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substrate contact sites, annulus and zipper regions of sperm,
and the ciliary necklace, are characterized by electron-dense
material or cytoplasmic filaments directly adjacent to the
membrane, and/or by a high density of integral membrane

proteins (4-7, 12-15, 24, 26, 29, 30, 32, 33, 35, 38). Similarly,
the junctional membrane areas of the devescovinid bear a
dense cytoplasmic coat, and contain a high concentration of
intramembrane particles (43). These membrane-associated

T

Ficure 5 Transverse thin sections through junctional complexes of cells incubated in pepsin before labeling. Pepsin has removed
the dense cytoplasmic coat from the junctional membranes, and digested most of the cell cytoplasm. Fusiform bacteria (fb) are
detached from the surface ridges that are no longer distinguishable from the extra-junctional plasma membrane. (A) Filipin-
treated cell. Filipin corrugates the denuded pocket membranes (p) enclosing the rod bacteria (rb), as well as the former membrane
ridges, thus demonstrating the presence of filipin-sterol complexes in the junctional membrane regions. Comparison of the three
membrane pockets visible here shows that the degree of filipin labeling varies, but is usually not as strong as in the extra-
junctional regions (arrowheads). Note the characteristic filipin-induced protuberances (arrows) in an internalized part of the
plasma membrane. The bacterial membranes are not affected by filipin. (B} Control without filipin. The devescovinid pocket
membrane (p) appears uniformly smooth and well preserved. X 61,900 (A); X 57,500 (B).

Ficure 6 Fluorescence micrographs of cells in filipin/Ringer’s. (A) Honeycomb fluorescence pattern of the body surface. Each
rod bacterium is surrounded by a brightly fluorescent envelope (arrowhead) representing the sides of the membrane pocket
holding the bacterium. The pocket membrane directly under the rod bacteria appears dark like the background, while the surface
membrane between the bacteria is weakly fluorescent. (B) Anterior part of cell. An intensely fluorescent cytoplasmic collar
encircles the neck of the cell (arrows), corresponding to the location of densely-packed membranous tubules that extend from
the Golgi to the shear zone membrane (cf. Figs. 1 and 2). The surface fluorescence pattern is not in focus here. Bar, 5 pm.
Ultraviolet excitation, X 100/1.3 NA objective.
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proteins may limit the ability of filipin to penetrate the
membrane, and hence to interact with sterols present in the
bilayer (5, 12, 13, 38). Alternatively, membrane densities or
membrane-cytoskeleton linkages may hinder the aggregation
of primary filipin/sterol complexes necessary for formation
of visible membrane lesions (9, 34). It is also possible that
closely-packed protein subunits within or directly under the
membrane could confer sufficient rigidity, especially after
glutaraldehyde cross-linking, to prevent deformation of the
membrane even in the presence of filipin-sterol aggregates (5,
13, 38).

We used digitonin to confirm the insensitivity of junctional
membranes to filipin, because it was recently reported that a
membrane domain that is known biochemically to contain
cholesterol is not perturbed by filipin, but does respond to
digitonin (38). In this case, therefore, digitonin was less sus-
ceptible to the local physical constraints that operate on filipin
action,

In an attempt to remove a possible barrier to filipin action,
we pretreated cells with pepsin. Feltkamp and van der Waer-
den (15) recently found that retroviral membranes that do
not react with filipin become sensitive to this agent after
removal of an electron-dense coat by pepsin degradation. Qur
finding that pepsin treatment resulted in a positive reaction
of the pocket membrane to filipin suggests that sterols may
be present in these regions, but that membrane-associated
proteins, visible as an electron-dense coat, prevent the for-
mation of filipin-induced membrane lesions, and thus give
rise to a spurious negative response.

However, it is also possible that protease digestion removes
a barrier to lipid diffusion and allows sterols to flow into a
previously restricted membrane area. It is known that lipids
can still move within the membrane bilayer after glutaralde-
hyde fixation (18, 20, 34).

The fluorescence properties of filipin (2, 3, 11, 27, 36)
provided an independent means to distinguish between these
possibilities. For example, in certain cases where filipin is
unable to cause ultrastructural lesions in a cholesterol-con-
taining membrane domain, it can still bind to cholesterol to
produce fluorescence (6, 16).

The brightly fluorescent halo observed around each rod
bacterium probably represents the sides of the membrane
pockets; assuming that these regions have a sterol content
similar to that of the weakly fluorescent extra-junctional
membrane, then the sides of the pockets would be expected
to appear brighter by virtue of being viewed end-on. It thus
seems likely that the absence of filipin-induced deformations
in the junctional membranes—at least in the sides of the
pockets—is not due to a low sterol content, but to local
physical constraints that prevented deformation of the mem-
brane in response to filipin-sterol interaction.

What, then, is the reason for the absence of fluorescence at
the bottom of the pocket membrane directly under the rod
bacteria? This result could be due to a low sterol content in
this region of the pocket membrane. However, evidence
against such microheterogeneity in sterol distribution within
the junctional membrane comes from our finding that the
bottom of the pocket membrane remains nonfluorescent even
after pepsin treatment, despite the presence of sterol in this
region as shown by electron microscopic labeling. The lack of
fluorescence, like the negative ultrastructural response to fili-
pin of nonproteolysed junctional membranes, is apparently
not a sufficient criterion for ruling out the presence of sterols

in a membrane area.

Thus, the nonfluorescence of the bottom of the pocket
membrane may be due to some local constraint that prevented
filipin from binding to sterols, or to a masking or quenching
(11) of fluorescence in this region. Simple masking of fluores-
cent excitation or emission by the bacterial body itself is ruled
out on the basis of our observation that the bottom of the
pocket was nonfluorescent regardless of from which side it
was viewed. Other possible reasons for the negative fluores-
cence response in this region are currently being investigated.

In conclusion, we have employed a combination of tech-
niques to address some of the problems associated with the
use of cytochemical probes such as filipin for mapping topo-
graphical variations in membrane sterol content. By correlat-
ing results of enzymatic removal of membrane-associated
proteins with fluorescence microscopy of filipin-sterol inter-
action, we found that neither the absence of filipin-induced
perturbations nor the lack of filipin-produced fluorescence in
a membrane region is sufficient by itself to demonstrate a low
sterol concentration. Therefore, the distribution of filipin-
sterol complexes in conventionally-treated membranes may
not reflect actual heterogeneity in membrane sterol content.
As emphasized by others (5, 6, 15, 35, 38), reports of sterol
heterogeneity based on negative responses to filipin and/or
digitonin, particularly in membrane domains characterized
by closely associated proteins, should be interpreted with
caution.
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Note Added in Proof: In a recent critical evaluation of the use of
cytochemical probes for mapping membrane sterol distribution, Sev-
ers and Robenek (Biochem. Biophys. Acta, 1983, 737:373-408) have
presented convincing evidence that negative responses of certain
membrane domains to filipin are due solely to the presence of
membrane-associated proteins and not to low sterol content, sup-
porting the interpretation of our results given above.

REFERENCES

1. Andrews, L. D., and A. I. Cohen. 1979. Freeze-fracture evidence for the presence of
cholesterol in particle-free patches of basal disks and the plasma membrane or retina
rod outer segments of mice and frogs. J. Cell Biol. 81:215-228.

2. Bittman, R. 1978. Sterol-polyene antibiotic complexation: probe of membrane structure,
Lipids. 13:686-691.

3. Bittman, R., and S. A. Fischkoff. 1972. Fluorescence studies of the binding of the
polyene antibiotics filipin III, amphotericin B, nystatin, and lagosin to cholesterol. Proc.
Natl. Acad. Sci. USA. 69:3795-3799.

. Bridgman, P. C., and Y. Nakajima. 1981. Membrane lipid heterogeneity associated with
acetylcholine receptor particle aggregates in Xenopus embryonic muscle cells. Proc. Nat!.
Acad. Sci. USA. 78:1278-1282.

S. Bridgman, P. C,, and Y. Nakajima. 1983. Distribution of filipin-sterol complexes on
cultured muscle cells: cell-substratum contact areas associated with acetylcholine recep-
tor clusters. J. Cell Biol. 96:363-372.

. Brown, D., R. Montesano, and L. Orci. 1982. Patterns of filipin-sterol complex distri-
bution in intact erythrocytes and intramembrane particle-aggregated ghost membranes.
J. Histochem. Cytochem. 30:702-706.

. Chailley. B. 1981. Absence of filipin-sterol complexes from tight junctions of oviduct
cells in differentiation. Biol. Cell. 42:189-192.

. de Kruijff, B., W. J. Gerritsen, A. Oerlemans, R. A. Demel, and L. L. M. van Deenen.
1974. Polyenc antibiotic-sterol interactions in membranes of Acholeplasma laidlawii
cells and lecithin liposomes. 1. Specificity of the membrane permeability changes induced
by the polyene antibiotics. Biochim. Biophys. Acta. 339:30-43.

9. de Kruijff, B., W_J. Gerritsen, A. Oerlemans, P. W. M. van Dijck, R. A. Demel, and L.

L. M. van Deenen. 1974. Polyene antibiotic-sterol interactions in membranes of Acho-
leplasma laidlawii cells and lecithin liposomes. 1I. Temperature dependence of the

FS

=

e

Tamm AnND Tamm  Filipin-sterol Complexes in a Termite Flagellate 1105

0T0Z ‘TT 1snBny uo Biossaidni gal woliy papeojumoq


http://jcb.rupress.org/

Published October , 1983

2

22
23.

24.

25.

26.

27,

28.
29,

1106

polyene antibiotic-sterol complex formation. Biochim. Biophys. Acta. 339:44-56.

. Demel, R. A., and B. de Kruijff. 1976. The function of sterols in membranes. Biochim.

Biophys. Acta. 457:109-132.

. Drabikowski, W., E. Lagwinska, and M. G. Sarzala. 1973. Filipin as a fluorescent probe

for the location of cholesterol in the membranes of fragmented sarcoplasmic reticulum.
Biochim. Biophys. Acta. 291:61-70.

. Elias, P. M., D. S. Friend, and J. Goerke. 1979. Membrane sterol heterogeneity. J.

Histochem. Cviochem. 27:1247-1260.

. Elias, P. M., J. Goerke, and D. S. Friend. 1978. Freeze-fracture identification of sterol-

digitonin complexes in cell and liposome membranes. J. Cell Biol. 78:577-596.
Evans, E. A, and R. M. Hochmuth. 1978, Mechanochemical properties of membranes.
Curr. Top. Membr. Transp. 10:1-64.

. Feltkamp, C. A., and A. W. M. van der Waerden. 1982. Membrane-associated proteins

affect the formation of filipin-cholesterol complexes in viral membranes. Exp. Cell Res.
140:289-297.

. Friend, D. S. 1982. Plasma-membrane diversity in a highly polarized cell. J. Cell Biol.

93:243-249.

. Friend, D. S., and E. L. Bearer. 1981. g8-Hydroxysterol distribution as determined by

freeze-fracture cytochemistry. Histochem. J. 13:535-546.

. Hasty, D. L., and E. D. Hay. 1978. Freeze-fracture studies of the developing cell surface.

II. Particle-free membrane blisters on glutaraldehyde-fixed corneal fibroblasts are arte-
facts. J. Cell Bicol. 78:756-768.

. Jain, M. K. 1975. Role of cholesterol in biomembranes and related systems. Curr. Top.

Membr. Transp. 6:1-57.

. Jost, P., U. J. Brooks, and O. H. Griffith. 1973. Fluidity of phospholipid bilayers and

membranes after exposure to osmium tetroxide and glutaraldehyde. J. Mol. Biol. 76:313-
318.

. Karnovsky, M. J.. A. M. Kleinfeld, R. L. Hoover, and R. D. Klausner. 1982. Concept

of lipid domains in membranes. J. Cell Biol. 94:1-6.

Kinsky, S. C. 1970. Antibiotic interaction with model membranes. Annu. Rev. Phar-
macol. 10:119-142.

Kitajima, Y., T. Sekiya, and Y. Nozawa. 1976. Freeze-fracture ultrastructural alterations
induced by filipin, pimaricin, nystatin and amphotericin B in the plasma membranes of
Epidermophyton, Saccharomyces and red blood cells. A proposal of models for polyene
ergosterol complex-induced membrane lesions. Biochim. Biophys. Acta. 455:452-465.
Montesano, R. 1979. Inhomogeneous distribution of filipin-sterol complexes in the
ciliary membrane of rat tracheal epithelium. Am. J. Anar. 156:139-145.

Montesano, R., A. Perrelet, P. Vassalli, and L. Orci, 1979. Absence of filipin-sterol
complexes from large coated pits on the surface of culture cells. Proc. Natl. Acad. Sci.
USA 76:6391-6395.

Nakajima, Y., and P. C. Bridgman. 1981. Absence of filipin-sterol complexes from the
membranes of active zones and acetylcholine receptor aggregates at frog neuromuscular
junctions. J. Cell Biol. 88:453-458.

Norman, A. W., R. A. Demel, B. de Kruijff, and L. L. M. van Deenen. 1972. Studies
on the biological properties of polyene antibiotics. Evidence for the direct interaction of
filipin with cholesterol. J. Biol. Chem. 247:1918-1929.

Nomran, A. W., A, M. Spielvogel, and R. G. Wong. 1976. Polyene antibiotic-sterol
interaction. Adv. Lipid Res. 14:127-170.

Orci, L., M. Amherdt, R. Montesano, P. Vassalli, and A. Perrelet. 1981. Topology of
morphologically detectable protein and cholesterol in membranes of polypeptide-secret-
ing cells. Philos. Trans. R. Soc. Lond. B Biol. Sci. 296:47-54.

THE JourNAL OF Cett BioLogy - VoLume 97, 1983

30.

31,

32.

[}

33.

34.

35.

[y

36.
37.

38.

3

40.

41.

42,
43,
44.
45.
46.

47.

4

49,

50.

o

i

Orci, L., R. Montesano, R. Meda, F. Malaisse-Lagae, D. Brown, A. Perrelet, and P.
Vassalli. 1981. Heterogeneous distribution of filipin-cholesterol complexes across the
cisternae of the Golgi apparatus. Proc. Natl. Acad. Sci. USA. 78:293-297.

Pearse, B. M. F. 1976. Clathrin: a unique protein associated with intracellular transfer
of membrane by coated vesicles. Proc. Natl. Acad. Sci. USA. 73:1255-1259,

Perrelet, A., L.-M. Garcia-Segura, A. Singh, and L. Orci. 1982. Distribution of cyto-
chemically detectable cholesterol in the electric organ of Torpedo marmorata. Proc.
Natl. Acad. Sci. USA. 79:2598-2602.

Robenek, H., and M. Melkonian. 1981. Sterol-deficient domains correlate with intra-
membrane particle arrays in the plasma membrane of Chlamydomonas reinhardii. Eur.
J. Cell Biol. 25:258-264.

Robinson, J. M., and M. J. Karnovsky. 1980. Evaluation of the polyene antibiotic filipin
as a cytochemical probe for membrane cholesterol. J. Histochem. Cytochem. 28:161~
168.

Robinson, J. M., and M., J. Karnovsky. 1980. Specializations in filopodial membranes
at points of attachment to the substrate. J. Cell Biol. 87:562-568.

Schroeder, F., J. F. Holland, and L. L. Bieber. 1972. Fluorometric investigations of the
interaction of polyene antibiotics with sterols. Biochemistry. 11:3105-3111.

Severs, N. J. 1982. Comparison of the response of myocardial muscle and capillary
endothelial nuclear membranes to the cholesterol probe filipin. J. Submicrosc. Cytol.
14:441-452.

Severs, N. J., R. C. Warren, and S. H. Barnes. {981. Analysis of membrane structure in
the transitional epithelium of rat urinary bladder. 3. Localization of cholesterol using
filipin and digitonin. J. Ultrastruct. Res. 77: 160~188.

Shinitzky, M., and P. Henkart. 1979. Fluidity of cell membranes—current concepts and
trends. Inr. Rev. Cytol. 60:121-147.

Tamm, S. L. 1976. Properties of a rotary motor in eukaryotic cells. /n Cell Motility. R.
Goldman, T. Pollard, and J. Rosenbaum, editors. Cold Spring Harbor Conferences on
Cell Proliferation. Cold Spring Harbor Laboratory, NY. 3:949-967.

Tamm, S. L. 1978, Laser microbeam study of a rotary motor in termite flagellates.
Evidence that the axostyle complex generates torque. J. Cell Biol. 78:76-92.

Tamm, S. L. 1979. Membrane movements and fluidity during rotational motility of a
termite flagellate. J. Cell Biol. 80:141-149.

Tamm, S. L. 1980. The ultrastructure of prokaryotic-eukaryotic cell junctions. J. Cel/
Sci. 44:335-352,

Tamm, S. L. 1982. Flagellated ectosymbiotic bacteria propel a eukaryotic cell. J. Cell
Biol. 94:697-709.

Tamm, S. L., and S. Tamm. 1974. Direct evidence for fluid membranes. Proc. Natl.
Acad. Sci. USA. 71:4589-4593.

Tamm, S. L., and 8. Tamm. 1976. Rotary movements and fluid membranes in termite
flagellates. J. Cell Sci. 20:619-639.

Tamm, S. L., and S. Tamm. 1982. Sterol distribution in shearing vs. nonshearing regions
of a protozoan plasma membrane. J. Cell Biol. 95 (2, Pt. 2):252a. (Abstr.)

Tillack, T. W., and S. C. Kinsky. 1973. A freeze-etch study of the effects of filipin on
liposomes and human erythrocyte membranes. Biochim. Biophys. Acta. 323:43a-54,
Verkleij, A. J., B. de Kruijff, W. F. Gerritsen, R. A. Demel, L. L. M. van Deenen, and
P. H. J. Ververgaert. 1973. Freeze-etch electron microscopy of erythrocytes, Achole-
plasma laidlawii cells and liposomal membranes after the action of filipin and ampho-
tericin B. Biochim. Biophys. Acta. 291:577-581.

Yamin, M. A., and S. L. Tamm. 1982. ATP reactivation of the rotary axostyie in termite
flagellates: effects of dynein ATPase inhibitors. J. Cell Biol. 95:589-597.

0T0Z ‘TT 1snBny uo Biossaidni gal woliy papeojumoq


http://jcb.rupress.org/

