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CALCIUM-BINDING PROTEINS IN A
VORTICELLID CONTRACTILE ORGANELLE
W. B. AMOS, L. M. ROUTLEDGE AND F. F. YEW
The Departvient of Zoology, Downing Street, Cambridge CBz 3EJ, England

SUMMARY

The proteins of the contractile spasmoneme of Zoothamnium have been examined for comparison with other motile systems. Though capable of calcium-induced contraction, glycerinated
preparations of the spasmoneme contain neither actin nor tubulin at levels that can be detected
in polyacrylamide gels. Sixty per cent of the protein in sodium dodecyl sulphate gels migrates
in a band at a molecular weight of approximately 20000, consisting largely of 2 similar protein
species which are here given the name of spasmins. The amino acid composition of 2 spasmin
fractions has been determined by a fluorimetric method. They are rich in Asx, Glx and serine,
but have few aromatic amino acids and no cystine or methionine. In calcium-buffered polyacrylamide gels, it was observed that a reduction in the electrophoretic mobility of the spasmins
was induced specifically by calcium (but not magnesium) at the seme low concentiations as
induce contraction. This indicates that the spasmins are calcium-binding proteins which may
be involved directly in the calcium-induced contraction of the spasmoneme.

INTRODUCTION

The spasmoneme, a contractile organelle which occurs in the vorticellids, a family of
ciliated protozoa, differs fundamentally from other motile structures in cells. Earlier
work (Hoffmann-Berling, 1958; Amos, 1971) has indicated strongly that in this system
the binding of calcium brings about contraction directly rather than by triggering an
ATPase. This effect presumably depends on an alteration in conformation of a protein
which occurs when calcium becomes bound to it. The calcium-binding of the
spasmoneme as a whole is discussed in the preceding paper (Routledge et al. 1975).
Little information is available about the chemical composition of the spasmoneme.
Randall & Hopkins (1962) found that the spasmoneme of Carchesium showed cytochemical reactions typical of proteins but gave a negative result for carbohydrate with
the periodic acid-Schiff method.
The present study was undertaken to discover whether a protein fraction is present
which binds calcium in the normal range of intracellular concentrations.
Microanalytical methods have made it possible to study the proteins from microgramme quantities of spasmoneme material, which was obtained in this study from
the giant stalk of colonies of Zoothamnium geniculatum by direct dissection (WeisFogh & Amos, 1972) or simple extraction procedures. These methods were necessary
because of the small quantities of material that could be collected.
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MATERIAL AND METHODS
Extraction of proteins
Colonies of Zoothamnium geniculatum were glycerinated for several months in the medium
described by Amos (1971), and then washed in 50% v/v glycerol to remove salts. For some
experiments, where it was necessary to ensure that the spasmoneme alone was included in the
analysis, the organelles were dissected individually from the main stalks of the colonies. In
other cases, an extracting solution was used. The solutions for extracting the proteins
contained either 2 % SDS (sodium dodecyl sulphate) with 006 M Tris buffer at pH 6-8 or 3 M
guanidine hydrochloride. It was sufficient to cut off the branches of the colonies and immerse
the main stalk in the extracting solution, which dissolved the spasmoneme and surrounding
cytoplasm, leaving the stalk sheath undissolved. Almost all the material extracted in this way
was from the spasmoneme.
The highest yield of spasmoneme material was obtained by a method which could be applied
in bulk. The zooids were first detached by shearing the colonies gently in 0-02 % SDS by repeated pipetting. The detached zooids were then removed by washing, leaving the spasmonemes
intact within the stalks of the colonies. The spasmonemal material was then extracted.
Dialysis and concentration of protein extracts
To remove the salt from small volumes of guanidine hydrochloride extract, a Colover
ultramicrodialysis cell (Electrothermal Engineering Co.) was used; 0-25 ml of extract could be
dialysed against distilled water or buffer in this apparatus. The dialysed protein solution was
concentrated in the same apparatus by absorbing the water into 30% polyethylene glycol
(mol. wt. 20000). Both operations were performed at 4 °C.
Electrophoresis
Polyacrylamide gels were used. A microslab gel apparatus (Amos, 1975) was constructed
so that runs could be carried out with samples from as few as two Zootlianmium colonies, containing approximately 15 fig of spasmonemal protein in all. Loading of the 5-/4I sample with a
hand-held pipette was facilitated by adding 0-02 % fluorescein to the sample as a marker. The
fluorescein also served as tracking dye. Discontinuous SDS gels were made according to the
formulae of Laemmli & Favre (1973) but the electrode baths were filled with c i M Tris-glycine
buffer instead of 0 2 M. The samples were dissolved in a solution containing 2 % SDS, O'o6 M
Tris buffer, pH 6-8 and 1 % v/v mercaptoethanol. In some experiments the sample solution was
heated to 100 °C for several minutes in a sealed capillary tube to destroy metastable aggregates.
For the electrophoresis of undenatured protein, polyacrylamide gels without SDS but with
the same discontinuous buffer system were used. The separating gel contained 0-38 M Trisglycine buffer, p H 8 0 and the spacer gel 0-06 M Tris-HCl buffer, pH 6-8. In some experiments
either 1 mM CaCl, or 0 5 mM E D T A was added to the gels and to the solutions in the electrode
baths. In other experiments, the calcium ion concentration was controlled by the addition of
EGTA (ethylene glycol bis(/?-amino ethyl ether) tetraacetic acid) buffers to the gels. An E D T A
(ethylene diamine tetraacetic acid) buffer was used when it was necessary to control magnesium
ion levels in the range io" 4 to io~° M. The constants given by Sillen & Martell (1964) were
used to calculate the buffer compositions appropriate to each pH.
The gels were stained with either Coomassie blue or fast green in 50 % methanol with 7 %
acetic acid and destained by leaching in 7 % acetic acid, 5 % methanol. They were scanned
directly with a Joyce-Loebl microdensitometer and the relative amounts of protein determined
from the areas under the peaks.

Elution of protein from gels
In order to obtain proteins for amino acid analysis 15 % polyacrylamide gels were frozen and
cut into sections 0-3 mm thick in a Joyce—Loebl gel slicer. The position of the proteins was
determined either by staining with Coomassie blue before sectioning or by staining a parallel
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gel. Microgramme quantities of protein were eluted from the gel slices with 2 changes of 1 %
SDS each of 01 ml. The resulting solution was combined with 9 times its volume of cold
acetone and the precipitate was collected.
Preparation of protein hydrolysate
The acetone-precipitated proteins were hydrolysed in 6 N HC1 containing o-ooi M thioglycollic acid in sealed tubes under nitrogen for 20 h at n o °C. For tryptophan determinations,
the concentration of thioglycollic acid was increased to 2 % and the hydrolysis tubes were
evacuated down to 50 fan Hg (6-65 N m~a) as described by Matsubara & Sasaki (1969).
Cystine was oxidized to cysteic acid by performic acid for determination.
Amino acid analysis
Amino acid analysis was performed on a Technicon Autoanalyser with a single column
(75 cm), the sample being eluted in a continuous buffer gradient from pH 2-8 to 5-0 at 65 °C.
Since each protein sample extracted from the SDS gel was less than 1 /tg, the amounts of
amino acids present in the hydrolysates were below the limit of detection of conventional
ninhydrin systems. A fluorescence technique developed by Roth & Hampai (1973) was used
instead. The reagent solution with which amino acids react to produce intensely fluorescent
compounds contains 0-08 % w/v o-phthaldehyde, 002 % v/v mercaptoethanol and 1 % v/v
ethanol in o-i M sodium borate buffer pH 10-5. The effluent and the reagent were mixed at
equal flow rates of 0-7 ml/min and allowed to flow through mixing coils for 5 min at room
temperature before entering theflowcell. Theflowcell wasfittedinto a Zeiss spectrofluorimeter,
with excitation at 360 nm. The fluorescence was measured at 470 nm. The output of the fluorimeter was fed into a pen recorder and the relative amount offluorescenceassociated with each
amino acid was calculated by weighing the paper under the appropriate peak of the chromatogram. Norleucine was used as internal standard. Standard chromatograms were prepared from
a mixture of amino acids containing 5 nmol of each, together with a 'blank extract' of a piece
of SDS-gel of the same size as the sample-gel but containing no protein. This mixture was subjected to hydrolysis and column chromatography in exactly the same way as the protein sample.
Determination of proline
The proline content of the sample was determined separately, since proline does not react
with the o-phthaldehyde-mercaptoethanol reagent. In the period when proline was being eluted
from the chromatographic column, the effluent was collected before the fluorescence reagent
had been added. It was lyophilized or dried in a rotary evaporator and redissolved in 0-5 ml
001 N HC1, 0-2 ml of 1 % sodium hypochlorite was added and after mixing vigorously the
solution was allowed to stand for 5 min at room temperature to allow the oxidation of proline
to proceed to completion. It was then heated in a boiling water bath for 2-3 min to destroy
excess sodium hypochlorite. After cooling to room temperature 1 ml of the o-phthaldehydemercaptoethanol solution was added to the reaction mixture. Fluorescence due to the oxidation
product of proline was measured after 5 min.
An additional method used for proline determination was dansylation of the protein hydrolysate. The dansylated amino acid was chromatographed on a 75 x 7-5 cm1 polyamide plate
by the method of Woods & Wang (1967). Since dansyl-proline migrated near the solvent front
in the benzene-acetic acid system, it was very easily identified. The polyamide plate was then
photographed under ultraviolet, and the amount of dansyl-proline was determined with a
Vitatron flying-spot densitometer.
OBSERVATIONS
Composition of SDS extracts
Both fresh and glycerinated spasmonemes dissolved totally within 30 s in 2 % SDS
buffered at pH 6-8. Glycerinated preparations isolated by dissection which contain

206

W. B. Amos, L. M. Routledge and F. F. Yew

only the spasmoneme and a thin surrounding layer of cytoplasm left no visible residue
when dissolved in this way. When subjected to electrophoresis in a 15% polyacrylamide SDS gel the solution of glycerinated spasmonemes gave the pattern shown in
Fig. 2B. Adding mercaptoethanol to reduce labile disulphide linkages or preheating
the sample affected the pattern only in minor details. Molecular weights were determined by comparison with standard proteins: bovine serum albumin, carbonic
anhydrase and lysozyme. A prominent feature of the SDS gel pattern was a complex
band corresponding to a molecular weight of 20000. The band consisted of one
prominent peak, often with a shoulder, and a number of minor peaks which appear
not to be gel artifacts since they occurred regularly in both tube and slab gels. The
20000 mol. wt. band was found by densitometry to contain 40-60% of the protein,
the 2 stains yielding identical results in this respect. Most of the remaining 40—60 %
consisted of slowly migrating material with a molecular weight above 100000. When
the spasmoneme sample was run in parallel with actin and tubulin in an SDS slab gel,
no bands co-migrating with these proteins were found in the spasmoneme pattern
(Fig. 3). This shows the fundamental dissimilarity between this contractile system and
those based on actin filaments or microtubules.
Guanidine hydrochloride extracts

Guanidine hydrochloride functions as a protein solvent chiefly by destabilizing
hydrophobic interactions (Mahler & Cordes, 1966), but unlike SDS it can readily be
removed from proteins by dialysis. Guanidine hydrochloride extracts of the spasmoneme were made and subsequently dialysed in an attempt to obtain spasmoneme
proteins in a native state.

Fig. 1. Superimposed densitometer tracings of two 15 % polyacrylamide gels maintained at calcium ion concentrations of io~8 and io" 8 M by means of CaEGTA
buffers. Zoothanmium spasmoneme proteins extracted with 3 M guanidine hydrochloride
from glycerinated preparations were subjected to electrophoresis in the gels, migration
being from left to right (anodal), and stained with Coomassie blue. In the lowcalcium gel (io"8 M) the prominent double peak is due to incompletely resolved A
and.B components of the 20000 mol. wt. band. The rate of migration of these proteins
is markedly reduced at io~* M CaJ+, while the mobility of an unidentified slowermigrating protein (S) is unchanged.
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The organelle dissolved almost completely in 3 M guanidine hydrochloride, leaving
a transparent inelastic residue with very low mass, but retaining the outline of the
spasmoneme. When the guanidine hydrochloride extract was dialysed against distilled
water, the proteins remained in solution and could be concentrated and run in an SDS
gel system. The 3 M extract was then found to contain all the main components of the
spasmoneme, whereas the 'ghost' contained no detectable protein. Since the proteins
remained in solution after removal of the salts by dialysis, they could be subjected to
electrophoresis without SDS.
The pattern obtained on a 15 % acrylamide gel at pH 8-o was similar to that shown
in Fig. 1; 60 % of the protein migrated as a fast component (^4) and a slightly slower
component (B), the 2 being incompletely resolved. A also migrated slightly faster than
B when run in a second dimension in a 15 % polyacrylamide SDS gel. A evidently has
a slightly lower molecular weight than B, but both are components of the 20000
mol. wt. band observed in SDS gels. A and B migrated faster in a non-SDS gel at
pH 8-8 than myoglobin (pi 6-9) and a-casein (pi 4-9) which are of similar molecular
weight to the spasmoneme protein. This indicates that the spasmoneme proteins A
and B are quite acidic (pi < 4-9).
Amino acid analysis
Several gels prepared at different times, some stained and others unstained, were
used for amino acid analyses. The averaged results from 6 separate analyses are
shown in Table 1, together with the standard errors. The agreement between the
Table 1. Amino acid composition of components A and B of the 20 000 mol.
wt. protein band from the spasmoneme of Zoothamnium
Fast band (^4)

Slow band (B)

11-3012-03
Aspartic acid + asparagine
12-48! 1-24
620 10-94
7'95 ± 0 1 7
Threonine
12-58 12-25
15-05 1 4 - 1 5
Serine
8-5711-09
701 10-50
Glutamic acid + glutamine
5-83 ± 1 - 3 8
Proline
6-33 ±i'47
8-9012-08
9-3212-07
Glycine
6-8710-89
699I111
Alanine
3-9810-47
4-1510-74
Valine
0
0
Cystine
0
0
Methionine
2-8210-26
4-0810-53
Isoleucine
4-92! I-II
4-3410-41
Leucine
3-8910-80
3-3010-76
Tyrosine
1-9510-37
2-2O iO'74
Phenylalanine
I-77iO-36
1-15 1 0 - 2 3
Tryptophan
6-95 1 I - I O
Lysine
7-85 ±i-35
7-6311-64
Histidine
3-74 ±O'7i
4-5910-71
6-3312-42
Arginine
The results are expressed as residues per ioo residues, is.E. Proline was determined
separately from the other amino acids. Each value is the average of 6 determinations.
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separate analyses is good for such small sample quantities. Considerable similarity was
found between the compositions of components A and B. The sulphur-containing
amino acids cystine and methionine appear to be totally absent. There is no obvious
preponderance of hydrophobic over hydrophilic residues nor of acidic over basic.
Aspartic acid and glutamic acid, which were not distinguished by the method of
analysis from asparagine and glutamine, were found to be abundant, as was serine.
There were no significant unknown peaks in the chromatogram.
Effect of calcium and magnesium ions on the electrophoretic mobility of the 20000 viol. wt.
proteins

Because of the small quantities of material available, a direct assay of calcium binding could not be made. In order to test whether the 20000 mol. wt. proteins bind
calcium, their electrophoretic mobilities were compared in low-calcium gels containing 1 niM EDTA and in gels to which 0-5 mM CaCl2 had been added. It was
convenient to have the separation gel at pH 8-0 in order to be able to use the discontinuous buffer system (see Ornstein, 1964), but this pH was not so high that it
blocked the calcium-induced contraction of glycerinated preparations. The proteins
were extracted in 3 M guanidine hydrochloride and dialysed and concentrated as
before. Then further dialyses were carried out against 20 mM EDTA/Tris at pH 8-0
and distilled water, in order to reduce or eliminate bound calcium. After electrophoresis at pH 8 in a 15% acrylamide gel containing EDTA, a prominent leading
band containing the 20000 mol. wt. material was evident. By comparison, the 20000
mol. wt. material in gels containing 0-5 niM CaCl2 migrated much more slowly, while
the relative mobility of other spasmonemal proteins remained the same. In order to
define the range of calcium concentrations over which the change in electrophoretic
mobility occurred, a series of experiments was conductec in which EGTA buffers
were included in the gels. A uniform concentration of free calcium ions throughout
the discontinuous gel system was required, so the calcium buffer composition was
adjusted to compensate for the pH difference between the spacer gel (pH 6-8) and the
separation gel (pH 8-o). By this method, gel systems were prepared with a uniform
free calcium ion level of either io" 6 or io~ 8 M. As in the experiments described in the
previous paper, the calcium buffer concentration was varied so that the total concentration of calcium ([CaEGTA] + [Ca2+]) was the same (1 mM) in the gel systems
with high and low [Ca2+]. During electrophoresis at pCa 8 the 20000 mol. wt. material
formed a complex leading band consisting of a prominent peak with a trailing shoulder
(see Fig. 1). In another calcium-buffered gel, also containing 1 mM total calcium, but
with the free Ca2+ level increased to io~6 M, the leading band was markedly retarded
relative to other spasmoneme proteins which did not change their mobility. Also, the
leading band became divided into 2 principal components at the higher Ca2+ level
(Fig. 1).
To determine whether the observed decrease in electrophoretic mobility could be
produced by magnesium ions also, similar experiments were conducted with magnesium-buffered gels. MgEDTA was used as the buffering species, since the dissociation constant of MgEGTA is too high (see Sille"n & Martell, 1964). No reduction
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in mobility occurred with up to io~ 5 M Mg2+. A decrease was, however, observed with
Mg2+ added to the gel as a simple solution of magnesium chloride at 5 x io^ 4 M.
DISCUSSION

Absence of actin and tubulin
The fact that actin could not be detected in the spasmoneme is clear evidence that
the mechanism of contraction is different from that of muscle. During contraction, the
spasmoneme exceeds striated muscle in power output (Amos, 1971) so it is unlikely
that trace amounts of actin, or of any other protein, are responsible for the contraction.
It is not surprising that tubulin also was absent from the electrophoretic pattern, since
few microtubules have been found in the stalks of peritrichs. Most of them are in
axoneme-like bodies distributed sparsely in the cytoplasm outside the spasmoneme
(Amos, 1972; Allen, 1973), and probably lost when spasmonemes are isolated by dissection. Though it cannot be concluded that actin and tubulin are totally absent,
neither protein is sufficiently abundant in the spasmoneme to be responsible for
contraction. Our attention has therefore been directed to the major protein components, and in particular to the 20000 mol. wt. band.
Calcium binding
The 2 components A and B of the 20000 mol. wt. band both undergo a large reduction in electrophoretic mobility as the calcium ion level is raised from io~8 to
io" 6 M. This shows that they bind calcium with high affinity and that the binding
occurs over the same range of calcium ion concentrations as contraction of glycerinated
spasmonemes. The binding does not occur with magnesium ions at the same concentration, but some magnesium is bound at concentrations 500 times higher. This
specificity suggests that the high-affinity binding site is the same as that involved in
contraction of glycerinated preparations, which is neither induced nor blocked by
magnesium, but is induced by calcium ions at io~7 M. It is not known at present
whether the reduction in electrophoretic mobility is due to an alteration in charge or
in conformation, but it is a large effect, and seems likely to have some bearing on the
primary transduction event in contraction.
Stoichiometry
Evidence was presented in the preceding paper (Routledge et al. 1975) that 1-7 g of
calcium per kg of dry mass is taken up by the glycerinated spasmoneme during contraction. If it is assumed that all this calcium is bound to a protein with a molecular
weight of 20000, which constitutes 40-60% of the total dry mass, the number of
calcium ions bound per molecule is 1-4-2-1.
Spasmin
The A and B components both have molecular weights close to 20000, and similar
though not identical amino acid compositions. How different their amino acid
compositions are is not at present clear, since A and B were not completely separated
14
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in the gels. We propose the name spasmin for this class of calcium-binding proteins,
recognizing that the two species are not identical, and intending the name to be
generic, like tubulin. The spasmins are acidic proteins of low molecular weight which
bind a small number of calcium ions with high affinity. In these respects they resemble
certain other calcium-binding proteins, such as parvalbumin (Kretsinger & Nockolds,
1973) and troponin C (Hartshorne & Pyun, 1971). However, the amino-acid composition of the spasmins is different from that of known muscle proteins, particularly
in the lack of sulphur-containing residues.
The location of the spasmins in the ultrastructure of the spasmoneme is uncertain.
However, assuming a protein density of 810 Daltons/nm3 (Lake & Leonard, 1974) the
diameter of a spasmin molecule would be 3-6 nm, which is consistent with a longitudinal spacing of 3-5 nm observed in negatively stained spasmoneme filaments
(Amos, 1974). This, together with the abundance of spasmin in the organelle, suggests
that the longitudinal filaments in the spasmoneme may consist of spasmin molecules
joined together in chains. This arrangement would make possible a series summation
of contractile events occurring independently in each molecule, such as might give
rise to the high intrinsic shortening velocity of the spasmoneme. It is possible that the
contraction is due entirely to the spasmin molecule, which may either change shape
or alter its manner of bonding in the filament when calcium becomes bound to it. In
the ciliate Stentor the shortening of the myonemes is apparently associated with a
helical coiling of microfilaments (Huang & Pitelka, 1973). These filaments may well
consist of chains of spasmin molecules and the coiling may be due to a change in the
angle between adjacent molecules. Coiling of the microfilaments in vorticellid
myonemes has not been observed, but cannot be eliminated at present.
It seems likely that spasmin will be found in the myonemes of heterotrich ciliates
such as Stentor and Spirostomum which contract as rapidly as vorticellids (Jones, Jahn
& Fonseca, 1970). The question of its occurrence in other cells must await better
characterization of spasmin.
We thank Dr B. M. F. Pearse for a sample of purified pig brain tubulin and Dr J. KendrickJones for rabbit skeletal muscle actin. We also thank the Science Research Council for
supporting this work through a grant to Professor T. Weis-Fogh.
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Fig. 2. A, densitometer tracing and B, photograph of a 15% polyacrylamide SDS
microgel. The sample was a solution in SDS of 15 spasmonemes. The peak corresponding in position to a molecular weight of 20000 is indicated by an arrow. The
granular material to the left of the separation gel is the remains of the stacking gel.
Fig. 3. Electrophoresis in a 15% polyacrylamide SDS microslab gel stained in
Coomassie blue. Three samples were loaded: the right-hand one was an SDS extract
of 10 Zootliamnium spasmonemes, the left-hand contained C2 fig each of tubulin (T)
and actin (A), and the sample in the centre contained actin, tubulin and a small
quantity of spasmoneme extract. No band in the electrophoretic pattern of the spasmoneme corresponds precisely to either tubulin or actin. The 20000 mol. wt. band
(SP) is prominent.
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