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The stability of the human erythrocyte membrane skeletal network is reported to be dependent on the state 
of aggregation of spectrin and decreased or increased by polyphosphate anions or the polyamine, spermine, 
respectively. We have employed polyacrylamide gel electrophoresis and electron spin resonance (ESR) 
utilizing spin labels specific for membrane proteins, bilayer lipids, or cell-surface sialic acid in order to gain 
insight into these observations and into the reliability of the ESR spectra of the protein-specific spin label 
used to correctly report the interactions of the skeletal protein network The major findings are: (1) We 
confirm previous reports that the preferred state of spectrin aggregation in the skeletal network is tetramenc 
and that spectrin can be reversibly transformed to dimeric spectrin and back to tetrameric spectrin on the 
membrane. (2) The ESR spectra of the protein specific maleimide spin label employed accurately reflect the 
state of aggregation of spectrin. (3) As dimerlc spectrin is increased on the membrane or when 2,3-bis- 
phosphoglycerate was added to spin-labeled membranes, increased segmental motion of protein spin label 
binding sites reflecting decreased protein-protein interactions in the skeletal network is observed ( P < 0.002 
and P < 0.005, respectively). (4) Conversely, as protein-protein interactions between skeletal proteins or 
between skeletal proteins and the bilayer are increased by spermine (reflected in the total inability to extract 
spectrin from the membrane in contrast to control membranes), highly decreased segmental motion of the 
protein specific spin label binding sites is observed ( P  < 0.005). (5) The dimeric-tetrameric state of spectrin 
aggregation on the membrane does not have influence on the order or motion of bilayer lipids nor on the 
rotational rate of spin-labeled, cell-surface sialic acid, a result also observed when protein-protein interactions 
were decreased by 2,3-bisphosphoglycerate. In contrast, increased protein-protein interactions by addition of 
spermine produced a small, but significant, increase in order and decrease in motion of bilayer lipids near the 
membrane surface as well as a nearly 40% decrease in the apparent rotational correlation time of spin 
labeled, cell surface sialic acid ( P  < 0.002). These latter observations are discussed with reference to possible 
associations of phospholipids and the major, transmembrane sialoglycoprotein with the skeletal protein 
network. 

Introduction 

* To whom correspondence and repnnt requests should be The cytoplasnuc side of the erythrocyte mem- 
addressed brane ts covered by a meshwork of proteins known 
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as the skeletal network A number of membrane 
roles have been found for the skeletal network 
including cell shape, deformability, substrates for 
certam membrane enzymes (e g ,  protein kmase), 
and control of the lateral diffusion of transmem- 
brane glycoprotelns [1-5] The major skeletal pro- 
teln ~s spectrm which consists of intertwined a- 
and fl-chalns to form heterodlmers that associate 
to form head-to-head tetramers [6] Higher 
ohgomers of spectrm may exist [7] The skeleton 
consisting of spectrm, actm, band 4 1, and possi- 
bly band 4 9 [1] is attached to the bdayer by a 
hnkage of spectrln to a fraction of the major 
transmembrane protein band 3 through band 2 1 
[8,9] Band 4 1 is apparently attached to the bl- 
layer thereby providing a second skeletal binding 
site to the membrane although the exact nature of 
the hnkage is not fully understood Whether the 
hnkage is through the minor glycoprotem (PAS-2) 
[10], the major slaloglycoprotein (glycophorin A) 
[11], both of these glycoprotems, or negatively 
charged phosphollplds [12,13] is not known for 
certain 

Genetic hemolytic anemms with mcreased 
amounts of dlmenc spectrm or altered spectrln- 
band 41 interactions, both with consequent 
skeletal protein lnstabihty are known [14-16] The 
p o l y p h o s p h a t e  metaboh te ,  2 ,3-b lsphospho-  
glycerate, is reported to disrupt skeletal protein 
assocmt~ons and permit a faster lateral transla- 
tional diffusion of transmembrane glycoproteins in 
the plane of the bllayer [5,17] 

The electron spin resonance techmque of spin 
labehng employing spin labels specific for the lipid 
bllayer [18], cell-surface carbohydrates [19-22], and 
membrane proteins [23-26] has provaded insight 
mto membrane structure and funcuon in normal 
[27,28] and disease state [23,29,30] membranes An 
often used protein-specific spin label, 2,2,6,6-tetra- 
methyl-4-malelmldoplpendlne-l-oxyl (MAL-6) is 
covalently bound primarily to skeletal proteins 
(spectrln, actin, Band 4 1), band 2 1, and the cyto- 
plasmic pole of band 3 [23,24,26,31] In order to 
gain more insight into the rehablhty of the ESR 
spectra of MAL-6 to accurately reflect membrane 
protein-protein interactions occurring in the mem- 
brane skeleton, to determine ff the state of aggre- 
gation of spectrln has any effect on the physical 
state of membrane proteins, bllayer hplds, and 
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cell-surface slahc acid, and to investigate the spa- 
tml relationship of glycophorm A with the skeletal 
network, a series of spin-labeling experiments was 
performed 

Methods 

Chemtcals 
Phenylmethylsulfonyl fluoride (PMSF), L-I- 

tosylamlde-2-phenylethyl chloromethyl ketone 
(TPCK), N"-p-tosyl-t-lyslne chloromethyl ketone 
( T L C K ) ,  2 , 3 - D P G ,  s p e r m l n e ,  and  2- 
mercaptoethanol were obtained from Sigma All 
electrophoresls chemicals were electrophoresls 
grade from Bio-Rad, United States Biochemical 
Corporation, or Eastman Chemicals The spin 
labels, 2,2,6,6-tetramethyl-4-malelmidoplperldlne- 
1-oxyl (MAL-6) and 2-(3-carboxypropyi)-4.4-dl- 
methyl-2-trldecyi-3-oxazohdlnyloxyl (5-NS) were 
obtained from Aldrich, while the perdeuterated, 
l~N-spln label, 2,2.6,6-[2Hl~]tetramethyl-4-  
amino[ ~- H s,1 s N]plper id lne- l -oxyl  ([l~ N]Tem-  
pamine-d17 ) was obtained from Merck Stable Iso- 
topes Ultraviolet spectroscopy and melting point 
analyses showed that no ~somalelmlde was present 
in the MAL-6 preparation 

Preparation of membranes and spm labehng 
Blood was obtained by venlpuncture into 

heparinlzed tubes, immediately put on ice, and 
processed within 30 mln of drawing blood Intact 
cells were isolated by centrlfugatlon at 4°C at 
600 × g and three subsequent resuspensions and 
washings in PBS(P) buffer (5 mM sodium phos- 
phate, 150 mM NaC1, pH 8 0 buffer containing 0 1 
mM TPCK, 0 1 mM TLCK, and 0 1 mM PMSF) 
Ghosts were obtained by osmostlc lysls of washed 
cells at 4°C using 5P8(P) buffer (5 mM sodium 
phosphate buffer, pH 8 0 containing all the pro- 
tease lnhlbltors used in PBS (P) at the concentra- 
tions noted) and subsequent washings at 4°C and 
2 7 0 0 0 × g  in this buffer until hemoglobin-free 
ghosts were obtained 

Selective spin labeling of membrane proteins 
and slahc acid with MAL-6 and [l~N]Tempamlne- 
dl7, respectively, were performed at 4°C as previ- 
ously described [19,23,24] prior to any spectrln 
transformations Spin labeling of the lipid bllayer 
with 5-NS was performed as previously described 
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V .  
F~g 1 A typical spectrum of the M I = + 1 low-field hnes of the 
ESR spectrum of the plpendme malelmlde spm label ts pre- 
sented The spectral amphtudes of the spin label covalentl3 
bound to strongly and weakly lmmobdlzed binding sites are 
indicated by S and W, respectively Fresh erythrocyte ghosts 
were labeled overmght at 4°C by MAL-6 m 5P8 After five 
washes with 5P8 buffer to remove excess spin label the spectra 
of the spin-labeled ghosts were recorded with a sweep width of 
100 G and modulation amphtude and microv~ave power tact- 
dent on the resonant cavity of 0 32 G and 14 mW respectwel~ 
using a Varmn E-109 ESR spectrometer The region of the 
entire spectrum (reset) corresponding to that dlustrated is 
contained m the box 

[23] after spectrin t ransformat ions  since heat ing at 
37°C reqmred in the latter procedure may have led 

to dis t r ibut ion of the spm label not normal ly  

observed [23] 
All ESR spectra were recorded on a Varmn 

E-109 Century  Series ESR spectrometer equipped 

w~th a TM mode cavity and associated quartz 
aqueous sample cell Ins t rumenta l  parameters  are 

noted m the legends to Fig 1 
For protein labeled samples, no incuba t ion  or 

warmup was conducted after the dimer- te t ramer  

t ransformat ions  had been executed The samples 
were removed from ice and the ESR spectra were 
immediately recorded The S and  W peaks of the 
M~ = + 1 mtrogen hyperfine hne were recorded 
first, then the basehne was recorded Each spec- 
t rum required approx 7 - 9  mln to acqmre from 
the time of the removal of the sample from the ice 
A period in which the sample temperature  was 
approx 8°C Transformed ghosts (0 3 ml) were 
a l lowed to incubate  for 30 man at room tempera- 
ture with the hpid spin labels before recording the 

ESR spectra Ghosts  whose siahc acid residues 
were labeled with [l~N]Tempamine-d~7 were al- 

lowed to incubate  for 15 mm at room temperature 
before recording the ESR spectra 

Modtftcatton of the state o] aggregat:on of spectrm 
on the membrane and separately m ~olutton 

The state of aggregation of spectrin on the 
erythrocyte membrane  was modulated as de- 

scribed by Llu and Palek [32] Briefly. hemo- 
globin-free ghosts, prepared as described above 
were washed two times in PBS(P) or 5,5P8(P) 
(which is 5P8(P) conta in ing  5 mM NaC1) and were 
then resuspended at 37°C in PBS(P) or 5,5P8(P) to 
ten times the original volume of the ghosts The 
mcuba t ton  was allowed to proceed for 15-20 mm 
at 37°C The ghosts were then washed three ttmes 
in ice-cold 5P8 and resuspended m ice-cold 5P8 to 
a protein content  of 3 m g / m l  Thus, all ESR 

spectra were recorded for ghosts in 5P8 buffer 
PBS(P) t reatment  has been shown to preserve the 

In VlVO spectrin dtmer-tetramer ratio and to restore 
the dlmer- te tramer ratio of ghosts bearing pre- 
dominan t ly  dlmerlc spectrm to the original value 
[32] 5.5P8(P) treatment,  however, increases the 
dimer- te t ramer  ratio [32] Spectrln on the mem- 
branes modified as above and then kept at 4°C is 
reported to be klnetically trapped m the parttcular 
state of aggregation desired [33] 

In order to confirm these transformattons,  non  
SDS, non- reduc ing  polyacrylamlde gel electro- 
phoresis (PAGE)  of spectrm extracted from ghosts 
after PBS(P) or 5 5P8(P) t reatments  was per- 
formed at 4°C using 50 V for 48 h as descnbed m 
Ref 34 A 3 0% acrylamlde gel was employed The 
gels were stained in a 0 5% Coomassie blue solu- 
t ion and were scanned at 580 nm by an ISCO 
spectrophotometric  gel scanner  In order to extract 
spectrm, the ghosts were washed one time in spec- 

t rm-removal  buffer (SR buffer 0 1 mM sodium 
phosphate,  01  mM EDTA, 01  mM TPCK,  01 
m M  TLCK,  and 0 1 mM 2-mercaptoethanol  (pH 
7 6)) by centr lfugation at 27000 × g at 4°C The 
superna tan t  was then aspirated and the ghosts 
were resuspended to twice their original volume in 
ice-cold spectrln-removal buffer The extraction 
proceeded for approx 40 h at 4°C The residual 
membrane  pellet was then packed by centrifuga- 
t ion for 1 h at 27 000 × g at 4°C The supernatant  



was carefully removed in order to avoid con- 
tamination by any protein in the pellet and stored 
at 4°C for protein and PAGE analysis 

The effect of dlmer-tetramer transformations 
on the dynamics of purified spectrln in solution 
was also monitored Ghosts were spin labeled with 
MAL-6, washed one time m 0 1 mM sodium phos- 
phate, 0 1 mM EDTA, 0 1 mM TLCK, 0 1 mM 
TPCK, pH 7 6 buffer and resuspended to the 
original volume therein The ghosts were in- 
cubated for 30 mln at 35°C in this buffer and 
centrifuged at 4°C at 27000 × g for 90 mln in 
order to separate the extracted spectrin from the 
residual membrane pellet No 2-mercaptoethanol 
was used in the extraction buffer so as not to 
reduce the nltroxlde spin label The supernatants 
of the extractions were pooled and concentrated at 
4°C by membrane dialysis (m r ~.ut-off ~ 10 000)  to a 
volume of approx 2-3 ml This concentrated su- 
pernatant was chromatographed at 4°C on a Sep- 
hacryl 200 column (40 cm × 2 cm) previously equl- 
hbrated with phosphate-buffered saline (pH 7 5) 
containing 5 mM EDTA 2-ml fractions were col- 
lected at a flow rate of 30-40 m l / h  Spectrln, 
predominantly in the dimerlc state, came off of the 
column at the end of the void volume The frac- 
tions containing spectrm were pooled and con- 
centrated to 1-2 ml by membrane dmlysls Spec- 
trln, concentrated in th~s fashion, was &vlded into 
two allquots One aliquot was stored at 4°C for 20 
mm to preserve its &merlc state The other ahquot, 
still dissolved in the high ionic strength elutlon 
buffer, was heated for 20 mln at 37°C, thereby 
transforming dlmerlc spectrin to tetramerlc spec- 
trm Both samples were then put on ice The ESR 
spectrum of each sample was recorded im- 
medmtely after it was removed from the ice 

2,3-Blsphosphoglycerate was prepared m 5P8 at 
imtml concentrations of 5-20 mM The pH re- 
mained at 8 0 A control solution was prepared by 
adding Na_, HPO 4 to 5P8 to a concentration 5-times 
that of 2,3-blsphosphoglycerate The pH was ad- 
justed t o 8 0 b y a d d l n g a p p r o x  1 /~ lof  1 M HC1 
In this manner, the 1OnlC strength of the control 
solution approximated and the pH equaled that of 
the 2,3-blsphosphoglycerate solution 60 ~1 of the 
appropriate 2,3-blsphosphoglycerate solution was 
incubated with 240 ~1 of spin-labeled ghosts for 15 
mm at room temperature All ESR spectra em- 
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ploying 2,3-blsphosphoglycerate were recorded at 
room temperature 

Spermlne solutions were prepared in 5P8 at 
known concentrations of 3 0-9  0 mM The pH was 
adjusted to 8 0 by adding a known volume, V o, of 
1 M HC1 The error introduced in the concentra- 
tion of spermine was typically less than 1% A 
control solution was prepared by adding the 
volume V 0 of a 0 5 M NaC1 solution to a volume of 
5P8 equivalent to the volume of the spermme 
solution prior to HC1 addition The resulting con- 
centrat~on of NaC1 in the control solution was 
typically 8-10 mM 

Four volumes of ghosts in 5P8 kept at 4°C were 
allowed to equilibrate at room temperature for 15 
mln One volume of the spermlne solution (final 
spermlne concentration = 0 6-1 8 mM) or of the 
control solution, previously warmed to room tem- 
perature, was added for 30 min prior to spectrin 
removal or ESR studies 

In order to study the effect of spermlne on the 
ease of spectrIn removal, this proton was ex- 
tracted from control or spermlne-treated mem- 
branes as described above The supernatant was 
carefully removed in order to avoid contamination 
by any protein in the pellet and stored at 4°C for 
PAGE analysis ff they were to be performed on 
the same day Otherwise, all samples were frozen 
in hquld nitrogen and stored at - 10°C until used 
PAGE was performed according to the method of 
Laemmh [35] employing an 11 cm resolution gel of 
100% acrylam~de and a stacking gel of 3 5% 
acrylamlde Electrophoresls was carried out at 
room temperature with 2 5 mA per gel tube 

Erythrocyte membrane hplds were extracted 
from freshly prepared ghosts by the methods of 
Folch-PI et al [36] 

Results 

On the erythrocyte membrane as part of the 
skeletal network, spectrm exists primarily in the 
tetrameric state of aggregation [32], although h~gher 
ohgomers may exist [7] This previous observation 
and the relative ease by which dlmerlc and tetra- 
merlc spectrln could be lnterconverted on the 
membrane by lomc strength and temperature was 
completely confirmed m the present studies by 
non-reducing, non-SDS PAGE (data not shown) 
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In order to determine ff the physical state of 
membrane proteins, llplds, and carbohydrates were 
affected by the state of spectrln aggregation in the 
skeletal network, spin labehng studies employing 
probes specific for each membrane environment 
were performed 

Fig 1 shows a typical ESR spectrum of 
erythrocyte membrane prtoelns spin labeled with 
the protein-specific malelmlde spin label, MAL-6 
Approximately 70-90% of the MAL-6 binding 
sites are on skeletal proteins and the cytoplasmic 
pole of the t ransmembrane protein, band 3 
[23,24,26,31] This spectrum is analyzed by the 
W/S ratio of the spectral amplitudes of the M~ = 
+1 hnes as extensively discussed previously 
[23-25] The W/S ratio has been shown to sensi- 
tive to a number of experimental variables [23,24] 
for which controlled samples were examined in the 
present study Other workers have indicated that 
spin labeling erythrocyte ghost membranes w~th 
MAL-6 by our procedure [24] resulted in highly 
reproducible spectra that could be employed with 
confidence [25] In general, on a membrane or for 
the same incorporation of MAL-6 m different 
samples of the same membrane, the higher the 
W/S ratio, the greater the segmental motion of 
MAL-6 binding sites on the proteins [23-25] 

The state of aggregation of spectrm on 
erythrocyte membranes previously spin labeled 
with MAL-6 was varied No differences m the gel 
profiles of non-reducing, non-SDS PAGE gels of 
spectrln isolated from spin-labeled membranes 
compared to that of spectrln ~solated from non- 
spin-labeled membranes were found (data not 
shown) in agreement with previous publications 
[26] Table I presents the ESR results No statisti- 
cally slgntflcant difference in the W/S ratio of 
MAL-6 principally covalently bound to membrane 
skeletal proteins in erythrocyte ghosts prepared at 
4°C from fresh intact cells relative to that in 
erythrocyte ghosts in which spectrin was forced to 
the tetrameric state of aggregation was observed 
This finding is consistent with the gel profdes that 
we obtained confirming the results of Liu and 
Palek who suggest that tetramerlc spectrln ~s the 
preferred state of aggregation on the membrane 
[32] and further demonstrates that simply heating 
ghosts at 37°C for 20 mm in PBS(P) does not alter 
the physical state of membrane proteins as judged 

T A B L E  l 

E F F E C T  O F  T H E  S T A T E  OF A G G R E G A T I O N  OF SPF(  - 

T R I N  ON T H E  P H Y S I C A L  S T A T E  O F  M E M B R A N F  PRO- 

T E I N S  IN H U M A N  F R Y T H R O C Y T E  G H O S T q  SPIN 

L A B E L E D  BY MAL-6  

All t r ans formaUons  are pe r fo rmed  as m Ref 32 and described 

in Methods  and conf i rmed  b', non-reducing  non-SDS P A G E  

Th e  14/S ranos  are presented as means  _+ S E ( ;V = n u m b e r  of 

~amples) 

T r a n s f o r m a u o n  I4/S ratio ( ?¢ ) 

1 N o n e  

2 Ghos t s  - ,  t e t ramer ,c  spec t rm 

3 Ghos t s  ~ ,ncreased & m e n c  spect rm 

4 Ghos t  --* t e t r a m e n c  spectr ,n -* 

d lmer lc  spectrln ~ te t ramerlc  spectrln 

492_+0 19(13) 

4 78_+0 20(14) ' 

5 94_+0 26(14) b 

5 0 2 _ + 0 2 0 ( 8 )  ' 

' No t  s lgmficant lv  different  f rom that m ghosts with no spe~.- 

t rm t ransformataon 

h p < 0 002 (Student  s two tailed t-test) relative to ghosts w~th 

t e t r amen c  spec t rm 

by the W/S ratio of MAL-6 over that of ghosts 
prepared from intact cells 

However, upon increasing the proportion of 
dlmenc spectrln on the erythrocyte membrane by 
methods described above [32], a greatly Increased 
W/S ratio is found ( P  < 0002) indicating m- 
creased segmental motion of protein spin-label 
binding sites and an altered physical state of mem- 
brane proteins (Table I) This approx 24% in- 
crease m the W/S ratio of MAL-6 was completely 
reversible If spin-labeled ghosts were cycled 
through the steps by which spectrln was forced to 
principally the tetramenc form. then the dlmenc 
form increased, and then finally back to nearly all 
tetramenc form (all confirmed by PAGE), the 
W/S ratio was statistically indistinguishable from 
ghosts in which spectrin had only been forced to 
be primarily in the tetrameric state of aggregation 
(Table I) 

It can be seen that the W/S ratio of MAL-6 
reflecting the physical state of spin-labeled pro- 
teins paralleled the state of aggregation of spec- 
trm However, we wished to determine ff this ESR 
parameter  of MAL-6 was reflecting the alteration 
in the conformation of spectrm itself or perhaps 
reflecting the decreased protein-protein interac- 
tions m the erythrocyte protein skeletal network 
known to occur upon increased amounts of &- 
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Fig 2Typical ESR spectra of 5-NS (top)- and [15N]Tem- 
pamlne-d17 (bottom)-labeled erythrocyte ghosts Relevant spec- 
tral parameters from which the order parameter ~s calculated 
from the spectra of 5-NS are m&cated In the case of the 
spectrum of [15N]Tempamme-d17, the rotational correlation 
time is calculated by well estabhshed equations [19-22] em- 
ploying the single crystal amsotroplc T-tensor values of 
2,2,6,6-tetramethyl-4-male,mldo[I 5 N]p,pendme-l-oxyl-dl 7 [56] 
Instrument settings 5-NS, 100 G scan width, 0 32 G mod- 
ulation amphtude, and 14 mW power, [15N]Tempamme-d~7, 40 
G scan w~dth, 032 G modulation amphtude and 12 mW 
power 

menc spectrln [32] Further, we wished to de- 
terrmne ff the physical state of other membrane 
components, vlz, bdayer llplds or cell surface smhc 
acid, depended on the state of aggregation of 
spectnn 

Spectrm was isolated from spin-labeled erythro- 
cyte ghosts and subsequently forced into the tetra- 
merlc or d~menc states of aggregation as described 
In Methods and confirmed by non-reducing, non 
SDS-PAGE Comparison of the W / S  ratio 
( W/St~ t ........ = 2 34, W / S  d ...... = 2 03) showed 
that this parameter is much lower for isolated 
spectrm than in the entire membrane even though 
spectrm is the predominant protein labeled by 
MAL-6 m ghosts [26] This lower value of the 
W / S  ratio of MAL-6 m ~solated spectrm suggests 
that the conformatton of th~s protein may be dtf- 
ferent isolated from the membrane than on the 

membrane, presumably because of the presence of 
other skeletal protein mteracttons of spectrln m 
the latter environment This suggestion ~s further 
supported by the ESR results of isolated spectrm 
m the tetramertc and dlmenc states In contrast to 
the case of spectrm on the membrane, dlmertc, 
tsolated spectrm has a lower W / S  ratto m the 
experiment described above than has tetramerlc 
isolated spectrm This flndmg suggests that the 
increased W / S  ratio of MAL-6 In erythrocyte 
membranes with increased amounts of &mertc 
spectrm (Table I) ts not due to spectrm itself but 
perhaps to the altered assocmtlons between spec- 
trm and other skeletal and bdayer proteins 

Th~s interpretation was strengthened by the re- 
sults of the effects of 2,3-btsphosphoglycerate on 
the conformation of membrane proteins Sheetz [5] 
has shown that 2,3-btsphosphoglycerate destabt- 
hzed the skeletal network of proteins tsolated as a 
shell by the non-tonic detergent, Triton X-100 
Upon addttlon of pH 8 0 solutions of 2,3-bts- 
phosphoglycerate at vartous concentrations to 
spin-labeled membranes produced by lysls at 4°C 
from mtact cells (and thus had httle dlmenc spec- 
trm), the W / S  ratio of MAL-6 was significantly 
elevated (0 001 < P < 0 01) over controls of pH 8 0 
Na2HPO 4 solutions of stmflar ionic strength and 
osmolanty (Table II) It ~s mterestmg to note that 
there was only a neghg~ble mcrease in dtmenc 
spectrm produced by 2,3-blsphosphoglycerate 
(data not shown), but that the W / S  ratio was 
increased by about the same percentage as ghosts 
m which the amount of &menc spectrm was con- 

TABLE II 

EFFECTS OF 2,3-BISPHOSPHOGLYCERATE ON THE 
PHYSICAL STATE OF MEMBRANE PROTEINS IN HU- 
MAN ERYTHROCYTE GHOSTS AS MONITORED BY 
THE PROTEIN-SPECIFIC SPIN LABEL MAL-6 

The 14/S ratios are presented as means_+S D N = 5 except 
for 1 0 mM 2,3-blsphosphoglycerate (2,3-BPG) where N = 4 
P values are calculated by a two-taded Student s t-test 

2 3-BPG W/S ratio P 
(mM) (% of control) 

0 100 
10 116_+47 <001  
2 0 127_+5 9 < 0001 
40 133_+94 <0005  
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TABLE Ill 

EFFECT OF SPERMINE ON FHE PHYSICAL STATE OF 
MEMBRANE PROTEINS IN HUMAN ERYTHROCYTES 
AS MONITORED BY THE W/S RATIO OF THE PRO- 
TEIN SPECIFIC SPIN LABEL, MAL-6 

The 14,,/S ratios are presented as means_+ S E for ,~ = 4 sam- 
ples for each concentration of spermme P values are calcu- 
lated by a two-tailed Student's t-test 

Spermme 14/S ratio P 
(mM) (% of control) 

0 0 100 
06 585_+42 <0005 
12 549_+50 <0005 
1 8 51 2_+54 <0005 

siderably increased Since 2,3-bisphosphoglycerate  

is reported to decrease skeletal protein interact ions 

[5], these results support  the idea that increased 

segmental  mot ion  of spin-labeled skeletal proteins  

in erythrocyte  membranes  upon increased forma- 

tion of spectrin dlmers is a consequence  of  de- 

creased skeletal pro te in-prote in  interact ions 

The polyamine,  spermme,  is reported to prevent  

the lateral diffusion of t r ansmembrane  glycopro-  

teins [5] and to increase skeletal protein-protean 

interact ions as de termined  by considerably higher 

shear forces necessary to disrupt and distend 

erythrocyte  membranes  treated with spermme [37] 

If the W/S ratio of MAL-6  were reflective of the 

p ro tem-pro tem interact ions of  the erythrocyte  

membrane  skeleton, then one would predict  that, 

m contrast  to the increased value of this ESR 

parameter  upon disrupt ion of protein-protein  in- 

teractions caused either by an increased propor-  

tion of d lmenc  spectrln on the membrane  (Table 

I) or 2,3-blsphosphoglycerate (Table II), a de- 

creased value of the W/S ratio should result re- 

flective of decreased segmental  mot ion of mem- 

brane protein spin-label binding sites As shown in 

Table  III the approx 40-50% decreased W/S 
ratio ( P < 0 0 0 5 )  shows that this predict ion ~s 

completely  borne out, again suggesting that the 

~ / S  ratio of MAL-6  accurately reflects the state 

of  prote in-prote in  interactions in the membrane  

We presumed that since spermlne as a polyca- 

tlon while spectrln is rich in negative charges [38], 

that  an electrostatic interact ion between spermlne 

and the membrane  was opera twe To test this 

presumption,  ghosts spin labeled with MAL-6  were 

treated with 1 8 mM spermine and divided into 

two ahquots  One al iquot was washed twice with 

the low ionic strength buffer, 5P8, the W/S ratio 

was changed only shghtly (less than 5%) from the 

low value in ghosts that had been incubated with 

spermIne but not washed with 5P8 (data not 

shown) The other  ahquot  of spermane-treated. 

spin labeled ghosts was washed twice with the 

relatively high ionic strength buffer, phosphate-  

buffered saline (pH 8 0), and twice with 5P8, the 

effect of spermlne was almost  completely abro- 

gated - only a 44% decrease in the W/S ratio 

TABLE IV 

EFFECTS OF THE STATE OF AGGREGATION OF SPECTRIN AND 2,3-BISPHOSPHOGLYCERATE ON THE PHYSICAL 
STATE OF BILAYER LIPIDS AND CELL SURFACE SIALIC ACID 

Mean _+ S D (number of samples) (% of control) 

Spectrm state 2 3-Blsphosphoglycerate d 

tetramenc increased 1 2 mM 4 0 mM 
spectrm d~menc spectrm 

S b 100+0 6(2) 100+0 3(2) 99 1 _+0 4(4) 
~" • 100+5 5(3) 100_+6 8(3) 109_+3 7(3) - 

Each 2,3-blsphosphoglycerate and control soluuon was adjusted to pH 80 The Na2HPO 4 concentration was 5-umes the 
2,3-blsphosphoglycerate concentration to control for lomc strength 

b TI-~ order parameter S is related to the average relative orientation of 5-NS m the hpld bdayer 
Calculated as described in Refs 19-22 employing the single crystal T-tensor values of 2,2,6,6-tetramethyl-4-malelmldo[15N]plpen - 
dine- l-oxyl-d)7 [56] 



relative to control  spin labeled ghosts in 5P8 not 
treated with spermlne ( P  < 0 1, N = 3) was found 
These results indicate that the spermine-proteIn 
interaction is essentially reversible and electro- 
static in nature 

In order to examine the effect of  decreased 
skeletal protein interactions produced by either 
Increasing the amount  of dimerlc spectrln on the 
membrane  or by adding 2,3-blsphosphoglycerate,  
or the effect of increased skeletal protein interac- 
tions produced by spermlne on the phystcal state 
of  bllayer liplds and cell-surface slalic acid, 5-NS 
and perdeuterated,  [15N]Tempamine, respectively, 
were employed The average relative orientat ion of 
phosphollplds (as discerned by the order parame- 
ter of  5-NS calculated from the experimental 
parameters  indicated in Fig 2 [18,23]) was not 
altered by disruption of prtoeln-proteln interac- 
tions of the skeletal network by either of these two 
methods (Table IV) In contradlstinctton, the order 
parameter  of  5-NS was slightly, but significantly, 
increased by spermlne (Table V), implying an en- 
hanced ordering effect of this polyamlne on lipid 
orientation In order to determine if this effect in 
the membrane  hpids were due to a direct interac- 
tion of spermlne on membrane  hplds or due to a 
secondary interaction on the membrane  skeleton, 
spermlne was added to spectrln-depleted ghosts or 
isolated llptds A slight increase in the order  
parameter  of  5 NS in both spectrln-depleted ghosts 
( m e a n + S D  ( N = 4 )  control,  0 6 9 3 + 0 0 0 3 ,  
spermlne, 0 703 + 0 003, P < 0 005) and Isolated 
hpids ( m e a n _ S D  ( N = 4 )  control,  0 6 7 2 +  
0003 ,  spermlne, 0 6 8 5 + 0 0 0 4 ,  P < 0 0 0 5 )  to 
which 1 2 mM spermlne in buffer was added was 
observed These results suggest that spermlne has 
only a slight effect on the relative average order of 
membrane  lipids 

The perdeuterated,  [15 N]TempamIne  spin label 
was used to moni tor  the physical state of  cell 
surface slahc acid (70% of which IS on glycophorln 
A [39]) In response to increasing the amount  of 
d imenc  spectrin and to the a d d m o n  of  2,3-bis- 
phosphoglycerate  or spermlne A typical spectrum 
of [15N]Tempamlne-dt7 selectively attached to 
slahc acid by reductlve amInat ion is shown in Fig 
2 (bot tom) This spectrum is characterized by an 
apparent  rotat ional  correlation time, "r, which can 
be conceptualized as the time necessary for spin- 
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TABLE V 

EFFECT OF SPERMINE ON THE ORDER PARAMETER 
(S) OF 5-NS IN ERYTHROCYTE MEMBRANES 

Spermme S a N P ~' 
(raM) 

0 0 0 694 + 0 005 1 | 
0 6 0 701 _+0 006 5 < 005 
1 2 0 704 _+ 0 004 5 < 0 002 
1 8 0707+0007 5 <0001 

Means + S D are presented 
h p values calculated by a Iwo-taded Student's t-test 

labeled slahc acid to rotate through an angle of 
one radxan [19-22] Neither  method to disrupt 
skeletal protein-protein interactions caused a 
change in r relative to the appropriate  control 
(Table IV) In contrast,  spermlne was found to 
increase the motion of slalic acid by nearly 40% 
(mean + S E 1-~p . . . . . .  /'rcontro I = 0 611 +_ 0 014, N 
= 3 ,  P < 0 002) 

Discussion 

As noted in the Introduction,  the erythrocyte 
membrane  skeleton plays several crucial roles in 
the cell The physical state of  skeletal proteins 
would seem to be important  in these functions 
Palek and co-workers [14,16,40,41] and others 
[3,15,42] have described several hemolytic anemias 
in which erythrocyte membrane  skeletal protein- 
protein interactions are altered In hereditary py- 
ropoikilocytosls, an increased amount  of  dlmeric 
spectrin, decreased skeletal stability, increased ease 
of  thermal denaturat ion of  spectrln, partial de- 
ficiency in the amount  of  spectrmn, and of course 
altered cell shape are seen [14,16,40,41] In type I 
hereditary spherocytosis, a defective spectrln-band 
4 1 association is postulated [15] In order to fur- 
ther understand the molecular mteractlons of these 
conditions and others and to learn more in general 
of  the interactions of the skeletal network of pro- 
teins in erythrocytes, physlcochemlcal methods 
such as spin labeling may play a role 

! n this study, the Influence of the state of 
aggregation of spectrin and consequent  skeletal 
protein-protein lnterctions on the physical state of  
membrane  proteins, bllayer llplds, and cell surface 
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carbohydrates has been mvestlgated Upon forma- 
tion of increased amounts of dlmerlc spectrln on 
the membrane, an increased segmental motion of 
spin-labeled protems (mostly located m the skeletal 
network [23-26]) is observed (Table I) A s~mllar 
increase m motion was found by addmon of 2.3- 
blsphosphoglycerate known to destablhze skeletal 
protein-protein lnteractmns [5] (Table II) suggest- 
ing that increased dlmerlc spectrin on the mem- 
brane results in decreased skeletal protein interac- 
tions The manipulation of the state of aggregation 
of spectrln was shown to be reversible by non-re- 
ducmg, non-SDS gels and by ESR (Table I) 
Spermlne, known to increase protein-protein inter- 
actions [5,36]. caused the W/S ratio of MAL-6 to 
be greatly decreased (Table III) These findings 
suggest that the MAL-6 ESR spectra of human 
erythrocyte membranes accurately reflect the 
molecular interactions in the membrane skeleton 

Spectrln dimenc self-association to form tetra- 
mers mvolves SH groups [43] Extensive labeling 
of spectrm SH groups by N-ethylmalelmlde re- 
sulted m mcreased amounts of spectrln dlmer m 
the skeletal network of proteins [43], consequently, 
one needs to be certam that the malelm~de spin 
label is not artlfactually preturbmg the spectrln 
dlmer-tetramer eqmhbrlum It is known that only 
3-4  SH residues per spectrln dlmer are spin labeled 
by MAL-6 [44]. a sufficiently small number that 
the amount of dlmeric spectrin was found not to 
increase when examined by non-reducing, non- 
SDS-gels [45] One might expect that if the spin 
label were not interfering in the self-assocmtlon of 
spectrln dlmers, then both the gel pattern and the 
W/S ratio of MAL-6 should be reversible for 
spin-labeled ghosts cyclically transformed from 
spectrln tetramer to dlmer and back to tetramer 
These expectations were found (Ref 45 and Table 
I) 

There is evidence that spectrln on the mem- 
brane and isolated spectrln do not behave slmi- 
larily Liu and Palek previously noted that spectrin 
behaved kinetically different in the different en- 
vironments [32] Our results support this evidence 
The W/S ratio of MAL-6 IS significantly m- 
creased for dimerlc spectrln on the membrane but 
in tsolated dimerlc spectrln, no mcrease in this 
parameter was found compared to tetramenc iso- 
lated spectrln (if anythmg, W/S was decreased) 

These differences undoubtedly reflect the in- 
fluence of the interaction of spectrln with other 
skeletal proteins and band 2 1 The main point is 
that in at least some cases, inferences of the nature 
of spectrin on the membrane from studies of Iso- 
lated spectrln should be tempered by these consid- 
erations 

The presence of spectrin and the state o! the 
skeletal protein network ~s reported to be involved 
in the maintenance of phosphohpld asymmetry in 
erythrocytes [46] There are reports that in vitro 
band 4 1 and spectrln can brad to phosphatl- 
dylserlne vesicles [12,13] Further, the in vitro as- 
sociation of band 4 1 with glycophorm A IS re- 
ported to depend on trlphospholnosmdes [11] Al- 
though other interpretations are possible, the re- 
sults presented here suggest that the order and 
motion of phospholiplds may not be dependent on 
the state of spectrln aggregation (Table IV) If th~s 
interpretation is correct, these findings would be 
consistent with the ~dea that even though Isolated 
membrane skeletal proteins may interact with hp~ds 
in vitro, such interacuons between the phosphoh- 
plds in the inner bdayer leaflet and the skeletal 
network of proteins, ff present in membranes m 
situ, are not strong 

The spatial orientation of the major sialogly- 
coproteln, glycophorin A, with respect to the 
membrane skeleton has been the subject of inten- 
sive research Bmphyslcal and bmchemlcal evi- 
dence for and against a direct linkage between 
glycophorm A and the membrane skeleton has 
been published [11.20,47-50] and reviewed In 
[29,30,46] The results of the present studies which 
show that decreased skeletal protein interactions 
resulting from dlmenc spectrin or 2,3-bls- 
phosphoglycerate do not affect the physical state 
of smhc acid may reflect that either glycophorin A 
and the skeletal network are not linked m SltU. or 
that this glycoprotem is linked but any change 
reduced m its physical state at the point of contact 
w~th the skeleton is not transferred to the 
cell-surface slahc acid Estimates of the number of 
copies of glycophorin A and band 4 1 indicate that 
there IS a several-fold excess of the former protein 
[1] It IS concewable, as is the case of band 3 
binding to band 2 1 [1], that only a fraction of 
glycophorin A polypeptides are bound to band 4 1 
and that a weakening of the mteractions between 



this fract ion of g lycophor in  A molecules  and the 

skeleton would  not  be reflected in the mot ion  of  

stalic acid because of the background  of  a much 

larger fraction of  unbound  molecules  That  an 

al terat ion in the skeletal network can result in 

changes in the physical state of stalic actd 1s exem- 

phf ied by a fmdlng of this study that sperrmne, a 

posit ively charged po lyamine  that  increases skeletal 

p ro t em mterac t ions  wtth the btlayer proteins,  re- 

sulted in a 40% increase m rotat ional  mot ton  of 

this cell-surface carbohydrate ,  a trend also induced 

by the membrane  p ro tem crosshnking agent 

g lutara ldehyde [51] The model  to explain the spa- 

ttal relat tonship of  glycophorin  A to the skeletal 

ne twork  which emerges from such studies is con- 

ststent with that previously proposed  [5] tn which 

the cytoplasmic pole of all or a major i ty  of this 

t r ansmembrane  g lycopro tem protrudes  through ln- 

terstittal holes of  the skeletal meshwork U n d e r  

certain condit ions,  the hole size of the meshwork 

can decrease resulting in an mcreased interact ion 

between the proteins  of the skeletal network and 

glycophor ln  A 

Skeletal p ro t em- t r ansmembrane  protein inter- 

actions in response to a b inding event  on the 

external  side of  the t r ansmembrane  protein are 

known (e g ,  phosphoryla t ton  of  membrane  pro- 

teins m response to adenylate  cyclase induct ion  by 

dopamine  [52]) or  proposed  (e g ,  the role of  the 

spectrln-l lke protein,  fodrin, in the processes of  

memory  in nerve cells [53-55]) as impor tan t  physi- 

ological  mechanisms 

Cont inued  invest igat ion of pro te in-pro te in  in- 

teract ions of the skeletal network and between the 

skeletal network and t r ansmembrane  protems in 

erythrocytes  and other  membrane  systems will 

likely aid in unders tanding  basic structural re- 

lat ionships in membranes  and how these relation- 

ships are involved in physiological  mechanisms 

and pathological  condi t ions  
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