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ABSTRACT A method—"“fracture label”—is described for
the cytochemical labeling of the membrane faces produced by
freeze-fracture. Human erythrocytes embedded in a crosslinked
matrix are frozen, fractured in liquid nitrogen, thawed, labeled,
and cut into thin sections. Electron microscope observation of the
fracture faces shows preferential partition of concanavalin A bind-
ing sites with the inner half of the membrane. This signifies that,
during freeze-fracture, binding sites are dragged from the outer
surface across the outer (“exoplasmic”) half of the membrane and
retained on the protoplasmic fracture face (face P). The fracture
.process results in exposure of new. anionic sites on face P. Frac-
ture-label can be applied to the cytochemical characterization of
the cellular components exposed. by freeze-fracture of isolated
cells and tissues.

Freeze-fracture splits membranes along their hydrophobic in-
terior, following the juncture of end groups provided by a mem-
brane continuum with bilayer organization (1-4). Although frac-
ture of the bilayer produces smooth faces, in all biological
membranes these faces are interrupted by particulate compo-
nents (“membrane intercalated particles” or “intramembranous
particles”) and, in most, by subtler rugosities [“subparticles”
(5)]. Combined use of immunochemical and cytochemical tech-
niques with freeze-etching methods, and freeze-fracture obser-
vation of reconstituted membrane preparations, demonstrate
that, in the systems used, the particles represent the sites of in-
tegral transmembrane proteins (6-12). Because of the qualita-
tive similarity of freeze-fracture images produced by all biolog-
ical membranes, the particles are assumed to represent local
structural asymmetries in the fracture process provoked by in-
tegral membrane.proteins and, possibly, their associated lipids
(3, 4). In the erythrocyte membrane the particles represent the
site of the two main integral transmembrane proteins (glyco-
phorin and band III component) which bear AB(H) antigens,
influenza wirus receptors, wheat germ agglutinin and conca-
navalin A (Con' A) binding sites, as well as anionic sites (8-11,
13-15).

Although splitting of the bilayer continuum by freeze-frac-
ture (and, in consequence, the partition of peripheral mem-
brane proteins) is established, less is known about the fracture
behavior of integral membrane proteins (3, 16)—in particular,
their antigens and lectin binding sites at the surface (17). Most
particles are generally associated with the inner membrane half
(1, 2)—i.e., they are observed on the protoplasmic or P face (18).
This may be the result of a stochastic process or reflect individ-
ual differences of fracture behavior of the components in each
particle or both. On face P the particles represent, at least in
part, portions of integral proteins located at the outer (exo-
plasmic, E) membrane half. It is unknown whether the particles
contain hydrophilic surface groups of integral proteins dragged,
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during fracture, from the outer surface. We have labeled freeze-
fractured erythrocytes and report the presence of Con A and an-
ionic binding sites on their fracture faces.

-MATERIALS AND METHODS

Preparation of Freeze-Fractured Gels. Human erythro-
cytes (O, Rh-positive) were fixed in 1% (vol/vol) glutaraldehyde
for 30 min at 4°C, embedded in 15% or 30% bovine serum al-
bumin - (hereafter referred to as albumin) and gelled with 1%
glutaraldehyde for 30 min at 25°C. Gels were sliced into 1 X
2 X 2 mm pieces, impregnated with 30% (vol/vol) glycerol, and
frozen in Freon 22 cooled by liquid nitrogen. The frozen pieces,
immersed in liquid nitrogen, were freeze-fractured by crushing
with a glass pestle, thawed in 1.5% glutaraldehyde in 30% glyc-
erol for 15 min at 4°C, and deglycerinated in 310 milliosmolar

~sodium phosphate buffer/1 mM glycylglycine, pH 7.5. The gel

fragments were treated with label and processed for thin
section.

Cytochemical Labeling: (i) Cationized ferritin. Gel fragments
were incubated with cationized ferritin (9, 19) (Miles; 1 mg/ml)
at pH 7.5 and pH 4.0 in 310 milliosmolar phosphate buffer for
15 min at 4°C. (ii) Colloidal iron. Gels were incubated 15-30

‘min at 25°C with colloidal iron (20). (iii) Con A. Gels were incu-

bated with Con A-ferritin (250 pg/ml) for 30 min at 25°C; con-
trols were preincubated in 0.1 M methyl a-D-glueopyranoside.
In some experiments erythrocytes were pretreated with neur-
aminidase (Clostridium perfringens, type VIII, Sigma), at 1 unit/
ml in 310 milliosmolar phosphate buffer, pH 7.5, for 5 min at
4°C and 30 min at 37°C. Gel fragments were washed three times
before dehydration.

RESULTS

Ultrastructure

Thin sections of freeze-fractured gels show numerous erythro-
cytes embedded in the crosslinked albumin. The margin of the
gel fragments shows that fracture followed the erythrocyte
membrane or caused crossfracture of the erythrocyte (Fig. 1a).
In order to distinguish freeze-fractured erythrocytes from those
exposed by gel cutting, we observed the surfaces of 15% albu-
min gels cut or snapped at room temperature. Here, the eryth-
rocytes were not crossfractured and cleavage followed the al-
bumin gel or the interface between gel and erythrocyte surface,

‘with short incursions into adjoining albumin (Fig. 1g). Thus,

crossfractured erythrocytes along a gel fragment margin indi-

cated that the cells, on that gel face, were freeze-fractured.
Thin section of the fracture faces of erythrocyte membranes

revealed P faces as a series of short segments with unit mem-

Abbreviations: Con A, concanavalin A; P face, protoplasmic membrane

face; E face, exoplasmic face.
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FiG. 1. (a-e) Fractured erythrocytes thawed in glycerol. In a are shown, on the fractured edge (left to right) the site of an E face, a P face, and
a crossfracture (labeled X in b and c). Fracture faces P and E appear as interrupted unit membrane profiles (b—e). (b) Erythrocyte treated with Con
A-ferritin in the presence of a-methyl glucoside (compare with Fig. 2 f and g). (c—e) Erythrocytes treated with polylysine. (a, X3000; b, x50,000;
¢, X100,000; d and e, x75,000.) (f) Freeze-fractured, freeze-substituted, face P appears as a single leaflet. (x245,000.) (g) Face of cut gel labeled
with cationized ferritin at pH 7.5. Ferritin is clustered and associated with remnants of the gel on the membrane surface (arrowheads). (x50,000.)

(h) Fracture (“crack”) of erythrocytes prelabeled with cationized ferritin. Label remains on the surface of the membrane (exoplasmic half) and is
absent from face P. (x40,000.)
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FiG. 2. (a) P face labeled by cationized ferritin at pH 7.5 (sparse label on the crossfractured hemoglobin, X). (x30,000.) (b and ¢) Fractured
erythrocytes show intense label by cationized ferritin at pH 4.0 on both P and E faces (see crack in ¢ and, in 15% albumin gels, also on the embedded
erythrocyte surface (b). (a, <20,000; b, X35,000.) (d) Erythrocyte pretreated with neuraminidase, fracture-labeled with cationized ferritin at pH
4.0. Label is intense on face P but weak on the embedded surface. (x55,000.) () Colloidal iron label on P and E faces. (x20,000.) (fand g) Complemen-
tary aspects of Con A-ferritin label in a gel crack. g is printed as a negative for better contrast. See Fig. 15 for methyl glucoside control. (f,
% 35,000; g, x285,000.)
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brane profile overlying the hemoglobin-rich interior (Fig. 1
b-d). In general, these unit membrane segments were lighter
than intact membranes, and clearest “on end; ” upon orientation
with a goniometer stage. E faces, similar but generally less dis-
tinct, were observed in 30% gels overlying the crosslinked al-
bumin or in 15% gels of polylysine-coated cells (Fig. 1 d and e),
the latter providing adjoining aspects of P and E faces (Fig. 1d).
The expected. thin section appearance of a “split,” freeze-frac-
tured membrane, namely elimination of one of the dark leaflets
of the unit membrane, was never observed, even when the frac-
tured gels were thawed in osmium or osmium/glutaraldehyde.
When the fractured gel fragments were freeze-substituted in
acetone/osmium the unit membrane segments were not visible
and only the inner dense line was suggested (Fig. 1f).

Thin sections of gels with erythrocytes prelabeled (i.e., be-

fore inclusion in albumin) with cationized ferritin at pH 7.5 and.

fixed with glutaraldehyde showed dense label of the concave
areas correspondent to the exoplasmic membrane half, and ab-
sence of label on face P, as observed in conventionally fractured
preparations (2, 21). These results were clearest in cracks (i.e.,
incomplete fractures) of the gel as quasi-complementary aspects
(Fig. 1h). Conventional freeze-fracture (—110°C, Balzers 301)
of erythrocyte—albumin gels produced fracture faces (not illus-
trated) similar to those of erythrocytes in aqueous suspension:

Cytochemical labeling of the fracture faces

These experiments aimed at an initial characterization of the
surface chemistry of fracture faces. They were designed to in-
vestigate whether or not segments of integral transmembrane
proteins, exposed at the outer surface, partitioned with the in-
ner membrane half upon fracture. We used: (i) cationized ferri-

tin at pH 7.5 for anionic sites and at pH 4.0 for acidic groups; (ii)-

colloidal iron for strongly acidic groups; and (iii) Con A to detect
surface sites associated with band III component (10, 22).
Cationized Ferritin. Labeling of fractured eryth-
rocyte-albumin gels with cationized ferritin at pH 7.5 showed
that face P was intensely and continuously labeled (Fig. 2a).

This contrasted with the appearance of the embedded eryth--

rocyte surfaces, which remained unlabeled, although in 15%
gels, and to a limited extent in 30% gels, ferritin penetrated the
albumin. Label on cross-fractured erythrocytes was less in-
tense (Fig. 2a). On the faces of cut gels only occasional clusters
of ferritin were present on erythrocytes, associated with small
fragments of albumin (Fig. 1g).

In erythrocyte—albumin gels labeled by catlomzed ferritin at
pH 4.0, the label on face P was dense and continuous (Fig. 2b).
The surfaces of embedded erythrocytes were also intensely la-
beled even at 10-20 wm from the surface of the fractured gel
(not illustrated). In 30% gels intense label could also be ob-
served on the sites of E faces. Gel cracks provided comple-
mentary aspects (Fig. 2c). Observation of 15% gels made with
neuraminidase-pretreated erythrocytes labeled, after freeze-
fracture, with cationized ferritin at pH 4.0 showed intense label
on the P face but sparse label on embedded membrane surfaces
(Fig. 2d):

Colloidal Iron. Labeling with colloidal iron revealed the
presence of strongly acidic groups on both fracture faces and,

also, on the surface. Cracks in the gel provided complementary"

views (Fig. 2e).

Con A. Labeling of fractured erythrocyte—albumin gels with
Con A-ferritin conjugates showed strong label on face P (Fig. 2
fand g) and approximately 25% of total label on face E. This was
clear in cracks of the gel (Fig. 2f). Surface labeling of erythro-
cytes embedded in 15% albumin was minimal (Fig. 2f). Frac-
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tured gels labeled in the presence of 0.1 M- methyl a-p-gluco-
pyranoside showed much reduced label (Fig: 1b).

DISCUSSION

Our results demonstrate that Con A binding sugar residues as-
sociated with an integral erythrocyte-membrane protein at the
outer surface can be identified on the protoplasmic face (face
P) of freeze-fractured membranes. The process of fracture ap-
pears also to cause exposure of new anionic sites. The applica-
tion of cytochemical labeling techniques-to the identification
and localization of chemical groups and other binding sites on
the fracture faces of biological membranes is,. therefore, possi-
ble.

The process of fracture that occurs upon-crushing in liquid
nitrogen appears qualitatively similar to that of conventional
freeze-fracture. Between —100°C and —269°C the appearance
of fractured membranes is unchanged (23). Fracture of prela-
beled erythrocytes shows that, as in conventional freeze-etch
studies (2, 811, 21), macromolecular labels at the outer surface
are absent from face P. In addition, conventional freeze-fracture
shows that embedding of erythrocytes in albumin does not alter
their fracture appearance. Our experiments do not prove mem-
brane splitting; splitting of the membrane bilayer regions is as-
sumed because of previous investigations (1-3) and induced
from the similarity between crushing in liquid nitrogen and con- -
ventional freeze-fracture methods.

Ultrastructural observation of thin-sectioned fracture faces
showed an interrupted, subtle, yet distinct unit membrane pro-
file (Fig. 1 b—e). This unexpected result, which was obtained
even in fractured erythrocyte gels thawed in osmium or glutar-
aldehyde/osmium solutions, suggests limited reorganization of
membrane components during thawing, before glutaraldehyde
or glutaraldehyde/osmium fixation. It is likely that reorganiza-
tion mainly involves membrane lipids and occurs during an at-
tempted and natural process of reconstruction of the bilayer
after freeze-fracture. Redistribution of integral membrane pro-
teins is unlikely because glutaraldehyde fixation, before and
after fracture, results in cross-linking of integral proteins, pe-
ripheral proteins at the inner surface, and hemoglobin. The uni-
lamellar profile expected from a split bilayer membrane was
observed only in gels freeze-substituted in osmium/acetone
(Fig. 1f)—i.e., under conditions of maximal lipid stabilization:
osmium fixation starts at a much lower temperature; acetone is
an adequate solvent for apolar lipid chains exposed in a split bi-
layer. Unfortunately, cytochemical labels cannot be used in
freeze-substituted preparations.

Labeling of freeze-fractured erythrocytes with cationized fer-
ritin at pH 7.5 revealed numerous anionic sites. On face P their
origin can be twofold: (i) sites at the outer surface associated with
integral proteins that, during freeze-fracture, are pulled
through the outer membrane half and remain associated with
the inner half; (ii) sites sequestered within the membrane, nec-
essarily associated with integral membrane proteins, and
exposed by freeze fracture.

The presence of intense and continuous label on face P of
fractured erythrocytes labeled by cationized ferritin at pH 4.0
demonstrated the presence of numerous acidic groups. These
anionic sites appear to be revealed, at least in part, by the frac-
ture process. This was shown by the observation of fractured
erythrocytes that were exposed to neuraminidase prior to gell-
ing. In these preparations, labeling of face P remained intense
although it was much decreased on the surface (compare Fig.
2 b and d). These results made it impossible to determine
whether anienie surface sites associated with integral mem-
brane components (i.e., sialic acid in glycophorin and possibly
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also in band III) are partitioned with the inner membrane half
during fracture. Labeling with colloidal iron at pH 1.8 illus-
trated the presence of strongly acidic groups on face P but could
not establish whether they represented sialic acid groups
dragged, during fracture, from the outer surface.

The appearance of new anionic groups caused by fracture is
compatible with membrane splitting. The process of fracture
either exposes new domains within the membrane interior or
causes distortion of protein chains and concomitant exposure of
additional anionic groups. Acidic groups may exist in the mem-
brane interior (13, 15) either free (e.g., lining a putative hydro-
philic channel) or titrated by other groups.

Labeling of the P face with Con A showed that, during freeze-
fracture, oligosacharides originally exposed at the outer surface
of the erythrocyte and associated with a major transmembrane
protein [band III, the anion transport protein (13, 15, 22)] can
be dragged across the outer half of the membrane and partition
with the inner half, where they retain their binding specificity.
This conclusion assumes the absence of other Con A binding
sites—i.e., sites not originally exposed at the outer surface but
made available by the process of fracture or thawing; investiga-
tion of the chemistry and conformation of erythrocyte mem-
brane proteins indicates that the sugar residues associated with
the two main integral proteins are exposed at the outer surface
(13-15). The proportions of Con A-ferritin molecules and of
membrane-intercalated particles that partition with the Pand E
faces are similar. Interpretation of our results does not require,
nor does it conflict with, the possibility of partial breakage of
covalent bonds within integral membrane proteins during
freeze-fracture and is compatible with biochemical evidence for
partition of band III during fracture (16).

The label on the exoplasmic half of the erythrocyte mem-
brane is difficult to interpret. In 15% gels this face is not sta-
bilized, and 30% gels do not provide as firm a base as that found
at the inner erythrocyte surface against crosslinked hemoglo-
bin. It is possible that an unknown proportion of the label was
attached, through defects on the fracture face, to components
at the outer surface of the membrane.

Current views of the structure and dynamics of biological
membranes, including the acceptance of membrane splitting,
rest, in no small measure, on the experimental analysis of
freeze-fractured and etched membranes. Exceptions to con-
sensus (24) result from misunderstanding the concept of mem-
brane splitting to imply that all of the membrane splits. Our
experiments demonstrate that this is not so: membrane splitting
must be confined, as originally interpreted (1, 2), to the bilayer
continuum of biological membranes. The fracture plane is de-
flected at the site of each particle and it is this deflection that
morphologically determines the particle itself: i.e., the mem-
brane particles are defined relative to, and in contradistinction
to, the bilayer continuum of biomembranes. Although in every
successfully investigated case integral membrane proteins (and,
in consequence, their tightly associated lipids) were shown to
be components of the membrane particles, the presence of in-
tegral proteins is not, in principle, a necessary condition; mi-
cellar subphases sequestered within the polar matrix of the
bilayer can also appear, in freeze-fractured preparations, as
“particles”™i.e., as local deviations of the fracture plane, albeit
with a characteristic morphology (25, 26). In many membranes,
however, and particularly in specialized membranes (e.g., chlo-
roplast grana) or membrane regions (e.g., gap junctions) inter-
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ruptions of the bilayer continuum may account for most of the
membrane area. Thus, sensu stricto, the proportion of mem-
brane area in which bilayer splitting occurs can be smaller, even
much smaller, than that occupied by interrupting integral pro-
teins and their associated lipids. The underlying assumption is
that, even in these cases, the bilayer continuum still exists and
guides the process of fracture.

In summary, our results show that, during freeze-fracture,
Con A binding sites—i.e., surface groups associated with band
III component, an erythrocyte transmembrane protein—are
preferentially partitioned with the inner, protoplasmic, half of
the membrane and that new anionic sites are revealed by the

-process of fracture. Our results illustrate also the feasibility of

the combined application of cytochemical and freeze-fracture
techniques to study the topochemistry of plasma membranes,
intracellular membranes, and the cytoplasm.
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