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Spermine (N,N'-bis(aminopropyl) - l ,4-butanediamine)  is a polyamine thought to be important in several cell 
regulatory processes. Previous studies had shown that spermine prevented the lateral diffusion of transmem- 
brane proteins in hmnan erythrocyte ghosts (Schindler et al. (1980) Proc. Natl. Acad. Sci. USA 77, 
1457-1461). In this paper, we present results of studies on the effect of spermine on erythrocyte membranes 
by employing electron spin resonance spin-labeling techniques in conjunction with spin labels specific for 
skeletal proteins, bilayer lipids or cell-surface sialic acid of the membrane and by employing SDS-poly- 
acrylamide gel electrophoresis analysis of extracted spectrin and Triton shells. The major findings are: (1) 
spermine significantly decreases the segmental motion of protein spin-label binding sites ( P <  0.0001), 
which are predominantly on cytoskeletal proteins; (2) addition of spermine leads to a significant increase in 
the rotational motion of spin-labeled terminal sialic acid residues (P  < 0.001), most of which are located on 
glycophorin A, a result which may be secondarily caused by spermine-induced aggregation of cytoskeletal 
proteins and the cytoplasmic pole of this transmembrane sialoglycoprotein; (3) spermine completely inhibits 
the low-ionic strength extraction of spectrin, the major protein of the skeletal network which is attached to 
the bilayer proteins by two or more connecting proteins; (4) pretreatment of ghosts with spermine followed 
by Triton extraction resulted in the retention of significantly increased amounts of Band 3 and other skeletal 
and bilayer proteins including Bands 4.2, 6 and 7 in Triton X-100 shells relative to that of control-treated 
ghosts. These results suggest that spermine acts both to increase protein-protein interactions in the 
cytoskeletal protein network and to bridge skeletal and bilayer proteins and are discussed with reference to 
possible molecular mechanisms by which spermine may influence cell functions. 

Abbreviations: SDS-PAGE, sodium dodecyl sulfate poly- 
acrylamide gel dectrophoresis; PMSF, phenylmethylsulfonyl 
fluoride; TPCK, L-l-tosylamide-2-phenylethyl chloromethyl 
ketone; TLCK, N-a-p-tosyl-L-lysyl chloromethyl ketone; 
MAL-6, 2,2,6,6-tetrametliyl-4-raaleimidopiperidine-l-oxyl; 5- 
NS, 2-(3-carboxypropyl)-4,4-dimethyl-2-tridecyl-3-oxazoli- 
dinyloxyl; [1SN]Ternparnine-d17, 2,2,6,6-[2H12]tetrametliyl_4 - 
amino{2Hs,lSN]piperidine-l-oxyl, 5P8, 5 mM sodium phos- 
phate (pH 8.0). 
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~ u ~ o n  

Polyamines such as spermine (N, N'-bis(amino- 
propyl)-l,4-butanediamine) are thought to be im- 
portant in several cell and membrane phenomena 
such as cell replication, growth and differentia- 
tion, although the molecular mechanisms by which 
these positively charged molecules exert their in- 
fluence are unknown [1,2]. Consistent with the 
widespread importance of polyamines in cell and 
membrane physiology, recent evidence suggests 
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that sperrnine: (a) may act as an intracellular 
messenger to mediate rapid, Ca2+-dependent al- 
terations in membrane permeability to Ca 2+, 
transport of amino acids and hexoses, and endo- 
cytotic shape changes in kidney proximal tubules 
upon stimulation by testosterone or isoproterenol 
[3,4]; (b) is essential for the breakdown of the 
blood-brain barrier in brain edema following cryo- 
genic injury [5]; (c) is oxidized by polyamine 
oxidase to aminoaldehydes which mediate intra- 
erythrocytic death of Plasmodiumfalciparum [6,7]; 
(d) may inhibit iron uptake in rabbit reticulocytes 
by affecting the endocytic cycle of the transferrin 
receptor [8]; (e) binds to lipids leading to de- 
creased membrane fluidity in bean leaves [9], in- 
creased order of erythrocyte membranes [10] and 
increased aggregation of phosphatidylserine 
vesicles [11]; (f) is elevated in erythrocytes in some 
types of cancer [12-14]; (g) stimulates fl-hemo- 
globin chain synthesis to a greater extent than that 
of the a-chain, resulting in a decreased synthetic 
a / f l  ratio [15]; (h) administration leads to in- 
creased production of antibody-forming spleen 
cells and increased polyamine oxidase activity in 
mice antigenically stimulated with sheep red blood 
cells and in mice with tumors [16]. 

Spermine has also been demonstrated to inhibit 
the lateral mobility of transmembrane glycopro- 
teins [17]. The translational mobility of the major 
transmembrane proteins of the erythrocytes, Band 
3 and glycophorin A, was completely halted by 
the addition of approx. 1 mM spermine to mem- 
branes but mobility was unaffected by spermine 
addition to intact cells [17]. In addition, the mem- 
brane shear modulus in intact cells and mem- 
branes was increased by spermine [18]. These re- 
suits were interpreted as evidence that spermine 
interacted with skeletal proteins, thereby decreas- 
ing the ability of transmembrane glycoproteins to 
diffuse in the plane of the bilayer and decreasing 
membrane deformability by stabilization of the 
skeleton. 

In a previous publication from our laboratory 
[10], an initial study of the influence of spermine 
on the physical state of membrane proteins, lipids 
and cell-surface sialic acid residues was presented. 
Additional spin-labeling investigations and SDS- 
PAGE analysis given in the present report provide 
further support for the idea that spermine inter- 

acts with skeletal proteins in human erythrocyte 
membranes resulting in both increased skeletal- 
skeletal and skeletal-bilayer protein interactions 
[10]. In particular, it is suggested that spermine 
bridges skeletal proteins to the major transmem- 
brane protein, Band 3, as well as to other proteins. 

Materials and Methods 

Spermine, phenylmethylsulfonyl fluoride 
(PMSF), L-l-tosylamide-2-phenylethyl chloro- 
methyl ketone (TPCK), N-a-p-tosyl-L-lysine chlo- 
romethyl ketone (TLCK) and 2-mercaptoethanol 
were obtained from Sigma. All electrophoresis re- 
agents were electrophoresis grade from Bio-Rad, 
United States Biochemicals Corporation, or East- 
man Chemicals. The spin labels,, 2,2,6,6-tetra- 
methyl-4-maleimidopiperidine- 1-oxyl (MAL-6) 
and 2-(3-carboxypropyl)-4,4-dimethyl-2-tridecyl- 
3-oxazolidinyloxyl (5-NS), were obtained from Al- 
drich, while the perdeuterated 15N-spin label, 
2,2,6,6-[ 2 H12 ]tetramethyl-4-amino[ 2 H5,15 N]piper- 
dine-l-oxyl ([15N]Tempamine-dxT), was obtained 
from Merck Stable Isotopes. 

Blood was obtained from healthy human 
volunteers by venipuncture into heparinized tubes, 
immediately placed on ice and processed within 
30 min of collection. Intact cells were isolated by 
centrifugation at 4°C at 600 × g and subsequent 
resuspensions and washings in phosphate-buffered 
saline (150 mM NaC1 and 5 mM sodium phos- 
phate, pH 8.0). The erythrocytes were washed 
three times with phosphate-buffered saline and 
the buffy coat was carefully removed. Erythrocyte 
ghost membranes were obtained by hypotonic ly- 
sis with 5P8 (5 mM sodium phosphate, pH 8.0) 
employing 1 vol. of cells to 20 vol. of 5P8, and 
subsequent centrifugation at 4 °C and 27 000 × g. 
The ghosts were resuspended in ice-cold 5P8 and 
this process was continued until the membranes 
were free of residual hemoglobin. Protein content 
was estimated by the method of Lowry et al. [19]. 

Erythrocyte membranes were spin labeled with 
MAL-6 [20-22], 5-NS [20], or Tempamine [23,24] 
as previously described in publications from our 
laboratory. ESR spectra were recorded on a Varian 
E-109 ESR spectrometer equipped with computer 
acquisition and analysis capabilities. Spectrometer 
parameters are given in the legends of Figs. 1 and 
2. 



Spermine solutions were prepared in 5P8 at 
known concentrations of 0.1-9.0 mM. The pH of 
spermine solutions of 1.2-9.0 mM was adjusted to 
8.0 by adding a known volume, V o, of 1 M HC1. 
The error introduced in the concentration of 
spermine was typically less than 1%. A control 
solution was prepared by adding the volume V o of 
a 0.5 M NaC1 solution to a volume of 5P8 equiv- 
alent to the volume of spermine solution prior to 
HC1 addition. The resulting concentration of NaC1 
in the control solution is typically 8-10 mM. 
Serial dilution of a 1.2 mM spermine solution (pH 
8.0) was used to prepare low-concentration sper- 
mine solutions in 5P8 in the concentration range 
0.1-1.0 mM. The pH remained at 8.0 in the latter 
cases. 

4 vol. of ghosts in 5P8 kept at 4°C were 
allowed to equilibrate at room temperature for 15 
min. 1 vol. of spermine solution (final spermine 
concentration 0.02-1.8 raM) or of the control 
solution, previously warmed to room temperature, 
was added to the 4 vol. of spin-labeled ghosts for 
30 rain prior to ESR studies, spectrin removal, or 
Triton X-100 extraction. 

In order to remove spectrin from the mem- 
brane, ghosts were washed once in spectrin-re- 
moval buffer (SR buffer: 0.1 mM EDTA, 0.1 mM 
PMSF, 0.1 mM TLCK and 0.1 mM TPCK and 0.1 
mM 2-mercaptoethanol, pH 7.6) by centrifugation 
at 27000 × g at 4°C. The supernatant was 
aspirated and the ghosts were resuspended to twice 
their original volume in ice-cold SR buffer. The 
extraction proceeded for approx. 40 h at 4°C 
after which the residual membrane pellet was then 
packed by centrifugation for 1 h at 27 000 x g and 
4 ° C. The supernatant was carefully removed in 
order to avoid contamination by any protein in 
the pellet and stored at 4°C for protein and 
polyacrylamide gel electrophoresis (PAGE) analy- 
sis if they were to be performed on the same day. 
Otherwise, all samples were frozen in liquid 
nitrogen and stored at - 1 0  °C until used. PAGE 
was performed according to the method of Laem- 
mli [25] employing an 11 cm resolution gel of 10% 
acrylamide and a stacking gel of 3.5% acrylamide. 
Electrophoresis was carried out at room tempera- 
ture with 2.5 mA per gel tube. Gels were stained 
in 0.5% Coomassie blue and scanned at 580 nm 
with an ISCO gel spectrophotometric gel scanner. 
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The erythrocyte skeletal network of proteins 
and a small amount of some integral proteins 
('Triton shells') can be extracted from ghosts as a 
unit employing the non-ionic detergent Triton X- 
100 [26]. 'Triton shells' were extracted from 1 vol. 
of ghosts pretreated with spermine or control by 
incubation with 5 vol. 0.5% Triton at 0°C for 20 
min and centrifuged at 27 000 x g for 30 rain at 
4 o C. The supernatant was carefully removed leav- 
ing a gelatinous pellet consisting of skeletal pro- 
teins and attached transmembrane proteins as 
described by others [26]. The supernatant was 
stored at 4°C for protein and PAGE analysis if 
they were performed the same day, or frozen in 
liquid nitrogen and stored at - 1 0 ° C  until used. 
PAGE was performed according to method of 
Laemmli [25] employing a 4% stacking gel and a 
10% acrylamide slab resolution gel and was car- 
ried out at room temperature with 25 mA per slab 
gel. The gel was stained with Coomossie blue and 
scanned at 580 nm with an ISCO spectrophoto- 
metric gel scanner. 

R ~  

Spectrin, the major skeletal protein of the 
erythrocyte membrane largely exists in a tetra- 
meric state of aggregation of two heterodimers 
consisting of a- and fl-spectrin [27]. Spectrin and 
the skeletal network of proteins are thought to be 
attached to transmembrane bilayer proteins in at 
least two ways: spectrin is held to a fraction of 
transmembrane Band 3 molecules via Band 2.1 
[27,28] and is also attached via Band 4.1 to glyco- 
phorin A, the major transmembrane sialog- 
lycoprotein [28]. 

In order to determine whether the physical 
state of skeletal membrane proteins was altered by 
spermine, the protein-specific spin label, MAL-6, 
was used. MAL-6 binds primarily to cysteine SH 
groups of membrane proteins [20]. Under labeling 
conditions employed in our laboratory 70-90% of 
MAL-6 is covalently bound to spectrin and the 
cytoplasmic pole of Band 3 [20,21]. Others have 
confirmed this location of MAL-6 in erythrocyte 
ghosts by protein extraction and immunological 
techniques [29,30]. A typical spectrum of MAL-6 
attached to membrane proteins is shown in the 
top spectrum of Fig. 1. The M I = + 1 low-field 
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Fig. 1. Typical ESR spectra of MAL-6- (top), 5-NS- (middle) 
and [lSN]Tempamine-dlT- (bottom) labeled erythrocyte ghosts. 
Relevant spectral parameters from which the W/S ratio and 
order parameter are calculated from the spectra of MAL-6 and 
5-NS, respectively, are indicated. In the ease of the spectrum of 
[15N]Tempamine-d17 the rotational correlation time is calcu- 
lated by well-established equations [24] employing the single 
crystal anisotropic T-tensor values of 2,2,6,6,-[2H12]tetra - 
methyl'4-maleimido[2Hs,lSN]piperidine-l-oxyl [41]. Instru- 
ment settings: MAL-6, 100 G scan width, 0.32 G modulation 
amplitude, and 16 mW power incident on the resonant cavity; 
5-NS, 100 G scan width, 0,32 G modulation amplitude, and 18 
mW power; [lSN]Tempamine-d17 40 G scan width, 0.32 G 

modulation amplitude, and 16 mW power. 

resonance lines of this spectrum are illustrated in 
Fig. 2. The spectrum of MAL-6 demonstrates the 
presence of at least two different classes of mem- 
brane protein SH binding sites for this spin label, 
discernable by their motion: those that are strongly 
immobilized (S sites) and those that are weakly 
immobilized (W sites). W sites are located in a 

highly polar environment as judged by the elec- 
tron-nuclear hyperfine coupling constant of MAL- 
6 bound to erythrocyte membranes  [20]. Based on 
ascorbate decay kinetics, S sites are likewise in a 
polar environment, locations consistent with vari- 
ous reports noted above that nearly all the spin 
label is found on spectrin and the cytoplasmic 
pole of Band 3 [20,29,30]. 

The ratio of the ESR spectral amplitude of the 
low-field weakly immobilized component  to that 
of the strongly immobilized component  ( W / S  
ratio) has been shown repeatedly by us and others 
(reviewed in Refs. 20, 32, 33) to be a convenient 
and highly sensitive monitor  of the conformation 
and organization of membrane  skeletal proteins 
and is reflective of the segmental motion of pro- 
tein binding sites. For  example, we recently dem- 
onstrated, employing MAL-6 spin-labeling tech- 
niques, that the state of aggregation of spectrin 
(tetramer or dimer) greatly influenced the pro- 
te in-prote in  interactions in the erythrocyte mem- 
brane skeletal network: the W / S  ratio of MAL-6 
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Fig. 2. Typical ESR spectrum of the low-field (M l = + 1) lines 
of MAL-6 covalently attached to membrane proteins. The 
spectral amplitudes of the low-field strongly and weakly im- 
mobilized spin label binding sites are given by S and W, 

respectively. 



TABLE I 

C O N C E N T R A T I O N  D E P E N D E N C E  OF  SPERMINE ON 
T H E  PHYSICAL STATE OF  M E M B R A N E  PROTEINS IN 
H U M A N  E R Y T H R O C Y T E  GHOSTS AS M O N I T O R E D  BY 
T H E  W / S  RATIO OF MAL-6 

M e a n ± S . D .  of  the W / S  ratio values are presented. Each 
concentration of spermine was separately controlled to pH 8.0 
and ionic strength as described in Materials and Methods.  P 
values were calculated by a Student 's t-test, n.s., not  signifi- 
cant. 

Spermine W / S  ratio N P 
(mM) (% of control) 

0.00 100 2-17  - 
0.02 98.5 ± 3.5 2 n.s. 
0.06 97.5 ± 7.8 2 n.s. 
0.20 70.5 ± 0.7 2 < 0.02 
0.60 58.5 ± 8.4 4 < 0.001 
1.20 56.2±7.5 17 < 0.0001 
1.80 51.2 ± 5.4 4 < 0.0001 

could be reversibly cycled (normal-increased- 
normal) with the reversible cycling of tetrameric 
to dimeric to tetrameric spectrin on the erythro- 
cyte membrane [10]. Additionally, we reported 
that polyphosphates, known to disrupt skeletal 
protein-protein interactions, increased the W/S  
ratio of spin-labeled erythrocyte membranes [22]. 
Others [31] have indicated that our MAL-6 spin- 
labeling method [20,21] yields highly reproducible 
spectra that can be used with confidence. 

Table I shows that spermine (0.02-1.8 mM) 
reduced the W/S  ratio of MAL-6 in a concentra- 
tion-dependent manner. At low concentrations 
(0.02-0.06 raM), spermine caused no alteration in 
the physical state of skeletal proteins relative to 
control. However, over the concentration range of 
0.6-1.8 mM, a reduction of nearly 50% in the 
W/S  ratio was found (P ranges from < 0.001 to 
< 0.0001), suggesting that this polyamine pro- 
duced a highly significant reduction in the seg- 
mental motion of spin-labeled binding sites. The 
half-maximal effect of spermine occurred at ap- 
prox. 0.2 mM. These results are consistent with 
spermine causing an increase in protein-protein 
interactions in the skeletal network. 

Decreased values of the W/S  ratio of MAL-6 
caused by spermine could be due to either a 
redistribution of W sites to S sites with no change 
in linewidth or to direct changes in linewidth or to 
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a combination of both effects. Detailed spectral 
analysis of the more narrow W peak indicated that 
no change in linewidth occurred upon addition of 
spermine relative to that in control MAL-6 spec- 
tra. It is, therefore, suggested that spermine in- 
duced a redistribution of W sites to S sites. Fur- 
ther, it should be noted that the pH was con- 
trolled at 8.0 and the ionic strength of spermine in 
these experiments was approx. 10-times less than 
the ionic strength needed to reduce the W/S ratio 
to the levels in Table I, as shown in previous 
studies from our laboratory [20,21]. In addition, 
there was no significant difference in the reduc- 
tion of the W/S  ratio by spermine at concentra- 
tions from 0.6 to 1.8 mM (Table I). Consequently, 
it is unlikely that the osmolarity or ionic strength 
of spermine is solely responsible for the large 
reduction in the W/S  ratio implying that this 
polyamine decreases the segmental motion of 
spin-label binding sites on skeletal proteins. 

Sialic acid of membrane glycoproteins (70% of 
the total siahc acid is on glycophorin A [34]) was 
specifically spin labeled with perdeuterated, 
[15N]Tempamine-d17 employing reductive amina- 
tion methods as reported from our laboratory [24]. 
A typical spectrum of spin-labeled sialic acid in 
erythrocyte membranes is presented in Fig. 1 (bot- 
tom). The effect of 1.2 mM spermine was moni- 
tored by calculation of an apparent rotational 
correlation time, "r, of spin-labeled sialic acid as 
described previously [24]. ~- can be conceptualized 
as the time required for spin-labeled sialic acid to 
rotate through an angle of one radian [20,23,24]. 
The smaller the value of ~, the faster the rota- 
tional motion of this spin-labeled carbohydrate. 
Spermine was found to increase the motion of 
sialic acid by nearly 40% (P < 0.001, Table II). 

Since spectrin and the skeletal network are 
reportedly coupled to glycophorin A via Band 4.1 
[28], it is conceivable that skeletal protein-protein 
interactions enhanced by spermine could second- 
arily induce changes in the physical state of sialic 
acid on the opposite side of the membrane. Alter- 
natively, changes in the sialic acid environment 
caused by spermine could conceivably secondarily 
cause alterations in skeletal protein-protein inter- 
actions. In order to make a decision between these 
two alternatives, we treated intact cells with neur- 
aminidase, an enzyme which selectively cleaves 
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TABLE II 

EFFECT OF SPERMINE (1.2 mM) ON THE PHYSICAL STATE OF ERYTHROCYTE MEMBRANE PROTEIN, SIALIC ACID 
AND LIPIDS AS MONITORED BY ESR SPIN-LABELING TECHNIQUES 

Values are means 5: S.D. (number of samples). P values were calculated by a two-tailed Student's t-test. 

Control (n)  Spermine ( n ) P 

Protein 
MAL-6-1abeled ( W / S  ratio) 
Ghosts with sialic acid present 5.43 5:0.54(15) 3.09 5:0.63(15) < 0.0001 
Ghosts with sialic acid removed 4.99 5: 0.43(6) 2.86 +_ 0.26(5) < 0.0001 

Sialic acid 
Tempamine labeled (7) (n.s.) 0.301 5: 0.043(6) 0.181 + 0.033(6) < 0.001 

Lipid 
5-NS-labeled (order) 
Ghosts 0.694 + 0.005(11 ) 0.704 + 0.004(5) < 0.001 
Spectrin-depleted ghosts 0.694 + 0.003(4) 0.703 + 0.003(4) < 0.005 
Isolated lipids 0.672 5: 0.003(4) 0.685 + 0.004(4) < 0.005 

terminal sialic acid, and spin labeled subsequently 
prepared ghosts with MAL-6. Spermine addition 
to these protein-specific labeled membranes with 
greater than 90% of the sialic acid removed caused 
an approx. 50% decrease in the W / S  ratio (Table 
II), a result statistically indistinguishable from that 
observed for spermine added to MAL-6-1abeled 
ghosts with sialic acid present. This finding sug- 
gests that spermine may alter the motion of sialic 
acid through a secondary effect resulting from 
decreased segmental motion of spin-label binding 
sites on skeletal proteins and subsequent altered 
skeletal-glycophorin A interactions. 

The effect of spermine on the lipid bilayer was 
investigated employing the lipid-specific spin label, 
5-NS [20]. 5-NS was used to determine the average 
relative orientation of phospholipids in the lipid 
bilayer by calculation of the order parameter, S, 
from experimental parameters denoted in Fig. 1 
[20]. The order parameter was slightly but signifi- 
cantly increased by spermine addition to erythro- 
cyte membranes, isolated lipids, and spectrin- 
depleted ghosts which may imply a small ordering 
effect of this polyamine on lipid orientation (Ta- 
ble II) [10]. 

To gain further insight into the interactions of 
spermine with skeletal and bilayer proteins, SDS- 
PAGE analysis of the effect of spermine on spec- 
trin extraction and Triton extraction was per- 
formed. Spectrin and several other proteins are 

easily removed from control membranes by the 
spectrin extraction procedure described in Materi- 
als and Methods (Fig. 3A) and spectrin is concom- 
itantly lost from the residual pellet of control 
ghosts (Fig. 3B). In spermine-treated ghosts, how- 
ever, the situation is quite different. No detectable 
spectrin, actin or Band 4.1 (three of the compo- 
nents of the erythrocyte skeletal network) are ex- 
tracted in the presence of spermine (Fig. 3C) 
under the low temperature, low ionic strength 
conditions described above. The residual pellet 
still contained these proteins (Fig. 3D) (compare 
with the trace of untreated ghosts subjected to 
PAGE in a separate experiment (Fig. 3E)). 

The above results suggested that spermine may 
be blocking the release of spectrin by bridging this 
protein to other proteins in membrane. We 
wondered if these other proteins were skeletal or 
bilayer proteins. It is known that the spectrin 
extraction procedure used in these experiments 
releases not only spectrin, predominantly in the 
tetrameric form, but also a high-molecular-weight 
complex consisting of spectrin, actin and Band 4.1 
from control ghosts [35] and fnat the non-ionic 
detergent, Triton X-100, can be used to extract all 
cytoskeletal proteins and a fraction of bilayer 
proteins, such as Band 3 [26]. Consequently, the 
idea that spermine enhanced not only skeletal 
protein-protein interactions but also skeletal- 
bilayer protein interactions was tested employing 
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Fig. 3. The supernatant of ghosts exposed to SR buffer in the 
presence of 2-mercaptoethanol or the membrane residue after 
spectrin extraction treatment were subjected to SDS-PAGE 
under reducing conditions. Prior to the spectrin extraction 
treatment, the ghosts had been treated with the following 
solutions: A and B, 5P8; C, D, 1.8 mM spermine in 5P8. A and 
C represent PAGE gel profiles of the supernatant following 
spectrin extraction, B, D of the residual membrane pellet. E is 
a gel profile of untreated control ghosts. Protein designation: 1 
and 2, spectrin; 3, Band 3; 4.1, Band 4.1. The arrows on the 

left of each scan indicate the top of the gel. 

Triton X-100 extraction of ghosts pretreated with 
spermine or control as described in Materials and 
Methods. The resultant SDS-PAGE gel profiles of 
Triton pellets are shown in Fig. 4. Fig. 4A demon- 
strates that the residual proteins from control 
Triton shells include the skeletal proteins spectrin, 
Band 4.1a, 4.1b and actin and a small amount of 
the transmembrane protein, Band 3 as expected. 
However, the gel profile of the Triton shell of 
spermine-treated ghosts (Fig. 4B) indicates the 
presence of additional proteins which include: sig- 
nificantly more Band 3 (about 4-times as much 
relative to Band 2 compared to control, as de- 
termined by peak measurements) and Bands 4.2, 
4.9, 6 and 7. We, therefore, conclude that sper- 

I 2 2.1 3 4.1 a&b 4.9 5 6 7 

BANDS 

Fig. 4. SDS-PAGE gel profiles of residual pellets of Triton 
X-100 extraction of control (A) or spermine-treated (B) ghost 
membranes. The 'Triton shells' were subjected to electrophore- 
sis as described in Materials and Methods and the gels were 
scanned at 580 nm. Protein band definition: 1 and 2, spectrin; 
2.1, ankyrin; 3, Band 3; 4.1a and b, Band 4.1a and Band 4.1b; 

4.9, Band 4.9; 5, actin; 6, Band 6; and 7, Band 7. 

mine does bridge spectrin to bilayer proteins in 
human erythrocyte membranes. 

Discussion 

Spermine was observed to cause a pronounced 
decrease in the segmental motion of spin-labeled 
skeletal proteins in human erythrocyte membranes 
(Table I). Approx. 16% of Band 3 molecules are 
reportedly linked to the fl-subunit of spectrin by a 
210 kDa, highly basic protein, termed ankyrin (or 
syndein) [27]. The basic nature of ankyrin plus its 
extreme sensitivity to trypsin [36] suggest that this 
protein is rich in positively charged lysine and /o r  
arginine residues. Spectrin, however, is rich in 
negatively charged residues, aspartic and glutamic 
acid [37], as is the cytoplasmic portion of Band 3 
[38]. Ankyrin presumably serves in part as an 
electrostatic bridge between spectrin and some 
Band 3 molecules. That the mode of interaction of 
sperrnine with the erythrocyte membrane is elec- 
trostatic was evidenced by our earlier findings that 
the effect of spermine on the physical state of 
membrane proteins determined by spin-labeling 
methods with MAL-6 could be abrogated by 
washing treated membranes with the high ionic 
strength buffer, phosphate-buffered saline [10]. 
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Washings with 5P8, a low ionic strength buffer, 
did not abrogate this effect [101. 

The bridging of Band 3 and possibly glyco- 
phorin A to spectrin by spermine would account 
for the observation by Schindler et al. [17] that in 
spermine-treated erythrocyte ghosts, transmem- 
brane glycoprotein lateral diffusion no longer oc- 
curred and also would account for the results in 
Fig. 3 which show that spectrin cannot be ex- 
tracted under the usual conditions in the presence 
of this polyamine. In addition, spermine pretreat- 
ment of ghosts subjected to Triton extraction re- 
suited in the retention of significantly more Band 
3 and additional bilayer and skeletal proteins, 
namely Bands 4.2, 4.9, 6 and 7 in the Triton shell 
compared to that of control-treated ghosts (Fig. 
4). This result further supports the idea that 
spermine acts to increase protein-protein interac- 
tions in the cytoskeleton and to bridge skeletal 
and bilayer proteins. These results are also con- 
sistent with the finding that spermine decreased 
the deformability of erythrocytes, presumably due 
to skeletal stabilization [17,18]. 

Spectrin is also thought to be attached to glyco- 
phorin A through Band 4.1 [28]. In the present 
study, spermine added to the membrane produced 
a 40% increase in the motion of sialic acid, most 
of which is on this glycoprotein. There is but little 
known about the topology of glycophorin on the 
external membrane surface. Model calculations 
suggested that this sialoglycoprotein is hydrogen- 
bonded to the lipid bilayer head groups [39]. While 
the molecular details by which increased motion 
of sialic acid occurred upon addition of spermine 
(Table II) are not known, it is possible that sper- 
mine increased the aggregation of the cytoplasmic 
pole of glycophorin A with the skeletal network 
which would likely result in decreased segmental 
motion of spin-labeled skeletal proteins (as sug- 
gested by the decreased W / S  ratio of MAL-6 
(Table I)). This alteration in the conformation of 
glycophorin A would, presumably, then free sialic 
acid from putative steric or electrostatic con- 
straints [39], thereby increasing its motion. 

We found that spermine slightly increased the 
order of the lipid bilayer in erythrocyte mem- 
branes, in spectrin-depleted ghosts, and in isolated 
lipids (Table II) [10]. These results are consistent 
with the results from other laboratories indicating 

that spermine leads to increased aggregation of 
phosphatidylserine vesicles [11] and decreased bi- 
layer fluidity of bean leaf membranes [9]. Since 
the small effect of spermine was found in lipids 
isolated from protein of the erythrocyte mem- 
brane (Table II), this ordering effect may be inde- 
pendent of the presence of protein, which would 
suggest that spermine may also bind directly to 
lipids, presumably by electrostatic interaction with 
polar or charged head groups. 

Although molecular mechanisms are not yet 
known, the bridging of the skeletal network to 
transmembrane proteins suggested in the present 
study may be one mode by which polyamines 
influence cell regulatory processes such as differ- 
entiation [1,2], transport [3,4], information trans- 
fer across cell membranes [3,4] and diffusion of 
transmembrane proteins (e.g., receptor formation, 
endocytosis and mitogenesis). In addition, the re- 
ported increased levels of spermine in sickle cell 
erythrocytes [40] and certain tumors [12-14] raises 
the possibility that the skeletal network of pro- 
teins interacts abnormally under these pathologi- 
cal conditions. 
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