
ANIONIC SITES OF HUMAN ERYTHROCYTE MEMBRANES

I. Effects of Trypsin, Phospholipase C, and pH on the

Topography of Bound Positively Charged Colloidal Particles

INTRODUCTION

Human erythrocytes possess a large net negative
surface charge at their electrokinetic surface
under physiological conditions (1, 20, 44) . This
electrokinetic negative surface charge has been
determined to be due mainly to acidic oligosac-
charide anionic residues such as N-acetylneura-
minic acid (NANA)' (11, 44, 49). It has been sug-

I The following abbreviations are used in this paper :
CD, circular dichroism ; CIH, colloidal iron hydrox-
ide ; NANA, N-acetylneuraminic acid ; NA NA se,
N-acetylneuraminic acid hydrolyase ; PLC, phos-
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ABSTRACT

The effects of pH, trypsin, and phospholipase C on the topographic distribution of acidic
anionic residues on human erythrocytes was investigated using colloidal iron hydroxide
labeling of mounted, fixed ghost membranes . After glutaraldehyde fixation at pH 6 .5-7 .5,
the positively charged colloidal particles were bound to the membranes in small randomly
distributed clusters. The clusters of anionic sites were reversibly aggregated by incubation
at pH 5.5 before fixation at the same pH. These results correlate with the distribution of
intramembranous particles found by Pinto da Silva (J. Cell Biol . 53:777), with the excep-
tion that the distribution of anionic sites on a majority of the fixed ghosts at pH 4 .5 was
aggregated instead of dispersed . The randomly distributed clusters could be nonreversibly
aggregated by trypsin or phospholipase C treatment of intact ghosts before glutaraldehyde
fixation . Previous glutaraldehyde fixation prevented trypsin and pH induced aggregation
of the colloidal iron sites . Evidence that N-acetylneuraminic acid groups are the principal
acidic residues binding colloidal iron was the elimination of greater than 85% of the col-
loidal iron labeling to neuraminidase-treated cell membranes . Colloidal iron binding
N-acetylneuraminic acid residues may reside on membrane molecules such as glycophorin,
a sialoglycoprotein which contains the majority of the N-acetylneuraminic acid found on
the human erythrocyte membrane .
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Bested that the surface distribution of acidic an-
ionic residues on erythrocytes and other cells may
be important in preventing (or allowing) cell-cell
or cell-molecule interactions to occur in vivo, if
changes in the local densities of acidic residues
affect these interactions . For example, it is known
that viral transformation changes the quantity of

pholipase C ; Tris-HCI, tris (hydroxymethyl)-amino-
methane hydrochloride 300 Pig, 0.05 M sodium
phosphate, 0.6% sodium chloride buffer, pH 7.5,
300 mosmol.
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plasma membrane NANA (28, 52), and Weiss has
proposed that these changes may influence cell
social behavior (44) .

Currently the most popular electron micro-
scope technique for localizing anionic residues on
membrane surfaces is the colloidal iron hydroxide
(CIH) method of Gasic et al . (12, 13) . While de-
veloping techniques for elucidating topographical
changes in cell surface components after neoplas-
tic transformation (21, 23, 24), I adapted the
Gasic CIH staining techniques to determine the
two-dimensional distribution of acidic anionic
residues on glutaraldehyde-fixed membrane
ghosts (22) . This was done by first mounting the
intact, fixed ghosts onto thin support films . The
flattened membranes were then stained with CIH
at pH 1 .8, dried, and finally observed by conven-
tional transmission electron microscopy (22) .
Here the distributions of bound CIE on fixed hu-
man erythrocyte ghost membranes are compared
after modifying the membranes by protease (tryp-
sin), lipase (phospholipase C), or pH treatments .

MATERIALS AND METHODS

Glutaraldehyde was obtained from Union Carbide
Corp. (New York) as a 50% solution and was frac-
tionally distilled before use . Glacial acetic acid,
ferric chloride, calcium chloride, sodium acetate,
sodium chloride, and sodium phosphates were ob-
tained as reagent grade materials from Mallinckrodt
Chemical Works (St. Louis, Mo.) . Tris(Hydroxy-
methyl)aminomethane hydrochloride (Tris-HC1)
was obtained from Sigma Chemical Co . (St. Louis,
Mo.) .

Preparation of Erythrocyte Ghosts

Blood (B+ or 0+) was collected in heparinized
vacuum tubes (Becton-Dickinson & Co., Rutherford,
N. J.) and washed several times in 0 .9% NaCl .
The white coat was aspirated after each centrifuga-
tion . The erythrocyte ghosts were prepared at 4°C
by the method of Dodge et al . (9), except that
sodium phosphate buffer, pH 7 .4, 15 mosmol (15 PB)
was used as the hemolyzing buffer . The lysed cells
were washed 4-5 X in the hemolyzing buffer by
centrifugation at 15,000 g for 10-15 min and finally
resuspended in 0.05 M sodium phosphate-0.6%
sodium chloride buffer, pH 7.4, 300 mosmol (300
PB) (23) and allowed to reseal for 15 min at 4 °C.
Some of the washed ghosts were fixed in 1 .5%
glutaraldehyde (sodium phosphate buffer, 300 mos-
mol, pH 7.4) for 30-60 min at room temperature
and washed by centrifugation as before in 300 PB.
Both fixed and unfixed erythrocyte ghosts at each
step were examined by phase microscopy using a
modified Vanox-Olympus Universal Microscope
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fitted with Zeiss optics (McBain Instruments, Van
Nuys, Calif.) .

pH Treatments of Erythrocyte Ghosts

Procedures generally follow those of Pinto da
Silva (33) . Unfixed ghosts were washed twice in
8 mM sodium phosphate, Tris.HCI, or sodium
acetate (pH listed in Table I) containing addi-
tionally 0 .5 mM calcium chloride. The washed
ghosts were fixed at their respective pH by addition
of 1 .5% glutaraldehyde at room temperature . The
pH was held constant for 30 min by titration and
pH monitoring using a digital pH meter (Corning
Model 110, Corning Scientific Instruments, Meld-
field, Mass .) . After fixation the ghosts were washed
once in their respective buffers (Table I) .

Enzyme Treatments of Erythrocyte Ghosts

Washed unfixed ghosts (0.2 ml pellet) in 300 PB
or 15 PB at room temperature and at 37 °C were
incubated with 0.001% trypsin (crystallized, Worth-
ington Biochemical Corp., Freehold, N. J.) for
30 min. At that time a 10-fold excess of ovomucoid
(crystallized, Sigma Chemical Co .) was added and
the trypsinized ghosts were washed twice (as before)
in buffer and fixed for 30 min in 1 .5% glutaralde-
hyde followed by an additional buffer wash.

Neuraminidase treatment was as follows : washed
unfixed ghosts (0.2 ml pellet) were incubated in
0.02 M Tris-maleate-0 .85% NaCl buffer, pH 5 .5,
containing 250 U Vi brio cholerae neuraminidase
(NANAse) (Calbiochem, San Diego, Calif.) for
30 min at 37 °C. This treatment cleaved greater than
90% of the membrane NANA as determined by
the method of Warren (43) . The NANAse-treated
ghosts were washed twice in 300 PB and fixed for
30-60 min in 1 .5% glutaraldehyde, as above .

Phospholipase C (PLC) treatment was performed
with a partially purified Cl . perfringens preparation
(Worthington Biochemical Corp.) that was pro-
tease-freed according to the procedures of Glaser
et al . (14), and Simpkins et al . (35A), or a purified
preparation from B . cereus (29) . Unfixed ghosts
(0.2 ml pellets) were washed twice in 0 .01 M Tris-
HC1, pH 7.4, and incubated with 1 mg/ml of the
Cl . perfringens PLC or 0.05 mg/ml of the B. cereus

preparation for 30 min at 37 °C. These PLC incu-
bations resulted in the liberation of 62-70% of the
total membrane phosphorus (14, 17) determined
by the method of Bartlett (2) . The PLC-treated
ghosts were washed twice in 300 PB and fixed in
1.5% glutaraldehyde, as above .

Colloidal Iron Hydroxide (CIH) Labeling

CIH was prepared according to a modification
(22) of the procedures of Gasic et al . (13) . 5 ml of



TABLE I

Human Erythrocyte Ghost Labeling Experiments

First incubation

	

Second incubation

0.5 M FeC13 was added rapidly to 60 ml of boiling
glass distilled water . After cooling, 10 ml of glacial
acetic acid were added to the CIH solution and
the pH was adjusted to 1 .8.

Glutaraldehyde-fixed erythrocyte ghosts were
spread flat at an air-water interface and mounted
on collodion-coated (carbon-strengthened) electron
microscope grids as described previously (25, 27) .
The mounted membranes were treated for 3 min
with a 5% solution of bovine serum albumin (crystal-
lized, Armour Pharmaceutical Co., Chicago, Ill .) in
distilled water. Then the excess albumin was re-

* Abbreviations : Tris, 8 mM Tris-HC1 ; Phos, 8 mM sodium phosphate ; Ac, 8 mM sodium acetate .
$Glutaraldehyde fixation (1 .5%) for 60 min at 20 °C .
§ Ghost morphology determined by phase contrast microscopy (see Results) .
II Topography of CIH particles on glutaraldehyde-fixed ghosts ; Disp, dispersed CIH clusters ; Aggreg,
definite aggregation of CIH clusters .
¶ Both "smooth" and "rough" shaped ghosts were present having dispersed and aggregated CIH dis-
tributions, respectively .
** 0 .001% trypsin for 30 min at 37 °C .
#1 An overwhelming majority of the ghosts had dispersed distributions, but the total number of bound
CIH particles was reduced .
§§ 0 .001% C . perfringeas phospholipase C or 0 .0005% B . cereus phospholipase C for 30 min at 37 °C .
Jill Phospholipase C treated ghosts were smooth shaped vesicles containing small globular appearing
regions of high contrast ("blebs") .

moved by touching the grids once to a drop of dis-
tilled water . Without drying, a large drop of the
freshly prepared CIH solution was added to each
of the grids at room temperature, and the staining
was terminated after 2 min by quickly floating the
CIH-treated grids on several large drops (five to
six) of 12% acetic acid, pH 2 .0, followed by dis-
tilled water (two) . The total wash time never ex-
ceeded 1 min, including the two distilled water
rinses. After removal of excess water with a filter
paper, the grids were air dried before examination
in a Hitachi Model HU-12 transmission electron
microscope .
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RESULTS

pH Effect

When unfixed human erythrocyte ghosts are
suspended in low ionic strength buffers, their
gross morphology is dependent on pH . Seen under
phase contrast light microscopy, ghosts at pH 7 .5
or 6.5 are smooth, round biconcave vesicles (Figs .
I and 2) ; but as the pH is lowered to 5 .5, the
ghosts appear as irregularly shaped `crumpled'
vesicles (Fig. 3) . At pH 4.5 two populations of
ghosts are present: normal size 'smooth'-mem-
brane ghosts and smaller 'rough'-membrane
ghosts, accounting for approximately 10% and
90% of the ghost population respectively (Fig .
4) . The morphology of the unfixed ghosts at pH
5.5 (crumpled) is reversible ; that is, it can be re-
versibly changed from crumpled to smooth by in-
creasing the pH. Either titrating the ghost sus-
pension from pH 5 .5 --* 7 .5 or resuspension in a
pH 7.5 buffer changes ghost morphology back to
the smooth shape (Fig . 5) ; however, reversibility
is blocked by previous glutaraldehyde fixation at
pH 5.5 (Fig. 6) . Alternately, smooth ghosts pre-
pared at pH 7 .5 and fixed with glutaraldehyde,
then shifted to pH 5.5, retain their smooth mor-
phology characteristic of pH 7 .5 (Fig . 7) . These
same membrane morphological states (smooth,
crumpled, and rough) are easily recognizable in
mounted unfixed or glutaraldehyde-fixed ghosts
prepared for electron microscopy (Figs. 10-13) .

Figs . 1-9 are phase contrast photomicrographs of human erythrocyte ghosts . Bars equal 5 gm for Figs .
1-9 . X 1,640 .

FIGURE 1 Human erythrocyte ghosts incubated in 8 mM phosphate buffer at pH 7 .5 .

FIGURE 2 Legend is the same as in Fig . 1, except pH is 6 .5 .

FIGURE 3 Erythrocyte ghosts in 8 mM acetate buffer at pH 5 .5 .

FIGURE 4 Legend is the same as in Fig . 1, except pH is 4.5 . Two types of ghosts are present, smooth (s)
and rough (r) .

FIGURE 5 Legend is the same as in Fig . 1, except that ghosts were first incubated in 8 mM acetate buffer,
pH 5 .5 and then shifted to 8 mM phosphate buffer pH 7.5 .

FIGURE 6 Legend is the same as in Fig . 5, except that ghosts were fixed with glutaraldehyde in 8 MM
acetate buffer at pH 5 .5 and then shifted to phosphate buffer, pH 7 .5 .

FIGURE 7 Legend is the same as in Fig . 6, except that ghosts were fixed in phosphate buffer at pH 7.5,

and then shifted to acetate buffer, pH 5 .5 .

FIGURE 8 Trypsinized human erythrocyte ghosts in phosphate buffer, pH 7 .5 .

FIGURE 9 Phospholipase C treated human erythrocyte ghosts in phosphate buffer, pH 7 .5 .
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When red cell ghosts, suspended in low ionic
strength buffers for 5 min at pH 7 .5, 6 .5, 5 .5, or
4.5 (followed by glutaraldhyde fixation), are
mounted and labeled with CIH, different CIH
topographical distributions are obtained . At pH
7.5 and 6 .5 the bound CIH is found in small dis-
crete clusters that are more or less randomly dis-
tributed on the ghost surface (Figs . 16 and 17) . I
will arbitrarily call this distribution the 'dis-
persed' state of CIH clusters, with the reminder
that this will only be a working definition to de-
scribe obvious differences in the CIH-site topog-
raphy. Ghosts suspended in low ionic strength
buffers at pH 5 .5 and fixed at pH 5 .5 are obvi-
ously different in their CIH topography from
ghosts fixed at pH 7 .5 or 6.5-the CIH clusters
are present in a more aggregated distribution
(Fig . 18). The CIH distribution at pH 5 .5 will ar-
bitrarily be designated the `aggregated' state to
distinguish it from the CIH distributions obtained
at pH 6 .5 or 7 .5 . At pH 4.5 the dispersed (Fig . 19)
and aggregated (Fig. 20) states are present on the
smooth and rough ghosts, respectively . To test the
reversibility of the CIH distributions at pH 7 .5
and 5.5, ghosts were incubated at these pH values
and then shifted (pH 7 .5 -> pH 5.5 and pH 5 .5 ->
pH 7.5) for 5 min, followed by fixation . As before,
the ghosts that were shifted pH 7 .5 -> 5.5 were
crumpled in shape (Fig . 3) and had an aggre-
gated CIH distribution (Fig . 21), while the ghosts
that were shifted pH 5 .5 -* 7 .5 were smooth (Fig .
5) and had a dispersed CIH distribution (Fig .
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22) . These experiments and their results are sum-
marized in Table I .

Enzyme Effects

Treatment of human erythrocyte ghosts with
crystalline trypsin at pH 7 .5 did not cause gross
morphological changes in ghost structure (Figs .
8, 14) ; that is, they remained normal in shape and
their membranes remained smooth . However, the
trypsin treatment causes a decrease in the total
number of bound CIH particles and a shift to the
aggregated CIH topographical state (Fig . 23) .
Previous fixation of ghosts in glutaraldehyde be-
fore trypsinization generally prevented aggrega-
tion of the CIH sites but did not prevent a reduc-
tion in the number of bound CIH particles (Fig .
24) .

Phospholipase C treatment at pH 7 .5, on the
other hand, reduced the diameter of both unfixed
and fixed ghosts seen under phase microscopy
(Fig. 9) and fixed ghosts (fixed after PLC treat-
ment) seen in electron micrographs (Fig . 15) .
Also, the smooth surface appearance was occasion-
ally interrupted by small blebs or highly refrac-
tive zones on the ghost surface (Figs . 9 and 15) .
Examination of the membrane-bound CIH in
electron micrographs of PLC-treated ghosts re-
vealed a very aggregated CIH topographical dis-
tribution (Fig . 25) .

Incubation of unfixed (or fixed) ghosts in a so-
lution containing neuraminidase reduced the
number of membrane-bound CIH particles to less
than 10-15% of the control ghost preparations
(Fig. 26) .

DISCUSSION

CIH is bound to cell membranes by coulombic
interaction with negatively charged surface
groups (12, 13, 45, 47-49) . At pH 1 .8, where the
staining reaction is performed, most anionic sur-
face groups are uncharged, except acidic groups
like NANA and its derivatives (12, 45, 47-49)
(with a pK of approximately 2.7 NANA is par-
tially charged at pH 1 .8 [47]), sulfate (12, 13, 45,
48), and ribonucleic acid or phosphate (20, 45,
46) . Since neuraminidase is able to specifically
cleave greater than 90 % of membrane-bound hu-
man erythrocyte NANA (see also references 11
and 49) and concurrently reduce CIH labeling
to below 15% of the untreated controls, the CIH
binding sites on fixed human red cells at pH 1 .8
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are predominantly the carboxyl groups of NANA .
This conclusion was also arrived at by Weiss et al .
(49) . They used conventional plastic embedding
of CIH-labeled control and neuraminidase-
treated, intact glutaraldehyde-fixed human
erythrocytes and found that the enzyme-treated
cells bound less than 20% of the CIH compared
to the untreated cells .

The topographic distribution of bound CIH on
fixed human erythrocyte membrane surfaces is
not periodic or uniform ; the CIH particles are
found in small randomly arranged clusters . These
clusters contain several CIH particles, arranged
occasionally in short linear arrays of a few hun-
dred Angstroms in length . These small CIH clus-
ters could be artifacts of the glutaraldehyde fixa-
tion, since it is known that glutaraldehyde can
affect membrane protein conformational stability
as measured by circular dichroism (CD) . For
example, the CD spectra obtained after glutaral-
dehyde fixation of human erythrocyte ghosts indi-
cate a slight loss of membrane protein helicity
(16) . Another explanation for the presence of
small CIH clusters is that the clusters represent
CIH binding to discrete membrane structures or
groups of structures that contain greater than
average densities of acidic residues (20, 48, 49) .
Recently, Marchesi and his collaborators (19)
have described the characterization of a human
red cell membrane sialoglycoprotein called glyco-
phorin that is 60 % carbohydrate and 40 % protein
in the form of a single polypeptide chain. Each
molecule of glycophorin contains approximately 30
NANA residues at the termini of several oligosac-
charide chains . These oligosaccharide chains also
contain ABO blood group antigens, influenza
virus, and phytohemagglutinin receptors. The
saccharide chains are linked to a hydrophilic se-
quence of amino acids near the N-terminal end .
This hydrophilic region of the polypeptide pre-
sumably rotates freely in the aqueous phase. The
C-terminal region of the polypeptide chain is also
hydrophilic, but a large internal region is hydro-
phobic in composition. Because of this hydro-
phobicity, the internal peptide sequence is prob-
ably buried in the membrane interior (37, 40, 50)
providing a "membrane anchor" for this (amphi-
pathic?) molecule. The saccharide containing N-
terminal end of glycophorin may exist as a linear
polymer without tertiary structure, maximizing
distances between the NANA residues and bind-
ing several CIH particles at NANA residues on its



saccharide side chains . If this configuration is cor- dehydration as suggested by Parsons and Subjeck
rect, then an almost linear-like array of CIH par- (32) .
ticles would not be unexpected (Fig . 27), espe-

	

The morphology of human erythrocyte ghosts
cially if the glycopeptide chain collapses during and the topographic distribution of CIH were

FIGS . 10-15 are electron micrographs of mounted unstained human erythrocyte ghosts . Bars equal 2 µm
for Figs . 10-15 . X 3,200.

FIGURE 10 Human erythrocyte ghosts incubated in 8 mM phosphate buffer, pH 7.5, fixed with glutaral-
dehyde, and mounted on a carbon-collodion coated grid without staining.

FIGURE 11 Legend is the same as in Fig . 10, except that the pH was 6 .5 during the incubation and fixation .

FIGURE 12 Legend is the same as in Fig . 10, except that ghosts were incubated and fixed with glutaral-
dehyde in acetate buffer, pH 5 .5 .

FIGURE 13 Legend is the same as in Fig. 10, except that the pH was 4 .5 during the incubation and fixa-
tion. Two types of ghosts are present, smooth (s) and rough (r) .

FIGURE 14 Trypsinized ghosts in phosphate buffer pH 7 .5 were fixed with glutaraldehyde and mounted
on a carbon-collodion grid without staining .

FIGURE 15 Legend is the same as in Fig . 14, except the ghosts were treated with phospholipase C .
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FIGURE 16 Topographic distribution of colloidal iron hydroxide on the surface of a glutaraldehyde-fixed
human erythrocyte ghost . Ghosts were incubated in 8 mM phosphate buffer, pH 7.5, and fixed at pH 7 .5
with glutaraldehyde . After fixation the ghosts were mounted on carbon-collodion films and directly
stained with colloidal iron hydroxide. Bar equals 0 .1 j ttm. X 82,000 .

found to be sensitive to pH in low ionic strength
buffers . At pH 6 .5 or 7 .5 the ghosts were smooth
biconcave vesicles, and CIH was distributed in
small randomly dispersed clusters . At pH 5 .5 the
ghost membranes appeared crumpled, and CIH
was distributed in a more aggregated manner
compared to the distribution at pH 7 .5. When the
pH was reduced to 4 .5, two populations of
ghosts were present : approximately 10% were
smooth-shaped ghosts having a dispersed CIH
distribution, and the remainder were very rough
in shape with small villus-like structures and an
aggregated CIH distribution . The morphology
and aggregation of CIH particles at pH 5 .5 were
reversible ; the crumpled ghosts could be trans-
formed into smooth ghosts and the CIH distribu-
tion into a dispersed topography by suspending
the ghosts at pH 7.5. That the ghost morphology
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and CIH distribution are artifacts of glutaralde-
hyde fixation and are not related directly to pH
effects is ruled out by the following : (a) glu-
taraldehyde fixation did not affect ghost mor-
phology under phase or electron microscopy,
(b) ghosts in various pH buffers were fixed identi-
cally except for the pH during incubation and
fixation, (c) glutaraldehyde fixation prevented
pH-induced changes in morphology and CIH
distribution, and (d) when unfixed membranes
stained with ferritin-conjugated Ricinus communis
agglutinin were examined, these same pH-induced
topographical changes were found (G. L .
Nicolson, unpublished observations) . These re-
sults are similar to those of Pinto da Silva (33)
where the distribution of the human erythrocyte
intramembranous particles (34) revealed by
freeze-cleavage was found to be sensitive to pH



FIGURE 17 Legend is the same as in Fig. 16, except ghosts were incubated and fixed at pH 6 .5 . Bar equals
0 .1 jim X 82,000.

FIGURE 18 Legend is the same as in Fig . 16, except that ghosts were incubated and fixed in acetate buffer,
pH 5 .5 . Bar equals 0 .1 µm . X 82,000.

FIGURE 19 Legend is the same as in Fig . 16, except that ghosts were incubated and fixed at pH 4 .5 . The
colloidal iron hydroxide distribution on a smooth ghost is shown here . Bar equals 0 .1 µm. X 892,000 .

FIGURE 920 Legend is the same as in Fig . 19, except that the colloidal iron hydroxide distribution is that of
a rough ghost. Bar equals 0 .1 µm . X 82,000 .



FIGURE 21 Legend is the same as in Fig . 16, except that ghosts were incubated in phosphate buffer, pH
7.5, and then shifted to acetate buffer, pH 5 .5, and fixed with glutaraldehyde. Bar equals 0 .1 µm. X 82,000.

FIGURE 22 Legend is the same as in Fig . 16, except that ghosts were incubated in acetate buffer, pH 5 .5,
and then shifted to phosphate buffer, pH 7 .5, and fixed with glutaraldehyde . Bar equals 0 .1 µm . X 82,000.

FIGURE 23 Legend is the same as in Fig . 16, except that ghosts were treated with trypsin before fixation .
Bar equals 0.1 µm. X 82,000.

FIGURE 24 Legend is the same as in Fig . 23, except that ghosts were fixed with glutaraldehyde before
trypsinization . Bar equals 0 .1 µm . X 82,000,



FIGURE 25 Topographic distribution of colloidal iron hydroxide on the surface of a phospholipase C
treated human erythrocyte ghost . Bar equals 0.1 •m . X 82,000 .

FIGURE 26 Legend is the same as in Fig. 23, except that ghosts were treated with neuraminidase. Bar
equals 0 .1 •m . X 82,000 .

outer

at low ionic strength . The intramembranous
particles were in a dispersed state at pH 7 .5 to
9.5 and at pH 4.5, but were aggregated at pH
4.8 to 5 .5 and at or below pH 3 .5 . It was also
found that previous glutaraldehyde fixation at
pH 7.5 prevented particle aggregation at pH 5 .5
and that high ionic buffers also prevented aggre-
gation (33) .

The relationship of the intramembranous par-
ticles of human erythrocytes to known membrane

CIH

inner

FIGURE 27 A proposal for the binding of colloidal iron hydroxide to glycophorin N-acetylneuraminic acid
residues on the surface of human erythrocyte membranes . The glycophorin model has been adapted from
Marchesi, et al . (19), Tillack, et al. (40), and Winzler (50) . Inner, inner cytoplasmic surface of erythrocyte
membrane ; outer, outer extracellular surface of erythrocyte membrane ; CIH, colloidal iron hydroxide .

components has been established by freeze-etching
experiments (35, 40) . After purposely aggregating
the intramembranous particles, ghosts were labeled
with markers such as ferritin-conjugated anti-
bodies, ferritin-conjugated plant agglutinins, or
influenza virus particles and were then freeze-
cleaved followed by brief etching to reveal the
outer membrane surface . On the etched surfaces
the markers for ABO antigens (35), phytohe-
magglutinin sites, and virus receptors (40) were

NICOLSON Anionic Sites of Human Erythrocyte Membranes 383



distributed in aggregated distributions similar to
the intramembranous particles, and where the
etched surface met the fracture plane the markers
were contiguous with the intramembranous par-
ticles . Since human erythrocyte glycophorin contains
ABO antigens, phytohemagglutinin and influ-
enza receptors, and also approximately 80% of the
membrane associated NANA (19), it seems likely
that the freeze-cleavage experiments (33) and the
CIH-labeling experiments presented here have
determined the topography of the same membrane
component(s) by different means .

The data of Pinto da Silva (33) differ slightly
from mine in two respects . First, it was not re-
ported that two morphological types of membranes
were obtained at pH 4 .5. This could be explained
by possible difficulties in obtaining adequate
fracture faces from the rough surfaced ghost popu-
lation . Here it was found that this population
accounted for approximately 90% of the ghosts
and had an aggregated CIH distribution . Second,
the percent recovery for ghosts undergoing pH-
induced changes in morphology and CIH distri-
bution was never 100%. In experiments where the
pH was shifted 7.5 - s 5.5 -s 7.5 -45 .5 --s 7.5, the
yield of ghosts with normal pH 7.5 morphology
and CIH distribution was approximately 70-90% .
The reason(s) for nonquantitative pH-induced
transition is not clear, but one possibility is that
repeated centrifugation during the washing steps
in low ionic strength buffers damaged some of the
ghosts .

Proteolysis of intact cells has been extensively
used to increase the reactiveness of membrane
antigen (15) and lectin (7, 8) sites as monitored by
cell agglutination . It has been demonstrated re-
cently that the increased agglutinability of pro-
teolytic enzyme-treated cells with concanavalin A
(Con A) is not due to an increase in the number of
membrane-binding sites (31), but rather it is due
to a change in the distribution of membrane Con
A sites to a more clustered configuration that
favors cell agglutination (23, 24) . The distribution
of CIH sites is modified in a similar manner ; that
is, the small CIH clusters are found in a highly
aggregated state after trypsinization . Other pro-
teases (pronase, papain, and ficin) similarly
modify the topography of CIH sites and also Con
A and Ricinus communis sites on human erythro-

cytes (reference 23 and G. L . Nicolson, unpub-
lished data). The intramembranous freeze-etch
particles are also known to be nonreversibly
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aggregated by proteolysis under similar conditions
required to aggregate the CIH sites (10, 40) .
There is good evidence that proteolysis of

erythrocyte ghosts results in release of peptides
containing NANA (38, 51) . Steck et al. (38) and
Triplett and Carraway (41) have shown that the
sialoglycoprotein of human erythrocytes can be
destroyed by extensive protease digestion . This can
be interpreted as evidence that mild proteolysis
has a direct effect on the CIH-binding glycopep-
tides; that is, their partial removal results in
aggregation of the remaining CIH sites along with
the aggregation of lectin sites and the freeze-etch
intramembranous particles . Since proteolysis
removes membrane NANA, the aggregation of the
remaining CIH sites appears to involve electro-
static effects (33) .

PLC treatment causes intense aggregation of
the CIH sites in an analogous fashion to trypsiniza-
tion. The effects of PLC on erythrocyte ghosts has
been well studied by Ottolenghi and his collabo-
rators (4, 30) . PLC specifically cleaves organo-
phosphorous compounds from membrane phos-
pholipids (29) . The phosphorus compounds
(phosphocholine, phosphoethanolamine, etc.) are
solubilized while the diglyceride remains mem-
brane-bound and probably pools by diffusion to
form the membrane "blebs" (3,30) . The blebs have
been found to contain myelin figures after osmium
fixation (30) and do not appear to contain agglu-
tinin sites (reference 24 and G . L . Nicolson, unpub-
lished observations) or intramembranous particles
(42) . These observations suggest that PLC causes
aggregation by perturbing membrane lipid charge
or lipid-protein interactions, or both . The mem-
brane protein conformation does not appear to be
greatly affected by PLC, as indicated by CD (14)
and spin-label studies (35A) . Thus, the CIH sites
present on saccharide chains can be affected by
events occurring at the immediate membrane
surface and/or below the membrane surface in the
hydrophobic domain .

The most probable explanation for the reversible
changes in CIH-site distribution is that the CIH
binding sites are present on intrinsic membrane
molecules that are capable of translational dif-
fusion in the membrane plane . There is now good
evidence for a fluid dynamic structure of mem-
branes (37), one that permits lateral diffusion of
membrane intrinsic components but also follows
certain necessary thermodynamic restraints (36) .
The pH and proteolysis experiments suggest that



the distribution of the CIH sites is dependent on
electrostatic events while the lipase experiments
suggest that it may also be determined by inter-
actions in the membrane hydrophobic domain .
The identification of acidic residues on the N-
terminal hydrophilic region of glycophorin, its close
identification with the intramembranous particles,
and the demonstration by Bretscher (5) that this
molecule can be labeled from either side of the
ghost membrane by a reagent that has low
penetrability in the membrane hydrophobic
regions (6) indicates that events (a) on the mem-
brane exterior surface, (b) in the membrane
hydrophobic domain, and (c) on the membrane
interior surface may determine the topographic
distribution of (glycophorin) CIH sites. For example,
an explanation for the aggregation of CIH
sites at pH 5 .5 might follow from case c, above .
Spectrin (18), a fibrous protein that is located on
the interior surface of human erythrocyte ghosts
(26), has an isoelectric point around pH 5 .5 (V . T .
Marchesi, personal communication) . If spectrin
molecules are physically interacting with glyco-

phorin molecules, an isoelectric aggregation of
spectrin might cause a similar, but indirect,
effect on glycophorin and its CIH-binding NANA
residues. A possible experiment to test this hy-
pothesis might be to sequester antispectrin im-
munoglobulin molecules inside the ghosts during
the hemolysis steps. If spectrin is in fact involved
in the aggregation of glycophorin at pH 5 .5, anti-
spectrin might be able to aggregate spectrin
molecules on the interior membrane surface at
pH 7.5 similar to the antibody-induced aggrega-
tion of antigenic sites on the exterior surface of
lymphoid cells (39) . Determining the distribution
of CIH sites or intramembranous particles after
antispectrin treatment should provide a means to
eliminate this possibility .
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Note Added in Proof : We have recently found that
sequestering antispectrin yG molecules inside washed
human ghosts during hemolysis leads to aggregation
of CIH sites on the exterior membrane surface . The
antispectrin-induced aggregation is a time-, tem-
perature-, and concentration-dependent process and
requires cross-linking yG molecules. Sequestered
univalent antispectrin Fab molecules have no effect
on CIH site distribution. Also, previous glutaralde-
hyde fixation prevents antispectrin yG-induced
aggregation (G. L. Nicolson and R . Painter, in
preparation) . This finding is probably an example of
trans-membrane (see reference 37) control of the
erythrocyte surface through integral membrane
components that span the membrane. Similar macro-
molecular structures in other cell membranes may
provide the means by which cells can exert cyto-
plasmic control over their shape and spatial
organization of surface components .
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