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ABSTRACT Glycophorin, the major sialoglycoprotein of
the human erythrocyte membrane, is composed of 131 amino
acids and an average of 16 oligosaccharide chains. Fifteen
oligosaccharides are linked to threonine/serine residues via
O-glycosidic bonds, and one more complex unit is attached to
asparagine. The location of each of these oligosaccharides
and the complete amino-acid sequence of this molecule have
been determined by Edman degradation techniques. Glyco-
phorin appears to be organized into three distinct "domains"
on the basis of the locations of glycosylated amino acids and
the clustering of residues of similar type. These include (i) a
lycosylated segment composed of approximately 64 residuesfrom the NH2-terminus, (ii) a "hydrophobic" segment of ap-

proximately 32 nonpolar residues, and (iii) a COOH-terminal
segment, composed of approximately 35 residues, which has
an unusual concentration of hydrophilic amino acids.

This unique structure is consistent with the earlier sugges-
tions that glycophorin is one of the major "intrinsic" mem-
brane proteins which has a transmembrane orientation.

Glycophorin is the major sialoglycoprotein of the human
erythrocyte membrane (1, 2). It can be isolated from the
membrane by a number of different techniques (3-6), and
the purified product is a water-soluble complex which
carries a number of different biological activities, including
MN blood group- and influenza virus-binding activity. Gly-
cophorin also contains covalently-bound oligosaccharides
which bind kidney bean phytohemagglutinin and wheat
germ agglutinin.
The properties of glycophorin are of great interest to in-

vestigators concerned with the molecular organization of
cell membranes since this molecule is one of the principal
"intrinsic" membrane proteins of erythrocytes. Glycophorin
is tightly associated with the lipids of the membrane and also
seems to be in a trans-membrane orientation (7, 8).
We decided to determine the complete amino-acid se-

quence of this molecule with the expectation that an under-
standing of its primary structure would give us some insight
into the arrangement of its external receptor units, the basis
for its association with membrane lipids, and the structural
features of its "internalized" segment that may be relevant
for further studies on the interactions between glycophorin
and other membrane components.

MATERIALS AND METHODS
Glycophorin was isolated as described (3). The two principal
sets of peptides, obtained by tryptic and chymotryptic clea-
vages, were isolated by gel filtration on Sephadex G-150 su-
perfine (2.5 X 150 cm), and subsequently by ion exchange
chromatography on DEAE-cellulose, using procedures that

Abbreviation: PTH, phenylthiohydantoin.

were slight modifications of methods described earlier (9).
Peptides T-6 and CH-6 were isolated as insoluble precipi-
tates produced as a result of proteolytic digestion. Some of
the glycopeptides were subjected to secondary cleavages
with trypsin, chymotrypsin, thermolysin, or cyanogen bro-
mide after the desialation of the glycopeptides with a puri-
fied neuraminidase from Clostridium perfringens (10). The
secondary peptides were isolated by gel filtration on Sepha-
dex G-50 superfine (2.5 X 100 cm). For amino-acid analysis,
dry samples in small test tubes were hydrolyzed at 110° for
24 hr with a vapor of 6 M HCl containing 2% phenol in a
glass chamber equipped with a Viton 0-ring. Six to 12 sam-
ples were usually. hydrolyzed at the same time, and the anal-
yses were performed on a Durrum D-500 analyzer. Carbo-
hydrate compositions were determined as trimethyl silyl de-
rivatives of methyl glycosides by gas-liquid chromatography
(Hewlett-Packard 5710B gas chromatograph with an inte-
grator 3373B) as described elsewhere (11). Inositol was used
as an internal standard for the carbohydrate analysis. Amino
acids released from the COOH-terminus of peptides by the
action of carboxypeptidase A and B (12) or by hydrazinolysis
(13) were identified on the Durrum analyzer. In some cases
the COOH-terminal residue was identified by amino-acid
analysis of the degraded peptide after Edman degradation
(14). The amino-acid sequences of the peptides were deter-
mined by the manual Edman technique (15), which was
slightly modified for glycopeptides. Phenylthiohydantoin
(PTH) amino acids were identified by gas-liquid chromatog-
raphy using a 10% DC560 column (14), thin-layer chroma-
tography on polyamide layer (16), and amino-acid analysis
after hydrolysis of the samples with 55% HI (17).

Since PTH derivatives of the glycosylated amino acids
were not extractable in organic solvents, the Edman-dansyl
procedure (18) and the subtractive Edman procedure (19)
were used in these cases. Alkaline borohydride treatment of
glycopeptides was also used to identify O-glycosylated ser-
ines; these were identified as PTH-alanine (20). Methanol-
ysis with 0.5 M HCl in methanol was also used to remove
carbohydrate from some of the glycopeptides.

RESULTS AND DISCUSSION

The complete amino-acid sequence of human erythrocyte
glycophorin is shown in Fig. 1. This molecule is composed of
a single polypeptide chain of 131 amino acids to which are
attached 16 oligosaccharide units. The sequence presented
here was derived from studies of seven unique tryptic pep-
tides, six unique chymotryptic peptides, and one cyanogen
bromide fragment prepared from purified glycoprotein
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FIG. 1. Amino-acid sequence of human erythrocyte glycophorin. CHO, oligosaccharide: diamond-shaped, O-glycosidic linkage; hexa-

gon, N-glycosidic linkage.

preparations isolated from a number of different human do-
nors. Based on composition and sequence analysis, the cor-
rect arrangement of these different peptides in the native
molecule is presented in Fig. 2.
The arrangement of different types of peptides illustrated

in Fig. 2 bears out the earlier speculations concerning the
"tripartite" character of the glycophorin molecule. The part
of the molecule containing all the sugar residues is referred
to as the glycosylated segment and is composed of approxi-
mately 64 amino acids and 16 oligosaccharide chains. Three
peptides, representing a 35 amino-acid segment, are derived
from the COOH-terminal end of the molecule and are re-
ferred to as such. A stretch of polypeptide composed of ap-
proximately 32 residues connects these two domains and, for
reasons described earlier (21), is referred to as the hydropho-
bic domain.

Amino-acid sequence of the glycosylated domain
The sequence of the glycosylated portion of the molecule
was determined by analyzing four tryptic glycopeptides
(T-1, T-2, T-3, and T-5) and three chymotryptic glycopep-
tides (CH-1, CH-2, and CH-3). The amino-acid and carbo-
hydrate compositions of these are shown in Tables 1 and 2.
Four of these glycopeptides (T-1, T-2, CH-1, and CH-2)
were found to have the same NH2-terminal sequence as the
intact molecule and were subsequently found to represent
different lengths of the same polypeptide chain. Each of
these peptides was subjected to sequential Edman degrada-
tion, but the entire sequence of none could be determined,
so that complete overlaps could not be obtained. Our initial
efforts to produce smaller peptides from these by additional
incubations with thermolysin, subtilisin, and Pronase were
unsuccessful. However, smaller secondary peptides were

eventually generated by incubating the purified primary
peptides with neuraminidase before subjecting them to a
second proteolytic degradation. Secondary peptides were
produced by tryptic and thermolysin cleavage of desialated
tryptic peptides (Fig. 2). Secondary peptides of T-1 were
also generated by cyanogen bromide cleavage.
A second problem encountered in determining the se-

quence of the glycopeptides was the difficulty in identifying
the amino acids that were glycosylated. Although degrada-
tion occurred through glycosylated residues, the PTH-deriv-
atives of the glycosylated amino acids were insoluble in the
organic solvent used to identify the components and, hence,
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FIG. 2. Schematic representation of the order of peptides in
human erythrocyte glycophorin.
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Table 1. Chemical composition of the trypsin digest

T1 T2 T3 T4 T5 T6

Asp 3.0 (3) 1.8 (2) 0.7 (0) 5.1 (5) 1.0 (1) 1.3 (0)
Thr 8.4 (9) 6.7 (7) 2.0 (2) 2.0 (2) 1.5 (2) 2.7 (2)
Ser 7.4 (8.5) 7.3 (8.5) 2.0 (2) 5.2 (6) 0.3 2.9 (2)
Glu 1.4 (1.5) 2.1 (1.5) 5.6 (6) 4.1 (4) 0.3 2.9 (3)
Pro 0.9 (1.0) 0 2.6 (2) 6.2 (6) 1.0 (1) 1.4 (0.5)
Gly 0.7 (0.5) 1.1 (0.5) 1.0 (1) 0.1 0.2 3.7 (4.5)
Ala 2.9 (3) 1.1 (1) 1.3 (1) 0.2 1.7 (2) 2.3 (1.5)
Cys 0 0 0 0 0 0
Val 2.0 (2) 2.3 (2) 3.1 (3) 3.3 (3) 0 2.6 (3.5)
Met 0.7 (1) 0.6(1) 0 0 0 0.9 (1)
Ile 1.0 (1) 1.1 (1) 1.0 (1) 1.0 (1) 0 5.0 (6.5)
Leu 0.4 (0.5) 0.9 (0.5) 0.2 2.0 (2) 0.2 3.5 (4)
Tyr 1.4 (2) 1.0 (1) 0.7 (1) 0 0.6 (1) 1.1(1)
Phe 0 0 0 0 0 1.8 (2)
His 1.9 (2) 2.1 (2) 1.1 (1) 0 0 1.4 (1.5)
Lys 1.9 (2) 1.8 (2) 0.2 2.1 (2) 0 0.8 (0)
Arg 1.7 (2) 0.6 (0) 2.0 (2) 0 0.8 (1) 1.3 (1)
Fuc 1.4 0.8 0 0 0
Man 4.0 2.0 0.1 0 0
Gal 15.5 12.2 4.2 0 0.8
GIc 2.2 0.6 0.2 0 0.2
GalNAc 10.0 10.5 3.0 0 0.7
GlcNAc 5.8 3.6 0 0 0.1
NANA 18.6 18.5 7.0 0 1.5

NANA, acetylneuraminic acid.

could not be identified. The glycosylated amino acids were by the yield of the PTH derivative of the next amino acid. A
provisionally identified as dansylated derivatives by a com- complete discussion of the different approaches used to
bined Edman-dansyl procedure. The degradation process identify the glycosylated residues in different glycopeptides
seemed to proceed through O-glycosylated amino acids with will be presented elsewhere (Tomita and Marchesi, manu-
the same yield obtained with nonglycosylated residues, but script in preparation).
the yield was considerably lower (approximately 30% of ex- Another unusual feature of the glycosylated segment of
pected) in the case of N-glycosylated asparagine, as judged the glycophorin was that both trypsin and chymotrypsin

Table 2. Chemical composition of the chymotrypsin digest

CH 1 CH 2 CH 3 CH 4 CH 5 CH 6

Asp 3.1 (3) 2.8 (3) 0.2 3.1 (3) 2.2 (2) 1.4
Thr 10.3 (11) 7.7 (8) 3.3 (3) 1.1 (1) 1.0 (1) 2.7
Ser 8.6 (10.5) 6.9 (8.5) 2.3 (2) 2.5 (3) 2.5 (3) 2.9
Glu 7.9 (8.5) 2.2 (1.5) 6.9 (7) 0.2 4.1 (4) 2.0
Pro 3.1 (3) 0 2.4 (3) 5.3 (5) 1.1 (1) 2.7
Gly 1.8 (1.5) 1.2 (1.5) 1.2 (1) 0.1 0.2 2.9
Ala 4.5 (4) 1.3 (1) 3.5 (3) 0.1 0.3 2.5
Cys 0 0 0 0 0 0
Val 6.1 (6) 2.2 (2) 4.6 (4) 2.3 (2) 1.1 (1) 2.3
Met 0.6 (1) 0.6 (1) 0.1 0 0 0.9
Ile 2.0 (2) 1.1 (1) 1.0 (1) 1.0 (1) 1.1 (1) 4.6
Leu 1.3 (1.5) 0.8 (0.5) 1.0 (1) 2.0 (2) 0.2 3.5
Tyr- 2.6 (3) 1.4(2) 0.7 (1) 0 0 1.0
Phe 0 0 0 0 0 1.4
His 3.0 (3) 1.8 (2) 0.9 (1) 0 0 1.2
Lys 2.1 (2) 1.8 (2) 0.2 2.9 (3) 0.2 1.0
Arg 3.0 (4) 0.6 (1) 2.6 (3) 0 0.1 1.4
Fuc 1.3 1.5 0 0 0
Man 5.2 4.0 0.1 0 0
Gal 24.9 18.7 5.2 0 0
Glc 0 0 0.6 0 0
GalNAc 14.5 12.4 4.0 0 0
GlcNAc 8.1 7.3 0.5 0 0
NANA 28.7 19.2 7.3 0 0

NANA, acetylneuraminic acid.

Proc. Nat. Acad. Sci. USA 72 (1975)



Proc. Nat. Acad. Sci. USA 72 (1975) 2967

produced two sets of peptides that were ostensibly derived
from the same segment of the polypeptide chain (Fig. 2).
The composition and sequence of T-1 are essentially identi-
cal to those of T-2 and T-5 together, yet a second digestion
of T-Iwith trypsin did not result in the production of T-2
and T-5. A similar set of glycopeptides are also derived by
chymotryptic digestion (CH-1 compared with CH-2 and
CH-3). However, tryptic digestion of the CH-1 glycopeptide
produced T-1, T-3, and the tripeptide Val-Gln-Leu, but nei-
ther T-2 nor T-5 was generated. We feel that these results
are due to a difference in the degree of glycosylation of a
single polypeptide chain. As mentioned earlier, removal of
sialic acids significantly affects the sensitivity of these glyco-
peptides to proteolytic cleavage. When desialated T-1 is
treated with trypsin a second time, "new" glycopeptides, la-
beled dTl-T1 and dTl-T2 in Fig. 2, are generated, as is the
desialated form of T-5.

Second amino acids were detected at the amino-terminus
and in the fifth position, which we attribute to heterogeneity
rather than contamination. Both sets of residues appeared in
all the samples we analyzed, and in the secondary peptides,
TI-C2.

The "hydrophobic" domain
In a previous study we isolated and determined the partial
sequence of the peptides derived from glycophorin that had
a high content of nonpolar amino acids and solubility prop-
erties which suggested that they might be derived from a
hydrophobic segment of the polypeptide chain (21). The
complete sequence of a tryptic peptide (labeled T-6 here)
and the partial sequence of a cyanogen bromide fragment
were obtained with a Beckman automatic sequenator (21),
and similar results have been obtained during the present
study. However, in both cases a number of "minor" amino
acids were detected at several steps, and it is not clear
whether these represent amino-acid substitutions in the
polypeptide chain or residues derived from contaminating
peptides. We have attempted to purify these peptides by a
variety of different ways, but have not yet succeeded in iso-
lating material that gives a single, predominant residue at
each step of the sequence. Our present interpretation is that
the double amino acids in positions 67, 76, and 77 (Fig. 1)
are due to contaminating peptides rather than to amino acid
substitutions in different glycophorin molecules. However,
this question will not be resolved until this part of the se-
quence is redone with pure peptides.

The COOH-terminal segment
On the basis of earlier labeling studies from this and other
laboratories, it appeared that a segment of the polypeptide
chain of the glycophorin molecule was situated internal to
the lipid barrier of the membrane. Since the NH2-terminal
end of the molecule was clearly located outside the cell
membrane, it seemed simplest to postulate that the COOH-
terminal end of the polypeptide chain extended into the cy-
toplasm of the cell (7, 8) although other, more elaborate,
"loop-type" arrangements could not be ruled out.

Tryptic peptide T-4 and chymotryptic peptides CH-4 and
CH-5 are derived from this segment, and their sequences
are included in Fig. 1. Part of the sequence of this segment
of the molecule had been obtained earlier by determination
of the sequence of 30 residues of a cyanogen bromide frag-
ment (21), and the sequences of both T-4 and GH-4 over-
lapped and confirmed these earlier data. Although a number

of threonine and serine residues and one asparagine residue
are present in this segment of the molecule, none seem to be
glycosylated. This is consistent with previous suggestions
that all the sugar residues of this molecule are located on the
external side of the lipid bilayer.
Structure of the carbohydrate units
Each polypeptide chain of glycophorin has an average of 15
O-glycosidically linked oligosaccharides and a single N-gly-
cosidic unit. Two different structures have been proposed
for the complex oligosaccharide that is linked N-glycosidi-
cally to glycophorin (22, 23), but neither one is consistent
with our findings. Our data indicate that the asparagine-
linked oligosaccharide should contain approximately four
residues of mannose and seven of N-acetyl glucosamine
rather than one-half the number of each, which have been
reported. Since the glycosylated asparagine is linked to as-
partic acid, it is conceivable that the previous studies were
carried out on glycopeptides containing two aspartate resi-
dues, and carbohydrate values normalized to a single aspar-
tic acid residue would be misleading.
Our values for the carbohydrate composition of the 0-

glycosidically linked oligosaccharides are consistent with the
tetrasaccharide structure proposed previously (24). These
units seem to be involved in specifying MN blood group
specificity (1), but we have as yet no way of determining
which of the 15 units is involved. We also do not know
whether some threonine/serine residues are only partially
glycosylated.
Molecular weight of the monomeric unit of
glycophorin
A variety of different values have been reported for the mo-
lecular weight of glycophorin, ranging from 15,000 to
400,000 (4-6, 25). It is generally acknowledged that heavily
glycosylated* proteins cannot be analyzed by gel filtration
or by sodium dodecyl sulfate-gel electrophoresis with great
confidence, but it has only become evident more recently
that amphiphatic proteins (like glycophorin) are difficult to
dissociate into their monomeric units by the usual denatur-
ing agents (26). It has been suggested recently that glyco-
phorin might exist as a stable dimeric unit even in the pres-
ence of high concentrations of sodium dodecyl sulfate (27).
The molecular weight of the glycoprotein unit described
here is approximately 31,000, as calculated from the amino-
acid sequence and carbohydrate content. This value is re-
markably similar to that recently obtained by analyzing gly-
cophorin by sedimentation equilibrium in the presence of
sodium dodecyl sulfate (28).
The present results clarify our earlier preliminary find-

ings which were based on an analysis of peptides of glyco-
phorin produced by cyanogen bromide cleavage (8). We
now know that the glycoprotein preparations used in these
earlier studies contained small amounts of a different glyco-
peptide that copurified with the glycophorin molecule. The
presence of these contaminants accounts for the higher mo-
lecular weight and the higher content of methionine resi-
dues and additional cyanogen bromide fragments reported
earlier (8). An improved method for the isolation of glyco-
phorin has been developed (Furthmayr, Tomita, and March-
esi, manuscript in preparation), and peptides produced by
cyanogen bromide cleavage of this material are those ex-
pected from a molecule containing two methionine residues.
* It is not clear what percentage of sugar is required to put a pro-
tein in this category; glycophorin is 60% carbohydrate by weight.

Biochemistry: Tomita and Marched
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Molecular anatomy of glycophorin
The amino-acid sequence and the location of oligosacchar-
ides are completely consistent with the trans-membrane ori-
entation of glycophorin postulated previously (8). The sugar
attachment sites are confined to the NH2-terminal 50 amino
acids and are thus entirely exposed to the outside of the cell.
The sequence of the COOH-terminal region of the molecule
is particularly interesting in that it contains a large number
of acidic amino acids, along with threonine, serine, and pro-
line. Thus, this segment of glycophorin is well suited to bind
cations such as Ca2+ or interact electrostatically with basic
peptides or with the amino groups of phospholipids in the
internal half of the lipid bilayer.
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