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Primary Structure of Horse Erythrocyte Glycophorin HA. 
Its Amino Acid Sequence has a Unique Homology with those of Human 
and Porcine Erythrocyte Glycophorins 
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Summary. The complete amino acid sequence of the major sialogly- 
coproteins of horse erythrocyte membranes, glycophorin HA, was 
determined by manual sequencing methods, using tryptic, chymo- 
tryptic, and cyanogen bromide fragments. Glycophorin HA is a 
polypeptide chain of 120 amino acid residues and contains 10 oligo- 
saccharide units attached to the amino-terminal side of the mole- 
cule. Its amino terminus is pyroglutamic acid. All of the oligosac- 
charides are linked O-glycosidically to threonine or serine residues. 
The amino acid sequence is consistent with the transmembrane 
orientation of glycophorins. 

There is no significant homology between the glycosylated do- 
mains of horse, human, and porcine glycophorins, but there is 
a considerable homology between the hydrophobic domains of 
the three glycophorins, which interact with the lipid bilayer of 
the erythrocyte membrane. 

Key words erythrocyte membrane, horse glycopborin, amino 
acid sequence . glycopeptide - sequence homology 

Introduction 

G l y c o p h o r i n s  are  the m a j o r  s ia log lycopro te ins  o f  
e ry th rocy te  membranes .  They  are  a m o n g  the few 
m e m b r a n e  g lycopro te ins  which can be readi ly  i so la ted  
in p repa ra t ive  amoun t s ,  and  their  p r ima ry  s t ructures  
can be e luc ida ted  with  present ly  avai lab le  techniques.  
Indeed,  the comple t e  a m i n o  acid  sequence o f  two 
g lycophor ins ,  h u m a n  g lycophor in  A (Tomi ta ,  F u r t h -  
m a y r  & Marches i ,  1978) and  porc ine  g lycophor in  
( H o n m a ,  T o m i t a  & H a m a d a ,  1980), has been deter-  
mined.  The c o m p a r i s o n  o f  the a m i n o  ac id  sequence 
o f  the two g lycophor ins  shows tha t  there  is no  homol -  
ogy in the sequence o f  the amino - t e rmina l  g lycosyla t -  
ed domain ,  while s t r ik ing h o m o l o g y  is observed  in 
the sequence o f  the  h y d r o p h o b i c  domain .  

These f indings led us to p ropose  tha t  the glycosy-  
la ted doma in ,  which is ent i rely exposed  at  the outs ide  
of  the cell and  which does  no t  show h o m o l o g y  a m o n g  
an ima l  g lycophor ins ,  m a y  p lay  an i m p o r t a n t  role as 
a species-specific ant igen.  But, since this p r o p o s a l  was 
made  f rom the c o m p a r i s o n  o f  only  g lycophor ins  f rom 
two species, fur ther  c o n f i r m a t o r y  evidence has to be 

obta ined .  The  present  pape r  repor t s  the comple te  ami-  
no acid sequence of  horse  e ry throcy te  g lycophor in  
HA.  Horse  e ry th rocy te  m e m b r a n e s  con ta in  two gly- 
cophor ins ,  and  the m a j o r  c o m p o n e n t  was des igna ted  
g lycophor in  H A  ( M u r a y a m a ,  Takeshi ta ,  T o m i t a  & 
H a m a d a ,  1981). The sequence da t a  a l lowed a precise 
molecu la r  descr ip t ion  o f g l y c o p h o r i n  and  were consis-  
tent  wi th  our  p r o p o s a l  descr ibed  above.  

Materials and Methods 

Materials 

Trypsin (TPCK 1-treated) and ~-chymotrypsin were purchased from 
Worthington Biochemical, thermolysin from Seikagaku Kogyo, 
and subtilisin and carboxypeptidase A from Boehringer Mannheim 
Biochemicals. Sephadex and Sephacryl were obtained from Phar- 
macia, DEAE-cellulose DE-52 from Whatman, and Aminex 50W- 
X4 (20-30/am) from Bio-rad Laboratories. Thin-layer plates were 
purchased from Cheng Chin Trading Co., and fluorescamine from 
Roche Diagnostics. The reagents for Edman degradation were spe- 
cific grade materials for amino acid sequence analysis obtained 
from Wako Pure Chemical Industries. All other chemicals were 
analytical grade. 

Preparation of  Glycophorin 

Erythrocyte membranes were prepared from fresh horse blood as 
described (Dodge, Mitchell & Hanahan, 1963). The glycophorin 
fraction was prepared by the method of Marchesi and Andrews 
(1971); this procedure was initially developed for the isolation 
of human glycophorins. Although the glycophorin fraction from 
horse erythrocyte membranes contains a minor component in addi- 
tion to a single major component, the preparation was pure enough 
to isolate the peptides derived from the major glycophorin. For 
some studies the major component, designated glycopborin HA, 
was isolated from the glycophorin fraction by DEAE-cellulose 
chromatography in the presence of Ammonyx LO (Murayama 
et aI., 1981). Glycophorin HA represented about 80% by mass 
of the glycophorin fraction. 

Abbreviations used." TPCK g-(1-tosylamide-2-phenyl) ethyl 
chloromethyl ketone; PTH - 3-phenyl-2-thiohydantoin; DNS - 1- 
dimethylamino naphthalene-5-sulfonyl; DEAE - diethylaminoeth- 
yl. 
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Fig. 1. Gel chromatography of chymotryptic peptides from horse 
glycophorin. The peptides obtained from 100 mg of glycophorin 
HA were applied to a Sephacryl S-200 column (2.5 x i00 cm), and 
eluted with 0.1 M NH4HCOs at a flow rate of 10 ml/hr. Fractions 
(4 ml) were collected. The peptides were analyzed by absorbance 
at 226 and 280 nm 
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Fig. 2. Gel chromatography of tryptic peptides from horse glyco- 
phorin. The peptides obtained from 300 mg of the glycophorin 
fraction were applied to a Sephacryl S-200 column (2.5 x 140 cm), 
and etuted with 0.t M NH4HCO3 at a flow rate of 12 ml/hr. Frac- 
tions (5 ml) were collected. The peptides were analyzed by absorb- 
ance at 226 and 280 nm 

Enzymatic Hydrolysis 

Glycophorin HA (100rag) was dissolved in 10ml of 0.1 M ammoni- 
um bicarbonate, pH 8.3, and digested with chymotrypsin (2 mg) 
at 37 ~ for 16 hr. The incubation mixture was directly lyophilized. 
Tryptic digestion of the glycophorin fraction (300 mg) was per- 
formed with 5 mg of trypsin in 0.1 ~ ammonium bicarbonate 
(30 ml), pH 8.3, at 37 ~ for 22 hr. The incubation mixture was 
lyophilized. Additional enzymatic digestions were performed on 
some of the isolated primary peptides. Thermolysin, subtilisin, tryp- 

sin, or chymotrypsin was used for the preparation of the secondary 
peptides at an enzyme/substrate ratio of 1:50 at 37 ~ for 24 hr. 
The digestion was stopped by lyophilization. 

Gel Chromatography of Enzymatic Digests 

The chymotryptic and tryptic peptides were separated by gel chro- 
matography on a column of Sephacryl S-200 which was previously 
equilibrated with 0.1 M ammonium bicarbonate. The elution pro- 
files are shown in Figs. 1 and 2. The fractions were combined 
into several pools. Secondary peptides were separated by gel chro- 
matography on a column of Sephadex G-50 (superfine, 2.5 x 
150 cm) equilibrated with 0.05 M acetic acid at a flow rate of 15 ml/ 
hr. Fractions (5 ml) were collected and analyzed by absorbance 
at 226 and 280 nm, and by the fluorescamine reaction (Udenfriend 
et al., 1972). 

Ion-Exchange Chromatography of Enzymatic Digests 

Hydrophilic peptides were further purified on a DEAE-cellulose 
column (1.0x30cm) which was previously equilibrated with 
0.001 M ammonium bicarbonate. The peptides were eluted with 
a linear gradient of 0.001-0.4 M ammonium bicarbonate (300 ml 
each) at a flow rate of 8 ml/hr. Fractions (4 ml) were collected 
and analyzed by absorbance at 226 nm. Some of the small peptides 
were further purified on a column of cation-exchange resin (Ami- 
nex 50W-X4, 20-30 gin, 0.5 x 50 cm). The peptides were eluted with 
a gradient of pH and ionic strength in pyridine-acetate buffer 
as described by Schroeder (1972). 

Purification of Hydrophobic Peptides 

Chymotryptic hydrophobic peptides were eluted in the void frac- 
tion (pool A) of the Sephacryl S-200 column (Fig. I), but were 
contaminated with incompletely digested material. The hydropho- 
bic peptides were isolated on a column of Sephadex LH-60 by 
the modified method of Gerber et al. (1979). Pool A was dissolved 
in 2 ml of 88% formic acid. Ethanol (7 ml) was added to the 
solution and allowed to stand at - 2 0  ~ overnight. The precipitate 
produced was removed by centrifugation at 14,000 rpm for 30 rain. 
This precipitate contained the incompletely digested material. The 
supernatant was applied to a column of Sephadex LH-60 (2.5 x 
90 cm). A major fraction was designated CH1 as shown in Fig. 3. 
Tryptic hydrophobic peptides were eluted in the void fraction of 
the Sephacryl S-200 column (Fig. 2), but were also contaminated 
with incompletely digested material. When pool A was dissolved 
in 9 ml of 88% formic acid-ethanol (2:7, vol/vol), the contaminat- 
ing peptides were precipitated and a hydrophobic peptide desig- 
nated T1 was recovered in the supematant. 

Cyanogen Bromide Cleavage 

The glycophoriu fraction (200 rag) was dissolved in 8 ml of 70% 
formic acid and cleaved with cyanogen bromide (100 mg) at room 
temperature for 6 hr. The reaction mixture was directly applied 
to a column of Sephadex G-75 (2.5 x 95 cm) which was previously 
equilibrated with 25% formic acid. Fractions (4 ml) were collected 
and analyzed by the ninhydrin method after alkaline hydrolysis 
(Hirs, 1967). 

Amino Acid Analysis 
Dry samples containing I0 50 ~tg of amino acids were hydrolyzed 
with 100 M1 of 6 N HC1 at 110 ~ for 22 hr. The amino acid analyses 
were performed on a Hitachi 835 amino acid anaIyzer. 
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Fig. 3. Purification of hydrophobic peptide CH1 by gel chromatog- 
raphy on Sephadex LH-60. The sample (8 ml) was applied to a 
column (2.5 x 90 cm) of Sephadex LH-60, and eluted with 88% 
formic acid-ethanol (2:7, vol/vol) at a flow rate of 10 ml/hr. Frac- 
tions (3.5 ml) were collected. Each fraction was analyzed by the 
ninhydrin reaction at 570 nm after alkaline hydrolysis (Hirs, 1967) 
and by the fiuorescamine reaction after alkaline hydrolysis (Lai, 
1977) 

Carbohydrate Analysis 

Sugar composition was determined by gas-liquid chromatography 
of trimethylsilyl derivatives of the methyl glycosides released by 
methanolysis according to Reinhold (1972). Samples containing 
20-100 ~tg of carbohydrate were used with 10 ~tg of inositol as 
an internal standard. Amino sugars were determined also on the 
Hitachi 835 analyzer after hydrolysis with 4 N HC1 at 100 ~ for 
4 hr. 

Sequence Analysis 

Manual Edman degradation was performed by the method as de- 
scribed (Peterson, Nerrlich, Oyer & Steiner, 1972). Phenylthiohy- 
dantoin (PTH)-amino acids were identified by gas-liquid chroma- 
tography on a 10% DC-560 column (Pisano, Bronzert & Brewe, 
1972), thin-layer chromatography on a polyamide sheet (Summers, 
Symthers & Oroszlan, 1973) and back-hydrolysis with 6 N HCI 
containing 0.1% SnC12 at 150 ~ for 4 hr followed by amino acid 
analysis (Mendez & Li, 1975). Dansyl-Edman degradation was 
done by the method of Gray (1972) with a modification for se- 
quencing of multiple glycosylated peptides (Tomita et al., 1978). 
For carboxyl-terminal sequence determination, peptides (50 nmol) 
were digested with carboxypeptidase A in 0.1 M ammonium bicar- 
bonate, pH 8.0 at 37 ~ An aliquot of the digest for various periods 
was taken and lyophilized. The released amino acids were analyzed 
on the amino acid analyzer. Pyroglutamic acid residue at the ami- 
no-terminus of peptide was changed to glutamic acid residue by 
methanolysis (Kawasaki & Itano, 1972). Peptide (100 200 nmol) 
was treated with 0.5 N HC1 in methanol (0.5 rnl) at 50 ~ for 4 hr. 
The reaction mixture was evaporated to dryness under a stream 
of nitrogen. The methanolyzed peptide could be directly sequenced 
by Edman degradation after one cycle of Edman procedure was 
performed without phenylisothiocyanate to hydrolyze the methyl 
ester group which produced during the methanolysis. 

Results 

Chymotryptic Peptides 

Chymotryp t ic  peptides o f  g lycophorin  H A  were se- 
parated into four  pools A-D by gel ch roma tog raph y  on 
Sephacryl S-200 (Fig. 1). Pool  A, which was recovered 
in the excluded volume o f  the column,  contained the 
hydrophobic  peptides derived f rom the in t ramem- 
branous  segment o f  g lycophorin  HA.  Isolat ion o f  the 
hydrophobic  peptide CH1 f rom the incomplete digest 
was achieved by preferential solubilization in 88% 
formic acid-ethanol  (2:7, vol/vol) and by gel chroma-  
tography on Sephadex LH-60 equilibrated with the 
same solvent (Fig. 3). Al though  pool  A contains in- 
completely digested material,  p robably  representing 
residues 1-108, the incompletely digested peptides 
were a lmost  insoluble in the solvent and could be 
removed f rom the hydrophob ic  peptides by the solu- 
bilization procedure.  The amino acid composi t ion  o f  
CH1 is shown in Table 1. It  should be noted that  
the hydrophob ic  peptides which were obtained f rom 
the crude glycophorin  fraction instead o f  g lycophorin  
H A  were contamina ted  with a considerable a m o u n t  
o f  other  peptides and were not  pure enough for se- 
quence analysis. Pool  B was further fract ionated by 
ion-exchange ch roma tog raphy  on DEAE-cel lulose  
(Fig. 4A). The amino acid composi t ion  o f  CH2 is 
shown in Table 2. Pool  C contains the peptide labeled 
CH3, which was further  purified by ion-exchange 
ch roma tog raphy  on DEAE-cel lulose  (Fig. 5A). 
Pool  D appears  to contain several peptides, but  the 
isolation of  the peptides was not  at tempted,  because 
these peptides were no t  essential for sequence determi- 
nat ion o f  g lycophor in  HA.  The results described 
above indicated that  g lycophor in  H A  was digested 
with chymotryps in  into three major  peptides (CH1, 
CH2 and CH3) in addit ion to several small peptides. 
We previously reported the chymotrypt ic  digestion 
o f  the total g lycophorin  fraction (Fukuda,  Tomita  
& Hamada ,  1980). These data suggested that  the addi- 
t ional small peptides identified above are derived 
f rom the minor  componen t  in the horse glycophorin  
mixture. 

Tryptic Peptides 

Tryptic peptides of  the glycophorin  fraction were se- 
parated into five pools A-E by gel ch roma tog raphy  on 
Sephacryl S-200 (Fig. 2). The elution profile was simi- 
lar to that  o f  the chymotrypt ic  peptides. Pool  A con- 
tained the hydrophob ic  peptides originating f rom the 
in t ramembranous  segment o f  glycophorin HA.  The 
hydrophobic  peptide T 1 was purified by solubilization 
in 88% formic acid-ethanol (2:7, vol/vol). The glyco- 
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Table 1. Amino acid compositions of the peptides derived from the hydrophobic and carboxyl-terrninal segment ~ 

T1 b T4 T3A T3B CH1 d CH3 T3ACH1 
(35-75) ~ (76-77) (78-120) (79-120) (41-108) (109 120) (78 108) 

(45-108) 

Asp 2.7 (2) - 6.1 (6) 5.8 (6) 4.8 (4 5) 2.1 (2) 4.2 (4) 
Thr 2.8 (1) - 4.2 (4) 4.0 (4) 2.0 (3) 1.6 (2) 2.0 (2) 
Ser 2.6 (2) - 5.7 (6) 5.4 (6) 5.6 (6) 1.7 (2) 4.0 (4) 
Glu 4.2 (4) 4.3 (4) 4.0 (4) 3.3 (3) 2.2 (2) 2.0 (2) 
Pro 1.6 (1) - 9.9 (10) 10.3 (10) 10.4 (10) 1.0 (1) 9.0 (9) 
Gly 3.9 (5) 1.3 (1) 1.1 (1) 3.3 (3) 1.0 (1) - 
Ala 3.9 (3) - 4.3 (4) 4.1 (4) 6.6 (6-7) - 4.0 (4) 
Cys - - - 
Val 2.7 (4) - 4.0 (4) 4.1 (4) 7.2 (7) 1.0 (1) 2.8 (3) 
Met 0.6 (1) - 1,0 (1) - 
He 5.0 (7) - - 6.8 (7) - 
Leu 4.7 (6) 0.9 (1) 1.2 (1) 1,0 (1) 6.3 (6) - 0.8 (I) 
Tyr 0.8 (1) - 0.7 (1) 0.9 (1) 1.0 (1) 0.8 (1) 
Phe 1,4 (1) - - - 0.8 (0-1) - 
Lys 0.9 (1) 0.3 (0) 1.0 (1) 0,8 (1) 
His 0.9 ( t )  - - - 0 . 8  ( 0  1 )  - 

Arg 1.9 (2) 1.1 (1) 1.1 (1) 0.9 (9) 4.0 (4) - 1,0 (1) 

Total residues 41 2 43 42 62-66 12 31 

Yield 32% 25 % 47 % 20 % 33 % 52% 59 % 

a Values are expressed in moI/mol peptide. Numbers in parentheses indicate mol/mol peptide assumed from sequence. 
No entry denotes 0.1 residue or less. 
b Amino acid composition of T1 does not correspond to that of the assumed sequence because of contamination 
of  incomplete digest (residues 1-75), 

Numbers in parentheses indicate position of  peptide within sequence. 
d The peptide CH1 was a mixture of  two peptides corresponding to residues CH1A (41 108) and CHIB (45 108). 
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Fig. 4. Purification of major glycopeptides by DEAE-cellulose 
chromatography. Procedures are given under Methods. (A): The 
pool B (21 mg) of chymotryptic digests (Fig. 1) was loaded. (B): 
The pool B (27.9 rag) of  tryptic digests (Fig. 2) was loaded 

peptide T2 was purified from pool B by ion-exchange 
chromatography (Fig. 4B). The amino acid composi- 
tion of T2 is similar to that of CH2 with the exception 
of Glu, Gly, Asp and Leu (Table 2), indicating that 
T2 is somewhat smaller than CH2. Pool C contains 

several peptides as shown in Fig. 5B. All of the pep- 
tides are similar in amino acid composition, indicating 
that these peptides are derived from the same segment 
of glycophorin HA. The amino acid composition of 
the major peptides, T3A and T3B, is shown in 
Table 1. The peptides T3A and T3B appear to differ 
only by the presence of an additional lysine in T3A. 
Pool D does not contain major peptides when frac- 
tionated by ion-exchange chromatography on DEAE- 
cellulose. It is likely that the minor component of 
horse glyeophorin yields several peptides which elute 
with pool D. Pool E contains the peptide labeled T4 
and Arg and Lys as the major components. It was 
purified by ion-exchange chromatography on Ami- 
nex 50W-X4. The amino acid composition of T4 is 
shown in Table 1. The results described above sug- 
gested that trypsin cleavage produces the four major 
fragments T1, T2, T3 and T4. 

Cyanogen Bromide Peptides 

The cyanogen bromide peptides of the glycophorin 
fraction were separated into five pools Vo, CB1A, 
CB1B, CB2 and Vi by gel chromatography on Sepha- 
dex G-75 (Fig. 6). Pool Vo contains uncleaved glyco- 
phorin in addition to aggregated forms of fragments, 
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Table 2. Amino acid compositions of the peptides derived from the glycosylated segment a 
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T2 AT2TH1 AT2TH2 CH2 CH2T2 AT2TH2-S3 AT2TH2-S5 
(1 34) u (1-9) (10-34) (1-40) (35-40) (12 26) (27-34) 

Asp 2.3 (2) - 1.8 (2) 2.2 (3) 1.1 (1) 1.0 (1) 0.8 (1) 
rhr 8.5 (9) 2.O (2) 5.9 (7) 9.2 (9) 4.6 (5) 2.O (2) 
Ser 4.2 (4) 1.0 (1) 2.9 (3) 4.4 (4) 2.6 (3) 0.4 (0) 
Glu 3.6 (3) 1.0 (1) 2.0 (2) 4.5 (5) 1.9 (2) - 2. l (2) 
Pro 2.7 (3) 2.2 (2) 1.0 (1) 3.1 (3) 1.0 (1) - 
Gly 3.6 (3) 1.1 (1) 2.5 (2) 4.4 (5) 1.7 (2) 1.0 (1) 1.0 (1) 
Ala 3.9 (4) 1.1 (1) 2.9 (3) 4.1 (4) - 2.3 (2) 0.2 (0) 
Cys 
Val . . . .  
Met . . . .  0.2 (0) 
Ile 2.8 (3) 1.1 (1) 2.0 (2) 3.2 (3) 1.3 (1) 
Leu 0.9 (1) 1.1 (1) 2.6 (2) 1.0 (1) 0.9 (1) 
Tyr - - 
Phe 1.1 (1) - 1.0 (1) 1.1 (1) - 1.4 (1) 
Lys . . . .  
His . . . .  
Arg 0.9 (1) - 0.9 (1) 1.1 (1) 1.5 (1) 

Total residues 34 9 25 40 6 15 8 

Yield 40 % 54% 63 % 41% 40 % 58 % 25 % 

a Values are expressed in tool/tool peptide. Numbers in parentheses indicate mol/mol peptide assumed from sequence. 
No entry denotes 0.1 residue or less. 
b Numbers in parentheses indicate position of  peptide within sequence. 

as suggested from data obtained by gel electrophoresis 
in the presence of 0.1% sodium dodecyl sulfate (data 
not shown). Pools CB1A and CB1B are essentially 
identical in amino acid composition and differences 
in carbohydrate content are probably responsible for 
their separation by gel chromatography. Peptide 
CB1B was further purified by rechromatography on 
the same column. The amino acid composition of 
CBIB and CB2 is shown in Table 3. Pool Vi does 
not contain a significant amount of peptide material, 
but contains sialic acid presumably released with 70% 
formic acid. These results indicate that horse glyco- 
phorin HA was cleaved into two fragments CB1B 
(or CB1A) and CB2 with cyanogen bromide. Indeed 
the amino acid composition of glycophorin HA was 
very similar to the sum of the amino acid composition 
of CB1B and CB2 (Table 3). 

Amino Acid Sequence and Oligosaccharide 
Attachment Sites of  Amino- Terminal Segment 
(Residues 1-40) 

No PTH-amino acid was detected as the amino-ter- 
minal residue of glycophorin HA by Edman degrada- 
tion; the amino-terminus was blocked. Since both 
glycopeptides T2 and CH2 had also the blocked ami- 
no-terminus, both glycopeptides presumably are de- 
rived from the amino-terminal segment of glycophor- 
in HA. Although intact T2 was resistant to thermoly- 
sin, the desialated fragment T2 produced by acid 

treatment became sensitive to this protease: two frag- 
ments labeled AT2TH1 and AT2TH2 were purified 
from the digests by gel chromatography on Sepha- 
dex G-50 (Fig. 7A). The smaller peptide AT2TH1 did 
not react with fluorescamine (Fig. 7A), and therefore 
presumably represents the amino-terminal segment of 
T2. After methanolysis of AT2TH1, the amino acid 
sequence of AT2TH1 could be determined as shown 
in Table 4. Since methanolysis has been used to 
change pyroglutamic acid to glutamic acid (Kawasaki 
& Itano, 1972), the amino-terminal residue of 
AT2TH1 should be pyroglutamic acid. The yield of 
PTH-glutamic acid at the amino-terminus is about 
30% (Table 4). This value is comparable to the yield 
reported on the methanolysis of cytochrome bs by 
Ozols, Gerard & Nobrega (1976). When myoglobin 
was treated as a standard peptide under the same 
conditions, no additional amino-terminal residue was 
observed in a significant yield, indicating that peptide 
bond cleavage is negligible during methanolysis. 
Table 4 also shows that no PTH-amino acid was iden- 
tified at the 2nd, 5th and 7th positions of the methan- 
olyzed AT2TH1. With the dansyl-Edman procedure, 
DNS-Thr was found at the 2nd and 5th positions, 
and DNS-Ser at the 7th position. This result indicated 
that these three residues are glycosylated. The amino 
acid sequence of the first 24 residues of the other 
thermolytic peptide AT2TH2 was determined by Ed- 
man degradation (Table 5). No PTH-amino acid was 
detected at the 4th, 8th, 9th, l lth, 12th, 15th and 
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Fig. 5. Purification of tryptic and chymotryptic peptides by DEAE- 
cellulose chromatography. Procedures are given under Methods. 
(A): The pool C (19.9 rag) of chymotryptic digests (Fig. I) was 
loaded. (B): The pool C (32.6 mg) of tryptic digests (Fig. 2) was 
loaded 
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19th positions of AT2TH2. As shown in Table 5, 
DNS-Thr was identified at the 4th, 9th, 11th and 
15th positions and DNS-Ser at 8th and 12th positions. 
The 19th position seemed to be DNS-Thr but this 
was not conclusive. After T2 was methanolyzed, the 
amino acid sequence of the methanolyzed T2 was 
determined for the first 16 residues as shown in 
Table 5. Its first nine residues were identical to those 
of AT2TH1. This result also revealed that peptide 
AT2TH2 was derived from residues 10-34 of intact 
glycophorin HA. Since the tryptic peptide T2 should 
have Arg at the carboxyl-terminus, the entire se- 
quence of T2 could be constructed by using the se- 
quence of AT2TH 1 and AT2TH2, except for the 28th 
position. The carboxyl-terminal sequence of T2 was 
confirmed using another secondary peptide, which 
was produced with subtilisin. The peptides labeled 
AT2TH2-S3 and AT2TH2-S5 were isolated from the 
subtilisin digest of AT2TH2 by gel chromatography 
on Sephadex G-50. The amino acid compositions of 
the two peptides are shown in Table 2. The amino 
acid sequence of AT2TH2-S5 containing one Arg resi- 
due revealed the sequence of residues 27-34. The sec- 
ond residue of AT2TH2-S5 was identified to be Thr 
only by dansyl-Edman procedure: the 28th position 
of T2, therefore, should be glycosylated Thr. Se- 
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]Fig. 6. Gel chromatography of cyanogen bromide fragments of 
horse glycophorin. The peptides were applied to a Sephadex G-75 
column (2.5 x 100 cm) and eluted with 25% formic acid at a flow 
rate of 7 ml/hr. Fractions (4 ml) were collected. An aliquot of 
each fraction was analyzed by the ninhydrin assay after alkaline 
hydrolysis (Hirs, 1967) 

quence analysis of AT2TH2-S3 also confirmed the 
sequence of residues 12-26 of T2. 

When the chymotryptic peptide CH2 was treated 
with trypsin, a small peptide CH2T2 and a large pep- 
tide CH2T1 were produced with approximately 40% 
yield. The two peptides were purified by gel chroma- 
tography on Sephadex G-50. The amino acid compo- 
sition of CH2T1 was identical to that of T2. The 
amino acid composition of CH2T2 (Table 2) indi- 
cated that this peptide is a hexapeptide, and the amino 
acid sequence of CH2T2 was determined as shown 
in Table 5. As determined with carboxypeptidase A 
treatment, the carboxyl-terminus of CH2 was Leu, 
which was also the carboxyl-terminus of CH2T2. 
Therefore, CH2T2 represents the carboxyl-terminal 
fragment of CH2. Although the overlapping from 
the position 34 to 35 was not completed, it is unlikely 
that we missed an additional sequence in this segment 
because the amino acid composition of CH2 is consis- 
tent with its proposed sequence. 

Amino Acid Sequence of Hydrophobic Segment 
(Residues 41-75) 

The amino acid sequence of T1 was determined for 
the first 19 residues (Table 5). The amino-terminus 
of T1 was identical with that of CH2T2 which repre- 
sents residues 3540 of intact glycophorin HA. The 
hydrophobic peptide CH1, purified by gel chromatog- 
raphy on Sephadex LH-60, still was a mixture of 
two peptides, because Edman degradation of CH1 
showed two PTH-amino acids for each cycle. The 
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Table 3. Amino acid compositions of horse glycophorin HA and 
the cyanogen bromide peptides ~ 

Glycophirin HA CB1B CB2 
(1 120) (1-59) (60-120) 

Asp 9.6 (10) 3.6 (4) 6.1 (6) 
Thr 12.2 (14) 9.7 (10) 4.8 (4) 
Ser 10.9 (12) 5.5 (5) 5.5 (7) 
Glu 10.8 (11) 6.2 (7) 4.5 (4) 
Pro 13.9 (14) 4.5 (4) 9.4 (10) 
Gly 8.3 (9) 5.3 (6) 3.5 (3) 
Ala 12.2 (11) 5.4 (5) 5.6 (6) 
C y s  - 

Val 8.4 (8) 3.4 (3) 5.1 (5) 
Met 1.4 (1) - 
Hse +c (1) 
Ile 9.8 (10) 6.1 (6) 3.1 (4) 
Leu 9.4 (9) 4.3 (4) 5,0 (5) 
Tyr 1,9 (2) - 1,9 (2) 
Phe 2.3 (2) 2.1 (2) - 
Lys 1.4 (1) - 1.5 (1) 
His 1.2 (1) 1.2 (1) 
Arg 5.7 (5) 1.3 (1) 3.9 (4) 

Total residues 120 59 61 

Yield 36% 45% 

Values are expressed in mol/mol peptide. Numbers in parentheses 
indicate mol/mol peptide assumed from sequence. No entry denotes 
0.1 residues or less. 
b Numbers in parentheses indicate position of peptide within se- 
quence. 

The amino acid was not determined quantitatively. 

s epa ra t ion  of  the two l~eptides, tenta t ive ly  des igna ted  
C H 1 A  and  C H t B ,  was unsuccessful  because  o f  thei r  
s imilar  character is t ics .  Quan t i t a t ive  de t e rmina t i on  o f  
P T H - a m i n o  acids  at  each cycle o f  E d m a n  degrada -  
t ion,  however ,  revealed tha t  C H 1 A  had  the add i t i ona l  
residues A l a - H i s - A s p - P h e  a t  the a m i n o - t e r m i n u s  o f  
C H  1 B. The a m i n o  acid  sequence o f  C H  1A was deter-  
mined  for  the first  22 res idues  (Tables  5 and  6). The  
amino - t e rmina l  sequence o f  C H 1 A  over laps  wi th  the 
sequence f rom the pos i t i on  9 o f  T1. Since the se- 
quence o f  C H 1 A  also con ta ins  M e t  in pos i t ion  59, 
it was evident  tha t  the cyanogen  b r o m i d e  pep t ide  
CB1B represents  residues 1-59 o f  in tac t  g lycophor in  
H A ;  the amino  acid  c o m p o s i t i o n  o f  CB 1B was consis-  
tent  with the sequence da ta  o f  residues 1-59 (Table  3). 
The a m i n o  ac id  sequence o f  C H 1 A  and  CB2 shows 
tha t  g lycophor in  H A  has  a sequence o f  23 hydro -  
phob ic  a m i n o a c i d s  (residues 50-72), un in t e r rup ted  
by cha rged  a m i n o  acid  residues.  These  sequence d a t a  
indicate  tha t  T1 is der ived  f rom the residues 35-75, 
but  the amino  acid  c o m p o s i t i o n  o f  T1 does no t  corre-  
spond  to tha t  o f  the  assumed  sequence (Table  1), 
while sequence analys is  o f  T1 does  no t  indica te  con-  
t amina t i on  with  o the r  pept ides  (da ta  no t  shown).  
These  results  can be expla ined  by the fact  tha t  the 
p r e p a r a t i o n  is c o n t a m i n a t e d  with the g lycopep t ide  
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Table 4. Sequence analysis of peptide AT2TH1 after methanolysis 

Cycle PTH-amino acid Yield ~ DNS-amino acid 
identified (nmol) identified 

I Glu 42 Glu 
2 _b Thr 
3 Ile 28 Ile 
4 Ala 25 Ala 
5 - - Thr 
6 Gly 15 Gly 
7 - - Ser 
8 Pro 5 Pro 

Yield of PTH-amino acid was determined by gas-liquid chroma- 
tography. 
u Dash denotes that no PTH-amino acid was obtained with a 
significant yield. 

represent ing  residues 1-75 (da ta  no t  shown) ;  since 
this g lycopep t ide  has a b locked  amino- t e rminus ,  it 
does no t  interfere with the sequence de t e rmina t i on  
o f  T1. Nevertheless ,  at  present  the  sequence o b t a i n e d  
with T1 should  be cons idered  tentat ive.  

Amino Acid Sequence of the 
Carboxyl-Terminal Segment (Residues 75-120) 

The amino  ac id  sequence o f  T 3 A  was de t e rmined  
for  the first  32 res idues  by E d m a n  deg rada t i on  
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Table 5. Amino-terminal  sequence of horse glycophorin and the peptides used for sequence studies 

Proposed sequence 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

< Glu-Thr-Ile-Ala-Thr-Giy-Ser- Pro-Pro-IIe-Ata-Gly-Thr-Ser-Asp-Leu-Ser-Thr-IIe-Thr- 
CHO CHO CHO CHO CHO CHO CHO 

T2 (1-34) ~ ~ ( ) ~  ~ ( ) ~  ( ) ( ) 
AT2TH1 (1-9)" ~ b  ( ~ ) ~  ~ ( ~ ) ~  ( ~ ) ~  
AT2TH2 (10-34) ~ ~ ~ (~ )  ( ~ )  ( ~ ) ~  (~ )  
AT2TH2-S3 02-26)  ~ (~ )  (~ )  ( ~ )  ~ (~ )  

Proposed sequence 
21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 
Ser-Ala-Ala-Thr-Pro-Thr- Phe-Thr-Thr-Glu-Gln-Asp-Gly-Arg-Glu-Gln-Gly-Asp-Gly-Leu- 
CHO CHO CHO 

AT2TH2 (10-34) ( ~ ) ~  ~ ( ~ )  (~ )  
AT2TH2-S3 (12-26) ( ~ ) ~  ~ ( ~ )  ~ 
AT2TH2-S5 (27-34) ~ ( ~ )  
T1 (35-75) 
CH2T2 (35-40) 

Proposed sequence 
41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 
G•n-Leu-A•a-His-Asp-Phe-Ser-G•n-Pr•-Va•-••e-Thr-Va•-I•e-I•e-Leu-G•y-Va•-Met-A•a- 

T1 (35-75) 
CH1A (41-108) 
CB2 (60-120) 

Edman degradation was performed after metMnolysis  with methanolic HC1. 
b ~ denotes that PTH-amino acid was identified. (~ )  denotes that the residue was identified by the dansyl-Edman technique only. ( ) denotes 
that no PTH-amino acid was identified. 

(Table 6). Its amino-terminal sequence overlapped 
with the sequence from the position 19 of CB2. An- 
other peptide T3B was identical to T3A except for 
the lack of a Lys residue at the amino-terminus in 
T3A. The carboxyl-terminal sequence of T3A was 
determined by using another peptide. When T3A was 
digested with chymotrypsin, only the two peptides 
labeled T3ACH1 and T3ACH2 were obtained 
(Fig. 7B). The small peptide T3ACH2 was completely 
sequenced as shown in Table 6 and the carboxyl-ter- 
minal sequence of T3ACH1 was determined to be 
Thr-Ser-Leu by carboxypeptidase A treatment. 
Therefore, we could construct the entire sequence of 
T3A as shown in Table 6: T3A represented the resi- 
dues 78-120 of intact glycophorin HA. 

The peptide T4, determined to be Leu-Arg, should 
be derived from the residues 76-77. The chymotryptic 
peptide CH3 is identical with the secondary peptide 
T3ACH2 (Tables 1 and 6). These results indicate that 
T1 and CH1A represent residues 35-75 and 43-108, 
respectively. The amino acid composition of CH1 (the 
mixture of CH1A and CH1B) was consistent with 
the sequence data (Table 1). 

The two peptides isolated from pool C of the 
tryptic digest (Fig. 2), T3C and T3D, showed the ami- 
no acid composition corresponding to residues 78- 
108 and 79-108, respectively. The two peptides could 
have been produced by residual chymotryptic activity 

in trypsin used. The carboxyl-terminal of glycophorin 
HA was determined to be Ser-Gln by carboxypepti- 
dase A treatment. Thus, the peptides CH3 and T3A 
represent the carboxyl-terminal end of glycophorin 
HA. The complete amino acid sequence of glycophor- 
in HA has been constructed as shown in Tables 5 
and 6. The amino acid composition of glycophorin 
HA is consistent with the proposed amino acid se- 
quence (Table 3). 

Oligosaccharide Units of Glycophorin HA 

Glycophorin HA contains 30% carbohydrate by 
weight, and the composition suggests the presence 
of galactose, N-acetylgalactosamine and N-glycolyl- 
neuraminic acid. The structure of the major oligosac- 
charide units has been determined (Fukuda et al., 
1980). The carbohydrate composition of glycophorin 
HA is consistent with that determined from the pro- 
posed structure of the oligosaccharides. The ten resi- 
dues of glycosylated amino acids are found within 
the amino-terminal domain of glycophorin HA at 
positions 2, 5, 7, 13, 17, 18, 20, 21, 24 and 28 (Table 5) 
when PTH-amino acid and DNS-amino acid are ana- 
lyzed simultaneously for each cycle of Edman degra- 
dation. Glycophorin HA does not contain the N- 
glycosidic oligosaccharide which has been found in 
human glycophorin A and porcine glycophorin. 
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Table 6.Carboxyl-terminal sequence of horse glycophorin HA and the peptides used for sequence studies 
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6t 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 
Proposed sequence Gly-Ile-Ile-Gly-IIe-IIe-Leu-Leu-Leu-Ala-Tyr-Val-Ser-Arg-Arg-Leu-Arg-Lys-Arg- Pro- 

C H t A  (41-108) 
CB2 (60-120) 
T4 (76-77) ~ 
T3A (78-120) ~ ~ 
T3B (79-120) ~ 

81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99 100 Proposed sequence 
Pro-Ala-Asp-Val- Pro-Pro- Pro-Ala-Ser-Thr-Val- Pro-Ser-Ala-Asp-Ala- Pro- Pro-Pro-Val- 

CB2 (60-120) 
T3A (78-120) 
T3B (79-120) 

101 102 103 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118 119 120 
Proposed sequence Ser-Glu-Asp-Asp-Glu-Thr-Ser-Leu-Thr-Ser-Val-Glu-Thr-Asp-Tyr- Pro-Gly-Asp-Ser-Gln 

T3A (78-120) 
T3B (79-120) 
CH3 (t09-120) 
T3ACH1 (78-108) 
T3ACH2 (109-120) 

~ denotes that the sequence was determined with carboxypeptidase A. 

Discussion 

Human erythrocyte membranes contain at least three 
different glycophorins (Furthmayr, Tomita & Mar- 
chest, 1975). Similarly, horse erythrocyte membranes 
contain two different glycophorins, glycophorin HA 
as a major component and glycophorin HB as a minor 
component (Murayama et al., 1981). Therefore, the 
possibility must be considered that some of tryptic 
peptides as well as cyanogen bromide peptides were 
derived from the minor component, because those 
peptides were prepared from the glycophorin fraction 
which was a mixture of glycophorins HA and HB. 
This possibility was almost excluded by the fact that 
the yields of all the peptides used for sequence analysis 
are well over 20%; glycophorin HB accounts for at 
most 20% of the amino acids in the glycophorin frac- 
tion. 

The major glycophorin of the horse erythrocyte 
membrane, glycophorin HA, is composed of 120 ami- 
no acids and 10 oligosaccharide chains and has a 
blocked amino-terminus. All of the oligosaccharides 
are linked to Thr or Ser residues by O-glycosidic 
bonds. A molecular weight of approximately 20,000 
can be estimated for glycophorin HA from the amino 
acid sequence and the carbohydrate content. 

Figure 8 shows the amino acid sequence of horse, 
human and porcine glycophorins. Gaps are included 
to optimize homology. In a previous report (Honma 
et al., 1980), a comparison was made between the 

amino acid sequence of porcine and human glyco- 
phorins. It was suggested that two general features 
are characteristics of the glycophorin structure. The 
first is that glycophorins are organized into three dis- 
tinct domains: an amino-terminal glycopeptide do- 
main, a hydrophobic domain and a carboxyl-terminal 
domain. The second is that glycophorins do not ex- 
hibit homology in amino acid sequence of the glycosy- 
lated domain which is exposed at the outside of the 
cell, but do exhibit striking homology in sequence 
of the hydrophobic domain which interacts with the 
lipid bilayer. The amino acid sequence of glycophorin 
HA is consistent with the two general features of 
glycophorin structure. Remarkable differences in ami- 
no acid sequence of the glycopeptide domains ob- 
tained from the various species are evident (Fig. 8). 
In addition there are differences in the number of 
the constituent amino acid residues, the distribution 
of the glycosylated residues, and the structure of the 
oligosaccharide chains. Since glycophorins contain 
the major portion of the carbohydrate of the erythro- 
cyte membrane, and since the glycophorins of each 
species have markedly different structures, it is sug- 
gested that these proteins function as blood-group 
antigens, as virus receptors, or as markers of cell 
differentiation. 

The complete amino acid sequence of hemagglu- 
tinins of influenza virus, another membrane glycopro- 
tein, has recently been determined by DNA-sequenc- 
ing techniques (Gething, Bye, Skehel & Waterfield, 
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1980). The hydrophobic domain of the two types of 
the hemagglutinins shows only weak homology, indi- 
cating that a cluster of hydrophobic amino acids, 
regardless of the amino acid sequence, is indicative 
of a transmembrane structure. On the other hand, 
the glycophorins isolated from several species show 
striking homology in amino acid sequence of the hy- 
drophobic domain. This could suggest that the struc- 
ture of the hydrophobic domain is conserved to serve 
an important but yet unknown biological function. 

The amino acid sequence of the three glycophorins 
reveals another interesting finding, namely that His 
residues are located at the amino-terminal side adja- 
cent to the hydrophobic domain. The His residues 
possibly interact with the phosphate groups of phos- 
pholipids. In addition, there is a cluster of basic amino 

acids (residues 74 79) at the carboxyl-terminal side 
adjacent to the hydrophobic domain. This cluster also 
could interact with the phosphate groups of phospho- 
lipids. 
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