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Fluorescence labeling of spectrin subunits was performed with N-(1-anUinonaphthyl-4)maleimide (ANM) to 
study the interaction between a and/3 subunits. The fluorescence anisotropy of both A N M a  and ANM/3 
increased linearly with the addition of nonfluorescent/3 or a subunit, and saturated at a protein ratio about 1, 
indicating that 1 mol a subunit binds to 1 real/8 subunit with high affinity in vitro. Furthermore, this binding 
seemed to be reversible, because the anisotropy value decreased when an excess of nonfluorescent a was 
added to the A N M a / f l  mixture. The anisotropy of A N M a  attained a maximum level within 1 rain after 
addition of the same quantity of nonfluorescent/3 at 12°C, and the anisotropy of this mixture decreased 
rapidly when an excess of nonfluorescent a was added. These findings suggested that both the binding 
process of fl to A N M a  and the dissociation step of A N M a  from the ANMa-/3 complex were quite rapid. 
The results obtained here imply that dynamic interaction between a and/3 subunits of spectrin should be 
taken into account in understanding the role of the spectrin molecule in the cytoskeletal mesh. 

Introduction 

It has been well-established that spectrin is one 
of the major structural proteins in the cytoskeleton 
of the human red blood cell. The isolated spectrin 
molecule consists of two unique subunits referred 
to as the a ( M  r = 240000) and fl (M r = 220000) 
subunit, and the basic functional unit of the spec- 
trin molecule is an aft  dimer [1,2]. In isotonic salt 
solution, however, spectrin forms a tetramer [3,4] 
or higher oligomers [5,6]. We recently described 
that each spectrin subunit could be isolated in high 
yield by ion-exchange column chromatography 
with 3 M urea [7,8]. Both a and /3 subunits were 

Abbreviation: ANM, N-(1-anilinonaphthyl-4)maleimide. 

completely soluble in low- and high-salt solution, 
and spectrin-like high-molecular weight complexes 
could be reconstituted from isolated subunits [8]. 

Besides the human erythrocyte cell, spectrin-like 
proteins were isolated from various types of cell 
[9]. An important concept in those studies is that 
the subunit compositions of those spectrins were 
very similar to those of erythrocyte spectrins 
[10,11]. Consequently, it is rational to contemplate 
that the a/3-type hetero dimer should be the essen- 
tial unit of various spectrin-like molecules. 

Up until recently, however, there has been little 
information available about the mechanism of the 
interaction between a and fl subunits. In this 
paper, we describe the stoichiometry and rate of 
binding of one subunit to the other in vitro using 
fluorescent-labeled subunits. ANM reacts selec- 
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tively with thiols to give addition products which 
are strongly fluorescent, though ANM in the free 
form is less fluorescent [12]. The cysteine content  
of spectrin is 9.7 residues per 100 kDa [13]. It 
seems reasonable to consider that a and/3 subunits 
have some cysteine residues to be able to react 
with ANM, although the content of cysteine re- 
sidues in a and/3 subunits is still uncertain. 

Materials and Methods 

Protein preparation. Spectrin was prepared from 
fresh human blood by the methods previously 
described [8]. Spectrin subunits were isolated from 
purified spectrin fraction using DEAE-cellulose 
column chromatography with 3 M urea, as re- 
ported previously [8]. 

Fluorescence labeling. Isolated spectrin subunits 
were adjusted to 20 mM Tris-HC1 (pH 8.0)/1 mM 
EDTA by dialyis. ANM dissolved in acetone (ap- 
prox. 30 mM) was diluted with ice-cold absolute 
ethanol just before use (usually, 10/~1 ANM stock 
solution was added to 90/tl  absolute ethanol). The 
fluorescence-labeling reaction was started by addi- 
tion of aliquots of the diluted ANM to the spectrin 
subunit solution on ice. The concentration of ANM 
in the reaction mixture was less than 15 /tM, 
because the solubility of ANM in aqueous solution 
was about 15 /tM, and the final concentration of 
ethanol was less than 1% (v/v).  The concentration 
of the subunits was 0.5-0.8 mg/ml.  Labeling reac- 
tion was terminated with the addition of 140 mM 
/3-mercaptoethanol at final concentration 7 raM, 
and then the mixture was dialyzed against 20 mM 
Tris-HC1 (pH 8.0)/1 mM E D T A / 2  mM /3- 
mercaptoethanol in a cold room for 24 h with 
several renewals of external buffer solution. The 
binding numbers of ANM to a and fl subunits 
were monitored by absorbance at 350 nm, and 
increased almost linearly with increasing additions 
of ANM up to 15/tM, and 5 min was enough time 
for the reaction, even on ice for both subunits. 
When ANM was added in a 6-fold molar excess to 
the a or 13 subunit solution, the binding molar 
ratio of ANM to the subunits was about 3, in both 
subunits, which was estimated using 13 200 as the 
molar absorption coefficient of ANM at 350 nm 
[12]. These subunits, which had about 3 mol 
ANM/mol ,  were used as ANMa and ANMfl. The 

protein concentration was determined by the 
method of Lowry et al. [14]. Polyacrylamide gel 
electrophoresis of fluorescent-labeled subunits with 
sodium dodecyl sulfate (SDS) showed that only 
the c~ and fl subunits were fluorescent and there 
were no other fluorescent bands under ultraviolet 
light. 

Binding of the subunits to inside-out vesicles. The 
inside-out vesicles were prepared as follows. 
Washed erythrocyte ghosts were incubated in 10 
vol. excess of 0.1 mM ED TA /2 0  /tM phenyl- 
methane-sulfonyl fluoride/125 /~M diisopropyl- 
f ! uo rophospha t e /1  mM /3-mercaptoethanol,  
tltrated to pH 9.3 (normal spectrin extraction solu- 
tion) at 37°C for 10 min. Vesicles were then pel- 
leted by centrifugation. The pellets obtained were 
rewashed using the method described above to 
remove the spectrin completely. The resulting 
vesicles were suspended in the binding assay buffer 
of 20 mM Tris-HCl (pH 8 .0 ) /1  mM CaCIz / lm M 
MgC12/120 mM KC1/10 mM NaC1, and used as 
spectrin-depleted inside-out vesicles. In the bi- 
nding assay, 0.1 ml of these vesicles (protein con- 
tent was 0.8 mg) was mixed with 0.4 mg spectrin, 
0.2 mg each A N Ma or ANMfl, or 0.2 mg of both 
A N Ma and ANMfl on ice under the assay buffer 
conditions described above. Exactly the same pro- 
tein quantities were used for nonmodified sub- 
units. 5 rain after the mixing, the mixture was 
diluted with 5 ml of the same buffer and then 
pelleted by centrifugation at 4°C. The pellet was 
washed twice with 10 ml of the same buffer by 
centrifugation, and the resulting pellet was dis- 
solved in 1% SDS solution for SDS-polyacryla- 
mide gel electrophoresis analysis. 

Gel electrophoresis. SDS-polyacrylamide gel 
electrophoresis was performed using 2-mm thick 
slab gels with 7% acrylamide, according to the 
procedure of Laemmli [15]. Nondenaturing poly- 
acrylamide gel electrophoresis was also performed 
in slab gels, 3 mm thick, with an acrylamide 
gradient of 2-4% as reported previously [8]. 

Fluorescence measurements. Fluorescence spec- 
tra and anisotropies were obtained with a SLM 
4800 spectrofluorimeter. In anisotropy measure- 
ments the exciting light was polarized and the 
fluorescence from samples was automatically 
analyzed through two photomultipliers for parallel 
and perpendicular emissions. Anisotropy, r, is de- 
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fined as: 

111 - ] ± 
r 

Ill + 21~ 

where ]11 and I i  are the fluorescence intensities 
observed parallel and perpendicular, respectively. 
The exciting wavelength for ANM was 350 nm, 
and all fluorescence above 418 nm was collected 
through a cutoff filter (Scott KV 418). 

ANM was purchased from Wako Chemicals 
(Japan) and was used without further purification. 

Results 

Fig. 1 shows the fluorescence spectra of ANMa,  
ANMfl,  ANMa-f l ,  ANMB-a and ANM with B- 
mercaptoethanol,  respectively. The maximum 
wavelengths of the fluorescence spectra were 441 
nm for A N M a  and ANMa-f l ,  431 for ANMfl  and 
ANMfl-a,  and 490 nm for A N M  in 2.8 mM fl- 
mercaptoethanol. The concentrations of ANM 
were about 0.6 #M for A N M a  and ANMfl,  and 
40 #M for ANM in fl-mercaptoethanol. In these 
measurements, all fluorescence spectra were ob- 
tained at the same fluorometer sensitivity. Fluo- 

a b 

4~0 5OO 550 6OO 
WAVELENGTH (nm) 

Fig. 1. Fluorescence spectra of ANM-modified spectrin sub- 
units. (a) 0.049 m g / m l  of ANMfl,  (a') nonfluorescent a added 
to (a) as 0.05 mg/ml .  (b) 0.054 m g / m l  of ANMc~ (b') nonfluo- 
rescent fl added to (b) as 0.056 mg / ml .  (c) 40 /~M of ANM 
with 2.8 mM fl-mercaptoethanol. The binding molar ratio of 
A N M  to the subunits was about 3. All spectra were measured 
in 20 mM Tris-HCl (pH 8), 1 mM  EDTA, 120 m M  NaC1 and 
2.8 mM fl-mercaptoethanol at 25°C. 

rescence intensities of both A N M a  and ANMfl 
decreased slightly with the addition of equal 
amounts of nonfluorescent/3 or a. 

High-molecular weight complexes formed when 
A N M a  or ANMfl  was mixed with the et or fl 
subunit, and even in the mixture of A N M a  with 
ANMfl,  as shown in Fig. 2. In this assay, ANM- 
modified subunits in 20 mM Tris-HCl (pH 
8.0)/120 mM NaCl /1  mM E D T A / 2  mM fl- 
mercaptoethanol were mixed with their counter- 
parts on ice, and 5 or 10 min later, the mixture was 

a b c d • 

Fig. 2. Recombinations of ANM-modified spectrin subunits 
analyzed by nondenaturing polyacrylamide gel electrophoresis. 
In lanes a ( A N M a )  and b (ANMfl),  40 ~g of the subunits were 
applied to 2-4% acrylamide gradient gel. In lanes c ( A N M a  + 
fl), d (ANMfl  + a) and e ( A N M a  +ANMf l ) ,  ANM-modified 
subunits  were mixed with an equivalent amount  of their coun- 
terparts in the presence of 20 mM Tris-HCl (pH 8.0)/120 mM 
NaCI /1  mM EDTA on ice, and 40 #g  of the proteins were 
applied to the gel, 
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applied to nondenaturing polyacrylamide gel elec- 
trophoresis in a cold room. Both the dimer and 
tetramer bands at lanes c, d and e [5,8] were 
strongly fluorescent during electrophoresis. It is 
noted (Fig. 2) that the lower bands in c, d and e 
should be a/3-dimers as previously described, 
though their mobilities were not so different from 
these of a and 13 (a and b) [8]. These results 
indicated that spectrin-like molecules could be re- 
constituted from ANM-labeled subunits as well as 
from nonlabeled subunits. In lanes a and b, almost 
the same quantities of ANMa and ANM/3 were 
applied to the gel, but ANM/3 showed a weak 
band and many of the proteins remained on top of 
the gel. In comparison with the result of unlabeled 
/3 [8], ANM labeling might be the cause for aggre- 
gation of the 13 subunit. 

Fig. 3 shows clearly that ANM/3 bound to 
spectrin-depleted inside-out vesicles as well as /3 
(compare lane 6 with 3) [16], and ANMa also 
bound to inside-out vesicles with ANM/3 (lane 5). 
Panel B shows fluorescence bands of ANM-con- 

A B 
I 2 3 4 5 6 7 8 9 10 I 2 3 4 5 

Fig. 3. Binding of ANM-subunits to spectrin-depleted inside-out 
vesicles analyzed by SDS-polyacrylamide gel electrophoresis. 
Panel A depicts the Coomassie blue-stained gels and panel B 
shows the fluorescence bands, from the ANM-subunits, which 
were obtained upon illumination with 302 nm light. In panel A, 
lanes 2-7 were inside-out vesicles with pectrin (2), 13 (3), a (4), 
A N M a  +ANM/3 (5), ANM/3 (6) and A N M a  (7), and lanes 1 
and 8-10 were spectrin (1), ANM/3 (8), A N M a  (9) and inside- 
out vesicles (10), respectively. In panel B, lanes 1-3 were 
inside-out vesicles with ANMe~ + ANM/3 (1), ANM/3 (2) and 
A N M a  (3), and lanes 4 and 5 were ANM,8 (4) and A N M a  (5), 
respectively. The details of the binding assay are described in 
Materials and Methods. 

jugated proteins illuminated with 302 nm light. 
The faint bands additional to the ANM may be 
due to intrinsic protein fluorescence. Lanes 4 and 
7 in panel A and lane 3 in panel B show the direct 
binding of the a subunit to inside-out vesicles 
without added /3 subunits, though the binding 
affinity of a seems to be less than that of/3. The 
effect of trace contamination which appeared at 
the 13 position (see lane 9) would be negligible, 
since the densities of protein bands in both lanes 4 
and 7 are much higher than that of the contami- 
nant band in lane 9. Furthermore, the anisotropy 
value of ANMa increased remarkably upon the 
addition of purified band 4.1, indicating the direct 
interaction between them (data not given). 

Fluorescence anisotropy values ( r )  of both 
A N Ma and ANM/3 increased remarkably with the 
addition of nonfluorescent a or/3 subunit, and in 
both cases, r values were saturated at the protein 
ratio of 1, as shown in Fig. 4. These changes in r 
were reversible, since r decreased significantly when 
excess of nonfluorescent a was added to the 
ANMa/ /3  mixture, and increased again when non- 
fluorescent/3 was added to that mixture, as shown 
in Fig. 5. Consequently, the increase of anisotropy 
of ANMa or ANM/3 induced by the addition of 
the/3 or a subunit should reflect the association 
step of the subunits, and also the decrease in r 
should reflect the dissociation step of ANMa from 
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Fig. 4. Anisotropy changes of A N M a  and ANMfl induced by 
fl or a. (A) 0.13 mg/ml  of A N M a  was titrated by 4.25 mg/ml  
of ft. (B) 0.11 mg/ml  of ANMfl was titrated by 2.5 mg/ml  of 
a. The conditions were 20 mM Tris-HCl (pH 8.0), 1 mM 
EDTA, 120 mM NaCI and 2 mM fl-mercaptoethanol at 25°C. 
The ratios of the subunits were calculated on a weight-to-weight 
basis. 
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Fig. 5. A sequential change of anisotropy of ANMa induced by 
nonfluorescent subunits. (a) 0.022 mg/ml of ANMa. (b)/3 was 
added to (a) as 0.02 mg/ml. (c) a was added to (b) as 0.19 
mg/ml. (d) fl was added to (c) as 0.20 mg/ml. (e) more/3 was 
added to (d) as 0.29 mg/ml. The fluorescence anisotropy was 
measured in 20 mM Tris-HCl (pH 8.0), 120 mM NaC1, 1 mM 
EDTA and 2.8 mM/3-mercaptoethanol at 20°C. 

the A N M a - f l  complex  upon  add i t ion  of  nonf luo-  
rescent  a. I t  was noted  that  the an i so t ropy  values 
of A N M a  depended  on the pro te in  concent ra t ion;  
for instance, above  0.02 m g / m l ,  r was cons tant  
and  independen t  of the concent ra t ion ,  but  at con- 
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Fig. 6. Time-course of anisotropy changes of ANMa induced 
by p and a. The reaction was started by addition of nonfluo- 
rescent fl (20 t~l of 2.6 mg/ml/3) to a final concentration of 
0.029 mg/ml to ANMa (0.026 mg/ml), after 16 min (shown in 
the figure by the arrow) nonfluorescent a was added to the 
mixture to a final concentration of 0.33 mg/ml. The reaction 
was performed in 20 mM Tris-HCl (pH 8.0), 120 mM NaCI, 1 
mM EDTA and 2 mM/3-mercaptoethanol at 12°C. 

cen t ra t ions  below 0.015 m g / m l ,  it decreased 
drast ical ly.  

The t ime-courses of  associat ion of  A N M a  to fl 
and  of  d issocia t ion of A N M a  from the A N M a - f l  
complex  are shown in Fig. 6. The  react ion rates of 
bo th  steps seem to be qui te  high in our  exper imen-  
tal condi t ions .  A lmos t  the same t ime-courses as in 
Fig. 6 were ob ta ined  in the presence of NaC1 
(0 -120  mM),  divalent  metal  ions as Mg 2+ or  Ca 2+ 
(approx.  2 mM),  ATP (0.5 mM),  and  Mg- or 
C a - A T P  (0.5 raM). 

Discussion 

In this paper ,  we present  evidence for the b ind-  
ing s to ichiometry  and the b ind ing  rate of  A N M -  
modi f ied  spectr in  subuni ts  in vitro. Both a a n d / 3  
subuni ts  of spectr in  still were able  to form dimers  
and te t ramers  af ter  chemical  modif ica t ion  with 
A N M .  In our  previous  studies, using f luorescence 
polar iza t ion  and low-angle  ro tary  shadowing and 
electron microscopy,  it was clear that  spectr in- l ike 
molecules  could be reconst i tuted,  and that there 
were not  s ignif icant  amounts  of free subunits  when 
nonmod i f i ed  a and fl subuni ts  were mixed. The 
nondena tu r ing  gel e lect rophores is  pa t te rns  of  those 
mixtures  were very similar  to those of intact  spec- 
tr in [8]. Since the e lec t rophoret ic  pa t te rns  of c, d 
and  e of  Fig. 2 were a lmost  the same as those of 
nonmodi f i ed  subunits ,  it is reasonably  to conclude 
that  the fas ter - running  bands  should be the a/3 
dimers,  and  slower ones should be the a2fl 2 tetra- 
mers. It is no ted  that  te t ramers  are always formed 
when a or A N M a  is mixed wi th/3  or A N M f l ,  even 
on ice, because  intact  spectr in d imers  were kineti-  
cal ly  t r apped  and did not  convert  to te t ramers  at 
0°C [17]. Therefore,  a/3 dimers  which were struct-  
ural ly different  f rom intact  spectr in d imers  might  
be formed at first when the subuni ts  were mixed 
on ice, then conver ted  into te t ramers  or stable 
dimers,  a n d / o r  G2/32 tetramers might  be formed 
direct ly  from 2 a  and 2/3. Fur the rmore ,  ANM/3 
could  b ind  to spec t r in-deple ted  ins ide-out  vesicles; 
also A N M a  bound  to ins ide-out  vesicles with 
ANM/3.  These observat ions  permi t ted  fluores- 
cence- labeled a and fl to be used to s tudy the 
in terac t ion  between these subunits .  The non- 
specific b ind ing  of  spectr in to ins ide-out  vesicles 
was es t imated about  15% under  the condi t ion  of 
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3-fold excess of spectrin to membrane protein on a 
weight-to-weight basis [18]. In our binding assay, 
on the other hand, such nonspecific binding was 
not a serious problem, because the ratios of spec- 
trin or ANM subunits to membrane protein were 
less than one-half and the mixture of inside-out 
vesicles with the proteins was washed twice using a 
large excess of the buffer solution as described in 
Materials and Methods. 

It is very interesting that the anisotropy of 
A N M a  and ANMfl increased linearly with the 
addition of nonfluorescent/3 or a and saturated at 
a protein ratio about 1, indicating 1- to -1 tool 
binding with considerably high affinity. Refering 
to the observationos of electron micrographs in 
which the a subunit bound to the/3 subunit side- 
to-side [4], it seems reasonable that the anisotro- 
pies of A N M a  or ANM/3 increase when ANMa-/3 
or ANM/3-a complexes are formed, because mobil- 
ity of ANM on the subunits should be restricted 
directly by the side-to-side associaton. Formation 
of tetramers or oligomers from dimers, however, 
may not contribute to anisotropy changes, since 
these associations are of the head-to-head type [5]. 
In addition, account should be taken of local 
conformational change in the vicinity of ANM-bi-  
nding sites on the subunits induced by binding of 
the counterpart. Fluorescence properties of A N M  
might be sensitive to its microenvironment [12]. 
For instance, both fluorescence intensities of 
A N M a  and ANM/3 dropped-off about 10% with 
the addition of nonfluorescent/3 or a without any 
changes of maximum wavelength of both spectra, 
as shown in Fig. 1. It was difficult to explain 
exactly the main reason for these phenomena. But 
it was emphasized that those fluorescence anisot- 
ropy and intensity changes saturated at the protein 
ratio of 1, indicating that they were induced by 
binding of ANM-subunits  to their counterparts. 

It is clearly shown that both the binding rate of 
/3 to A N M a  and the exchange rate between A N M a  
and nonfluorescent a on ANMa-/3 complex were 
considerably rapid (Fig. 6). Initial phase of the 
time-course (within 1 min) conformed to simple 
second-order reaction kinetics, and rough estima- 
tion of the rate constant obtained from the slope 
was about 1 - 106/M -1 • s -1. But even at 2°C, the 
increase in anisotropy was too fast to follow ex- 
actly by our method. The anisotropy value of 

A N M a ,  on the other hand, hardly increased when 
the dimer or tetramer fraction of intact spectrin 
was added up to a 10-fold mol excess (data not 
given). Presumably, the spectrin dimer or tetramer 
was more stable than the ANMa-fl complex in 
equilibrium state, so free A N M a  was dominant in 
an equimolar mixture of A N M a  and spectrin. And 
also in the mixture of a 10-fold molar excess of 
spectrin, almost all A N M a  was in the free form, 
since the ratio of A N M a  to a was one-tenth. 

Taken together, these results seem to imply that 
side-to-side interaction between ¢~ and fl subunits 
should be important for understanding the molec- 
ular role of the spectrin mesh on the red cell 
membrane. Of course, this idea should provide a 
clue to substantiate the mechanism, because some 
problems still remain, as will be described below. 

The anisotropy value of ANM in the system of 
ANMfl with spectrin-depleted inside-out vesicles 
was lower than that of ANMfl in solution, and the 
anisotorpy of ANMfl bound to the vesicle showed 
a nonsaturable and small increase upon the addi- 
tion of nonfluorescent a (data not given), though 
even A N M a  could bind to ANMfl with inside-out 
vesicles (Fig. 3). These findings suggested that the 
interaction mode of a with fl subunit on the mem- 
brane might be something different from that in 
solution. Presumably, the interaction between 
spectrin subunits on the membrane is more com- 
plicated, since not only the direct interaction be- 
tween them but also the interactions with some 
spectrin-binding proteins such as ankyrin [19] and 
band 4.1 protein [20] on the red cell membrane has 
to be taken into consideration. Further experi- 
ments, including those on spectrin-binding pro- 
teins, need to be done to understand the interac- 
tion between subunits on the erythrocyte mem- 
brane. 

The binding of ANM to a and fl subunits was 
not so specific under our coupling conditions, 
since more than five strong fluorescent bands could 
be seen on the SDS-polyacrylamide gels after mild 
trypsin digestion of A N M a  and ANMfl,  which 
had about 3 mol A N M / m o l  subunit. The similar 
heterogeneous binding of ANM described above 
was observed under different coupling conditions 
such as pH 6-8  or in phosphate buffer at pH 6-8.  
These observations indicated that both a and fl 
subunits had several thiols which were in very 
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similar chemical circumstances. These results 
would be quite natural, because spectrin subunits 
are long, mammoth-sized proteins; furthermore, 
each subunit had some structurally similar do- 
mains [21]. This heterogeneous binding of ANM 
to the subunits, however, did not cause many 
difficulties for the experiments on the interaction 
between spectrin subunits described here. The ani- 
sotropy values of ANM subunits were somewhat 
different from preparation to preparation. This 
difference might be caused by heterogeneous bind- 
ing of ANM described above. But it was noted 
that the degree of anisotropy changes of the ANM 
subunit induced by binding of the subunit coun- 
terpart was almost constant and independent of 
initial anisotropy values. 
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