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The rotational diffusion of erythrocyte spectrin has been measured using time-resolved phsophoreseence anisotroyw. 
The anisotropy of the spectrin dimer decays to zero with a time constant of 3 las at 21°C. The results are compared with 
the correlatiod times predicted for the anisotropy decay of an equivalent sphere and rigid rod. The data indieate that the 
ribbon-like spectrin molecule posesses considerable torsional and segmental flexibility. These motions are restricted+ 
but not abolished, when spectrin is reconstituted into cross-linked cytoskeletal protein networks, or bound to 
spectrin-aetin depleted erythrocyte membrane vesicles. 

The submembranous cytoskeletal network of the 
erythrocyte permits deformation of the membrane 
without cell lysis during passage through small fenestra- 
tions in the microvasculature. It is also responsible for 
the stability of the cell membrane under conditions of 
high shear stress such as occur in the heart and major 
arteries. The cytoskeleton consists of a cross-linked 
lattice of short aetin filaments bound mainly to speetrin 
and protien band 4.1. Attachment to the membrane 
inner surface is achieved by spectrin binding to band 
2.1 (ankyrin) which is in turn bound to the integral 
membrane protein band 3 (the anion transporter). In 
addition, speetrin binds to band 4.1 which itself binds 
to both glycophorin C and band 3. Ref. 1 provides a 
recent review of these relationships. 

While the physical and chemical properties of indi- 
vidual proteins and their assembly into the membrane 
skeleton is well documented [1,2], the molecular dy- 
namics and flexibility of both the individual compo- 
nents and the complete structure require further eluci- 
dation. It appears likely that spectrin represents a centre 
of articulation within the cross-linked network thereby 
allowing flexibility of the complete cytoskeleton. Spec- 
trin is the major constituent of the erythroeyte eyto- 
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skeleton and is composed of two polypeptide subunits 
of molecular weight approx. 225000 and 240000 which 
associate noncovalently and laterally to form an in- 
tertwined ribbon-like structure of extended length 100 
nm and persistence length 16-20 nm [2-4]. In the intact 
membrane spectrin exists predominantly as tetramers 
formed by head-to-head association of  heterodimers. 
The dimeric and tetrameric forms of speetrin have been 
studied in free solution by a variety of techniques such 
as light, neutron and X-ray scattering [5,6], electrically 
induced birefringence relaxation [7,8], viscometry [4,9], 
circular dichroism [10,11], optical rotatory dispersion 
and sedimentation velocity [10]. These studies indicate 
that the spectrin molecule in solution possesses consid- 
erable internal flexibility which probably originates at 
bridging points between relatively rigid a-helical-rich 
domains which are found as repeat sequences in the 
primary structure. 

The present paper examines the rotational diffusion 
and internal flexibility of spectrin in solution, in re- 
constituted cross-linked cytoskeletal networks, and when 
hound to spectrin-actin depleted membrane vesicles. 
The aim is to determine the degree to which the internal 
flexibility is maintained when the molecule is incorpo- 
rated into the cytoskelelal matrix. 

M a t e r i a l s  a n d  m e t h o d s .  Erythrocytes were kindly pro- 
vided by the Red Cross Blood Bank, South Melbourne. 
Glucose oxidase (type II) was purchased from Sigma 
Chemical Co. Ftuorescein 5-iodoaeetamide (FIA), 5- 
(iodoacetamidoet hyl)aminonaphthaline-1 -sulfonic acid 
(1AEDANS), fluorescein 5-isothiocyanate (FITC), and 
erythrosin 5-iodoacetamide (EIA) were obtained from 
Molecular Probes Inc. 
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The dimeric and tetrameric forms of  spectrin were 
prepared according to estabSshed procedures [12]. La- 
belling of  purified spectrin with either isothiocyanate or  
iodoaeetamide derivatives of probes  caused substantial  
aggregation of  the protein. This  was largely prevented 
by labelling ghost  membranes  before the selective low 
ionic ~trength dissociation of  spectrin and actin. For  
this p~,rpose, ghosts  were labelled for 2 h at 4 ° C  with a 
12-fold molar  excess of p robe  to spectrin dimer. Un- 
b o u n d  probe  was removed by centrifugation and wash- 
ing of  the labelled ghosts.  Trace amounts  of  unbound  
p robe  were removed f rom preparat ions  of  purified spee- 
trin by  dialysis against  buffer. Spectrin was purified on  
either Bio-t3el A15-M or  the Superose 6 FPLC system 
of  Pharmacia.  Labelled proteins were characterized 
according to their electrophoretic mobility, labelling 
ratio and behaviour  on gel filtration chromatography.  
The  molar  ratio of  f luorophore  to spectrin dimer was in 
the range 1.8-2.2. A solut ion of  protein bands  2.1 and 
4.1 (1 :1 ,  w / w )  was  prepared  by high ionic s trength 
extract ion o f  spectrin-actin depleted erythrocyte mem- 
b ranes  [13]. Ant i s  f rom rabbi t  muscle was prepared by 
established procedures  [14]. 

Steady-state fluorescence anisot ropy was  measured 
wi th  a Perk.in-Elmer LS5 fluorescence spectrometer .  Ro- 
tat ional  diffusion on  the microsecond to millisecond 
timescate was  measured  by the technique of  time-re- 
solved phosphorescence  anisot ropy [15] (for  review, see 
Ref. 16). Rotat ional  corr,-lation times were extracted 
f rom the an iso t ropy  decays using nonl inear  least-squares 
procedures.  Goodness-of- f i t  was  judged f rom plots of  
the weighted residuals. Triplicate or  quadrupl icate  mea- 
surements  were taken for  each experimental  fluores- 
cence o r  p h o s p h o r e s c e n c e  a r d s o t r o p y  d e t e r m i n a t i o n .  

R e s u l t s  a n d  d i scuss ion .  T h e  theoretical diffusion coef- 
ficients for rotat ion o f  a rigid rod of  length L and 
radius  r are given by the Broersma equat ions  [17]: 

DI.L = k aT/4crT/rZL ( I ) 

D2..L = ( 3 k o T / c r ~ L ; ) [ I n (  L / r )  - 1.57 + 7 ( l / I n (  L / r ) - 0 . 2 8 )  2] (Z) 

where  Dz. L and D2, L are the rotat ional  diffusion con- 
s tan ts  about  the long and transverse axes, respectively, 
q is the solvent viscosity, k s is Boi tzman's  cons tant  and 
T the absolute  temperature.  The time-resolved ani- 
soti 'opy is given by  [18]: 

r ( t )  = A~ cap( - t/cbt ) + d2 exp( - t / ~  ) 

+ A3 cap( - t /~ ,3 )+ A4 (3} 

where ,ib t = 1/(4D1.  L + 2 D 2 . L ) ,  ~2 = I / ( D L L  + 5D2.L) 
and  ~3 = 1/6D2.z,, and the coefficients A, depend on 
the angle between the absorp t ion  and emission dipoles 
of  the ch romophore  and their or ientat ion relative to the 
axis of  rotation. F o r  a rigid rod the dimensions  of  the 
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Fig. I. Time-resolved phosphor©scellc¢ anisotropy of spectrin dimer 
labelled with e~throsin-5-iodoacetamide (temp. = 21 ° C). E~citation 
was with a nitrogen-pulsed d~ce laser (8-10 ns pulse width) at 5i5 nm 
and the phosphorescence emission was selected with a combination of 
KV550 and RG69.~ Schott cutoff filters. The decay was fitted to a 
single-exponential function: correlation time = 3.7 ps; amplitude = 
0.077; apparent zero-time anisotropy (r0)= 0.074; infinite-time ant- 

sot ropy ( r~ ) ~ -- 0.003. 

spectrin dimer (100 × 10 nm). the values for these corre- 
lation times at 20 o C are 1.9. 6.4 and 29.9 its. 

Spectrin d imer  in solution (5 mM phospha te  buffer. 
30 m M  NaCI,  Z1 m M  E D T A  (pH 7.6)) showed a fast 
decay of  phosphorescence anisot ropy with a single rota- 
tional correlation time of approximately  3 Fs and a 
decay to zero anisot ropy within 20 /~s (Fig. 1). The 
experimental  correlation times over the temperature  
range 1 2 - 4 0 ° C  are shown in Fig. 2 and are compared  
with the correlation times for an equivalent sphere  and 
rigid rod calculated using the Stokes-Einstein equat ion 
and Eqns. 1-3.  respectively. The  experimental  correla- 
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Fig. 2. Rotational correlation times for spectrin dimer as a function of 
the viscosity/temperature ratio (q/T).  The solid lines arc the corr©la- 
tlon times predicted for an equivalent sphere and for a rigid rod the 
size of the spcctrin dimer (100xl0 nm 115d7,20]). The corrcIalion 
tim© for the sphere was calculated from the Stoke.s-Einstein relation- 
ship assuming a hydration of 0.37 ml/g. The correlation times for the 
anisotropy decay of a rigid rod was calculated from F_.qn. 3 and the 
longitudinal and transverse diffusion contansts predicted by the 
Broersma equations (Eqns. ! and 2). The symbols refer !o the 

mono-esponential decay found for the spectrin dimer. 
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t ion t imes are grea ter  by  an  order  of  m a g n i t u d e  than  
those  predicted for a spher ical  prote in  of  the  s ame  
molecu la r  weight  as spectr in.  Th e  absence  o f  the  two 
longer  correla t ion t imes  predicted for a rigid rod to- 
ge ther  with the absence  of  a finite an i so t ropy  a t  long 
t imes  (Fig. 1) sugges t s  tha t  internal  mo t ion  wi th in  the 
spectr in  molecule  r andomizes  p robe  Oflffntation a n d  
depolar izes  the emiss ion  before  phosphore scence  is ob-  
served. Indeed,  the  low value  of  the  appa ren t  zero- t ime 
an iso t ropy  relative to the l imi t ing an i so t ropy  which  
character izes  the immobi le  p robe  ( r  0 = 0.23 [19]) is fur-  
ther evidence o f  such  mot ion .  It  r ema ins  possible ,  bu t  
less probable ,  that  the  decay  to zero an i so t ropy  and  the 
absence  of  the  two longer  corre la t ion t imes  is due  to 
low values  o f  all three  coefficients ,  A2, A 3 and  A a. 

These  resul ts  are in acco rdance  with pub l i shed  bio-  
phys ica l  s tudies  wh ich  show  tha t  spec t r in  behaves  
ne i ther  as a rigid rod no r  as  a c o m p a c t  g lobu la r  p ro te in  
[4-11].  The  rota t ional  corre la t ion t imes  de t e rmined  in 
this  s tudy  indicate  tha t  in add i t ion  to axial ro ta t ion  o f  
the  r ibbon- l ike  spect r in  molecule ,  fas ter  m o t i o n s  such  as  
in t ramolecu la r  b e n d i n g  a n d  tors ional  d i s to r t ions  m u s t  
con t r ibu te  s ignif icant ly  to depo la r i sa t ion  o f  the  emi t t ed  
phosphorescence .  Spectr in  t e t r amer  b e h a v e d  in a s imi la r  
fash ion  to the  d imer  with  the  excep t ion  tha t  the  an i -  
so t ropy  decays  were descr ibed  by  two exponen t i a l  func -  
t ions with  corre la t ion t imes  o f  approx .  3 / z s  a n d  30 p,s. 
A b o u t  80% of  th is  decay  arose  f rom the  fas ter  c o m p o -  
nen t  which  was  s imi lar  to tha t  o f  the  d imer ,  sugges t ing  
that  a s ignif icant  pa r t  o f  the  m e a s u r e d  decay  cou ld  be  
accoun ted  for by  the  internal  flexibili ty o f  the  spect r in  
dimer .  

M e a s u r e m e n t s  o f  the  viscosi ty [9], the  s ed imen ta t i on  
coeff icient  [10] a n d  the l ight  sca t te r ing  [5] o f  spect r in  
indicate  that  at  low ionic s t r eng th  the  molecu le  unde r -  
goes  a sl ight  expans ion  a n d  an  increase  in its c o n t o u r  
length.  T h e  r o o t - m e a n - s q u a r e  end - to -end  d i s t ance  de-  
creases  wi th  increas ing  t emp e ra tu r e  ind ica t ing  tha t  the  
molecule  behaves  as a typical  P o r o d - K r a t k y  p o l y m e r  
[4]. Circular  d i ch ro i sm m e a s u r e m e n t s  s h o w  tha t  the  
expans ion  at  tow ionic  s t rength  is a c c o m p a n i e d  by a 
smal l  loss o f  a-hel ical  s t ruc tu re  in the  molecu le  [10]. 
T h e  ques t ion  now arises as  to w h e the r  these  c h a n g e s  at  
low ionic s t reng th  are  a c c o m p a n i e d  by  a loss  o f  flexi- 
bility. 

T h e  rota t ional  corre la t ion  t ime a n d  l imi t ing ani-  
so t ropy  of the  spectr in  d imer  label led wi th  e ry th ros in  
iodoace tamide  (5 m M  p h o s p h a t e  buffer ,  0.1 m M  E D T A  
(pH 7.6)) were found  to be  i n d e p e n d e n t  o f  N a C I  con -  
cen t ra t ion  wi th in  the  range  0 to 100 raM.  Th i s  lack o f  
ionic  s t rength  dependence  in the  ro ta t iona l  corre la t ion  
t ime  de te rmined  by the p hospho re scence  t echn ique  sug-  
ges ts  tha t  internal  mo t ions  on  the phospho re scence  t ime  
scale remain  cons tan t .  However ,  m u c h  of  the  m o t i o n  
responsible  for this  flexibility m a y  occur  on  a fas ter  
t ime scale than  tha t  o f  p h o s p h o r e s c e n c e  emiss ion .  T o  
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Fig. 3. Steady-state fluoresocncc anisotropy of spectrin labelled with 
fluorescein iodoa¢¢tamid¢. Experiment5 were performed at t0 o C with 
excitation at 497 nm and emission at 515 nm. Data are presented as 
mean:i: standard deviation. The points without error bars have stan- 

dard deviations less than the symbol size. 

e x a m i n e  this  possibi l i ty ,  m e a s u r e m e n t s  were  m a d e  o f  
the  s t eady-s t a t e  f luorescence  an i so t ropy  o f  d imer ic  
spect r in  label led at  thiol  g roups  wi th  f luorescein  l o d e -  
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Fig. 4. Rotational correlation time and infinite-time anisotropy (r¢o) 
of spectrin dimer in the presence of F-actin and the high salt extract 
consisting of equal amounts (w/w) of bands 2.1 and 4.1. A solution of 
spectrin (0.6 rag/mr) and G-actin (0.2 ms/ml ) was prepared at pH 
7.6 (2 mM "Iris buffer, 02 mM CaCI 2, 0.2 mM ATP, 0.02% NAN3). 
Polymerisation of actln was initiated by the addition of KCI and 
MgCI z to 50 mM and. 2 mM, respectively. Polymerisation was allowed 
I.- procc¢,~ at 8"C ;or i.5 h, at which time the solution of bands 2.1 
and 4.1 was added. Time-resolved phosphorescence anisotropy experi- 
ments were made before and after polymerisation of the actin and 

during the addition of the band 2.1/4,1 mixture. 



acetamide. A small but  significant decrease in ani- 
so t ropy  (5 m M  Tris (pH 7.6)) occurred on addition of  
NaCI  up  to a concentrat ion of  180 mM (Fig. 3). A 
similar effect was seen for l,,-trameric spectrin, except 
that an initial rise in anisotropy was noted up to 30 m M  
NaCt  (Fig. 3). A decrease in anisotropy with increasing 
salt concentrat ion was also observed for spectrin dimer 
labelled at a m i n o  groups  with fluorescein iso- 
thiocyanate. In contrast ,  ionic s trength had no effect on  
spectrin labelled with I A E D A N S .  This  difference can- 
not  be explained by differences in the fluorescence 
lifetimes of  the probes  (fluorescein 4 ns, I A E D A N S  
10-22  ns), and mus t  therefore be due to differences in 
other  characteristics of  the probes  and perhaps  in their 
wobbl ing  mot ions  at their point  of  a t tachment  to the 
protein,  it is also possible that  different thiol groups  
were labelled by  the different p robes  due to their differ- 
ing molecular  sizes and ionic states. The fluorescence 
an iso t ropy o f  t ryp tophan  residues in the spectrin dimer  
increased slightly f rom 0.085 to 0.092 at 60 m M  NaCI  
thereafter remaining constant .  It  is clear that the effects 
of  ionic s t rength on  the steady-state fluor¢seence ani- 
so t ropy of  spectrin are dependent  on  the type of fluo- 
rescence label and on  the site of  labelling. 

The  birefringence relaxation t ime o f  spectrin dimer  
and  tetramer has been measured by Mikkelsen and 
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Elgsaeter [7.8]. These au thors  also found that the relaxa- 
tion rate was much faster than that predicted for a rigid 
rod, indicating the existence of  substantial  internal 
flexibility. At 2 2 ° C  a single relaxation time of  2 p.s was 
observed for dimer [7], while at 5 ° C  two relaxation 
times were observed, one of 4 p.s, the other  of 7 - 9  ,as. 
These relaxation times were also independgat  of ionic 
strength and were similar for the dimer  and tetramer 
species. 

Rotational correlation times for spectrin dimer and 
tetramer were tanaffected by the presence of G-actin, or  
by the polymerisat ion of the G-act in  to its f ibrous form. 
Spectrin is known to bind to F-aetin in such a system, 
and so must  remain flexible when attached to this 
interwoven polymer  matrix. Similar findings were made 
in viscometric studies of spectrin-actin networks [21]. 
N M R  experiments  indicated that rapid segmental mo- 
tions were similar in purified spectrin and in unpurif ied 
speetrin-actin extracts f rom erythrocyte ghosts  [22]. 

When a 1 : 1 ( w / w )  mixture  of  bands  2.1 and 4.1 was 
added to spectrin dimer and F-actin, bo th  the rotational 
correlation time and limiting anisotropy of  spectrin 
were increased (Fig. 4), but  the mot ion of  the spectrin 
molecule was not frozen and remained faster than that 
expected on the basis of its molecular size. Band 4.1 
potentiates the binding of  spectrin to F-actin, and 
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Fig. 5. Rotational diffusion parameters (correlation time. r®, amplitude, r 0) of sp¢ctrin dimer bound to spectr~n-actin depreled membrane vesicles. 
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stabilises the ternary complex [1]. In viscometric studies 
spectrin was found to remain highly elastic in recon- 
stituted cross-llnked systems where it was at tached to 
band 4.1-coated colloidal gold particles ~23]. 

When spectrin dimer was bound  to spectrin-actin 
depleted membrane  vesicles (Fig. 5) the rotational corre- 
lation time and limiting anisotropy increased, indicating 
that the motion of  spectrin was decreased in rate and 
restricted in extent. The amplitude of  decay decreased, 
a l though the decay was not  abolished. The increase in 
the apparent  zero-time anisotropy (r0) indicates a re- 
striction of subrnicrosecond probe  mot ion  which 
originates from the intramolecular  flexibility of the 
molecule. These data  suggest that the uniaxial rotat ion 
of  spectrin is inhibited on binding to vesicles, while 
much  of  the internal flexibifity is retained. 

Saturat ion transfer  EPR experiments  on  labelled 
spectrin also indicate that bo th  dimer and tgtramer 
posess  flexibility and local rotational movements  [24]. 
The rotational correlation times of  0.1, 6 and 10 p s  were 
identical for dimer and te t ramer and were not  abolished 
by binding to speetrin-actin depleted vesicles [24], how- 
ever they were slightly reduced if actin also was in- 
corporated [25]. A mathematical  model  has been de- 
veloped to account  for the interactions of  the m e m b r a n e  
skeleton and the lipid bilayer in relation to stability and  
changes in cell shape [26]. Besides the mechanical  p rop-  
erties of  the fipid bilayer, the major  determinant  of  this 
model is the flexibility and ionic interactions of  the 
spectrin molecule. The binding of  spectrin to vesicles 
may be mediated by  specific a t tachment  to bands  2.1 
and 4.1, bound,  respectively, to intrinsic m e m b r a n e  
proteins band 3 and gIycophoriu [2]. The  spcctrin-actin 
network is sufficiently closely associated with the intact 
membrane  to restrict the lateral diffusion of  band  3 [27], 
allowing further interaction with the m e m b r a n e  bilayer 
by electrostatic at traction to charged phosphol ip ids  [28]. 
Association of  spectrin dimer to tetramer could well be  
potentiated under these conditions. These events could 
be expected to dramatically decrease the flexibility o f  
bound  spectrin, however, this does not  seem to be the 
case. 

In conclusion, the highly flexible spectrin molecule 
retains significant flexibility in reconsti tuted cyto- 
skeletal networks and on binding to m e m b r a n e  vesicles. 
It appears  likely that spectrin is the major  de terminant  

of the flexibility of  the membrane-skeletal  s t ructure of  
the erythrocyte. 
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