if they were iodinated in vivo (Figs . 4 and 5)
and as glycoproteins if they bound either Con A or lentil lectin
(Figs. 7 and 8) .
As was originally shown for the erythrocyte membrane (39),

lactoperoxidase-catalyzed iodination appears to be specific for
the surface membrane proteins of Paramecium. Dyneins, tu-
bulins, and other major axonemal components were unlabeled
by this iodination procedure, while the i-antigens, components
of the surface coat (33), were heavily labeled. The bands at 43
and 46.5 kdaltons were also heavily labeled and thus are also
probably components of the surface coat . The fact that prom-
inent Coomassie Blue-staining membrane protein bands at 41 .5
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and 31 kdaltons were either not iodinated or only weakly
iodinated argues that only exposed membrane proteins were
labeled, Because both of these bands were readily iodinated
after disruption of the membrane (32), these two proteins are
probably exposed on the cytoplasmic surface of the ciliary
membrane . The low activity associated with these two protein
bands when cells were iodinated in vivo could indicate that
these bands correspond to transmembrane proteins that have
only a small number of reactive amino acid residues exposed
to the external surface . Alternatively, these bands could be
composed of more than a single protein, with only a minor
protein component exposed to the external surface of the
membrane.
While there are no previous reports in the literature on the

number of enzymatically iodinated surface components of
Paramecium cilia, there are several reports on the iodinated
surface components of the ciliary and flagella membranes of
other organisms . About 20 iodinated surface proteins were
identified in Tetrahymena cilia and pellicle preparations (53) .
The major iodinated protein identified had a molecular weight
of -48 kdaltons, migrating slightly ahead of tubulins on one-
dimensional SDS polyacrylamide gels . Tetrahymena ciliary
tubulins were apparently not iodinated in that study (53) . In
contrast to these results, tubulin-like proteins have been iden-
tified as membrane components in both Chlamydomonas fla-
gella (1) and molluscan gill cilia (49) as well as in mammalian
neurite tissue culture cells (13) on the basis of lactoperoxidase-
catalyzed iodination . Stephens (50) also found that periodic
acid-Schiff (PAS)-positive bands having the same apparent
molecular weights as tubulins on SDS polyacrylamide gels
were the major components ofmolluscan gill ciliary membrane,
and Dentler (8) reported similar findings using Tetrahymena
ciliary membranes . In these two studies, the membrane-asso-
ciated tubulin-like proteins were differentiated from axonemal
tubulins by their PAS-positive staining and by slight differences
in the tryptic peptide maps between axonemal and membrane-
associated proteins . Because minor Coomassie Blue-staining
bands which have the same apparent molecular weight as
tubulins appeared in membrane separations, it is possible that
tubulins are also minor components of the Paramecium ciliary
membrane. However, because the tubulins found in the P-
mecium ciliary membrane preparations do not have the car-
bohydrate-staining characteristics of the membrane-associated
tubulins identified in the cilia or flagella of other organisms,
and because they do not iodinate in vivo, it appears more
probable that these tubulins represent minor contamination of
the preparation by axonemal components .
The only glycoprotein identified in previous studies of Par-

amecium cilia was the i-antigen-related major membrane pro-
tein (18, 19) . The identification of additional membrane gly-
coprotein bands in this study can be attributed to the increased
sensitivity obtained by staining gels with iodinated lectins as
compared to the PAS staining technique previously used. In
addition to the two i-antigen bands, lentil lectin consistently
stained bands at 46 .5, 38, and 19 kdaltons, This staining was
easily blocked by the addition of the competing sugar, a-
methyl-D-mannoside, to the staining and wash solutions, indi-
cating the glycoprotein nature of these bands. In contrast to
lentil lectin, Con-A-stained gels had to be extensively washed
in a solution containing a carrier protein (hemoglobin or bovine
serum albumin) to reduce nonspecific staining. However, Con
A did bind specifically to two bands at 125 and >250 kdaltons
not bound by lentil lectin, as well as weakly to bands that did
bind lentil lectin .
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To summarize, we have (a) detected -30 and 60 ciliary
membrane protein bands on one-dimensional gels by Coomas-
sie Blue and silver staining, respectively, (b) identified mem-
brane components exposed to the external surface ofthe ciliary
membrane by radioiodination techniques, (c) detected at least
six glycoproteins in ciliary membranes by lentil lectin and Con-
A-binding methods, (d) confirmed the lectin-binding studies
by identifying glucose and mannose in acid hydrolysates of
cilia, and (e) detected a quantitative difference in the 43-
kdalton membrane protein band in a pawn B mutant. These
studies establish characteristics of the ciliary membrane from
axenically grown paramecia and confirm and extend observa-
tions from other laboratories . Further studies of specific indi-
vidual components herein described are in progress employing
selective isolation, immunochemical and enzymatic ap-
proaches.

Received for publication 2 October 1980, and in revised form 19 January
1981 .
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