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1. Introduction 

Glycophorin is the major sialoglycoprotein 
found in human erythrocyte membranes. Its amino 
acid sequence has been determined [I] and its 
molecular weight found to be about 50000. of 
which = 60% is carbohydrate and the rest protein 
[2.3]. Several methods for isolation of this protein 
from erythrocyte ghosts have been reported [4]. It 
has been claimed that the polypeptide chain of 
giycophorin consists of three distinct segments. 
each with its unique chemical properties. In the 
intact erythrocyte membrane it is thought to span 
the entire thickness of the cell membrane, with the 
C-terminus exposed towards the inside of the cell 
membrane and the N-terminus facing the outside 
[6]. This protein is of great interest because of its 
orientation in the natural membrane and it offers 
a model system for the study of protein interac- 
tions with membranes_ 

Extensive characterization of glycophorin has 
been performed by a variety of chemical tech- 
niques [2,7-g]. Using freeze-etch electron micros- 
copy, the interaction of glycophorin with lipid 
bilayers was studied by Segrest et al_ [lo] and also 
by Grant and McConnell [Ill. Their data suggest 
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that the protein is being incorporated into the 
hydrocarbon phase of the phosphatidylcholine bi- 
layers. A detailed study of the assembly of vesicles 
bearing the protein has been presented [S]. 

This report concerns an investigation on the 
interaction of externally introduced glycophorin 
with phosphatidylcholine bilayer vesicles. using 
proton NMR spectroscopy coupled with other 
techniques such as electron microscopy and gel 
chromatography_ Proton NMR spectroscopy. with 
its sensitivity towards structural details and en- 
vironmental changes. has been employed exten- 
sively in the investigations of the structural and 
hydrodynamic properties of bilayer membranes 
(see. e.g.. refs. 12-20). More recently. NMR has 
also been successfully used in the studies of the 
interactions of various oligopeptides with phos- 
pholipid bilayers [21-271. 

Because of the difficulties associated with the 
manipulation of large relatively planar cell mem- 
branes most investigations with bilayers involving 
the use of NMR spectroscopy have been con- 
cerned with the model membrane systems. such as 
the unsonicated multiamellar structure and the 
sonicated bilayer vesicles. These two systems offer 
convenient and interrelated models for membrane. 
studies. The difference in their physical properties 
is due chiefly to the much larger surface curvature 
of the small vesicles which results in a looser and 
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less stable structure [271. Recently. Brulet and 
McConneil [28] reported an investigation with 
‘“C-NMR spectroscopy on the effect of g&co- 
phorin on the choline head groups of unsonicated 
lipid multilayers. Studies on the effect of this 
sialoglgcoprotein on small bilayer vesicles are re- 
ported here. providing further insight into the 
nature of interactions of membrane protein with 
lipid bilayers. 

2. Experimental section 

L-ff-Dipalmitoylphosphatidy~~holine was pur- 
chased from Calbiochem. The product was ex- 
amined by thin-layer chromatography and was 
used without further purification. DzO (99.8% ‘H) 
was from Stohler fsorope Chemicals. Europium 
nitrate was from Thompson Packard, Inc. 
Methanol and chloroform. both used in the extrac- 
tion of glycophorin from erythrocyte ghosts, were 
either J-T_ Baker analyzed reagent grade or Mathe- 
son Coleman and Bell spectrograde products- All 
chemicals were used as received. 

The Fourier transform (FT) spectra of soni- 
cated lecithin bilayer vesicles were obtained with a 
Varian HR-220/Nicolet Technology TT-225 NMR 
spectrometer operating at 220 MHz for protons. 
Intensities of NMR signals were measured against 
a standard chloroform capillary treated with the 
free radical 2.2-dipheny~-~-pic~lhydra~y~ (DPPH). 
Chemical shifts were calibrated against an external 
tetramethylsilane (TMS) capillary without correc- 
tion for variations in the bulk magnetic suscept- 
ibility. Sample temperature was controlled by a 
Varian 4540 temperature control unit_ and was 
determined from the spectrum of a standard ethyi- 
ene glycol sample. r, values were calculated from 
a least-squares fit. using both slope and intercepts 
as adjustable parameters. CNTCFT’, Nicolet Tech- 
nology Corporation. 1976.) 

2.3. Isolation of g~rcophorin 

Human blood. less than 2 weeks old_ +vas 
purchased from the New York Blood Center. 
Erythrocyte ghosts were prepared by hypotonic 
&sing and washing of these cells with 10 mM 
potassium phosphate buffer at pH 7.8 following 
the procedure of Dodge et al. 1291. Erythrocyte 
ghosts obtained were either white or with a faint 
trace of pink due to residual hemoglobin. The 
water-soluble glycophorin was isolated from the 
ghosts using a procedure adapted from that of 
Hamaguchi and Cleve [S]. To 1 vohtme of the 
ghost suspension (protein concentration = 2 
mg/ml), 9 volumes of a 211 mixture of chloro- 
form/methanol was added. The mixture was 
stirred rigorously at room temperature for about 
an hour with a magnetic stirring bar. and was then 
centrifuged at 1000 g In a Sorvall Superspeed RC-2 
centrifuge_ The upper aqueous phase which con- 
tained the glycophorin. was transferred to a 
round-bottom flask. Care was taken not to include 
any inrerfacial material in the transfer- The aque- 
ous phase was then concentrated in a rotary 
evaporator at 37OC to about one-tenth of its origi- 
nal volume. The product after evaporation was 
clear but slightly viscous. 

Ethanol precipitation of the aqueous phase 
components was brought about by the addition of 
9 volumes of absolute ethanol to I volume of the 
concentrated aqueous phase. The mixture im- 
mediately turned cloudy. Actual precipitation oc- 
curred rather slowly. however. and was essentially 
complete by standing the mixture in the cold room 
at 4°C for abour 2 days. The precipitate was then 
centrifuged at 12000g for 30 min and the bulk 
ethanol removed by aspiration. The precipitate. 
which was white in color. was vacuum dried over- 
night_ The purity of the product was checked by 
sodium dodecyl sulfate (SDS) polyacrylamide gel 
electrophoresis (see below) before use. This pre- 
paration was repeated once with freshly drawn 
human blood. and the result found was identical- 
Protein concentration was determined by the 
method of Lowry [30] using bovine serum albumin 
as standard. 



-7.4. SDS-polyacrylanzide geI elecrrophoresis. 

The gel used for efectropho~esis was a SDS- 
acrylamide gel with an acryamide concentration 
gradient from 20% at the bottom (positive end) to 
6% at the top [31]_ After the material to be electro- 
phoresed was layered on the top. a constant cur- 
rent of 10 mA was applied for about I2 h. 
PyroninY was used as a front trackin dye to 
determine the actual length of time required. The 
gel was washed in a mixture of 50% methanol/7555 
acetic acid aqueous solution overnight. It was then 
washed in a 7% acetic acid aqueous solution for 
about 30 min. and then in a mixture of 1% peri- 
odic acid and 7% acetic acid solution for 1 h at 
35°C. After several additional washings with 7% 
acetic acid solution for a total of about 4 h to 
remove excess periodic acid. 300 ml of Schiff’s 
reagent (0.46 basic fuchsin in 0.8% sodium 
metabisulfite and 0.1 M HCI, decolorized by 
charcoal filtration before use) were quickly added. 
the trough containing the gel was securely wrapped 
up in an aluminum foil. and the mixture was 
gently shaken in the dark for about 2 h at 35°C. 
The liquid was then carefully aspirated off. and 
the gel washed repeatedly with several 300-ml por- 
tions of 0.5% sodium metabisulfite in 7% acetic 
acid solution, until the washing solution gave a 
negative color reaction to formaldehyde. Addi- 
tional washings with 7% acetic acid solution for a 
total of 3 h removed the excess metabisulfite. 

Subsequent staining of the gel with Coomassie 
brilhant blue was performed by immersing the gel 
in a solution of 0.25% Coomassie blue. 50% 
methanol and 7% acetic acid for 5 h or more. 
followed by destaining of the background with 7% 
acetic acid/50% methanol mixture, The entire pro- 
cedure was carried out at room temperature unless 
otherwise specified. and with continuous gentle 
shaking. 

Approximately 2 mg of the extracted glyco- 
phorin was weighed into a test tube. to which 2 ml 
of 6 M HCl were added, After the protein was 
completely dissolved and the solution degassed. 
the tube was sealed and left in an incubator at 

I IOOC for about 48 h. When the hydrolysis was 
completed, the seal was broken. and the hydro- 
lysate lyophilysed overnight to remove the solvent. 
The dried material was then dissolved in 2 ml of 
citrate buffer (pH 2.2) and its amino acid content 
analysed with a Beckman/Spinco ammo acid 
analyzer. 

A single cohrmn analysis was carried out with a 
30 cm column of Durrum DC-6A resin with a 
protocol using a three-step increase in ionic 
strength. Conventional ninhydrin detection was 
employed [32]. An additional sample containing a 
mixture of known quantities of the common amino 
acids was run under identical conditions to pro- 
vide the calibration standard. 

2.6. Prepurariorz of samples for NMR specwo.wop_~ 

Sonicated bilayer vesicles were precared using a 
Branson Sonifier. A measured quantity of di- 
palmitoyIphosphatidyichoIine was weighed into a 
centrifuge tube. to which a known volume of D,O 
was added. The D,O contained 2 mM of potas- 
sium phosphate and was at pD 7.4 [33]. Sonication 
of the mixture for about 15 min produced a clear. 
almost colorless. transparent solution. This sus- 
pension of bilayer vesicles was centrifuged at 
174OOg for about 30 min to remove metallic par- 
ticles and residual muftilamellar structures from 
the smatt vesicles. The latter was used in alf subse- 
quent NMR and electron microscopy experiments.. 
A known quantity of glycophorin was weighed 
into a 2ml volumetric flask. to which D,Q con- 
taining 2mM phosphate at pH 7.4 ~-as added to 
form a homogeneous solution- The mixture was 
allowed to stand overnight at 4°C to ensure com- 
pfete solubilization of the protein. 

NMR samples containing both biiayer vesicfes 
and glycophorin were prepared by pipetting mea- 
sured quantities of each solution into the NMR 
tube. and the mixture was homogenized with a 
vortex mixer, and incubated at 60°C for about 30 
min before NMR spectra were taken. 

2.7. Preparation of samples for eIecxron rnicroscop_~: 

A typical procedure is as fohows: a drop of the 
vesicle solution (with or without glycophorin}_ di- 



Iuted to about 0.5 mg dipalmitoylphosphati- 

dylcholine/ml. was applied onto a 400 mesh 
copper grid coated with a film of colloidion and 

sprayed with a thin layer of carbon, for about 30s. 
The grid was washed with three drops of staining 
solution (5% phosphotungstic acid. buffered at pH 
7.4 by phosphate). An additional drop of phos- 

phntungstic acid was then applied to the grid for 
about 30s. and the grid was blotted dry by a piece 
of fine filter paper. The grid was allowed to dry 
overnight prior to observation under a Hitachi- 

Perkin Elmer HU-I lC-1 electron microscope oper- 

ating at 75 kV. 

3. Results and discussion 

Glycophorin can be identified and its purity 

determined using SDS-polyacrylamide gel electro- 

phoresis coupled with periodic acid-Schiffs rea- 

gent (PAS) and Coomassie brilliant blue double- 

staining technique_ 

When stained for carbohydrate by the PAS 

procedure_ the electrophorogram of both the iso- 

lated glycophorin as well as the glycophorin- 

containing erythrocyte ghosts gave the characteris- 
tic three-band pattern in pink as reported earlier 

by Fairbanks et al. [34]. Heating of the glyco- 

phorin sample prior to electrophoresis did not 

appear to have a noticeable effect on the relative 
intersities of these three bands. I: was found that 

the vveaker ‘bands II and III could be removed 

with Sephadex-100 column chromatography_ Thus. 

it appears that bands 1. II and III are due to 
different species not easily interconvertible. rather 
than aggregates of different sizes of the same 
species. This conclusion agree with some previous 

vvork [35]. but not others [36]. 

Subsequent staining of the gel with Coomassie 

brilliant blue revealed no additional bands with 
glycophorin. The pattern of the ghosts contained 
many additional bands similar to those reported 

earlier [37] in addition to the glycophorin bands 

which remained pink (fig. I). 

The PAS I band of glycophorin was also ob- 

served by staining the gel with Coomassie brilliant 

blue alone. In this case the PAS I band is very 
faint. observable only with heavy staining and 

could be masked if other stronger bands were 

present nearb;. For example. this band was usu- 
ally not observed with the ghost because of the 
stronger bands III and IV located just above and 

below it. The position of this band is identical to 
that revealed by PAS staining. and is definitely not 
band III as has been claimed 181. at least as 
determined in this gel system. 

The result of amino acid analysis is shown in 

table 1. The experimental error of this method of 

determination is =C 10% It can be seen that. 

within esperimental error. the amino acid content 

of our glycophorin sample is compatible with that 
reported earlier [l]_ The molar percentages of 
alanine and leucine were somewhat higher than 

the published results. whereas those of serine and 

proline were lower. We do not consider these 
discrepancies serious and believe that the protein 

vve worked with was the same glycophorin used by 

others. 

3. -7. Iizreraction of esternaih added g&cophorin wirh 

lipid hilq,er vesicles 

Upon the addition of glycophorin to di- 

palmitoylphosphatidylcholine vesicles. and a sub- 
sequent incubation period of 30 min. changes in 

the turbidity of the vesicle solution were noticed. 
This observation is similar to that when other 

polypeptides such as alamethicin or poly(r- 
glutamic acid) [22.23] were added to lipid vesicle 

solution. However. in contrast to the situation with 

alamethicin which causes severe cloudiness and 
large alteration in homogeneity of the magnetic 
field of the vesicle sample. the changes in the 
glycophorin-containing vesicle solution was rela- 
tively mild. A measurement of the intensities of 

both the choline methyl and fatty acid chain meth- 

ylene protons as a function of glycophorin con- 

centration revealed that both signal intensities de- 

crease with increases in glycophorin in the sample 
(fig. 2) This suggests that some change in the 

physical state of the vesicles has occurred. and we 

have confirmed this expectation with electron mi- 

croscopy observation_ 
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!: -.-;.ds revealed by negative-stain electron mi- 

crosccp~ that the glycophorin caused coagulation 
of vrsi-les. Fig. 3 shows that. in specimens contain- 

ing onI- phosphatidylcholine bilaver vesicles. most 

of the ve:;icles exist as isolated individuals. whereas 
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in specimens containing glycophorin as well. 
vesicles form clusters with one another. In some 
cases the clustering resulted in the compressing of 

vesicles to form stacked rice-shaped structures. Of 

the vesicles that still retain a more or less spherical 
shape. there was little change in their mean diame- 

ter_ hoxvever. in contrast to the situation with 

alamethicin which caused a drastic increase in the 
average vesicle size due to extensive vesicle fusion. 

Thus. externally added glycophorin did not cause 

I:xtensive fusion of vesicles but only coagulation of 

them. 

In a previous study [24]. it was shown that 

fusion of vesicles induced by alamethicin resulted 

in the mixing of the internal contents of the vesicle 

with the external medium. This mixing was de- 
tected using the europium(II1) ion as a para- 

magnetic shift reagent. If Eu’- was added to a 

solution containing the vesicles. two proton NMR 

signals from choline methyl protons could be de- 

tected. corresponding to the methyls in the inner 

and outer monolayers. Fusion results in a merging 
of the two choline signals. 

We added europium(II1) nitrate to the extravrs- 

icuiar solution prior to the addition of glyco- 

phorin. Two detectable signals were observed from 

the methyl groups. No detectable upfield shift of 
the inner choline proton signal was observed. sub- 
sequent to addition of glycophorin. It is concluded 

that the incorporation does not lead to extensive 
fusion of vesicles in which the external and inter- 

nal media are mixed. 

We also attempted to quantify the amount of 

glycophorin strongly associated with lipid bilayer 

vesicles. After an incubation period of about 30 
min at 60°C. the bilayer vesicle/glycophorin mix- 



ture xvas applied to a 30 cm Sepharose 4B column 

and eluted with a solution of 2mkl sodium phos- 

phate buffered at pH 7. The elution profile of the 
lipid vesicles was determined by observing the 

optical density at 300 pm and that of glycophorin 

by determining the amount of sialic acid present in 

each eluent fraction using the method of Warren 

[37]. Results of such determinations are depicted 

in fig.4. It could be seen that some of the glyco- 

phorin was eluted together xvith the major absorp- 
tion peak of bilayer vesicles_ and there xvas a long 
tail probably representing free glycophorin mole- 

cules in solution_ Assuming that each giycophorin 

molecule contains 28 sialic acids. and that the 
molar extinction coefficient of the sialic acid- 

thiobarbituric acid complex is 57000 [37] in their 

experiment. = 10% of the added glycophorin be- 

came associated with the vesicles equivalent to 2 to 

_* protein molecules per vesicle of average size 

350 A. 

We have measured the spin-lattice relaxation 

time (T, ) of the dipalmitoylphosphatidylcholine 

bilayer vesicles at 720 MHz xvith and xvithout the 

presence of glycophorin. The relaxation rates of 
both the choline methyl as xvsll as the chain meth- 
ylene protons are depicted in fig. 5 as a function of 

temperature. It can be seen that the T, values of 
the choline methyl protons are not affected greatly 

by the presence of the glycoprotrin: the small 
effect observed being some\vhat more pronounced 

at lower temperatures. On the other hand. the T, 
of the chain methylene protons xvas decreased xvith 



Fig. 4. Elution profile of vesicles of phosphatidylcholine and 
glycophorin. Phosphorus determinations (0) and sinlic acid 
asay ( + ) arc shown. See text. 

the presence of 0.5% glycophorin in the vesicle 
sample, although the temperature dependence re- 

mained approximately the same. 
The observed values of T, for the phospholipids 

contain contributions from several different re- 

laxation mechanisms and can be expressed as 

T,,;, = T,-- + T,-& + T,-& + T,,‘, -+- T,:, 

where the subscripts refer to the various mecha- 

nisms: D, dipole-dipole coupling; SA, chemical 

shift anisotropy: SC. scalar coupling; SR. spin 
rotation; and Q. quadropolar interactions_ The last 

term can be readily excluded. A substantial body 
of experimental evidence [ 12-271 suggests that the 

other terms, particularly T,r-&’ and T,,; are signifi- 

cant. and are dependent on inter- and intramolec- 
ular motion. incorporating correlation times for 

overall motion of the vesicle (T,.), and motions 

parallel (r,, ) and perpendicular (TV) to the plane 

of the bilayer. 
It has been established that the spin-lattice re- 

laxation rates, at 220 MHz, in phosphatidylcholine 

vesicles are dominated by intramolecular effects 
[38]. Because the number of glycophorin molecules 
incorporated per residue is relatively low. we con- 
sider it justified to assume that intermolecular 

effects are not responsible for the changes in T, 
observed, which then must result from alteration 

of the anisotropic motions of the lipids produced 
by the incorporation of the protein. 

With regard to changes in the vesicle tumbling 

Table Z 

Result of amino acid analysis of giycophorin 

Perccntagc determined a Percentage reported by 
Tomita and Marchesi h 

Ala 7.0 4.7 
A% 4.5 4.6 
As=. c 7.0 6.1 
Glx * 11.4 10.7 
Gly 5.2 4.6 
His 3.2 3.8 
Ile 7.9 7.6 

LCU x.5 6.1 
LVS 4.4 3.8 
Met 1.8 1.5 
Phe 2.2 1.5 
Pro 5.2 6.9 
Ser 10.0 14.5 
Thr 11.0 11.5 
Tyr 3.0 3.1 
\‘a1 8.0 8.4 

a Expressed as ptrcentage of total number of amino acids 
prfZ.CZlt. 

h V.T. March& and M. Tomita, Proc. Nat]. Acad. SC% USA 72 
( 1975) 2964. 

c Asx = Asn + Asp. 
’ Glx=GlniGlu. 

rate. changes in viscosity or coagulation of vesicles 

obviously would cause a decrease in the tumbling 
rate of the aggregate. This point was investigated 

by addition of sucrose to the vesicle suspension_ 

With the presence of i0 or 20% sucrose in the 

sample, the Tl of the chain methylene protons was 

not noticeably affected. The vesicles are probably 

still tumbling with a sufficiently fast rate even in 

the aggregated state with glycophorin so that any 

small change in this rate does not contribute sig- 
nificantly to the spin-relaxation time. 

It has been proposed [21.27] that the effects of 

T,, and TV can be phenomenologically expressed in 

where A and B are constants and o, is the 

frequency of observation_ The observed decrease 

in =-t.ot,s (methylene) might then be the result of an 

increase m Tll, or a decrease in rl, or some combi- 

nation of changes in both values. It appears un- 
likely that the incorporation of a molecule of the 



Reciprocal temperaiure x IO3 deg Km’ 

Fig. 5. Teemperature dependence of the apparent spin-lattice 
relaxation terms of protons of choline head group ( 
---) ar.d methylene side chains (- -. ----)_ with (D. 0) 
and without (0.0) glycophorin. See text. 

size of glycophorin, and subsequent aggregation, 
could lead to a more fluid situation in which 7L 
might decrease_ If, indeed, r,, is truly the variable 
responsible for the decrease in T,_O,,s (methylene). 
then its increase is readily understandable as a 
reduction in rotational isomerization of the lipid 
side chains. Such a reduction would be expected 
for lateral tightening of the bilayer structure, a 
phenomenon proposed earlier for the phosphati- 
dylcholine/polyglutamic acid system [21]. 

The changes in observed signal intensities of 
choline and methylene protons closely parallel each 
other. It seems likely that this reduction of ap- 
parent intensity is the result of transferring the 
signal strength to the undetectable broad signal 
underlying the observed signals [13]. This could be 
the result of either changes in the overall rotation 
of the vesicle aggregates, or from the creation of a 
fraction of the lipids which are more significantly 
immobilized by the added glycophorin than the 

remainder. Since aggregation state and coagula- 
tion are experimentally controlled by the tech- 
niques described here, it is most reasonable to 
conclude that the incorporation of glycophorin 
into small uniiamellar vesicles under the condi- 
tions used here gives rise to a greater restriction of 
the motions of the methylenes of the lipid chain 
compared to the head group. This conclusion is 
confirmatory of that reported recently on the basis 
of 13C-NMR measurements in a similarly recon- 
stituted system 1391. In that case direct observation 
of the partially immobilized chains was possible. It 
is widely accepted that glycophorin is anchored in 
its natural milieu by the interaction of a sequence 
in residues 73-91 of relatively hydrophobic re- 
sidues, with the lipid matrix [I]. Our and other [39] 
observations on the NMR properties of lipids in 
vesicles incorporating glycophorin are consistent 
with the reconstitution leading to a similar struc- 
ture in this artificial case. 
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