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The lipid bilayer of biological mem- 
branes is readily split during freeze frac- 
ture (1). Until recently, however, there 
has been no technique for differentially 
analyzing the two halves of a membrane 
biochemically. This difficult task of 
physically isolating sufficient quantities 
of half-membranes has recently been 
overcome by freezing a monolayer of 
erythrocytes between a polylysine- 
coated cover slip and a copper plate (2). 
When this sandwich is fractured at liquid 
nitrogen temperature by separating the 
glass from the copper, the portion of the 
membrane's external lipid layer that is in 
direct contact with the polylysine-coated 
cover slip remains associated with the 
cover slip, while the remainder of the 
structure, including the inside half of the 
fractured membrane, remains with the 
copper plate (2). 

The distribution of membrane proteins 
in the freeze-fracture process has not 
been satisfactorily explained. The 
"bumps" produced in the process have 
been assumed to be the transmembrane 
proteins (3, 4) that extend through the 
lipid bilayer, and the disposition of the 
bumps with respect to each other is 
taken to reflect the organization of pro- 
teins within the plane of the membrane. 
We investigated the distribution of mem- 
brane polypeptides associated with the 
two halves of the membrane bilayer, em- 
ploying the technique of Fisher (2). Since 
most, if not all, of the major proteins ex- 
posed on the outside surface of the hu- 
man erythrocyte membrane have been 
shown to be transmembrane (5), the 
erythrocyte is an especially good mem- 
brane for this study of the organization 
of plasma membrane proteins. 

Preparations of cells, cover slips, and 
copper plates were similar to those used 
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by Fisher (2). Number 1 cover slips mea- 
suring 24 by 50 mm were soaked over- 
night in chromic acid, rinsed with dis- 
tilled water, dried with nitrogen, covered 
on one side with 0.1 ml of 5 mM poly- 
lysine (molecular weight, 3400; Sigma), 
rinsed with distilled water, and again 
dried with nitrogen. A flat, cold-rolled 
copper sheet 0.51 mm thick was cut into 
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dried with nitrogen. A flat, cold-rolled 
copper sheet 0.51 mm thick was cut into 

76 by 32 mm plates. Nonflat plates were 
culled, and the rest were polished and 
then etched with a 1: 1 mixture of con- 
centrated nitric acid and water for 15 
seconds, rinsed five times in distilled wa- 
ter, and then nitrogen-dried. The cover 
slips and copper plates were prepared no 
more than 1 day before the experiment 
and were kept in a covered container un- 
til used. 

Erythrocytes from freshly drawn hu- 
man blood (acid citrate dextrose anti- 
coagulant) were washed three times in 
isotonic saline and then once in isotonic 
phosphate buffer, pH 7.4. Cells were ra- 
dioactively labeled by either lactoperoxi- 
dase-catalyzed1251 iodination (5) or per- 
iodate treatment followed by reduction 
with tritiated sodium borohydride (6, 7). 
After rinsing and centrifuging several 
times in phosphate-buffered saline (PBS) 
to remove unincorporated label, the cells 
were centrifuged for 10 minutes at 1000g 
in a graduated test tube, decanted, and 
resuspended in a volume of PBS equal to 
0.4 of their own volume. This results in a 
cell density of 6 x 109 to 7 x 109 
erythrocytes per milliliter. 

This cell suspension (0.2 ml) was dis- 
tributed over the surface of the poly- 
lysine-coated cover slip. Cells not bound 
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Fig. 1 (left). Replica of the E faces of freeze- 
fractured human erythrocytes that had been 
bound to a polylysine-coated cover slip. - ' 

Shown are portions from two cells with the ....... 
intervening gap. The marker is 0.5 ,um Hb- _ H 
long. Fig. 2 (right). Coomassie blue pro- = - 
file of erythrocyte membrane polypeptides 
separated by electrophoresis on 7.5 to 15 per- A B C 
cent linear acrylamide gradient gels, using the 
SDS discontinuous buffer system of Laemmli (6, 22). Lane A contains polypeptides from the 
unfractured membranes of 120 ? 10 x 106 erythrocytes. The membrane proteins recovered 
from the freeze-fracture sample are shown in lane B (fractured cells from the copper plate plus 
an undetermined number of unfractured cells) and lane C (cover slip sample, equivalent to the 
complete E faces of 40 + 10 x 106 cells). The latter value assumes 20 x 106 fracture cells per 
cover slip with an average of one-third of each cell's membrane being fractured (2). Stroma 
proteins were numbered according to Fairbanks et al. (12). Abbreviations: Hb, hemoblogin; 
Hb2, apparent hemoglobin dimer. 
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Distribution of Transmembrane Polypeptides in Freeze Fracture 

Abstract. Human erythrocytes have been freeze-fractured, and the polypeptides 
associated with the separate halves of the membrane bilayer have been analyzed by 
sodium dodecyl sulfate polyacrylamide gel electrophoresis. The transmembrane pro- 
teins were differentially separated by the fracture process. Although sialoglycopro- 
teins associated with the outer half of the membrane, the anion transport protein 
(band 3) mainly remained with the inner half of the membrane. Well-defined frag- 
ments of the sialoglycoproteins were produced by the freeze-fracture procedure, in- 
dicating that selected covalent bonds of these transmembrane proteins were broken. 
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to the cover slip were removed by three 
successive 25-second rinses in PBS. Af- 
ter the last rinse, excess buffer was al- 
lowed to drain, and the back of the slide 
was wiped clean with filter paper. The 
cover slip was carefully placed face 
down on the copper plate to minimize air 
bubbles and was immediately submerged 
in liquid Freon 22 at -160?C. The cop- 
per-cell-glass sandwich was then trans- 
ferred to liquid nitrogen and fractured 
with a stainless steel single-edge razor 
blade. Frozen blood cells were lysed and 
rinsed off of the copper plate by immer- 
sion in a hypotonic sodium phosphate 
solution (7 mM, pH 7.4), and the result- 
ing membranes were isolated by centrif- 
ugation at 27,000g for 10 minutes. Mem- 
branes were solubilized by boiling for 5 

minutes in 0.5 ml of a solution of 2 per- 
cent sodium dodecyl sulfate (SDS), 2 
percent /3-mercaptoethanol, 8M urea, 
and 10 mM sodium phosphate, pH 7.4. 

The cover slip was mostly colorless, 
indicating that the bulk of the cytoplasm, 
and hence the hemoglobin, remained 
with the copper plate. However, the 
edges nearly always had a pink hue, and 
there was an occasional pink spot in the 
middle of the glass. To remove this un- 
fractured material, 2 to 3 mm of glass 
was broken off around the edges of the 
cover slip. Any other pink spots were ab- 
sorbed on filter paper immediately on 
thawing. The cover slip was then refro- 
zen and crushed at subzero temper- 
atures. Boiling 0.1 percent SDS (30 ml) 
was added to the crushed cover slips 

Fig. 3. Distribution of Periodate - NaB-H4 Lactoperoxidase - 

erythrocyte membrane 
polypeptides after 
freeze fracture of - - 

! 
j 

intact cells that had - . 
been labeled by either 
periodate oxidation 3 , , . P --... 
and NaB:H4 reduc- PAS 1 PA 1- 
tion or lactoperoxi- 

' 
. , , 

dase-catalyzed iodi- . - t ... 
nation. After elec- . . %.'''' '" 

trophoresis, labeled PAS 2 - PAS 2-- - 

components were de- .- 
tected by fluorogra- - A - . - 
phy (23). Labeled PAS 3 -- _ _!S::?- PASS3E 
components of stro- 
ma isolated from un-:: X 
fractured red cells are ~ = - 
in lane A; poly- 
peptides derived from 
fractured membranes A 
on the copper plates B C A B C 
are in lane B; and labeled components recovered from the cover slip samples are in lane C. 
Arrows indicate additional labeled bands not observed in the unfractured control membrane 
samples. The protein in each sample is the same as in Fig. 2. To make comparison easier, the 
exposure times were varied for the two isotopes. The cover slip samples containing 3H 
were exposed four times longer than the control of intact stroma, and the 1251 cover slip samples 
were exposed nine times longer. 

Fig. 4. Schematic of a Glass side 
portion of an erythro- 
cyte membrane be- 
fore and after freeze 
fracture. Monomeric 
forms of the sialogly- 
coproteins are repre- . ------ 
sented by A and C, 
while B is a dimeric 
form (such as PAS 1). A B C D 
Molecule D, like pro- 
tein 3, is bound to Cytoplasmic side 
cytoplasmic proteins. 
(This is not intended A B C D 
to imply the actual 
state of aggregation within the membrane, but is used only for illustration.) Although the lipid 
bilayer readily splits during fracture, transmembrane proteins may be pulled intact to one side 
or the other of the membrane (C and D) or covalent bonds may be broken (A and B). Although it 
is not illustrated here, we do not exclude the possibility that lipid molecules remain attached to 
proteins that are pulled through the membrane. Dimeric or multimeric molecular aggregates of 
transmembrane proteins (B) may have some members split and others left intact. The triangles 
represent 3H incorporated into sialic acid residues of sialoglycoproteins and the asterisks repre- 
sent 125I incorporated into the peptide by lactoperoxidase-catalyzed iodination. 
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(about 25 cover slips) and boiled for 5 
minutes to solubilize the membrane com- 
ponents. The SDS solution was decanted 
from the cover glass and lyophilized. 
The freeze-dried membrane material was 
resuspended with a small volume of dis- 
tilled water or hypotonic phosphate buf- 
fer (typically 0.1 to 0.3 ml) for analysis 
by SDS polyacrylamide gel electropho- 
resis. 

A replica of a portion of a cover slip 
from a fracture sample is shown in Fig. 
1. Portions of half-membranes, the E 
faces, from two cells are shown. Mem- 
brane edges are clearly defined and the 
region between the two cells is relatively 
free of artifactual bumps, which can 
form on a cold surface that is moved 
from atmospheric pressure to a vacuum 
evaporator and kept for many minutes 
before replicating. These were mini- 
mized by keeping the cover slip under 
liquid nitrogen until it had been placed 
inside the vacuum evaporator and 
shielded with a brass plate cooled to liq- 
uid nitrogen temperature. After the vac- 
uum was less than 10-5 mm, the glass 
was warmed to about -80?C, the shield 
was removed, and the cover slip was 
shadowed with platinum at an angle of 
18? + 2? (uncertainty is due to the rela- 
tively large size of the cover slip). This 
was followed by a layer of carbon, which 
was evaporated from a source normal to 
the cover slip. 

The bump density of these E faces was 
found to be 815 ? 140 per square mi- 
crometer. Although it may not be obvi- 
ous what cell suspension medium, if any, 
is comparable to freezing on a polylysine 
cover slip, this value is within the range 
found for fracturing in some commonly 
used cell suspension media. Pricam et al. 
(8) reported densities of 262 to 1040 /im-2 
for human erythrocytes and Engstrom 
(9) reported 700 to 1200 /m-2 for rabbit 
erythrocytes. In both cases, the highest 
value was obtained for unfixed cells in 
isotonic saline; cryoprotective agents, 
fixation, and reduced ionic strength all 
reduced the bump density of the E face. 

Three samples from each experiment 
were analyzed by SDS electrophoresis: 
(i) stroma proteins made from a portion 
of unfractured and unfrozen cells, (ii) 
stroma proteins recovered from cells at- 
tached to the copper plates after fractur- 
ing, and (iii) proteins removed from the 
cover slips. 

Since most of the Coomassie-stained 
proteins are present at the cytoplasmic 
aspect of the membrane (10), the cover 
slip sample should differ markedly from 
either the copper plate sample or the 
control sample of unfractured cells. Fig- 
ure 2 shows that the copper plate and 
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control samples have qualitatively simi- 
lar Coomassie-staining profiles, and the 
cover slip sample is different. Although 
the presence of hemoglobin in the cover 
slip sample indicates some con- 
tamination of the preparation with un- 
fractured cells, little or none of the other 
cytoplasmic membrane proteins can be 
detected, indicating that protein con- 
tamination by that surface of the mem- 
brane was slight. The major proteins 
conclusively shown to be present at the 
external surface of red cells are protein 3 
and the sialoglycoproteins (5, 10, 11). 
Only a small amount of band 3 is ob- 
served in the cover glass sample, and the 
sialoglycoproteins would not be detect- 
ed, since they stain poorly with Coo- 
massie blue (12). 

The effect of freeze fracture on trans- 
membrane proteins was studied by using 
radioactive isotopes. The external sur- 
face of intact cells was labeled by either 
lactoperoxidase-catalyzed iodination (5) 
or periodate oxidation followed by 
NaB3H4 reduction (6, 7). The results are 
illustrated in Fig. 3. Membrane sialogly- 
coproteins are labeled by both methods, 
but band 3, the major membrane protein, 
is well labeled only by the lactoperoxi- 
dase method. The cover slip sample does 
contain labeled peptides, and the profile 
differs significantly from those of the un- 
fractured control membrane and the cop- 
per plate sample. Sialoglycoproteins in 
the PAS 2 and PAS 3 regions are the only 
components clearly present in all three 
preparations. 

The dimeric form of the major sia- 
loglycoprotein, PAS 1, is absent from the 
cover slip, although the momeric form, 
PAS 2, is present. This may reflect the 
fact that in these experiments the sample 
was very dilute, favoring dissociation to 
the monomeric form (13). Band 3 is pres- 
ent in the cover slip sample in greatly re- 
duced amounts relative to PAS 2 and 
PAS 3. Whether band 3 is actually con- 
tained in the outer fracture face or is a 
contaminant of the small amount of un- 
fractured cells present on the cover slip 
is not clear. There is no doubt, however, 
that quantitatively, band 3 distributes 
disproportionately with the cytoplasmic 
surface of the membrane. 

One of the most striking results with 
this sample was the detection of several 
new bands that are not found in the un- 
fractured membrane. In the cover slip 
sample, two new bands are found be- 
tween PAS 2 and PAS 3 and two addi- 
tional bands are seen below PAS 3. The 
bands are detected by both lactoperoxi- 
dase iodination and periodate-NaB3H4 
labeling, indicating that they are ex- 
ternally disposed portions of the sia- 
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loglycoproteins. It would thus appear 
that these new bands are generated by 
breakage of the peptide backbone during 
the freeze-fracture process as depicted in 
Fig. 4A. 

A new band is also seen in the copper 
plate sample in the region between PAS 
1 and PAS 2, as shown by the arrow in 
Fig. 3B. Since it is also labeled by both 
lactoperoxidase iodination and per- 
iodate-NaB3H4, it must be an altered 
product of the major sialoglycoprotein 
(6). That is, as shown in Fig. 4B, at least 
one of the two molecules that normally 
form the PAS 1 dimer has been ruptured 
by the freeze-fracture process, but the 
remaining aggregate still has a greater 
molecular weight than PAS 2. Although 
the break is shown to have occurred 
within the membrane in Fig. 4, it could 
also occur immediately to one side or the 
other of the membrane. 

The lower-molecular-weight labeled 
bands could also have been generated by 
proteolytic degradation. However, care 
was taken to be sure that the fragmenta- 
tion was not attributable to proteolytic 
enzymes in the preparations. White cell- 
derived proteases often contaminate 
erythrocyte stroma preparations, even 
when the buffy coat is carefully removed 
during red cell washing (12, 14). To be 
certain that white cell contamination was 
minimized, fresh whole blood was 
passed over microcrystalline cellulose 
columns, which efficiently remove white 
cells (15). Cells prepared by this proce- 
dure still produced the new bands de- 
scribed above. In addition, inclusion of 
protease inhibitors such as iodoacetate 
(16) or phenylmethylsulfonylfluoride (17) 
had no effect on the results. Care was al- 
so taken to keep the samples frozen as 
much as possible. Cover slips were 
stripped of membranes by adding boiling 
SDS to the frozen slip and continuing the 
boiling for 5 minutes. 

Two experiments were done to see if 
binding of poly-L-lysine to the erythro- 
cyte membrane could be responsible for 
the new bands in the electrophoretic gel 
pattern: (i) polylysine was added to a 
suspension of erythrocytes, and (ii) 
erythrocytes were sandwiched between 
a polylysine-coated cover slip and a 
clean cover slip, frozen, but not frac- 
tured. The cells were hemolyzed in 
hypotonic phosphate in both cases, and 
the membrane proteins were isolated in 
the standard way (5) and compared to a 
control. No evidence of the new bands 
was observed in the gel patterns of these 
control samples. 

Band 3 (3, 4, 18) and the sialoglycopro- 
teins (19) are thought to be components 
of the intramembrane particles observed 

after freeze fracture of the erythrocyte 
membrane. The data presented here sug- 
gest that freeze fracture affects these 
transmembrane components in different 
ways. The predominant membrane pro- 
tein, band 3, remains largely with the 
cytoplasmic half of the membrane. This 
may explain the higher bump density of 
the erythrocyte P face relative to the E 
face. It is also consistent with data sug- 
gesting that band 3 is associated with 
other proteins located at the cytoplasmic 
surface (10, 20), which may serve to an- 
chor band 3 in the membrane and pre- 
vent it from being "pulled through" with 
the external half of the membrane by 
fracturing. On the other hand, although 
there is some evidence for interaction of 
the sialoglycoproteins with cytoplasmic 
proteins (21), it is clear that the sialogly- 
coproteins do not interact with the cyto- 
plasmic proteins as extensively as pro- 
tein 3. Thus, the sialoglycoproteins may 
be more easily pulled through the cyto- 
plasmic half of the lipid bilayer and re- 
main with the outer surface of the mem- 
brane. 

The fraction of sialoglycoproteins re- 
maining with the outer surface may vary 
depending on the medium in which the 
sample is frozen. Since increased glycer- 
ol and decreased salt tend to decrease 
the bump density (8, 9), it is possible 
that ionic bonds between the protein's 
sialic acid residues and the suspension 
medium may be important in determin- 
ing how the sialoglycoproteins distrib- 
ute between the membrane halves during 
freeze fracture. 

The appearance of four smaller poly- 
peptide fragments in the external half- 
membrane sample shows that sialoglyco- 
proteins were fragmented and that freeze 
fracture can break covalent bonds. From 
these results, we conclude that the frag- 
mentation of the sialoglycoproteins re- 
sulting from the freeze-fracture proce- 
dure is not confined to a single suscep- 
tible covalent bond but is due to cleavage 
at a number of points. The fact that frag- 
ments with well-defined molecular 
weights are generated indicates that the 
cleavage is not random, but at selected 
points. These cleavage points may be 
specific primary sequence sites, but they 
may also be points of greatest strain in 
the peptide chain and can therefore be 
varied by the protein conformation. It 
will be interesting and important to char- 
acterize these parts of the peptide chain. 
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During erythropoiesis, HI is replaced by 
H5 in the nucleus of the developing nu- 
cleated erythrocyte (5). Through the ear- 
ly stages of erythropoiesis, H5 is highly 
phosphorylated and becomes dephos- 
phorylated as the erythrocyte matures. 
Dephosphorylation of H5 appears to 
coincide with chromatin condensation 
and genomic inactivation (6, 7). Al- 
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though the precise function of H5 is un- 
known, it is probably involved in ge- 
nomic regulation and may serve to main- 
tain a highly repressed state of avian 
erythrocyte chromatin (1, 7). 

Type C leukemia viruses contain a 
phosphoprotein (pI9 in avian, p12 in mu- 
rine, and p15 in viruses of primate origin) 
which has been shown to bind specifical- 
ly to homologous viral RNA (8-10). A 
low level of phosphorylation is neces- 
sary for binding activity, but highly 
phosphorylated forms of the proteins do 
not bind to RNA (10). It has been postu- 
lated that these phosphoproteins may 
have a role in viral assembly and in regu- 
lation of transcription (9-11). Partial 
amino acid sequences have been deter- 
mined for several p12 proteins isolated 
from murine viruses (12, 13). We now re- 
port that the amino acid sequences of 
conserved regions near the amino termi- 
nus of the leukemia virus p12 proteins 
show a distinct homologous relation to 
conserved regions near the amino termi- 
nus of the H5 histones. 

In Table 1, the amino terminal amino 
acid sequences of H5 histones isolated 
from goose (3) and chicken (2), together 
with the amino terminal sequences of 
various leukemia virus p12 proteins (12, 
13), are aligned to give a maximum num- 
ber of identities. Chicken H5 is aligned 
with goose H5 by introducing a gap be- 
tween residues 10 and 11 in the chicken 
sequence (3) (position 8 in the alignment, 
Table 1). The AKR mouse leukemia vi- 
rus (MuLV) p12 sequence is aligned with 
the other p12 sequences by placing a gap 
in positions 8 and 9 in the AKR sequence 
(12). The H5 and p12 sequence regions of 
primary interest are residues 4 to 15 in 
the goose H5 and 1 to 12 in Moloney 
(Mo)-MuLV p12 (positions 1 to 12 in the 
alignment). These two sequences give 
six identities out of 12 residues without 
the introduction of a gap in either se- 
quence. The introduction of a gap at po- 
sition 13 in the alignment of the H5 se- 
quences increases the number of posi- 
tionally identical amino acids between 
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Table 1. Alignment of amino terminal amino acid sequences of type C leukemia virus p12 proteins to avian histone H5 proteins. Rauscher murine 
leukemia virus (R-MuLV), AKR murine leukemia virus (AKR-MuLV), and Moloney murine leukemia virus (Mo-MuLV) p12 sequences are 
aligned with goose and chicken histone H5 sequences with the introduction of gaps (- * -). Residues in italics are positionally identical when 
comparing at least one of the H5 histones to one of the p12's; residues in bold face are considered to be functionally homologous in the two groups 
of proteins. In the chicken H5, there are at least two allelic genes for chicken H5, giving either Arg or Gln at residue 15 (24), position 14 in the 
alignment (last line of the table). 

Pro- Refer- Sequence Source 
Suctein ence 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

R-MuLV p12 (12) Pro -Thr -Leu -Thr -Ser-Pro -Leu-Asn -Thr -Lys -Pro-Arg -Pro -Gin -Val 
AKR-MuLV p12 (12) Pro -Ala -Leu -Thr -Pro-Ser -Leu- * - * -Lys -Pro-Arg -Pro -Ser -Leu 
Mo-MuLV p12 (13) Pro -Ala -Leu -Thr -Pro-Ser -Leu -Gly -Ala -Lys -Pro-Lys -Pro -Gin -Val 
Goose H5 (4) Thr-Asp-Ser -Pro -Ile -Pro-Ala -Pro-Ala -Pro-Ala -Ala -Lys -Pro-Lys - * -Arg-Ala 
Chicken H5 (4) Thr-Glu-Ser -Leu-Val -Leu -Ser -Pro-Ala -Pro- * -Ala -Lys -Pro-Lys - * -Gin -Val 
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AKR-MuLV p12 (12) Pro -Ala -Leu -Thr -Pro-Ser -Leu- * - * -Lys -Pro-Arg -Pro -Ser -Leu 
Mo-MuLV p12 (13) Pro -Ala -Leu -Thr -Pro-Ser -Leu -Gly -Ala -Lys -Pro-Lys -Pro -Gin -Val 
Goose H5 (4) Thr-Asp-Ser -Pro -Ile -Pro-Ala -Pro-Ala -Pro-Ala -Ala -Lys -Pro-Lys - * -Arg-Ala 
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Amino Acid Sequence Homology Between Histone H5 and 

Murine Leukemia Virus Phosphoprotein p12 

Abstract. The amino terminal acid sequences of several mouse leukemia virus 
phosphoproteins (pl2) show definite homology with the amino terminal conserved 
region of H5 histones, the phosphorylated nuclear proteins of nucleated erythro- 
cytes. Differences in the amino acid compositions of the two groups of proteins seem 
to rule out the possibility that they evolved from a single common ancestral gene. 
The finding of sequence homology between viral p12's and cellular histones, how- 
ever, is consistent with evolution of retrovirus structural proteins by a process of 
differentiation from preexisting cellular genes. The conserved primary and second- 
ary structure at the amino terminal region, common to both groups of proteins, may 
be related to their common function of nucleic acid binding modulated by phosphory- 
lation. 
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