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ABSTRACT: Human erythrocyte spectrin is an antiparallel heterodimer comprised of a 280 kDaR subunit
and a 246 kDaâ subunit which further associates into tetramers in the red cell membrane cytoskeleton.
Lateral association of the flexible rodlike monomers involves a multiple-step process that is initiated by
a high affinity association near the actin-binding end of the molecule (dimer nucleation site). In this
study, recombinantR and â proteins comprising two or four “spectrin type” motifs with and without
adjacent, terminal nonhomologous domains were evaluated for their relative contributions to dimer initiation,
and the thermodynamic properties of these heterodimer complexes were measured. Sedimentation
equilibrium studies showed that in the absence of the heterologous subunit, individual recombinant proteins
formed weak homodimers (Kd > 0.3 mM). When 2-motif (R20-21 andâ1-2) and 4-motif (R18-21 and
â1-4) recombinants lacking the terminal nonhomologous domains were paired with the complementary
protein, high affinity heterodimers were formed in sedimentation equilibrium analysis. Both theR20-
21/â1-2 complex and theR20-21EF/âABD1-2 complex showed stoichiometric binding with similar
binding affinities (Kd ≈ 10 nM) using isothermal titration calorimetry. TheR20-21/â1-2 complex showed
an enthalpy of-10 kcal/mol, while theR20-21EF/âABD1-2 complex showed an enthalpy of-13
kcal/mol. Pull-down assays usingR spectrin GST fusion proteins showed strong associations between all
heterodimer complexes in physiological buffer, but all heterodimer complexes were destabilized by the
presence of Triton X-100 and other detergents. Complexes lacking the nonhomologous domains were
destabilized to a greater extent than complexes that included the nonhomologous domains. The detergent
effect appears to be responsible for the apparent essential role of the nonhomologous domains in prior
reports. Taken together, our results indicate that the terminal nonhomologous domains do not contribute
to dimer initiation nor are they required for formation of high affinity spectrin heterodimers in physiological
buffers.

Erythrocyte spectrin is a large antiparallel heterodimer
comprised of anR andâ subunit with molecular masses of
280 and 246 kDa, respectively (1, 2). In the red cell
membrane cytoskeleton, spectrin is found predominantly as
tetramers although small amounts of higher order oligomers
are also present (3). Electron microscopy images of isolated
spectrin dimers show a 100 nm long flexible rodlike molecule
with tight associations at the ends of the rods and weaker
associations along the central part of the molecule (4). In
contrast, the contour length of dimers is only about one-
third the length of the fully extended molecules in situ (5,
6). The dramatic changes in molecular length and the
flexibility of spectrin are generally attributed to most of the
basic structure of both subunits of spectrin which consists
of tandem, homologous 106 amino acid motifs that fold into
triple helical bundles (referred to as helices A, B, and C) as
determined by X-ray crystallography (7, 8) and NMR (9). R
spectrin contains 20 such homologous motifs, an SH3 domain
in the ninth motif between helices B and C, a partial motif

(a single C helix) at the N-terminus, and C-terminal EF hand
domains (1). â spectrin contains 16 complete homologous
motifs, an N-terminal actin binding domain, a partial motif
17 (helices A and B) and a C-terminal nonhomolgous domain
(2) that is phosphorylated (10). The subunits are arranged
antiparallel such that the N-terminus of theâ chain is in close
proximity to the C-terminus of theR chain thus forming the
R/â heterodimer (11). A schematic of the spectrin motifs is
shown in Figure 1. Heterodimers further associate head-to-
head to form tetramers through interaction of the first partial
motif of R spectrin with the last partial motif ofâ spectrin
to apparently form complete triple helical bundles (12-14).

Initial studies in our laboratory using erythrocyte spectrin
peptides produced by mild trypsinization showed that only
fragments containing approximately four homologous motifs
near the N-terminus ofâ spectrin (â1-4) and about three to
four homologous motifs near the C-terminus ofR spectrin
(R18-21) were capable of forming heterodimeric complexes
(15). A subsequent study using recombinant peptides and
an analytical HPLC gel filtration binding assay demonstrated
that the smallestâ peptide capable of high affinity dimer-
ization contained the first two homologous motifs (â1-2)
(16). The effects of ionic strength on the mechanism of
molecular docking, and the regions of minimal dimer
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nucleation site that interact were subsequently studied (17).
However, in contrast to our findings, several studies (18,
19) using immunoprecipitation assays of recombinantDroso-
phila spectrin proteins expressed in a reticulocyte lysate
system indicated that at least a portion of the adjacent
terminal nonhomologous domains were required for forma-
tion of high affinity heterodimer complexes. Hence, it was
unclear if the discrepancy concerning the potential contribu-
tions of the actin binding domain and/or EF hand domains
to dimerization were due to the different spectrin isoforms
used or the different assay methods used.

In this study, we used sedimentation equilibrium and
isothermal titration calorimetry analysis to evaluate the
potential contributions of terminal nonhomologous domains
to spectrin heterodimerization. Addition of the nonhomolo-
gous domains to the recombinant proteins did not enhance
the affinity of this interaction. The requirement of these
nonhomologous regions forDrosophilaspectrin dimerization
(18, 19) apparently resulted from the assay buffer used in
those experiments. That is, spectrin dimer initiation is
destabilized by the presence of Triton X-100 and other
detergents, and the smallest competent recombinant peptides
are somewhat more sensitive to detergents than larger
peptides. Complementary 2-motif peptides (R20-21/â1-
2) were shown to form high affinity heterodimers in
physiological buffers by two independent methods, isother-
mal titration calorimetry and sedimentation equilibrium
analysis.

MATERIALS AND METHODS

Expression and Purification of Recombinant Erythrocyte
Spectrin Proteins.The polymerase chain reaction was used
to amplify the region of interest from erthyrocyteR andâ
spectrin cDNA clones (1, 2) kindly provided by Dr. Bernard
Forget. All constructs were expressed as glutathione S-
transferase (GST)1 fusion proteins using either the pGEX-
2T vector or pGEX-3X vector (Amersham Pharmacia
Biotech). The purification ofR18-21,R20-21,â1-2, and
â1-4 has been previously described (16, 20). Recombinant
proteins containing the actin binding domain,âABD1-2 (â
spectrin residues 1-528) andâABD1-4 (â spectrin residues
1-743), as well as aR spectrin recombinant containing the

EF hand domain,R18-21EF (R spectrin residues 1818-
2416), were expressed in a pGEX-2T vector. TheR spectrin
recombinant containingR20-21EF (R spectrin residues
2033-2416) was expressed in the pGEX-3X vector. Trans-
fected DH5R cells were grown overnight at 37°C, then
diluted 1:20 in LB medium containing 50µg/mL ampicillin.
Cells were grown at 30°C to an optical density of 0.5-0.7
and induced with 1 mM final concentration of 1-thio-â-D-
galactopyranoside. Induced cells were allowed to grow for
3 h to a final optical density of approximately 1.0, followed
by centrifugation at 4000g for 20 min at 4°C. Cell pellets
were immediately frozen and stored at-80 °C until
processed for purification. Growth of the transfected
Escherichia coliat 30°C resulted in high expression levels
with most of the fusion protein in the supernatant fraction
after sonication rather than in inclusion bodies. One exception
was R20-21, which was expressed at 18°C in order to
obtain a sufficient proportion of the fusion protein in the
soluble fraction after sonication. TheR20-21EF construct
remained in inclusion bodies under all temperature expression
conditions tested (18-37 °C); therefore, it was solubilized
from inclusion bodies using urea denaturation then refolded
using methods as previously described (21).

Constructs that contained the EF hand or actin-binding
domain were purified from cell lysate supernatants in a
manner similar to those previously described for spectrin
proteins which did not contain these domains except as noted
above (16, 17, 20). Briefly, the clarified lysate was incubated
with reduced glutathione-S-Sepharose for 1 h at 4°C then
washed with 10 mM sodium phosphate, 130 mM NaCl, 5
mM EDTA, and 1 mM 2-ME, pH 7.3. Fusion protein was
eluted in 20 mM Tris, 10 mM glutathione, 1 mM 2-ME, 5
mM EDTA, and 0.1µg/mL pepstatin, pH 8.0. The GST
moiety was cleaved from the spectrin proteins using condi-
tions empirically determined for each protein. TheR20-
21EF fusion protein was cleaved using Factor Xa at an
enzyme-to-substrate ratio (µg/µg) of 1:100 for 4 h at 25°C.
The âABD1-2 andâABD1-4 proteins were cleaved with
thrombin after addition of NaCl to a final concentration of
0.15 M at an enzyme-to-substrate ratio (units/µg) of 1:1500
and 1:1000, respectively, for 3 h at 37°C. After cleavage,
the proteases were inhibited by addition of PMSF (0.3 mM
final concentration). Samples were dialyzed against 10 mM
sodium phosphate, 130 MM NaCl, 5 mM EDTA, 0.15 mM
PMSF, 1 mM 2-ME, pH 7.3, then reapplied to the glutathione
Sepharose 4B column equilibrated in the same buffer. The
recombinant spectrin sample was collected as the unbound
fraction. Samples were concentrated with a Centriprep
concentrator (Millipore) and further purified by gel filtration
on a HiLoad Superdex 200 column (60× 2 cm Amersham
Pharmacia) equilibrated with 10 mM sodium phosphate, 130
mm NaCl, 1 mM EDTA, 0.15 mM PMSF, and 1 mM 2-ME
pH 7.4. The inserts of all recombinant vectors were analyzed
by automated DNA sequencing to verify sequence integrity
after PCR amplification.

1 Abbreviations: GST, glutathioneS-transferase; PMSF, phenyl-
methanesulfonyl fluoride; LB, luria broth; HPLC, high-performance
liquid chromotography; TCEP, tris(2-carboxyethyl)phosphine hydro-
chloride; ITC, isothermal titration calorimetry; 2-ME, 2-mercapto-
ethanol; MALDI-MS, matrix-assisted laser desorption/ionization mass
spectrometry; PAGE, polyacrylamide gel electrophoresis; DOC, deoxy-
cholic acid.

FIGURE 1: Model of the human red cell spectrin antiparallel
heterodimer. The numbered rectangles represent homologous motifs
of R (1-9, 11-21) andâ spectrin (1-17). TheR′ represents a
partial motif at the N-terminus ofR spectrin. The ninthR spectrin
motif contains an SH3 domain (motif 10) in the loop region between
the B and C helices of the triple helical bundle. The hexagons at
the C-terminal domain ofR spectrin represent the EF hand region.
The large box (ABD) at the N-terminus ofâ spectrin represents
the actin-binding domain and the “tail” at the C-terminal end is
the nonhomologous phosphorylated region. The shaded bars above
R spectrin and belowâ spectrin are schematic representations of
the constructs used in this study.
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Analytical Ultracentrifugation.Spectrin nucleation site
recombinants were analyzed using sedimentation equilibrium
in a Beckman XL-I analytical ultracentrifuge. Samples were
concentrated and buffer was exchanged immediately prior
to analytical ultracentrifuge experiments using two analyti-
cal (7.8 mm × 300 mm) HPLC gel filtration columns
(G3000SWXL + G2000SWXL Tosohaus) in series or two
Superdex 200 HR 10/30 (10× 300 mm Amersham Phar-
macia) in series equilibrated in 10 mM sodium phosphate,
130 mM NaCl, 1 mM EDTA, 0.15 mM PMSF, and 1 mM
TCEP, pH 7.4. For heterodimeric complexes, equal molar
amounts of monomer were mixed together and incubated
on ice for 30 min then concentrated using a Centricon
concentrator (Millipore) prior to gel filtration. All data was
collected using interference optics and cells were assembled
with 12 mm Epon double sector Yphantis style centerpieces
and sapphire windows. All sample volumes were 110µL.
A water blank scan was taken immediately before each
experiment to correct for window distortion in the fringe
displacement data (22). Three different initial loading
concentrations of samples were used for each experiment.
In some cases, multiple speeds or temperatures were also
used. In these cases, the sample was allowed to reach
equilibrium at the lowest speed or temperature, followed by
analysis at the second speed or temperature. Fringe displace-
ment data was collected every 4-6 h until equilibrium was
reached as determined from comparison of successive scans
using the MATCH ver. 7 program.2

Data were edited using the REEDIT ver. 9 program2 and
analyzed using the NONLIN ver. 3 program2 (23). Data from
all loading concentrations were fitted globally. The reduced
molecular weight of the protein is defined asσ ) M(1 -
υjF)ω2/RT, whereM is the sequence molecular weight,υj is
the partial specific volume of the protein,F is the solvent
density,ω is the angular velocity in radians/s,R is the gas
constant, andT is the temperature in kelvin. The program
SEDNTERP2 was used to calculateM andυj from the amino
acid composition of the recombinant proteins as well asF
for the solvent. Since the difference inσ for each component
in the heterodimeric complex as analyzed in this study is
(σR - σâ) e 0.6 at the speeds evaluated, the reaction can be
modeled as that of an ideal monomer-dimer association,
using the weight-average molecular weight of the two
peptides (24). A minimum of three data sets from different
initial loading concentrations was fitted simultaneously. The
data were fitted well by either an ideal single species model
or an ideal monomer-dimer model. Examination of the
residuals and minimization of the variance determined
goodness of fit. The monomer-dimer association constants
returned by the NONLIN program were converted to the
molar scale using the sequence molecular weight of the
proteins and a specific fringe displacement of 3.26 fringes
L g (24).

Isothermal Titration Calorimetry.Titration experiments
were conducted using an MCS isothermal titration calorim-
eter (ITC) from MicroCal, Inc. equilibrated at 30°C. Samples
for titration calorimetry were dialyzed against 10 mM sodium

phosphate, 130 mM NaCl, 1 mM 2-ME, pH 7.4. Prior to
the experiment, samples were degassed under vacuum for 5
min. The sample cell was then filled with the final dialysate
(used as a control) or protein at a concentration of 3-5 µM.
The cell was then titrated with 10-20 aliquots (5-10 µL
each) of sample at 5 min intervals. The reaction was stirred
at 400 rpm throughout the experiment. Data analysis was
performed using the ORIGIN ver. 3.2 data analysis software
provided with the instrument. The control experiment was
subtracted from the experimental data to correct for heat of
dilution of titrant into buffer. The area under each injection
spike was integrated and fitted using nonlinear least-squares
regression analysis.

Determination of Stoke’s Radius. A Superdex 200 HR 10/
30 (10 × 300 mm, Amersham Pharmacia Biotech) gel
filtration column maintained at 4°C was equilibrated in 10
mM sodium phosphate, 130 mM NaCl, 1 mM EDTA, 0.15
mM PMSF, 0.05% azide, pH 7.4, at a flow rate of 0.5 mL/
min. Protein standards with known Stokes’ radii were
injected individually onto the column to determine a standard
curve (25). Each of the spectrin recombinants was then
injected onto the column and elution times were used to
determine Stokes’ radii from the standard curve of known
proteins. For evaluation ofR/â complexes, an equal molar
ratio of each component was mixed together, allowed to
reach equilibrium by incubation on ice for 30 min, and then
injected onto the columns as described above.

GST-Pull-Down Binding Assays.In GST fusion protein
pull down assays,R GST fusion proteins were mixed with
various molar ratios ofâ recombinant proteins in a final
volume of 250µL in 10 mM sodium phosphate, 130 mM
NaCl, 5 mM 2-ME, pH 7.4. Heterodimer complexes were
allowed to reach equilibrium by incubation on ice for 30
min. Various buffers were tested by adding an equal volume
of buffer containing two times the final desired detergent
concentration. Final buffer compositions were 10 mM sodium
phosphate, 130 mM NaCl, 5 mM 2-ME, pH 7.4 with no
detergent; 1% Triton X-100; or 1% Triton X-100, 1% DOC,
and 0.1% SDS. Samples were then added to 100µL of
glutathione Sepharose 4B in a Millipore 0.22µm microfuge
filter unit and gently mixed for 1 h at 4°C. After incubation,
the samples were centrifuged for 2 min and the filtrate was
collected as the unbound sample. The bound fraction was
eluted after a 5 min incubation at room temperature in 500
µL of 0.2% SDS. Bound and unbound fractions were
evaluated using Coomassie blue stained 8% SDS-PAGE
gels (26).

A similar technique was used to perform competition
experiments. In these experiments an equal molar amount
(usually 250 pmol) ofR GST fusion protein and a comple-
mentaryâ recombinant protein were mixed with 0, 125, 250,
500, or 1000 pmol of the variousâ proteins used in this
study. In some other experiments,â1-4 was metabolically
labeled with35S during the protein expression and binding
experiments were performed as described above. In addition
to SDS gels, liquid scintillation counting was performed on
the bound and unbound fraction to determine the portion of
labeled protein bound to theR fusion protein.

RESULTS

Purification and Characterization of Spectrin Recombinant
Proteins.The role of the actin-binding domain and the EF

2 MATCH, REEDIT, and NONLIN are available from the Analytical
Ultracentrifugation Facility at the University of Connecticut via the
FTP site. The program SEDNTERP was written by T. Laue, J. Hayes,
and J. Philo, and is available on the RASMB web site.
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hand motifs in heterodimer assembly and the thermodynamic
properties of alternativeR/â complexes were evaluated.
Figure 1 shows a schematic representation of recombinant
proteins used in this study. The phasing (start and stop sites)
of each recombinant corresponds to the boundaries of triple
helical bundles as defined by crystallographic data (7) or as
previously determined for the N-terminus of the first
homologous â motif (16). Recombinant proteins were
purified as GST fusion proteins, separated from the GST
moiety by enzymatic cleavage followed by rechromatography
on a glutathione column, and purified to homogeneity by
HPLC gel filtration prior to use. GST fusion proteins used
for pull-down assays were purified by glutathione sepharose

and HPLC gel filtration. The purity and homogeneity of all
proteins was assessed by SDS-PAGE (Figure 2). Protein
integrity was confirmed by N-terminal sequencing and
MALDI mass analysis, and potential irreversible aggregation
of purified samples was measured before use with analytical
HPLC gel filtration (data not shown).

The R20-21EF construct was initially cloned into a
pGEX-2T vector, however, MALDI mass spectrometry
analysis of the purified protein showed a mass smaller than
expected. N-terminal sequence analysis together with the
observed mass showed that thrombin cleaved the protein at
a site near the C-terminal. Subsequently, theR20-21EF
cDNA was cloned into a pGEX-3X vector and the expressed
protein was cleaved with Factor Xa. Using this expression
system, a protein with the expected mass was obtained by
MALDI mass spectrometry. This protein could be purified
in low yield (2 mg of fusion protein/L of bacterial culture)
from the lysate supernatant or in high yield (30 mg of fusion
protein/L of bacterial culture) when extracted from the pellet
fraction. Expression of the protein at low temperatures (18-
25 °C) did not prevent incorporation of the fusion protein
into inclusion bodies. Protein purified from either the
supernatant fraction or from inclusion bodies behaved
similarly in binding assays, showed identical resistance to
protease cleavage, and had the same Stokes’ radius, indicat-
ing the protein was properly refolded (data not shown). Since
protein was purified from inclusion bodies in much higher
yields, this method was used for subsequent analysis.

Sedimentation Equilibrium Analysis of Spectrin Constructs.
Purified proteins were rechromatographed on analytical

FIGURE 2: Coomassie blue stained 10% Tris-tricine SDS gel of
the purified recombinants used in this study. Each lane contains 2
µg of purified protein. Lane 1,R20-21; lane 2,â1-2; lane 3,R18-
21; lane 4,â1-4; lane 5,R20-21EF, lane 6,âABD1-2; lane 7,
âABD1-4; lane 8, GSTR18-21; lane 9, GSTR18-21EF.

FIGURE 3: Representative sedimentation equilibrium analyses of 2-motif dimer nucleation site recombinants. (A) (Lower panel)R20-21
at three initial loading concentrations (1.0, 0.5, and 0.25 mg/mL) in 10 mM sodium phosphate, 130 mM NaCl, 1 mM EDTA, 0.15 mM
PMSF, and 1 mM TCEP, pH 7.4, at 31 800 rpm and 30°C. The raw data (circles) and the global fit for a monomer-dimer equilibrium with
a Kd of 1.3 mM are shown (lines). (Upper panel) The residuals of the fitted curves to the data points for each concentration from highest
to lowest (top to bottom, respectively). (B) (Lower panel)â1-2 at three initial loading concentrations (0.9, 0.45, and 0.225 mg/mL) in 10
mM sodium phosphate, 130 mM NaCl, 1 mM EDTA, 0.15 mM PMSF, 1 mM TCEP, pH 7.4 at 30 600 rpm and 30°C. The raw data
(circles) and the global fit of a monomer-dimer equilibrium with aKd of 1.1 mM are shown (lines). (Upper panel) The residuals of the
fitted curves to the data points for each concentration from highest to lowest (top to bottom, respectively). (C) (Lower panel)R20-21/
â1-2 at three initial loading concentrations (0.8, 0.4, and 0.2 mg/mL) in 10 mM sodium phosphate, 130 mM NaCl, 1 mM EDTA, 0.15 mM
PMSF, 1 mM TCEP, pH 7.4 at 22 000 rpm and 30°C. The raw data (circles) and the global fit of a single species (lines) with an observed
molecular mass of 52 729 Da are shown (expected heterodimer mass) 54 869 Da). (Upper panel) The residuals of the fitted curves to the
data points for each concentration from highest to lowest (top to bottom, respectively).
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HPLC gel filtration columns immediately prior to analysis
by sedimentation equilibrium to remove minor amounts of
aggregates that may have formed after initial purification.
Equal molar amounts of complementaryR and â subunits
were mixed together to form heterodimeric complexes,
incubated on ice for 30 min, concentrated using a Centricon
concentrator to approximately 8 mg/mL then injected onto
the HPLC gel filtration columns. Fractions from the leading
edge of theR/â complex peak were used in sedimentation
equilibrium experiments to ensure that there was no con-
tamination with inactive monomers. Initially, each of the
individual spectrin recombinant proteins was analyzed since
some spectrin recombinants were capable of forming large
irreversible aggregates (20). Also, the single-motifR14
Drosophilaspectrin protein forms a high affinity homodimer
with a well-folded rearrangement (27). In the current

sedimentation equilibrium studies, homodimers could not be
distinguished from heterodimers and would affect data
analysis if homodimer and heterodimer dissociation constants
would be similar.

Representative data for individual motifs and heterodimeric
complexes of 2-motifs and 2-motifs with the nonhomologous
domains are shown in Figures 3 and 4. Table 1 lists the
monomer-dimer dissociation constants for each individual
protein recombinant. No significant differences in the binding
affinities were detected between 4 and 30°C. IndividualR
or â spectrin recombinants could be fitted by a model
describing a weak reversible monomer-dimer equilibrium
(Kd ) 0.3-1.3 mM). The heterodimeric complexes ofR18-
21/â1-4 andR20-21/â1-2 fit best to models for a single
species with molecular weights corresponding toR/â dimers.
When the highest concentration data set was removed,

FIGURE 4: Sedimentation equilibrium analysis of 2-motif spectrin recombinants with EF hand and actin-binding domains. (A) (Lower
panel)R20-21EF at three initial loading concentrations (0.6, 0.3, and 0.15 mg/mL) in 10 mM sodium phosphate, 130 mM NaCl, 1 mM
EDTA, 0.15 mM PMSF, 1 mM TCEP, pH 7.4, at 22 700 rpm and 30°C. The raw data (circles) and the global fit of a monomer-dimer
equilibrium with aKd of 1.2 mM are shown (lines). (Upper panel) The residuals of the fitted curves to the data points for each concentration
from highest to lowest (top to bottom, respectively). (B) (Lower panel)âABD1-2 at three initial loading concentrations (0.8, 0.4, and 0.2
mg/mL) in 10 mM sodium phosphate, 130 mM NaCl, 1 mM EDTA, 0.15 mM, PMSF, 1 mM TCEP, pH 7.4, at 20 000 rpm and 30°C. The
raw data (circles) and the global fit of a monomer-dimer equilibrium with aKd of 0.4 mM are shown (lines). (Upper panel) the residuals
of the fitted curves to the data points for each concentration from highest to lowest (top to bottom, respectively). (C) (Lower panel) analysis
of a R20-21EF/âABD1-2 1:1 complex at three initial loading concentrations (0.7, 0.35, and 0.175 mg/mL) in 10 mM sodium phosphate,
130 mM NaCl, 1 mM EDTA, 0.15 mM PMSF, 1 mM TCEP, pH 7.4, at 17 000 rpm and 30°C. The raw data (circles) and the global fit
of a monomer-dimer equilibrium with aKd of 516 nM are shown (lines). (Upper panel) The residuals of the fitted curves to the data points
for each concentration from highest to lowest (top to bottom, respectively).

Table 1: Sedimentation Equilibrium of Spectrin Nucleation Recombinants

experiment fitting modela
Kd

30 °C (mM)
RMS (×10-3)b

30 °C
Kd

4 °C (mM)
RMS (×10-3)b

4 °C
individual recombinants

R20-21 monomer-dimer 1.3 7.2 NAc

â1-2 monomer-dimer 1.1 8.7 NAc .
R18-21 monomer-dimer 0.34 1.6 NAc

â1-4 monomer-dimer 0.34 6.6 NAc

R20-21EF monomer-dimer 1.21 8.0 0.23 9.2
âABD1-2 monomer-dimer 0.41 8.2 0.21 8.5

R/â complexes
R20-21/â1-2 dimer NDd 8.8 NDd 8.9
R18-21/â1-4 dimer NDd 9.2 NDd 8.5

a A global fitting model was applied to each sample for three different initial loading concentrations. In some cases multiple speeds were
simultaneously fitted as well.b RMS, root-mean-square.c NA, not analyzed.d ND, not determined. Data were fit to a single species model.
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monomer-dimer Kds of ∼20 nM were estimated. Surpris-
ingly, the R20-21EF andâABD1-2 complex exhibited
weaker and variable dimer affinities (Kd ≈ 600 ( 300 nM,
average of three independent experiments). Since the ITC
studies described below indicated low nanomolar affinities
for this complex, it was apparently somewhat unstable over
the time course of the sedimentation equilibrium experiments.

Isothermal Titration Calorimetry.Heterodimerization of
R and â spectrin recombinants was further characterized
using isothermal titration calorimetry. This method was used
to verify binding stoichiometry and to more precisely
determine dissociation constants of heterodimeric complexes.
As shown above, sedimentation equilibrium experiments of
most complexes allowed only estimation of an upper limit
for Kds due to the small amount of free monomers present
in these experiments. Isothermal titration calorimetry was
also used to determine enthalpy of reaction for each group
of recombinant proteins. Representative titration curves and
nonlinear least-squares fits for two-motif recombinants with
and without the EF hands and actin-binding domain are
shown in Figure 5. All reactions showed similarKds in the
low nanomolar range and heats of reaction of about-10
kcal/mol for R20-21/â1-2 and about-13 kcal/mol for
R20-21EF/âABD1-2 in 10 mM sodium phosphate, 130
mM NaCl, and 1 mM 2-ME, pH 7.4. Table 2 summarizes
values obtained for representative experiments using different
recombinant pairings.

Determination of Stokes’ Radius. The Stokes’ radii data
for individual recombinants andR/â complexes are shown
in Table 3. The individualR spectrin recombinants have
slightly larger hydrodynamic radii compared to their comple-
mentaryâ subunit recombinant, despite the fact that theâ

recombinants have slightly larger masses. When heterodimer-
ic complexes are formed, only a modest increase in Stokes’
radius is observed relative to theR recombinant alone. These
results are most consistent with an in-register lateral align-
ment of motifs, i.e.,R21 aligns withâ1, R20 aligns with
â2, etc.

Fusion Protein Pull-Down Binding Assays.The ability to
form heterodimer complexes was further explored by evalu-
ating the capability ofâ recombinants to form complexes
with complementaryR GST fusion proteins under different
experimental conditions. A physiological buffer comprised
of 10 mM sodium phosphate, 130 mM NaCl, and 5 mM
2-ME, pH 7.4, was the standard buffer used in all experi-
ments. In parallel experiments, detergents such as Triton
X-100, DOC, and SDS were used alone or in combination
to obtain buffer conditions similar to those used in the
Drosophilaspectrin dimerization assays (18, 19). In several
representative experimentsR GST fusion proteins (250 pmol)
were mixed with 250 pmol of differentâ proteins and
allowed to reach equilibrium. The complexes were then
precipitated with glutathione Sepharose. Under all conditions
used, the fusion protein was essentially completely bound
to the glutathione Sepharose. A representative experiment
is shown in Figure 6. In the presence of physiological buffer
without detergents, bothR GST fusion proteins were able
to form tight associations with a complementaryâ recom-
binant. However, these interactions were substantially de-
stabilized by the presence of Triton X-100 which reduced
heterodimer association by about 50%. In the presence of
10 mM sodium phosphate, 130 mM NaCl, 5 mM 2-ME, 1%
Triton X-100, 1% DOC, and 0.1% SDS, pH 7.4, the detergent
conditions used in a previous spectrin dimerization assay
(18), the majority of the complementaryâ protein was in
the unbound fraction. This experiment clearly showed that
the presence of detergent severely disrupted these het-
erodimeric complexes.

Competition GST-pull down experiments were performed
using equal molar amounts of GSTR18-21EF andâABD1-4
with 0-4-fold excess of differentâ spectrin recombinants
as competitors. In all experiments,â1-2 andâ1-4 were

FIGURE 5: Representative isothermal titration calorimetry profiles
of dimer nucleation site recombinants at 30°C. (A) (Upper panel)
The baseline subtracted titration curve ofR20-21 (3.8 mg/mL)
injected as 20× 5 µL aliquots at 5 min intervals into the titration
cell containingâ1-2 (0.14 mg/mL). Both samples were dialyzed
into 10 mM sodium phosphate, 130 mM NaCl, 1 mM 2-ME, pH
7.4, and degassed 5 min prior to loading the samples. (Lower panel)
The blank corrected integrated areas for the peaks were plotted
against the molar ratio of [R20-21]/[â1-2]. The data were fitted
using a nonlinear least-squares method (line). (B) (Upper panel)
The baseline subtracted titration curve ofR20-21EF (4.4 mg/mL)
injected as 12× 7 µL aliquots at 5 min intervals intoâABD1-2
(0.24 mg/mL). Both samples were dialyzed into 10 mM sodium
phosphate, 130 mM NaCl, 1 mM 2-ME, pH 7.4, and degassed 5
min prior to loading the samples. (Lower panel) The blank corrected
integrated areas for the peaks was plotted against the molar ratio
of [R20-21EF]/[âABD1-2]. The data were fitted using a nonlinear
least-squares method (line).

Table 2: Isothermal Titration Calorimetry of Spectrin Nucleation
Site Recombinants

complex
formeda N

KA

(M-1)
∆H

(kcal/mol)
Kd

(nM)

R20-21/â1-2 0.93( 0.02 (4.8( 2.4)× 107 -10.3( 0.3 21
0.99( 0.02 (13.6( 1.7)× 107 -9.4( 0.4 7.4

R20-21EF/ 0.81( 0.01 (13.7( 1.9)× 107 -13.6( 0.1 7.3
âABD1-2 0.79( 0.01 (28.6( 9.1)× 107 -13.4( 0.2 3.5
a Titrant is listed first followed by the protein in the cell. All

experiments were performed in 10 mM sodium phosphate, 130 mM
NaCl, and 1 mM 2-ME pH 7.4. Results of two representative
independent experiments for each complex are shown.

Table 3: Hydrodynamic Radii of Spectrin Nucleation Site
Recombinants

recombinant
2-motif
(nm)

2-motif +
nonhomologous

(nm)
4-motif
(nm)

R 3.0 3.7 4.1
â 2.8 3.9 4.0
R/â 3.5 4.3 4.4
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capable of competing with theâABD1-4 protein. In another
series of experiments, GSTR20-21EF was mixed with35S-
â1-4 and equal molar amounts of variousâ recombinant
proteins were added as competitors using the different buffer/
detergent conditions described above and 0.1% BSA was
included as a blocking agent. In these experiments, proteins
that contained the actin-binding domain were able to compete
slightly more effectively than those that did not, although
results varied from experiment to experiment (data not
shown).

DISCUSSION
Previous studies by our laboratory showed that the first

two homologous motifs of erythrocyteâ spectrin and the
last two homologous motifs ofR spectrin were the minimum
regions capable of forming stable heterodimeric complexes
(17). Other studies usingDrosophila spectrin showed that
regions of the actin-binding domain and EF hand motifs were
necessary for dimerization to occur (18, 19). However, it
was unclear whether these observed differences were due to
the different assay methods used to evaluate binding or the
different spectrin isoforms used in the respective studies. The
aim of the current study was to fully characterize the
dimerization of erythrocyte spectrin using several biophysical
and biochemical techniques to measure binding affinities.
Using sedimentation equilibrium and isothermal titration
calorimetry, this study unambiguously demonstrated that the
nonhomologous domains were not necessary for dimerization
and that these nonhomologous domains did not enhance
heterodimer binding affinity in physiological buffers with
out detergent.

Sedimentation equilibrium analysis of individual recom-
binants showed that all recombinants used here formed weak
homodimers with low affinities (Kds ≈ 1 mM). No differ-
ences inKd values were observed between 4 and 30°C. Since
these interactions were readily reversible and weaker they
did not influence the much stronger heterodimer thermody-
namic analysis.

During the course of these studies, someR spectrin
recombinants were observed to be sensitive to oxidation and
could form disulfide adducts when stored in the presence of
2-ME or glutathione adducts when stored in the presence of
glutathione. Formation of these disulfide adducts resulted

in decreased and often variable affinities of heterodimer
complexes (data not shown). Presumably, disulfide adducts
with these weak reducing reagents were forming with
exposed unusually reactive cysteine residues on the protein
surface involved in subunit-subunit contact. Therefore,
effective reduction of cysteine adducts proved to be critical
since, when it was omitted, some heterodimer protein
preparations exhibited erroneously weak association constants
that were an order of magnitude or more lower than expected.
For example, when theR20-21/â1-2 complex was analyzed
by sedimentation equilibrium in the absence of reducing
agents, the dissociation constants were typically about 1µM.
An unrelated study demonstrated that the strong reducing
agent, TCEP, which cannot form disulfide adducts, can
effectively dissociate disulfide adducts (28). Hence, TCEP
was used in all sedimentation equilibrium experiments
described in this report to prevent oxidation of any free
sulfhydryl groups in the spectrin recombinants.

Isothermal titration calorimetry was used to further explore
the binding affinities between two-motifR andâ recombi-
nants containing EF hand and actin-binding domains, re-
spectively, compared with two motifR andâ recombinants
lacking the terminal nonhomologous domains (Table 2). The
stoichiometry of reaction (N) for each experiment was in
the range of 0.8-1.1, indicating a 1:1 molar ratio of reactants
as expected. All data shown here utilized freshly purified
proteins since samples stored for more than about 7 days
would sometimes yieldN values less than 0.8. When such
recently purified proteins were used, the averageKd for the
R20-21/â1-2 complex was 14 nM consistent with the
sedimentation equilibrium experiments. There was no sig-
nificant effect of the nonhomologous domains on binding
affinity since the averageKd for theR20-21EF/âABD1-2
of 5.4 nM was within experimental error of the value for
the 2-motif complex. However, The nonhomologous domains
do appear to contribute an additional 3 kcal/mol. This
observed difference in enthalpy might be due to an error in
theR20-21EF protein concentration since∆H is measured
in terms of [titrant]/[ligand] and stoichiometries for these
reactions were typically∼0.8 (see Table 2). However, an
erroneousR20-21EF concentration is not a likely basis for
the enthalpy difference since this would require that the
concentration was consistently 20% higher than measured
using absorbance at 280 nm and molar extinction coefficients
calculated from the SEDNTERP program. Most errors in
protein concentration determinations tend to over estimate
rather than underestimate protein content. Hence, the more
likely explanation for theN values of ∼0.8 is that the
concentration of theâABD1-2 was overestimated or about
20% of theâABD1-2 was inactivated by shear forces from
the stirred cell. Since errors in the protein concentration in
the reaction cell do not affect the enthalpy value, the observed
3 kcal/mol contribution to enthalpy of association suggests
that conformation changes in the nonhomologous domains
occur upon association but do not substantially contribute
to the affinities of this complex.

Sedimentation equilibrium analysis ofR20-21EF/
âABD1-2 interaction consistently showed weaker binding
affinities (g300 nM) then 2-motif dimers even in the
presence of a high concentration of strong reducing agent
(10 mM TCEP). Independent analyses of these complexes
using an HPLC gel filtration assay as described in earlier

FIGURE 6: GST-pull down assay of nucleation site recombinants.
Binding of GSTR18-21 or GSTR18-21EF to a series ofâ
recombinants. For each panel, control (C), bound (B), and unbound
(U) fractions are shown for each series of beta peptides,â1-2,
â1-4, âABD1-2, or âABD1-4 using three alternative buffer
conditions: PBS-10 mM sodium phosphate, 130 mM NaCl, 5 mM
2-ME, pH 7.4; PBS/T-PBS buffer with 1% Triton X-100, pH 7.4;
and PBS/T/DOC/SDS-PBS buffer with 1% Triton X-100, 1%
DOC, 0.1% SDS, pH 7.4.
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dimerization studies (16) showed that theKd was<100 nM
(data not shown) consistent with the low nanomolarKd

observed in the ITC experiments. The most likely explanation
for the weaker and somewhat variable binding affinities of
the R20-21EF/âABD1-2 complex using sedimentation
equilibrium compared with these alternative techniques was
that one or both proteins were not fully stable over the longer
time course of the experiment (e2 h for a titration or HPLC
gel filtration experiment, compared with about 32 h for
sedimentation equilibrium). The instability of one or both
recombinants in sedimentation equilibrium experiments could
be due to subtle proteolysis that could not be detected by
1D SDS gels, adsorption to the cell housing or another
unknown inactivation mechanism. Consistent with this
limited stability of at least one of these recombinants is the
fact that theN value in isothermal titration calorimetry
experiments was consistently around 0.8 despite the shorter
time scale of ITC (see above). The GST-pull down competi-
tion assays further support the high affinity nature of the
R20-21EF/âABD1-2 interaction since these proteins ex-
hibited similar binding affinities to those proteins lacking
these domains when physiological buffer without detergents
was used. Taken together, these multiple biochemical and
biophysical analysis showed thatR20-21EF andâABD1-2
form high affinity heterodimers withKds essentially identical
to R20-21 andâ1-2, and the weaker affinities measured
by sedimentation equilibrium for theR20-21EF/âABD1-2
complex are most likely due to instability of one or both
recombinants under these conditions.

In contrast to the studies ofDrosophila spectrin dimer-
ization (18, 19), the results of this study demonstrate that
the actin-binding domain and EF hand region do not
contribute to high affinity dimerization in erythrocyte spec-
trin. Since theDrosophilaspectrin study used an antibody
immunoprecipitation assay in the presence of Triton X-100,
DOC, and SDS, we used a GST pull-down assay to test the
effects of these detergents on erythrocyte spectrin dimeriza-
tion. The experiments described herein strongly suggest that
the apparent requirement for the nonhomologous domains
for dimerization of Drosophila spectrin were due to the
detergents used in that study rather than isoform differences.
Although all erythrocyte spectrin recombinants bound the
heterologous GST fusion proteins, addition of Triton X-100
decreased binding of all constructs by approximately half.
In the presence of Triton X-100, DOC, and SDS, conditions
similar to the one used for the immunoprecipitation assays
in the Drosophilastudy, binding was essentially abolished
for all constructs exceptâABD1-4 andR18-21EF. Inter-
estingly, when a blocking agent (0.1% BSA) was included
in the Triton X-100, SDS, DOC containing buffer, binding
was still not observed for anyR-â pair that did not contain
the actin-binding domain or EF hand motifs; however,
constructs containing the actin-binding domain and EF hand
regions did exhibit appreciable binding under these condi-
tions, duplicating the results observed withDrosophila
spectrin recombinants. Apparently, BSA in these experiments
reduces the detergent perturbation of dimeric complexes by
sequestering some of the detergent, thereby reducing but not
eliminating inhibition of dimerization. As described above,
these detergents destabilize all complexes, although the
effects on the larger proteins with the nonhomologous
domains were less severe and substantial association was

observed for these complexes. Attenuation of the detergent
inhibition of dimerization by the larger proteins on addition
of BSA suggests that the total protein mass/detergent ratios
determine the degree of dimerization inhibition. Clearly, the
detergent effects on all recombinants without the nonho-
mologous domains are sufficient to explain the differing
conclusions of priorDrosophila spectrin (18, 19) and our
human red cell spectrin studies.

Recent publication of a two-motifR-actinin central rod
domain (29) shows an antiparallel homodimer in which the
motifs pair in an aligned fashion. Since the spectrin
nucleation site motifs share a high sequence homology with
R-actinin, it is likely that they would pair in a similar manner
such thatR21 pairs withâ1, R20 with â2, etc. Electrostatic
modeling ofR20 andâ2 support an aligned pairing for the
nucleation site recombinant proteins where the AB faces of
the helices are in contact with one another (17). The small
increases observed in the Stokes’ radius of the heterodimeric
complexes compared to the individualR andâ recombinants
further support an in-register lateral pairing ofR21-â1, R20-
â2, etc., in the dimerization of spectrin (Figure 7).

A comprehensive model for the mechanism of spectrin
dimerization is suggested by combining the results of this
study with prior analyses (15-17). Correct orientation of
intact R chains with the N-terminal region of nascentâ
chains, possibly partially synthesized chains bound to ribo-
somes, occurs through long-range complementary electro-
static interactions of the AB helical faces ofR21 with â1
andR20 with â2. These longer range interactions probably
ensure that the correct homologous motifs dock with each
other, and the resulting strong interaction of the minimum
dimer initiation regions (R20-21 and â1-2) involves
hydrophobic and van der Waals interactions in addition to
salt bridges. This initial association aligns theR EF hand
domain and theâ actin-binding domains next to each other
(Figure 7) but direct interactions of these domains, if any,
must be very weak and do not significantly contribute to
the overall heterodimer interaction. The initial high affinity
association ofR20-21 withâ1-2 is followed by subsequent
weak associations of proximalR andâ motifs, i.e.,R19 to
â3, R18 toâ4, R17 toâ5, etc, until all available motifs have
laterally paired. These additional weaker associations mod-
erately increase the affinity of the dimeric complex and
maintain the close lateral association of the subunits under
physiological conditions.

FIGURE 7: Model of the spectrin dimer initiation site region. The
small oval represents the C-terminal EF hand region ofR spectrin
and the larger oval represents the N-terminal actin-binding domain
of â spectrin. The in-register lateral alignment ofR20-21 toâ1-2
(minimum dimer nucleation site) is thought to be initially directed
by long-range electrostatic attraction followed by stabilization of
the interaction by hydrophobic and van der Waals interactions (s)
where the AB faces of these triple helical motifs dock with each
other. This high affinity interaction positions adjacent homologous
motifs in proximal locations where very weak affinities (- - -) pair
additional motifs throughout the remainder of the dimer.
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