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ABSTRACT: We used SpRI-1-156 peptide, a well-characterized model peptide of theRN-terminal region
of erythrocyte spectrin, and SpRII-1-149, anRII brain spectrin model peptide similar in sequence to
SpRI-1-156, to study their association affinities with aâI-spectrin peptide, SpâI-1898-2083, by isothermal
titration calorimetry. We also determined their conformational flexibilities in solution by small-angle X-ray
scattering (SAXS) methods. These two peptides exhibit sequence homology and could be expected to
exhibit similar association affinities withâ-spectrin. However, our studies show that the affinity of SpRII-
1-149 with SpâI-1898-2083 is much higher than that of SpRI-1-156. Our SAXS findings also indicate
a significantly more extended conformation for SpRII-1-149 than for SpRI-1-156. The radius of gyration
values obtained by two different analyses of SAXS data and by molecular modeling all show a value of
about 25 Å for SpRI-1-156 and of about 30 Å for SpRII-1-149, despite the fact that SpRI-1-156 has
seven amino acid residues more than SpRII-1-149. For SpRI-1-156, the SAXS results are consistent
with a flexible junction between helix C′ and the triple helical bundle that allows multiple orientations
between these two structural elements, in good agreement with our published NMR analysis. The SAXS
findings for SpRII-1-149 support the hypothesis that this junction region is rigid (and probably helical)
for RII brain spectrin. The nature of the junction region, from one extreme as a random coil
(conformationally mobile) segment inRI to another extreme as a rigid segment inRII, determines the
orientation of helix C′ relative to the first structural domain. We suggest that this particular junction
region inR-spectrin plays a major role in modulating its association affinity withâ-spectrins, and thus
regulates spectrin tetramer levels. We also note that these are the first conformational studies of brain
spectrin.

After first being identified in erythrocytes (1), several
spectrin isoforms have since been discovered. In humans,
two R-spectrins (SpRI and SpRII),1 four â-spectrins (SpâI,
SpâII, SpâIII, and SpâIV), and a â-H spectrin have been
sequenced (2). RIΣ1 (GenBank accession no. J05244) and

âIΣ1 (GenBank accession no. J05500) are both found in
erythrocytes.RIΣ1âIΣ1 (often simplified asRIâI) is often
referenced as erythroid spectrin.RIIΣ1 (GenBank accession
no. XP026977) andâIIΣ1 (GenBank accession no. Q01082)
are found in axons.RIIΣ1âIIΣ1 is variously referenced as
nonerythroid spectrin, brain spectrin, or fodrin.

Each SpR or Spâ consists primarily of multiple homolo-
gous sequence motifs of∼106 amino acid residues that
presumably fold into a tripleR-helical structural domain (3-
5). The structure of a single spectrin structural domain of
Drosophilaspectrin was determined by X-ray crystallography
(6) and that of chicken brain spectrin by both X-ray
crystallography and NMR (7-8). Their findings support the
general model of a triple helical bundle for the structural
domains. NMR studies of a recombinant peptide from
erythrocyte spectrin show a similar (coiled coils) structural
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domain, but also show specific differences in helical length
and in interhelical residue interactions (9).

SpRI and SpâI associate laterally (side-to-side) to form
long heterodimers. Formation of theRâ heterodimers
involves a two-step “zipper action” process that involves an
initial high-affinity contact of complementary nucleation sites
on SpR and Spâ (the last four domains in theRC-terminus
and the first four domains in theâN-terminus), followed by
full-length SpR/Spâ association (10-12). Two such het-
erodimers involve “end-to-end” self-association of SpR and
Spâ with the RN-terminus and theâC-terminus of one
heterodimer associating with theâC-terminus and theRN-
terminus of another heterodimer (SpR/Spâ) to give a pair of
such RN/âC associations to form a tetramer. TheRN/âC
region is often referred to as the tetramerization site. The
affinity of the RN/âC tetramerization site association is
known to be weaker (in the micromolar range) (10) than
that of theRC/âN nucleation site association (∼10 nM) (13).
Many functions of spectrin involve its interaction with other
components such as the spectrin-actin interaction, the
spectrin-membrane interaction, the spectrin-ion-channel
interaction, etc. (2). Yet some of the most fundamental
functions of spectrin involve spectrin self-association. Spec-
trin tetramers have been suggested to be cooperatively
coupled to membrane assembly, and the assembly is a
linkage targeted by many hereditary hemolytic anemias (14).
Thus, the tetramerization site is an important functional site
for most spectrin isoforms.

The most studied spectrin tetramer is that from human
erythrocytes, (SpRI/SpâI)2. Other tetramers such as (SpRII/
SpâII) 2 and mixed hybrids (SpRI/SpâII) 2 and (SpRII/SpâI)2

have also been observed (15). There is a sequence homology
among the different isoforms at the tetramerization site that
led to the suggestion that, at the tetramerization site, the
structure-function relationship in one isoform can be
extrapolated to those of other isoforms (7). Yet the self-
association affinity in brain spectrin (SpRII/SpâII) is about
15-fold higher than the affinity in erythrocyte spectrin (SpRI/
SpâI) (16). It is likely that the mixed hybrids (for example,
SpRI/SpâII) also exhibit different affinities.

Many highly homologous proteins with similar general
folding patterns exhibit small conformational differences that
provide functional variations. Various spectrin isoforms
probably consist of key conformational differences in specific

regions to provide different functions, and it is crucial to
determine these differences to understand association affini-
ties and mechanisms of different spectrin isoforms at the
tetramerization site.

Assuming that the SpR and Spâ subunits assemble at two
major but independent sites, namely, the dimerization site
and the tetramerization site, we focused on the conformations
at the N-terminus of SpRI and SpRII to understand their
contribution toward the difference in affinities of SpR and
Spâ association to form tetramers. We used the SpRI-1-
156 peptide, a well-characterized model peptide of theRN-
terminal region of erythrocyte spectrin that associates with
an SpâI model peptide, SpâI-1898-2083 (17), and SpRII-
1-149, an SpRII model peptide similar to SpRI-1-156 in
sequence, to study their association affinities with the SpâI
model peptide by isothermal titration calorimetry (ITC) and
their conformations in solution by small-angle X-ray scat-
tering (SAXS) methods. With respect to spectrin tetramer-
ization, SpRI-1-156 and SpRII-1-149 are both functional
peptides that lack the dimer nucleation site, thus allowing
us to study the weaker tetramerization interactions in the
absence of the stronger dimerization interactions. SAXS
measurements provide direct access to the shape and dimen-
sions of the peptides. Scattering data are often very sensitive
to domain orientation, conformational changes, and/or flex-
ibility ( 18-20). SAXS analysis is particularly useful when
high-resolution structural information, such as that from
NMR or X-ray crystallography, is not yet available. Our ITC
and SAXS findings allow us to compare the structure-
function relationship of these two SpR isoforms to obtain a
better molecular level understanding of their functional
differences.

EXPERIMENTAL PROCEDURES

Sequence Alignment.On the basis of sequence homology,
and assuming that the tryptophan at residues 68 in SpRI and
59 in SpRII is the conserved tryptophan in the first structural
domain in SpR (21-22), sequence alignment puts residues
43-147 as the first structural domain in SpRII (Figure 1).
This sequence alignment result led us to design the model
peptide SpRII-1-149.

Spectrin Recombinant Peptides. SpRI-1-156 and SpâI-
1898-2083 were prepared as before (17, 23). SpRII-1-149

FIGURE 1: Sequence alignment (PredictProtein at www.expasy.ch) of SpRI-1-156 and SpRII-1-149 was done using the tryptophan residues
(residue 68 in SpRI-1-156 and residue 59 for SpRII-1-149). The two peptides are about 80% similar and 54% identical in sequence. The
residues in SpRII corresponding to residues 52-156 in the first structural domain in SpRI are residues 43-147. We have shown that
SpRI-1-156 begins with 20 residues in a random coil conformation. The corresponding region in SpRII-1-149 consists of 11 residues.
Helix C′, the partial domain in SpRI involved in the association with SpâI at the tetramerization site, consists of residues 21-45, and the
corresponding residues in SpRII-1-149 are residues 12-36.
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was prepared withR-fodrin cDNA 5′J and JS1 (24) as a
template, and specific primers (5′-GAG GGA TCC ATG
GAC CCA AGT GGG GTC AAA G-3′, containingBamH1
and Nco1 sites, and 5′-AGT GAA TTC TAG ATC ACT
GGG CCT GCA GCA ATT TG-3′, containingEcoR1 and
Xba1 sites). The DNA fragment was inserted into the pGEX-
2T plasmid using theBamH1 andEcoR1 restriction sites.
The DNA sequence was verified by sequence analysis.

The peptides SpRI-1-156 and SpâI-1898-2083 were
expressed inEscherichia coli(E. coli) DH5R cells, and
SpRII-1-149 was expressed inE. coli BL21 cells. The
peptides were cleaved by thrombin from GST fusion proteins,
following standard laboratory methods (25). As part of the
thrombin recognition sequence, Gly-Ser remained as the first
two residues in all three peptides after thrombin cleavage.
Peptide identities were demonstrated by mass spectrometry
using electrospray ionization techniques, and the purity from
each preparation was checked by polyacrylamide gel elec-
trophoresis. Protein concentrations were determined with
extinction coefficient values (16500 cm-1 M-1 for SpRI-1-
156, 15220 cm-1M-1 for SpRII-1-149, and 31010 cm-1 M-1

for SpâI-1898-2083), on the basis of their sequences, using
the ProtParam program (http://www.expasy.ch/tools/prot-
param.html). The helical contents of the peptides were
determined by circular dichroism (17).

Isothermal Titration Calorimetry. ITC measurements were
performed at 25°C with an isothermal titration calorimeter
(VP ITC, MicroCal, LLC, Northampton, MA). All peptides
were dialyzed with a phosphate buffer (5 mM with 150 mM
sodium chloride at pH 7.4) and thoroughly degassed before
each titration experiment. Multiple (15-30) injections, each
about 5µL of SpRI (about 130-340µM), were introduced
into the sample cell containing the Spâ peptide (about 9-25
µM). Similar injections (4µL each) of SpRII peptide (60-
120µM) to the sample cell containing the Spâ peptide (about
3-4 µM) were also done. To allow complete equilibrium
for the association, the injections were generally carried out
with 750 s time intervals (1600 s time intervals were also
used to provide adequate isotherm baselines) for the SpRI-
1-156 system and 410 s for the SpRII-1-149 system. The
first injection point was typically not used due to the loss of
sample from the syringe needle to the sample cell.

The heat evolved with each injection was used to measure
the dissociation affinityKd (26), using a single-site model
of binding provided by the software associated with the ITC
instrument (Origin, MicroCal, LLC). The enthalpy of binding
in general, or of the association of SpR/Spâ peptides in this
study, was the heat that must be either added or removed
from the reference cell to maintain a constant temperature
(26). Values for∆H, ∆S, and∆G were also obtained from
the titration isotherms.

Small-Angle X-ray Scattering Experiments. The peptides
(∼2 mg/mL or∼120 mM) were in 20 mM Tris buffer with
150 mM sodium chloride at pH 7.4. Tris buffer was used
for SAXS measurements since the phosphate buffer used in
ITC measurements is a poor free radical quencher compared
to Tris buffer, and free radicals form due to synchrotron
X-rays. Tris buffer was not used for samples used for ITC
measurements due to the high heat of buffer ionization,
whereas phosphate buffer exhibits a small proton ionization
enthalpy. CD measurements of SpRI-1-156 in both buffers
showed similar helical contents, about 60%, and of SpRII-

1-149 in both buffers also showed similar helical contents,
about 70%.

Measurements were carried out at room temperature using
the SAXS instrument at the Advanced Photon Source of
Argonne National Laboratory. Data were collected using a
15 cm × 15 cm, high-resolution, position-sensitive, nine-
element-tiled, CCD mosaic detector at the BESSRC-CAT
beam line (27), or a 4.9 cm× 8.6 cm CCD area detector at
the BioCAT beam line. The sample-to-detector distance was
2.2 m. At the BESSRC beam line (ID-12), 10 successive 1
s exposures were recorded for each sample (in a thermostated
quartz capillary flow cell of 1.5 mm diameter) at room
temperature, and at the BioCAT beam line (ID-18), five
successive 10 s exposures were recorded for each sample.
Samples were measured under constant gas flow conditions
to reduce potential radiation damage. No evidence of sample
changes was seen over the time interval of exposure.

The measurement of each sample was preceded and
followed by a measurement of the same buffer solution used
in protein sample preparation. These buffer measurements
provided a check on beam properties and the cleanliness of
the sample cell between sample measurements as well as
the means for background subtraction. For the purpose of
obtaining data at high angles to generate low-resolution
shapes of the peptides using the program GASBOR (see
below), the sample-to-detector distance was reduced from
2.2 to 0.8 m. The precision in our experimental procedures,
with low protein sample concentrations and small error bars,
allowed us to produce data for modeling with GASBOR.

SAXS Data Analysis. Generally, scattering intensities (I)
as a function ofQ, whereQ is the scattering vector, for SpRI-
1-156 and SpRII-1-149 were analyzed with established
methods (18, 28, 29). The radius of gyration,Rg, values were
obtained from the Guinier plots, in the rangeQ‚Rg e 1.3,
whereRg ) [3(slope)]1/2 andI0 ) exp(y-intercept) (18, 29).

More precise structural parameters were derived from the
distance distribution function,P(R), calculated using the
entire scattering profile, up to aQ of 0.2 A-1. The P(R)
function represents the probability of finding a point within
the object at a distanceR from a given point, and is defined
as 4πVR2[γ(R)], where V is the volume andγ(R) is the
characteristic function of the particle. Thus,P(R) has a
maximum at the most probable distance in the object (e.g.,
slightly larger than the radius for a sphere) and goes to zero
at the maximum dimension,Dmax, of the object (e.g., the
diameter) (18). The scattering data were subjected to indirect
Fourier transformation using the program GNOM (30) to
compute the pair distance distribution functionP(R). Rg

values were also calculated from the second moment of the
P(R) functions (18, 31).

SAXS data also carry molecular weight information, and
such information provides an indication of sample aggrega-
tion state, which may affect data interpretation. To calculate
the molecular weight from the SAXS data, the scattering
intensity was measured on an absolute scale. A convenient
method for obtaining intensity data on an absolute scale is
by measuring the scattering intensity of a standard, such as
water (32). When the intensity data of water are measured
on an absolute scale,I(Q) is the same as the angle-
independent scattering cross-section (dΣ/dΩ), which is
proportional to the isothermal compressibility (øT), as shown
in the equation dΣ/dΩ ) F2kTøT, whereF is the scattering
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length density,k is Boltzmann’s constant, andT is the
temperature. We obtained SAXS data for water, using exactly
the same configuration, energy, and geometry as for the
samples, with dΣ/dΩ ) 1.63 × 10-2 cm-1 at 293 K (this
procedure was used on a regular basis, and the results did
not vary beyond the 5% level), and obtained a scale factor
by comparing the measured angle-independent data and the
expected scattering cross-section. The scattering intensity
data of the samples were then multiplied by the scale factor
to place them on an absolute scale. The molecular weights
of the samples were calculated using the expressionMw )
103I0d2NA/c(Fp - Fs)2, where I0 (cm-1) is the scattering
intensity on the absolute scale (scaled scattering intensity)
extrapolated to zero angle,d is the density of the protein
(taken as 1.4 gm‚cm-3) (32), NA is the Avogadro number,c
is the concentration (2 mg/mL), andFp - Fs is the scattering
length density difference between the peptides (Fp) and buffer
(Fs) (taken as 2.6× 1010 cm-2) (32).

Calculation of Rg Values from a Known Structure and from
a Model Structure. Independent of the SAXS data,Rg values
were also calculated from structural coordinates with the
program CRYSOL (33). For SpRI-1-156, coordinates were
obtained from NMR studies (9, 34). This structure consists
of a lone helix C′ followed by a triple helical bundle
structural domain. Since helix C′ is connected to the triple
helical bundle with a segment of random coil, it assumes a
random distribution of orientations with respect to the triple
helical bundle. We estimated the probability distribution for
the orientation of helix C′ with respect to the triple helical
bundle by considering a sphere with its origin at a point
between helix C′ and the triple helical bundle, and with the
radial vector defined by helix C′. We defined the polar angle
θ ) 0 as being the fully extended conformation, with helix
C′ extended out from the triple helical bundle in a straight
line. Assuming no conformational bias for a specific orienta-
tion, we expect to observe helix C′ orientations uniformly
distributed over the surface of this sphere. For convenience,
we defined equally spaced circles around the sphere defined
by the radial vector at constantθ, with θ incremented by a
constant value of 10°. For equal spacing of points, each circle
would have points spaced at the separation between circles,
or N(θ) ) 2n sin θ for each θ, where n ) 19 for 10°
increments from 0° to 180°. The probability for finding helix
C′ at each angleθi was thenN(θi)/∑N(θi).

We generated a model, using the program LSQMAN from
the ccp4 suite in the Uppsala Software Factory (http://
xray.bmc.uu.se/usf/), for each of the 19 orientations (angles)
of helix C′ in SpRI-1-156. The random coil region preceding
helix C′ (residues 1-20) was not considered in these models.
Rg values were calculated from the coordinates of these 19
models, and each value was then weighted by its corre-
sponding probability value. The sum of the weighted values
was then considered to be the calculatedRg value for SpRI-
1-156.

For the SpRII-1-149 peptide, since no structural coordi-
nates are available, we used a model in which the junction
region connecting helix C′ to the triple helical bundle was
helical, and thus, the lone helix C′ was restricted to only
one orientation with respect to the triple helical structural
domain; i.e., helix C′ extended out from the triple helical
bundle in a straight line (Figure 5). We used the backbone
coordinates from X-ray studies of the 14th structural domain

in Drosophilaspectrin (6), and the side chains ofDrosophila
spectrin were replaced with the corresponding side chains
of SpRII-1-149, followed by energy minimization, using
Insight II (MSI/Accelerys, San Diego, CA), to generate
coordinates for the SpRII-1-149 model forRg calculations.

Molecular Shape Modeling. A low-resolution molecular
shape/envelope model was generated from the measured
SAXS data using an ab initio procedure (19) and imple-
mented by the program GASBOR. GASBOR uses the higher
resolution part of the X-ray scattering pattern (0.2< Q <
0.5 Å-1) to construct a three-dimensional model, consisting
of an assembly of spherical dummy residues, each centered
on the CR position, with a nearest-neighbor distribution
constraint to give a random-walk CR chain. This CR chain
was then folded in such a way as to minimize the discrepancy
between the calculated scattering curve from the folded
model and the experimental scattering curve. A stable and
self-consistent process, consisting of multiple independent
runs of ab initio shape determination with no symmetry
restriction, was performed for consistent results, as judged
by the structural similarity of the output models, nearly
identical scattering patterns, and fitting statistics. A low-
resolution envelope of the protein was obtained with a final
shape restoration, by averaging the shapes from multiple runs
using the program DAMAVER (35).

RESULTS

Sequence Alignment. Sequence alignment analysis showed
that the first 156 residues in SpRI are similar to the first
147 residues in SpRII. Thus, SpRII-1-147 is a SpRII peptide
similar to SpRI-1-156. We prepared SpRII-1-149, a peptide
with two more amino acid residues at the end than SpRII-
1-147. Sequence analysis showed SpRI-1-156 and SpRII-
1-147 to be 80% similar and 54% identical (Figure 1). The
residues in SpRII corresponding to residues 52-156 in the
first structural domain in SpRI (25) are residues 43-147.
SpRI-1-156 begins with 20 residues in a random coil
conformation (34). The corresponding region in SpRII-1-
149 consists of 11 residues. Helix C′, the partial domain in
SpRI that is involved in the association with SpâI at the
tetramerization site (17), consists of residues 21-45 (34),
and the corresponding residues in SpRII-1-149 are residues
12-36. Helix C′ is connected to helix A in the first structural
domain by seven amino acid residues (at positions 46-52),
in a random coil conformation in SpRI-1-156 (9).

Peptide Characterization. We have previously character-
ized SpRI-1-156 and SpâI-1898-2083 (17, 23). The
N-terminal amino acid sequencing analysis confirmed the
identity of the first 10 residues of SpRII-1-149, and DNA
sequencing confirmed the identity of the codons for SpRII-
1-149. In addition, the molecular mass was determined with
electrospray ionization mass spectrometry as 17.86 kDa,
which was exactly the theoretical value, thus confirming the
identities of the amino acid residues in SpRII-1-149. The
R-helical content, from CD analysis, was about 60% for
SpRI-1-156, 70% for SpRII-1-149, and 60% for SpâI-
1898-2083, suggesting that all the peptides were well folded.
SDS-PAGE results indicated that the peptides used for the
SAXS and ITC experiments were at least 99% pure for SpRI-
1-156 and SpRII-1-149, and 95% pure for SpâI-1898-
2083.
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Isothermal Titration Calorimetry. Analysis of data on heat
released upon titration ofâI peptide solution with various
amounts ofR peptide SpRI-1-156 (Figure 2A) or SpRII-
1-149 (Figure 2B) gives the SpR/Spâ association isotherms
(heat released per mole ofR peptide as a function ofR
peptide molar ratio in solution) for SpRI-1-156 (Figure 2C)
and for SpRII-1-149 (Figure 2D). These two isotherms
clearly show that the association affinity of SpRI-1-156 and
SpâI-1898-2083 differs from that of SpRII-1-149 and
SpâI-1898-2083. To ensure that the differences we observed
were not artifacts, we varied the concentrations of peptides
(130-340 µM for SpRI-1-156 with 9-25 µM for SpâI-
1898-2083, and 60-120 µM for SpRII-1-149 with 3-4
µM for SpâI-1898-2083). For the SpRI-1-156 and SpâI-
1898-2083 system, we also varied the time intervals
between injections to ensure an adequate baseline in the
titration isotherm (Figure 2A inset). TheKd values obtained
from the isotherms indicate that SpRII-1-149 exhibits much
stronger association affinity for SpâI, with a meanKd value
of 0.012 µM, as compared to that of SpRI-1-156, which
exhibits a meanKd value of 1.1µM (Table 1). TheKd value
obtained from the incomplete isotherm (experiment termi-
nated after 10 h due to sample stability) with an injection
time interval of 1600 s (Figure 2A inset) was about 0.9µM.
This value was not used due to the incomplete titration.

The titration curve of SpRII (Figure 2D) is rather steep,
indicating strong affinity, similar to others reported forKd

values in the nanomolar range (36). Due to ITC sensitivity,
an amount of about 2× 10-10 mol per injection is needed
for adequate signal intensity, thus limiting the resolution in
the titration curve. However, theø2 values for the SpRII-
1-149 fits were similar to those for SpRI-1-156, both of
which were in the 105-106 range, indicating reliable values
for Kd. In addition, the inflection points of the isotherms in
Figure 2C,D showed that the stoichiometries (molar ratios)
for the associations were around 1, providing validity to the
single-site model used in obtainingKd values.

The different association affinities were due to differences
in both the enthalpy change (∆H) and entropy change (∆S).
Generally, enthalpy changes are primarily due to changes
in the interactions (i.e., van der Waals, H-bond, and
electrostatic interactions), while entropy changes are prima-
rily due to solvation and conformational entropy effects. Both
∆H and ∆S values for SpRII-1-149 association withâI
peptide are more negative than those for SpRI-1-156
association with theâ peptide, but with∆H dominating to
generate a more favorable∆G, by about 12 kJ/mol, for
SpRII-1-149 andâI association.

Small-Angle X-ray Scattering. The measured SAXS pro-
files (Figure 3A) showed clear differences between SpRI-
1-156 and SpRII-1-149 peptides. Since the SAXS profile
is sensitive to the size, shape, and internal density distribution
of a scattering molecule (37), the differences in the profiles
can be attributed to differences in conformations between
the two peptides.

A simple way to illustrate the differences in the conforma-
tion of the peptides from the SAXS data is through the
Kratky plot, whereinI(Q)‚Q2 is plotted as a function ofQ
(Figure 3B). Generally, theI(Q)‚Q2 values in the Kratky plot
provide a measure for the compactness of the scattering
particles; the lower the maximum values, the more extended
the conformation for the scattering particles (38). The Kratky
plot exhibits a plateau at the highQ region for scattering
particles with extended conformations, since the Debye
function for scattering intensity from a Gaussian coil has a
limiting behavior ofQ-2 at highQ. However,I(Q)‚Q2 values
will decrease at highQ for globular/compact particles, for
which I(Q) should vary asQ-4. Thus, the I(Q)‚Q2 values,
especially at highQ, are related to the shapes of the scattering
particles. The Kratky plots for SpRI-1-156 and SpRII-1-
149 clearly suggest that SpRII-1-149, with a lower ampli-
tude at lowQ and longer plateau/higher I(Q)‚Q2 values at
high Q, has a relatively more extended structure than SpRI-
1-156. In addition, the I(Q)‚Q2 values of both SpRI-1-

FIGURE 2: Representative raw ITC data for the binding of (A) SpRI-
1-156 (340µM; 5 µL and 750 s time interval per injection) to
SpâI-1898-2083 (25µM, 1.4 mL) and (B) SpRII-1-149 (60µM;
4 µL and 410 s per injection) to SpâI-1898-2083 (3µM, 1.4 mL)
in PBS pH 7.4 buffer at a temperature of 25°C. The fitted binding
isotherm is shown in (C) for SpRI-1-156 and SpâI-1898-2083
association and in (D) for SpRII-1-149 and SpâI-1898-2083
association. The inset in (A) is that with a 1600 s time interval
between injections to demonstrate an adequate baseline for the
SpRI-1-156 and SpâI-1898-2083 system.

Table 1: Thermodynamic Parameters Derived from ITC Data for
the Association of SpRI-1-156 or SpRII-1-149 with
SpâI-1898-2083a

sample Kd (µM) ∆G (kJ/mol) ∆Η (kJ/mol) ∆S(J/mol/deg)

SpRI-1-156 1.1( 0.1b -34.0( 0.3 -115.0( 12.3 -272.0( 40.5
SpRII-1-149 0.012( 0.007 -45.5( 1.6 -160.7( 4.9 -386.6( 11.6

a The experiment was carried out at 25°C in PBS pH 7.4 buffer.
The values are the mean values( standard deviation (sn-1) with n )
2. b The calculated statistical uncertainty forKd values is about 10-
15%, withø2 values of 105-106. The measurement reproducibility for
Kd is about 10% for the SpRI-1-156 system and about 60% for the
SpRII-1-149 system.
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156 and SpRII-1-149 converge toward zero at lowQ,
indicating that the samples were monomeric, and not
aggregated.

A more quantitative representation of the difference in
conformations can be obtained from the Guinier (ln[I(Q)]
versusQ2) plots. The Guinier plots of the SAXS data for
both SpRI-1-156 and SpRII-1-149 (Figure 3C) exhibit a
linear region in the lowQ region. The radius of gyration
(Rg), defined as the root-mean-square distance of all elemen-
tal volumes from the center of mass of the particle, obtained
from the lowQ region (0.02 Å-1 < Q < 0.05 Å-1) of the
Guinier plots is 24.5 Å for SpRI-1-156 and 29.4 Å for
SpRII-1-149 (Table 2). These values provide a quantitative
comparison of the spatial extension of these two peptides.
SpRI-1-156, a peptide with seven more amino acid residues,
has anRg value about 20% smaller than that of SpRII-1-
149. The difference in theRg values of the peptides must be
due to the difference in their tertiary structures, and not due
to different aggregation states in the two peptides, since the
samples were shown by the Kratky plots to be monomeric.
In addition, the molecular weight analysis from theI0 values

at they-intercept of the fits in the Guinier plots showed that
the molecular weights for SpRI-1-156 and SpRII-1-149
were within 10% of the expected molecular masses of the
peptides in monomeric form (Table 2), further indicating the
absence of any aggregation in the solutions of the samples.

Another method that provides quantitative evaluation of
the conformational differences between the peptides is to
calculate the distance distribution functionP(R). A symmetric
bell-shaped curve in theP(R) versusR plot centered at the
most probable distance between two points within the
molecule is indicative of a symmetric (e.g., spherical)
molecule. However, ourP(R) profiles obtained from the fits
to the SAXS data using the indirect Fourier transform method
for both SpRI-1-156 and SpRII-1-149 are asymmetric
(Figure 3D), indicating asymmetrically shaped peptides. The
curve for SpRII-1-149 is more asymmetric than that for
SpRI-1-156. Both P(R) profiles peak around 20 Å. We
suggest that these distances correspond to the short intramo-
lecular distances, mainly within the triple helical bundle
structural domain (observed for both peptides). The lone helix
(helix C′) in SpRI-1-156 exhibits multiple orientations with

FIGURE 3: SAXS data for the two peptides SpRI-1-156 and SpRII-1-149 at room temperature. The peptides (about 120µM) were in 20
mM Tris buffer with 150 mM sodium chloride at pH 7.4. (A) The solid line represents the best fit to the experimental data for extracting
theP(R) functions in (D); representative statistical errors are shown on the experimental data points. (B) Kratky plots of the SAXS data in
(A), with the shift in peak position in SpRII-1-149 relative to that of SpRI-1-156, suggesting that SpRII-1-149 has a relatively more
expanded structure than SpRI-1-156. (C) Guinier plots of the SAXS data for the SpRI-1-156 and SpRII-1-149 peptides. Data points in
the linear Guinier region (4× 10-4 Å-2 < Q2 < 2.4 × 10-3 Å-2 with a solid line fitted to these points as shown) were used to calculate
the Rg values (from the slope of the plots in the region whereQ‚Rg e 1.3). (D) Distance distribution functionP(R) calculated from the
experimental scattering data in (A). TheP(R) function was derived by using the program GNOM (30) to fit the entire scattering data.

Table 2: Parameters Derived from Guinier andP(R) Analysis of SAXS Dataa

Rg (Å) molecular weight (kDa)

sample Guinier P(R) analysis model Dmax (Å) Guinier sequence

SpRI-1-156 24.5( 0.1 24.3( 0.8 24.1 90 17.6( 1.2 18.5
SpRII-1-149 29.4( 0.3 30.8( 0.9 30.2 105 16.2( 0.8 17.9

a SAXS experiments were carried out at room temperature on samples of about 2 mg/mL in 20 mM Tris buffer with 150 mM NaCl at pH 7.4.
The values are the mean values( standard deviation (sn-1) with n ) 2. Both sets ofDmax values were the same. The molecular weights calculated
from the sequence of each peptide are also shown for comparison.
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respect to the triple helical bundle. Hence, the distances
between helix C′ and the triple helical bundle would vary
and thus become effectively lower than the probable
distances within the triple helical bundle, such that this
distance distribution is masked by the distance distribution
profile for the triple helical bundles.

Rg values obtained from the second moment of theP(R)
function were very similar to those obtained from the Guinier
plots (Table 2). Unlike the Guinier analysis, theP(R) analysis
utilizes the SAXS data over the entireQ region and provides
an alternative estimate ofRg. The consistency between the
Rg values obtained from these two independent analyses
reflects the excellent quality of the scattering data and the
absence of any aggregation in the samples. TheP(R) analysis
also provides maximum dimension (Dmax) values for the
peptides. TheDmax values are about 90 Å for SpRI-1-156
and about 105 Å for SpRII-1-149 (Table 2), again indicating
that SpRII-1-149 has a significantly larger spatial extension
than SpRI-1-156.

Rg values were also calculated from known structures for
SpRI-1-156 and from a model structure for SpRII-1-149.
The NMR structure for SpRI-1-156 indicates that there is
a seven-residue flexible junction between helix C′ and the
triple helical bundle (9), suggesting that helix C′ will be
randomly oriented with respect to the triple helical bundle.
The scattering of this molecule will thus result from the
ensemble of all orientations. On the basis of a random
orientation model for the distribution, Figure 4 shows the
estimated probability distribution as a function of the angle
between helix C′ and the triple helical bundle. Weighting
the calculatedRg(θ) values (the values ranging from 17.8 to
27.4 Å) by their orientation probabilities gives an average
estimated Rg of 24.1 Å, which agrees well with the
experimental values (Table 2), validating, on one hand, the
methods used to calculateRg values, and on the other hand,
the reliability of the SAXS analysis. Similarly, theRg value
calculated from an extended model structure (Figure 5) for
SpRII-1-149 (30.2 Å) agrees well with the experimental
values (Table 2), indicating that the structure for SpRII-1-
149 probably resembles the model structure that we postulate
(Figure 5).

The 10 independent runs of ab initio shape analysis with
no symmetry restriction led to consistent results, as judged
by the structural similarity of the output models, yielding
nearly identical scattering patterns and fitting statistics in a
stable and self-consistent process, and produced a molecular

shape envelope for each peptide (Figure 6). The analysis
revealed an elongated shape for the SpRI-1-156 peptide
(Figure 6A), but with helix C′ somewhat “compressed”, as
would be expected if it is averaged over several angular
orientations. In addition, the shape for SpRII-1-149 (Figure
6B) was even more extended than that for SpRI-1-156, in
good agreement with a largerRg value for SpRII-1-149.
We should point out that this shape analysis does not provide
a unique solution, but is one possible solution for interpreting
SAXS data.

The schematic representation of SpRII-1-149 presented
in Figure 5 shows an extended single helix extending out
from the triple helical bundle. The GASBOR representation
(Figure 6B) suggests that the two segments may exhibit an
average angle of about 30° from a straight line. Comparison
of parts A and B of Figure 6 clearly indicates that the
erythrocyte peptide exhibits a more compact structure than
the brain peptide, consistent with SpRI-1-156 exhibiting
conformational averaging.

DISCUSSION

The association of SpRI and SpâI at the tetramerization
site has been studied with intact spectrin (10, 39, 40, 41) as
well as with spectrin fragments (10, 17, 42-45). The
association affinity of SpRI-1-156 with the entireâ-subunit
is weaker (Kd ) 0.3µM at 4°C) than with theâ-recombinant
peptide (Kd ) 0.14µM at 4 °C) (17). The 0.3µM value at
4 °C corresponds to about 10µM at 30 °C (45) and is in
good agreement with other studies using recombinantR
peptides (43, 44). Helix C′ (residues 21-45) in SpRI is
responsible for coiled coil association with the C-terminal
partial domain in SpâI (17). On the basis of ionic strength
and temperature studies (45), we have suggested that regions
distal to helix C′ as well as structural flexibility and lateral
interactions may also play a role in spectrin tetramerization.
However, theRN/âC coiled coil association undoubtedly
plays a significant role in tetramerization (17). Thus, studies
with recombinant peptides provide key features in the
erythroid spectrin tetramerization process. We have now

FIGURE 4: Normalized weight used inRg calculation for SpRI-1-
156. It is the probability distribution for the orientation of helix C′
with respect to the triple helical bundle in SpRI-156, as determined
by solution NMR studies (9). θ ) 0° corresponds to the fully
extended conformation, whileθ ) 180° corresponds to the folded
conformation with helix C′ bundled with the triple helical bundle.

FIGURE 5: Model structure for SpRII-1-149 used forRg calculation.
See the Experimental Procedures section onRg calculation for model
construction.
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extended the studies to nonerythroid spectrin. We show that
peptides representing the region consisting of the first 150
or so amino acid residues in SpRI and SpRII, with about
80% similar and 54% identical sequences, exhibit different
affinity toward aâI peptide, with SpRII-1-149 exhibiting
much stronger affinity than SpRI-1-156 toward theâI
peptide. Our result clearly demonstrates the differences
between theRI andRII systems while theirâ partner is held
constant.

The molecular shape studies by SAXS methods clearly
indicate a more extended conformation for SpRII-1-149 than
for SpRI-1-156. TheRg values obtained by two different
analyses of SAXS data and by modeling all show values of
about 25 Å for SpRI-1-156 and about 30 Å for SpRII-1-
149, despite the fact that SpRI-1-156 has seven amino acid
residues more than SpRII-1-149. We suggest that SpRI-1-
156 exhibits a more flexible conformation than SpRII-1-
149 at the junction region linking helix C′ to the first
structural domain.

It is often assumed that spectrin flexibility is the molecular
origin of the unique deformability and elasticity of erythro-
cytes (46). We and others have shown that intact erythrocyte
spectrin exhibits considerable local internal motions (47-
54). These studies suggest that erythrocyte spectrin exhibits
segmental motions with a highly flexible region connecting
more rigid structural elements. In contrast, it has been
suggested that brain spectrin is more rigid than erythrocyte
spectrin (16).

At present, SpRI is the only spectrin for which the structure
of the N-terminal junction region has been determined
experimentally (9). Early structural prediction studies suggest
that helix Cn-1 of the previous (n - 1)th structural domain
is connected to helix An in the nextnth structural domain in
SpR by either arandom coil segment(3) or ahelical segment
(55). X-ray diffraction studies (7) of two-domain peptides,
with the sequence from chicken brain SpR, show ahelical
linker linking two domains, with a change in the phasing of
the heptad pattern, classified as a “stammer” (56). Grum and
co-workers further suggest that the erythrocyte spectrin
(SpRI) tetramerization site also consists of ahelical junction
(7). The SAXS findings for SpRI-1-156 support our NMR

results (9, 34), consistent with aflexible junctionbetween
helix C′ and the triple helical bundle that allows multiple
orientations between these two structural elements. The
SAXS findings for SpRII-1-149 support the hypothesis that
this junction region is rigid (and probably helical) for SpRII
brain spectrin. We also note that our SAXS experiment on
SpRII-1-149 is the first structural study for the brain spectrin
N-terminal region.

We suggest that this helical junction region between helix
C′ and helix A1 in SpRII provides a more rigid orientation
for helix C′ than the more flexible orientation observed in
SpRI. We further suggest that this particular junction region
in SpR plays a major role in modulating its association
affinity with Spâ, and thus regulates spectrin tetramer levels.
The nature of the junction region, from one extreme as a
random coil segment in SpRI to another extreme as a helical
segment in SpRII, determines the orientation of helix C′
relative to the first structural domain. The potential energy
for reorganization of the junction region in SpRI provides a
simple mechanism to regulate association of helices A′, B′,
and C′ in spectrin. Our ITC data indicate that the affinity
difference is due to differences in both the enthalpy change
and entropy change. Thus, changes in the van der Waals,
H-bond, and/or electrostatic interactions as well as changes
due to solvation and/or conformational entropy effects
presumably contribute to the higher affinity for SpRII-1-
149 association withâ peptide than for SpRI-1-156 as-
sociation withâ peptide. If the junction region is flexible
enough to allow helix C′ to interact with the first structural
domain, to transiently form a four-helix bundle, a single
amino acid mutation in helix C′ or even in the first structural
domain may modulate the affinity dramatically (57).

An understanding of the structural-association affinity
relationship of different spectrin isoforms (RI, RII, âI, and
âII) may provide insight for explaining the various physi-
ological and pathological conditions that are a consequence
of varying affinities of SpR and Spâ in the self-association
to form various spectrin tetramers. Mutations, oxidation, or
structural modifications may affect this particular junction
conformation and thus cause malfunctioning of spectrin
molecules. It has been reported that some spectrin molecules

FIGURE 6: Molecular shapes/envelopes determined from the measured SAXS data using an ab initio procedure by the program GASBOR
for (A) SpRI-1-156 and (B) SpRII-1-149. All 10 independent runs of ab initio shape analysis with no symmetry restriction lead to
consistent results, as judged by the structural similarity of the output models, yielding nearly identical scattering patterns and fitting statistics
in a stable and self-consistent process. These models show the peptide SpRII-1-149 to be more elongated than the peptide SpRI-1-156.
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found in erythrocytes of patients with hereditary anemias
with mutations in this region exhibit low affinities (58). More
studies to determine the high-resolution structure of spectrin
in this region not only will provide an understanding of some
of the diseases but also, more importantly, may point toward
therapeutic approaches (2), for example, by identifying
molecules capable of modifying the conformation and thus
the association affinities.
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