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SUMMARY 

1. EDTA-extractable proteins of human erythrocyte membranes can be sepa- 
rated in 8 M urea by isoelectric focussing in polyacrylamide gels. 

2. Subsequent electrophoresis at right angles in sodium dodecyl sulfate-laden 
polyacrylamide shows that most of  the bands hitherto defined by simple sodium 
dodecyl sulfate polyacrylamide gel electrophoresis do not represent single proteins/ 
peptides, but comprise mixtures of  diverse molecular species with different isoelectric 
points. 

3. The high molecular weight sodium dodecyl sulfate bands 1,2,2.1 and 2.2 
possess identical isoelectric points. The isoelectric points of  Band 5 components 
also overlap with those of the Bands l, 2, 2.1 and 2.2. This suggests a structural 
relationship between these entities. 

4. Membranes from different donors show slight variations in the two-di- 
mensional electrophoretic pattern. 

5. The separation techniques presented here provide greater resolution than 
hitherto attained and should prove useful for the detailed analysis and characterisa- 
tion of membrane proteins. 

1NTROD UCTION 

Efforts to separate and characterize proteins of biological membranes continue 
to be hampered by the relative insolubility of  these substances and the difficulty of  
fractionating membrane protein mixtures obtained by various solubilisation proce- 
dures [1-3]. 

In order 1o avoid protein aggregation during electrophoretic separations, 
detergent-electrophoresis systems have been introduced into the field of  membrane 
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research. Analyses of human erythrocyte membrane proteins using electrophoresis in 
sodium dodecyl sulfate-laden polyacrylamide are exemplified by the work of Fair- 
banks et al. [4], whose system and related approaches have established themselves as 
powerful tools in the analysis of certain membrane preparations. However, simple 
sodium dodecyl sulfate polyacrylamide gel electrophoresis suffers from serious 
drawbacks. Thus, protein bands appearing after sodium dodecyl sulfate polyacryl- 
amide gel electrophoresis do not necessarily represent homogeneous molecular species, 
but may comprise aggregates and/or sets of different proteins/peptides with similar 
molecular weights. Also, the biochemist is troubled by the often irreversible destruc- 
tion of biological activity due to sodium dodecyl sulfate, as well as the difficulty of 
removing the detergent from the proteins after separation. Finally, treatment of 
membranes with powerful surfactants such as sodium dodecyl sulfate precludes the 
possibility of defining the neighbor relationships that exist in native membranes. 

Isoelectric focussing is a separation technique which has come into increased 
usage since its introduction into biochemistry by Svensson [5] and Vesterberg and 
Svensson [6]. Its resolution derives from an extremely sensitive separation principle 
and the concentrating effect inherent in the system. The method has recently been 
applied to the separation of urea-extractable membrane proteins of human erythro- 
cytes [7]. However, the results are difficult to interpret because of the lack of a refe- 
rence system. Moreover, prolonged treatment of proteins with urea introduces the 
hazard of artifact due to possible carbamylation of proteins by cyanate contaminating 
the urea. 

We therefore choose to selectively elute erythrocyte membrane proteins with 
EDTA, and subsequently analyse the extract by two-dimensional electrophoresis, 
following isoelectric focussing in urea by sodium dodecyl sulfate polyacrylamide gel 
electrophoresis. This allows substantially greater analytical resolution than hitherto 
achieved and demonstrates the heterogeneity of many bands hitherto defined by 
sodium dodecyl sulfate polyacrylamide gel electrophoresis alone. 

MATERIALS AND METHODS 

Unless otherwise stated, we obtain all chemicals and biochemicals from 
Serva (Heidelberg), Boehringer (Mannheim) and Merck (Darmstadt). We obtain 
ampholines from LKB (Uppsala). We obtain freshly drawn human blood (blood 
group O, Rh positive) in acid citrate dextrose solution. 

We have purified analytical grade urea further by passing 8 M solutions over 
Amberlite MB-3 (column diameter 3.0 cm, height 36 cm), thereafter immediately 
lyophilizing the eluate. An 8 M solution of purified urea shows a conductivity of 
3-5 D/cm, compared with 15-25 ~/cm for an 8 M solution of the commercial product. 
We omit the purification step in later experiments because the electrophoretic pat- 
terns obtained are identical to those with unpurified urea. 

Membrane preparation 
We wash erythrocytes five times in isotonic saline, taking special care to re- 

move the buffy coat. We prepare membranes as described in ref. 8. After 3-4 washings 
with 5 mM phosphate buffer, pH 8, we suspend the membranes to a protein con- 
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centration of about 4 mg/ml. We intentionally do not elute all the hemoglobin, 
because this serves as a marker in the isoelectric focussing experiments. 

ED TA extraction of membrane proteins 
We dialyse ghost suspensions for 36 h at 4 °C against 1000 vol. of 0.5 mM 

EDTA, pH 7.5. We then centrifuge at 9" 10 6 × g "  min (Beckman Ultracentrifuge 
L 2-65 B, rotor SW 50.1). 

Isoelectric focussing 
We use the clear supernatant after EDTA extraction. We make the EDTA 

extract 8 M in urea, shake vigorously and incubate at 37 °C for 10 rain. We employ 
gels 4~o in acylamide cross-linked with 2 .5~  N,N'-methylenebisacrylamide con- 
taining 10~ sucrose and 1 ~ ampholines of pH range 3.5-10.0. We cast the gels in 
glass tubes 0.6 cm in diameter and 18 cm in height, using the following stock solu- 
tions: (A) 7.8 g acrylamide, 0.2 g N,N'-methylenebisacrylamide, 12.5 g sucrose, made 
up to 50 ml with. 8 M urea; (B) ampholine concentrate, pH 3.5-10.0 (40~ ,  w/w); 
(C) sucrose concentrate: 20 g sucrose made up to 50 ml with. 8 M urea; (D) tetra- 
methylethylenediamine; (E) 8 M urea; (F) ammonium persulfate: 50 mg dissolved 
in 4 ml 8 M urea. 

We combine 10 m[ Solution A with 1.0 ml Solution B, 5.0 ml Solution C and 
22.0 ml Solution E, thoroughly degas this mixture, add 2.0 ml of Solution F and 
40 Itl Solution D and then immediately cast gels of 15 cm length. We overlay the 
surfaces with degassed distilled water and allow polymerisation to proceed at 
room temperature for at least 2 h. 

For electrophoresis, we place polymerized gels vertically in a conventional 
disc electrophoresis apparatus accomodating two sets of six gels in each. compartment. 
We use thoroughly degassed solutions of 0.05 M H2SO 4 and 0.03 M NaOH as anodal 
(lower) and cathodal (upper) buffers, respectively. Before sample application, we 
electrophorese at 1 mA/gel for 15 rain to remove residual ammonium persulfate. 

We apply 350-450/~1 samples in 8 M urea containing approximately 750/~g 
of protein to the top of the gels using a microsyringe (Hamilton) to underlay the 
buffer. We keep the current at 0.5 mA/gel during the first 5 h of electrofocussing and 
t~en change to a constant voltage of 40 V/cm, continuing for another 12 h at this 
voltage. At this time the current per gel is about 0.10 mA. The procedure is carried 
out at room temperature (18 °C). 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis 
We proceed essentially as described in ref. 4, using 5 .0~  gels cross-linked to 

2 .5~  with N,N'-methylenebisacrylamide. We use 0.5 cm ×7.5 cm gel discs for one- 
directional runs and 0 . 5 c m × 1 5 c m  gels for two-dimensional studies, employing 
Pyronin G as tracking dye. The electrophoresis buffer is 0.1 M Tris, 0.2 M sodium 
acetate, 0.02 M EDTA, pH 7.4, containing 1.0~ sodium dodecyl sulfate. We elec- 
trophorese at 5 mA per gel at room temperature. 

Two-dimensional polyaerylamide gel electrophoresis 
We proceed essentially as described in ref. 9 with. minor apparatus modifica- 

tions for use with. sodium dodecyl sulfate (Knfifermann, H., Bhakdi, S. and Wallach, 
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D. F. H., in preparation). We use 20 c m × 2 0  cm ×0.5 cm gel slabs with an acryl- 
amide concentration of 5 .0~ ,  cross-linked to 2.5 ~ with N,N'-methylenebisacrylamide. 
We run sodium dodecyl sulfate electrophoreses at 100 mA per gel slab at room 
temperature for about 6 h. We use the same electrophoresis buffer as in the uni- 
directional system, but add sodium dodecyl sulfate to the upper cathodal buffer only. 

Experimental protocol 
For isoelectric focussing we load three gels with identical samples and leave 

one unloaded. After termination of the run, we cut the unloaded gel and one protein- 
containing gel into 5-mm slices with a razor blade, soak each slice in 1 ml of degassed, 
distilled water for 1 h, and subsequently determine the pH gradient. We immediately 
dialyse one of the remaining gels for 1 h at room temperature against electrophoresis 
buffer containing 3 ~o sodium dodecyl sulfate. We then polymerize the gel horizon- 
tally onto an acrylamide gel slab [10] and proceed with sodium dodecyl sulfate 
electrophoresis in the second dimension. The last gel is stained with Coomassie 
Brilliant Blue as given below. 

We run parallel samples treated with sodium dodecyl sulfate alone, or with 
8 M urea plus 3 ~ sodium dodecyl sulfate on 7.5-cm gels according to ref. 4. 

Staining procedures 
Staining following ordinary, one-dimensional sodium dodecyl sulfate electro- 

phoresis is as in ref. 4. However, after isoelectric focussing one must thoroughly 
elute the ampholines prior to staining. We do this by washing for 48 h in isopropanol- 
acetic acid-water (25:10:65; v/v/v), changing this fixative once after 24 h. We then 
stain with Coomassie Brilliant Blue [4]. Because ampholines distribute diffusely upon 
sodium dodecyl sulfate polyacrylamide gel electrophoresis, one must elute these 
also after two-dimensional runs. Before staining we therefore wash five gel slabs in 
i0 1 of fixative, changing the solution once after 24 h. 

Photography of 9els 
We photograph discs and slabs with a Polaroid Land MP-3 camera using a 

Polaroid film Type PN 55. Shutter settings are 11 / 16 and 16/22 for gel discs and slabs, 
respectively. Exposure time is 1 s. 

RESULTS 

EDTA extraction of membrane proteins 
As found by others [1,12] EDTA extracts membrane proteins somewhat 

selectively. This is illustrated in Fig. 1, showing the normal sodium dodecyl sulfate 
polyacryJamide gel electrophoresis pattern of human erythrocyte membranes, that 
of the EDTA extract, and that of the pellet remaining after EDTA extraction. We 
number the electrophoretic bands essentially as in ref. 4, but designate tb.e two most 
rapidly moving components with numbers 7 and 8, respectively. The data show that 
EDTA extracts almost all of  the components with high apparent molecular weights 
(Spectrin) as well as Component 5, and partially elutes Components 4.1-4.3, 6, 7 
and 8. Most of Component 3 remains in the pellet, but the EDTA extract reveals 
several discrete bands in its molecular weight domain (approx. 90 000). 
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Fig. 1. Sodium dodecyl sulfate polyacrylamide gel electrophoresis of human erythrocyte ghosts and 
their derivatives. Left, whole ghosts; center, EDTA extract (see text); right, residue after EDTA 
extract (see text). Numbering of components from top to bottom in order of decreasing apparent 
molecular weight (text). Staining: Coomassie Brilliant Blue. 

Isoelectric focussing o f  the EDTA extract in 8 M urea 
We obtain essentially the same pH gradient as did Merz et al. [7]. The gra- 

dient is non-linear above pH 8.2, probably due to shrinking of the gel at the alkaline 
end. We find identical pH gradients in loaded and unloaded gels. 

Fig. 2, the photograph of a typical gel stained with Coomassie Brilliant Blue, 
together with the corresponding pH gradient, shows the largest number of bands 
around pH 5-6; other bands are distributed over the range of pH 4.5-7.5. Slight 
variations in the electrophoretic pattern occur with samples from different donors. 

Two-dimensional gel electrophoresis 
Fig. 3 shows the staining pattern typically obtained by isoelectric focussing 

of the EDTA extract followed by sodium dodecyl sulfate polyacrylamide gel electro- 
phoresis at right angles. Fig. 4 represents a schematized illustration, which also gives 
the pH gradient and a reference sodium dodecyl sulfate polyacrylamide gel electro- 
phoresis pattern. By running samples in one-dimensional sodium dodecyl sulfate 
polyacrylamide gel electrophoresis together with the two-dimensional separation, the 
different bands found with the latter method can be simply related to conventional 
sodium dodecy! sulfate polyacrylamide gel electrophoresis components. The follow- 
ing correlations can be established: 
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Fig. 2. lsoelectric focussing of EDTA-extractable proteins of human erythrocyte ghosts and the 
colresponding pI-I gradient (see text). Coomassie Brilliant Blue. 

Bands 1, 2, 2.1 and 2.2. Sodium dodecyl sulfate polyacrylamide gel electro- 
phoresis Bands 1,2, 2.1 and 2.2 always arise together from a set of discrete components 
focussing between pH 4.8-6.0. Each component obtained by isoelectric focussing 
yields all four bands. What is defined as spectrin [11, 12] by sodium dodecyl sulfate 
polyacrylamide gel electrophoresis thus seems to comprise a heterogeneous mixture. 
Interestingly, some of the spectrin components possess the same isoelectric points as 
sodium dodecyl sulfate polyacrylamide gel electrophoresis Band 5. 

Band3. Sodium dodecyl sulfate polyacrylamide gel electrophoresis Band 3 
shows a diffuse front, followed by a more sharply defined zone. At least two protein 
entities, the major glycoprotein of human erythrocyte membranes and a non-glyco- 
sylated protein of apparent mol. wt 89 000, lie within this band [1, 4, 13]. These 
components of Band 3 do not appear in EDTA extracts. However, such eluates contain 
several minor peptides which migrate in the region of Band 3 (Fig. 1). Our two-di- 
mensional separations yield 3-4 defined spots on the gel slab, which correspond to 
these minor sodium dodecyl sulfate bands. Their isoelectric points lie near pH 5.5. 
The minor components, which do not resolve in conventional sodium dodecyl sulfate 
polyacrylamide gel electrophoresis, may in part account for the diffuseness of sodium 
dodecyl sulfate polyacrylamide gel electrophoresis Band 3. 
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Fig. 3. Two-dimensional electrophoresis of the EDTA extract, lsoelectric focussing, right to left. 
Sodium dodecyl sulfate polyacrylamide gel electrophoresis, top to bottom. The lake-like material 
at the sodium dodecyl sulfate polyacrylamide gel electrophoresis front represents ampholines used 
in isoelectric focussing. Coomassie Brilliant Blue. 
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Fig. 4. Two-dimensional electrophoretic pattern of EDTA-extractable human erythrocyte membrane 
proteins, schematic illustration. Isoelectric focussing, right to left. The corresponding pH gradient 
is shown on top of the gel slab. Sodium dodecyl sulfate polyacrylamide gel electrophoresis, top to 
bottom. On the left side a schematized unidirectional sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) pattern of the separated proteins, numbered as in Fig. 1. Open circles, 
hemoglobin components. 

Bands 4A and 4B. O n l y  very  smal l  a m o u n t s  o f  these  s o d i u m  dodecy l  sul fa te  
p o l y a c r y l a m i d e  gel e l ec t rophore s i s  c o m p o n e n t s  are  ex t r ac t ed  wi th  E D T A  (Fig.  1), 
a n d  we have  n o t  been  able  to es tab l i sh  the i r  pos i t i ons  on  the t w o - d i m e n s i o n a l  p la te  
wi th  cer ta in ty .  
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Bands 4.1-4.3. These components, which always appear as a series of diffuse 
bands in unidirectional sodium dodecyl sulfate polyacrylamide gel electrophoresis, 
comprise mixtures of a large number of minor membrane proteins. Thus, this mole- 
cular weight region yields at least 15 spots after isoelectric focussing; these scatter 
over a wide pH range. Although EDTA extracts only a part of these peptides from 
the membrane, the two-dimensional electrophoretic pattern is highly reproducible. 

Band 5. This entity always focusses at around pH 4.8-5.2, as do several 
spectrin components. Some differences occur from one donor to the next; in some 
cases, as shown in Fig. 3, only one spot can be visualized, whereas in other cases up 
to three spots are observed. Such variations are always coupled to similar variations 
of the spectrin bands, but the relationships between the components of spectrin 
and of Band 5 do not appear quantitatively constant. 

Band 6. Only small amounts of this component are extracted with EDTA. 
They focus at 2-3 isoelectric points between pH 6.7-8.0. 

Bands 7 and 8. Both the EDTA-extractable components of these sodium do- 
decyl sulfate bands focus as single spots at around pH 4.7 and 5.4, respectively. 
They thus appear the most homogeneous material in the EDTA extract. 

Hemoglobin. Th.e major components of hemoglobin focus around pH 6.8. 
We observe that sodium dodecy[ sulfate does not monomerize this molecule when 
it is present above a critical concentration in the extract. Fig. 3 shows the appearance 
of monomeric, dimeric and tetrameric hemoglobin components in the gel slab. 

DISCUSSION 

Up to now, sodium dodecyl sulfate polyacrylamide gel electrophoresis has been 
the most potent technique for membrane protein analysis. Unfortunately, the method 
suffers from serious inadequacies. 

First, separations proceed only according to (a) particle size and (b) sodium 
dodecyl sulfate binding by the proteins/peptides in a mixture. However, not all oli- 
gomeric proteins monomerize in sodium dodecyl sulfate [i, 14, 15] and not all pro- 
teins/peptides bind sodium dodecyl sulfate in strict proportion to molecular weight 
[1, 16]. Second, since sodium dodecyl sulfate polyacrylamide gel electrophoresis sepa- 
rations involve primarily particle size, peptides of similar molecular weight but diffe- 
rent charge will remain unresolved. 

By linking sodium dodecyl sulfate polyacrylamide gel electrophoresis to a pre- 
ceding, charge-dependent separation, i.e. isoelectric focussing in 8 M urea, we can 
partially resolve the second dilemma and add a new dimension to membrane protein 
fractionation. We find it necessary to precede sodium dodecyl sulfate polyacrylamide 
gel electrophoresis with isoelectric focussing, since sodium dodecyl sulfate cannot 
easily be eluted from membrane proteins and interferes with isoelectric focussing 
because of its charge. It is also convenient to utilize an EDTA-extract initially, since 
EDTA solubilizes almost the same proteins as urea, but avoids the danger of protein 
modification during prolonged treatment with urea containing traces of cyanate. 

Although EDTA extracts membrane proteins selectively and fails to solubilize 
certain major membrane protein components (e.g. sodium dodecyl sulfate poly- 
acrylamide gel electrophoresis Bands 3, 4A and 4B), our two-dimensional analysis 
of such extracts yields important information about erythrocyte membrane proteins. 
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In particular, all of the major sodium dodecyl sulfate polyacrylamide gel electro- 
phoresis components generally thought to be unique polypeptides except Bands 7 
and 8, actually comprise heterogeneous mixtures of components with dissimilar 
isoelectric points, but similar size. The proteins of erythrocyte membranes thus con- 
tain many more than the 6-7 major polypeptides assumed on the basis of sodium 
dodecyl sulfate polyacrylamide gel electrophoresis analysis. For example, Bands 4.1- 
4.3 constitute perhaps 15 different molecular species. Also, although the main com- 
ponents of Band 3 cannot be studied in this system, we can demonstrate that a 
number of minor peptides run in this sodium dodecyl sulfate polyacrylamide gel 
electrophoresis region, particularly in the diffuse front zone of Band 3. 

Turning to the spectrin Bands 1, 2, 2.1 and 2.2 in the sodium dodecyl sulfate 
polyacrylamide gel electrophoresis system, we have recently demonstrated that so- 
dium dodecyl sulfate polyacrylamide gel electrophoresis Bands I and 2 contain at 
least five identical N-terminal acids [17]. By itself, this finding could be interpreted 
in two, non-exclusive ways. First, there could be multiple polypeptide chains, each 
of high molecular weight (about 310 000 for Band I, 290 000 for Band 2), all migrating 
identically in sodium dodecyl sulfate polyacrylamide gel electrophoresis. Second, 
there may exist at least five polypeptide chains of lower molecular weight which ag- 
gregate to form high molecular weight entities, i.e. the spectrin bands. The infor- 
mation presented here, plus knowledge of the N-terminal identity between Bands 
1 and 2 [17], appears consistent with the idea of molecular aggregates comprised of 
lower molecular weight subunits. We therefore tentatively suggest that sodium dode- 
cyl sulfate does not disaggregate the spectrin bands into their true subunits, and that 
the sodium dodecyl sulfate polyacrylamide gel electrophoresis Bands 1, 2, and most 
probably also 2.1 and 2.2 contain the same subunits. It is also possible that urea does 
not dissociate all spectrin components (e.g. sodium dodecyl sulfate polyacrylamide 
gel electrophoresis components I, 2, 2.1, 2.2). These would then focus together in 
urea, but separate in sodium dodecyl sulfate (second dimension) to form a spectrin 
pattern. This association may then represent a near-neighbour relationship. 

The separation technique presented here should prove to be useful in detecting 
subtle differences in membrane proteins. Such might be primary in nature, as in here- 
ditary membrane diseases, or secondary, such as in lymphocyte activation or neoplastic 
conversion. Indeed, we already discern certain discrete variations in the two-dimen- 
sional electrophoretic picture amongst preparations from different donors, and we 
plan to gradually define the normal polymorphism of membrane proteins. 
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