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Abstract. Defects or deficiencies in red cell membrane skel-
etal proteins often undermine the integrity and stability of the 
plasma membrane, and consequently cause hereditary hemo-
lytic anemias. Genetic and biochemical studies have revealed 
a complicated picture of the organization of the membrane 
skeleton, within which α-/β-spectrin heterodimers form a 
protein lattice. By stabilizing the red cell membrane skeleton, 
the erythroid protein 4.1R greatly contributes to connecting 
and regulating the interaction among spectrins, actin fila-
ments and integral proteins on the plasma membrane. In this 
study, we demonstrated the direct interaction between 4.1R 
and α-/β-spectrin. The results provide novel insights into the 
stoichiometry of 4.1R with spectrin, and demonstrate for the 
first time that the binding ratio of 4.1R to spectrin heterodi-
mers is approximately 5.

Introduction

The erythroid cytoskeleton is comprised of a number of 
proteins, which structurally support the cell membrane and 
also functionally regulate membrane trafficking and signaling 
transduction. Among these membrane skeletal proteins, the 
spectrin-ankyrin-4.1-adducin complex represents a striking 
system. Mutations or impairments in this complex lead to 
various diseases, in particular hereditary hemolytic anemias. In 
red blood cells (RBCs), the spectrin-ankyrin-4.1-adducin based 
membrane-cytoskeletal system plays a crucial role in stabilizing 
the lipid bilayer and endowing RBCs with the ability to endure 
the rigorous stresses encountered during circulation (1).

 Regarding the structure of the membrane-cytoskeletal 
system within RBCs, spectrin and actin filaments form the 
backbone underneath the membrane macrocomplexes, and 
other proteins are connected to the backbone. Among them, 
the proteins 4.1R and adducin modulate the junction between 
spectrin and actin, and ankyrin links β-spectrin and connects 
the membrane macrocomplexes (2). Thus, spectrin filaments 

appear to be the determinant of the RBC membrane, while 
other proteins are also crucial for the integrity of membrane 
structure and functionality. For example, protein 4.1R acts as 
a multifunctional component and regulates the junctions of 
the membrane-skeletal network. Mutations or defects in 4.1R 
cause instability of the network and consequently the whole 
cell membrane (3,4).

In this study, to better understand RBC membrane orga-
nization, we investigated the interaction between spectrin and 
protein 4.1R using a variety of biochemical strategies. Our 
data demonstrated that 4.1R protein binds and forms a stable 
complex with the spectrin heterodimers, and that the binding 
ratio of 4.1R to spectrin heterodimers is approximately 5. These 
findings suggest that this interaction contributes to the stabiliza-
tion of the membrane-cytoskeletal system within RBCs.

Materials and methods

Materials. Chemical reagents were purchased from Sigma. 
The expression vector pGex-6P, glutathione (GSH) sepharose 
beads, and a Sephacryl S-200 column were purchased from 
GE Healthcare. The antibody against the human protein 4.1R 
was obtained from Santa Cruz Biotechnology.

Extraction and purification of human 4.1R protein. The human 
protein 4.1R was extracted and purified from human RBCs 
according to a previously described protocol (5,6). The quality 
and identity of 4.1R protein were assessed by SDS-PAGE and 
Western blotting. The 4.1R protein was dialyzed against  binding 
buffer (120 mM KCl, 10 mM N-2-hydroxyethylpiperazine-N'-
2-ethanesulfonic acid, 0.5 mM ethyleneglycoltetraacetic acid 
and 0.5 mM dithiothreitol, pH 7.5) (6).

Expression and purification of spectrins. Human cDNA for α- 
and β-spectrin was cloned into the expression vector pGex-6P. 
The recombinant plasmids were transferred into the E. coli 
BL21 cells. The recombinant proteins were isolated and puri-
fied according to the manufacturer's protocol. The GST tag 
was cleaved off from the α-spectrin following the manufac-
turer's directions, while the GST tag was kept uncleaved with 
the β-spectrin. The purified proteins were dialyzed against the 
binding buffer.

Formation of minispectrin heterodimers. Equal amounts of 
α- and β-spectrins at molar concentrations were combined 
and allowed to form heterodimers overnight on ice. The mixed 
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proteins were then chromatographed through the Sephacryl 
S-200 column. Fractions were examined by SDS-PAGE, and 
those with equal amount of α- and β-spectrins were pooled 
together for the following binding and GST pull-down assays.

4.1R-spectrin binding assay. 20 µg of α-spectrin/
GST-β-spectrin heterodimers were combined with increasing 
amounts of isotopically (125I) labeled 4.1R in a final volume 
of 200 µl. The experiments were carried out according to a 
previously described procedure (7). The bound complex with 

125I-labeled 4.1R was retrieved using the GSH beads. Finally, 
the samples were counted using a β counter. The binding 
constants were analyzed and developed by non-linear regres-
sion using SPSS software.

GST pull-down assay. Similar to the 4.1R-spectrin binding 
assay described above, but with no isotopic labeling, the 
binding complex of 4.1R-α-spectrin/GST-β-spectrin heterodi-
mers was pulled down using the GSH beads. The bound 
proteins were then determined by Western blot analysis using 
the anti-human 4.1R antibody.

Western blot analysis. Western blot analysis for the human 4.1R 
protein was performed according to a previously described 
procedure (8-10).

Results and Discussion

To obtain native 4.1R protein in the binding assessment, 4.1R 
protein was extracted and purified from human RBCs. As 
shown in Fig. 1A, a high quality of 4.1R protein was obtained 
with a molecular weight of ~80 kDa; the purity was >95% 
as evaluated by Image J software according to a previous 
method (11). The identity of the purified 4.1R protein was then 
validated by Western blot analysis using an antibody again 
human 4.1R. The results of Western blotting showed a specific 
band indicative of 4.1R (Fig. 1B). To gain heterodimers of 
α-/β-spectrins, both α- and β-spectrins were expressed in 
the E. Coli system. As indicated by Coomassie blue-staining 
SDS-PAGE gel (Fig. 2), both recombinant proteins had good 
production. The fractions with an equal amount of α- and 
β-spectrins (corresponding to Lanes 1-4, Fig. 2) were pooled 
together for the following binding and GST pull-down assays.

The binding experiments were performed by combining 
700 nM minispectrin heterodimers with increasing concen-
trations of 125I-labeled full-length native 4.1R proteins. The 

Figure 1. Assessment and validation of human 4.1R protein. (A) Coomassie blue-staining SDS-PAGE gel for purified 4.1R protein from human erythrocytes. 
(B) Western blot analysis of purified 4.1R protein.

  A   B

Figure 2. Coomassie blue-staining SDS-PAGE gel for recombinant GST-β-
spectrin and α-spectrin. Lanes 1-4 show different fractions of chromatographic 
collection through the Sephacryl S-200 column.
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incubation occurred at room temperature (RT) for 24 h, and 
the bound 4.1R proteins were then retrieved and assayed by a 
β counter. As shown in Fig. 3, binding between the minispec-
trin and 4.1R significantly increased along with the increase 
in 4.1R concentration; however, the binding was saturated 
when the concentration of 4.1R was >3,150 nM. At this point, 
the ratio of 4.1R to minispectrin heterodimers was around 
4.5. To confirm this result, the GST pull-down experiments 
were performed by mixing 14 nM minispectrin heterodimers 
(the β-spectrin with the GST tag) with increasing amounts 
of full-length native 4.1R proteins without 125I-labeling. The 
incubation was conducted at RT for 24 h, and the bound 4.1R 
proteins with the minispectrin heterodimers (the β-spectrin 
with the GST tag) were retrieved on GSH beads and then 
evaluated by Western blotting. Similar to the binding assay 
described above, robust binding between 4.1R and minispec-
trin was observed (Fig. 4). Notably, when the concentration of 
4.1R was >70 nM (where the ratio of 4.1R to minispectrin was 
>5), the binding of the complex was saturated, consistent with 
the results from the binding curve (Figs. 3 and 4).

The RBC membrane skeleton is well organized. α-/β-
spectrins, in the form of head-to-head tetramers, compose 
a lattice of cytoskeleton, which cross links other structural, 
linking and integral proteins within the membrane. Thus, 
spectrins play a central role in establishing the organization 
of the membrane skeleton (2,12). Mutations in spectrins lead 

to clinically significant forms of hereditary elliptocytosis and 
hereditary pyropoikilocytosis (13). Spectrin tetramers associ-
ated in a hexagonal array connect the membrane via junctional 
complexes by interacting with actin filaments, protein 4.1R, and 
glycophorin C, among which 4.1R plays a crucial role in regu-
lating the junctional complexes by stabilizing the spectrin-actin 
network and anchoring it to the membrane (14). Studies with 
mouse models suggest that deficiency of 4.1R in RBCs results 
in a considerable reduction in actin filaments and significant 
loss of cytoskeletal structure and membrane proteins (15-17). 
Deficiency of 4.1R in human RBCs leads to the pronounced 
disruption of cytoskeletal meshwork, which is closely associ-
ated with anemia and elliptocytosis (18-21). In agreement 
with previous studies (22-24), the current study presents direct 
evidence demonstrating the interaction between 4.1R and spec-
trin heterodimers, suggesting the biological significance of this 
interaction in maintaining the stability of the plasma membrane 
skeleton. Additionally, we demonstrated for the first time the 
binding ratio of 4.1R to spectrin heterodimers, calculated to 
be 4.5-5. In other words, the binding of spectrin heterodimers 
by 4.1R proteins would be saturated when the ratio of 4.1R to 
spectrin heterodimers is over 5. Overall, these findings offer a 
direct demonstration of 4.1R/spectrin interaction, and provide 
novel insights into the mechanistic organization of the spectrin 
filament-centered protein complex.
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