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ABSTRACT: On the basis of sequence homology studies, it has been suggested that the association of human
erythrocytesR andâ spectrin at the tetramerization site involves interactions between helices. However,
no empirical details are available, presumably due to the experimental difficulties in studying spectrin
molecules because of its size and/or its structural flexibility. It has been speculated that erythrocyte
tetramerization involves helical bundling rather than coiled coil association. We have used recombinant
spectrin peptides to modelR andâ spectrin to study their association at the tetramerization site. TwoR
peptides, SpR1-156 and SpR1-368, and oneâ peptide, Spâ1898-2083, were used as model peptides to
demonstrate the formation of theRâ complex. We also found that the replacement of R28 in SpR1-368
to give SpR1-368R28C abolished complex formation with theâ peptide. Circular dichroism techniques
were used to monitor the secondary structures of the individual peptides and of the complex, and the
results showed that both SpR1-156 and Spâ1898-2083 peptides in solution, separately, included helices
that were not paired with other helices in the absence of their binding partners. However, in a mixture of
SpR1-156 and Spâ1898-2083 and formation of theRâ complex, the unpaired helices associated to
form coiled coils. Since the sequences of these two peptides that are involved in the coiled coil association
are derived from a native protein, the information obtained from this study also provides insight toward
a better understanding of naturally occurring coiled coil subunit-subunit association.

Sequence homology studies of spectrin from human
erythrocytes suggest that itsRâ subunit association at the
tetramerization site involves helical bundling (1-4). Since
the sequences of the suggested helices at the tetramerization
site exhibit a general pattern of heptad repeats found in coiled
coils, it is possible that the suggested helical bundling at the
tetramerization site involves coiled coil subunit-subunit
association. TheR-helical coiled coil interaction is one of
the most common, and probably the simplest, subunit-
subunit association in proteins (5, 6). However, the three-
dimensional structures of erythrocyte spectrin are not known.
Spectrin is a protein ubiquitous among vertebrate tissues and
has been identified in a variety of organisms (7-11). It is
believed that all spectrin molecules share certain general
properties such as structural domain conformation, and yet,
each exhibits specific properties that are important for its
specific functions. Thus, structural and functional studies of
human erythrocyte spectrin at a molecular/atomic level will
improve our understanding not only of erythrocyte spectrin
but also of spectrin isoforms as well as coiled coil subunit-
subunit association in native proteins.

Both R and â subunits of human erythrocyte spectrin
consist of multiple homologous sequence motifs, with each
motif presumably folding into a three-helix coiled coil
domain with a structure similar to the structures determined
for Drosophilaspectrin (12) and chicken brain spectrin (13,

14). R andâ spectrin associate at the N-terminal end of the
â and the C-terminal end of theR subunit (dimer nucleation
site) with high affinity (nanomolarKd values)1 to give Râ
hetero-dimers (15, 16). It has been suggested that spectrin
dimers associate to form spectrin tetramers, with association
site at the other end of the dimers, involving two sets of
identical, low-affinity (micromolarKd values) interactions
between the N-terminal region of theR subunit (RN) of one
Râ dimer and the C-terminal region of theâ subunit (âC)
in anotherRâ dimer to give an (Râ)2 tetramer (2, 3, 17, 18).
Sequence homology studies predict that about 30 residues
at thisRN region, prior to the first structural domain, fold
into R helical conformation; likewise, about 60 residues in
theâC region, following the last structural domain, fold into
two helices (2-4). These one or two helical regions are
termed partial domains. Thus, it is logical to assume that
the dimer to tetramer formation involves interactions between
these partial domains (2-4, 18-20), and it has been
speculated, based on chicken brain spectrin studies, that
erythrocyte spectrin tetramerization involves helical bundling,
but not coiled coil association (13). However, there are little
experimental data to substantiate the structures predicted by
sequence homology studies in human erythrocyte spectrin
or to compare the erythrocyte spectrin structure with the
structures fromDrosophila or chicken brain spectrin. The
RN/âC association in spectrin is currently not well under-
stood. Yet, mutations affecting this association lead to
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abnormal erythrocytes (9). In addition, brain spectrin appears
to exhibit RN/âC interactions that differ from those found
in erythrocyte spectrin (18).

We have prepared a number of recombinantR spectrin
model peptides of different sizes, with sequences from the
RN-terminal region of erythrocyte spectrin, and have shown
that recombinant peptides with multiple domains are more
stable than the peptides with a single domain (21, 22). Others
have also published similar findings (23, 24). However, the
smaller peptide, SpR1-156 (a peptide with a sequence
consisting of the first 156 residues inR spectrin) associates
with â spectrin just as well as the larger peptide, SpR1-
368 (a peptide with a sequence consisting of the first 368
residues) (20). Both peptides associate withâ spectrin
isolated from human red blood cells in a manner very similar
to that found in intactR andâ spectrin, with IC50 values of
0.2-0.3 µM. Thus, both SpR1-156 and SpR1-368 can be
used asR spectrin model peptides for functional studies. In
this study, we also prepared a modelâ peptide, Spâ1898-
2083 (a peptide with the sequence of residues 1898-2083
in â spectrin), and found that it associated with theR spectrin
model peptides at a micromolar concentration range. Thus,
Spâ1898-2083 is a functional model peptide forâ spectrin.
We used theseR and â model peptides to study their
association with each other in order to understandR andâ
spectrin association at the tetramerization region. Our circular
dichroism data provided experimental evidence to suggest
that their association involved coiled coil interactions. A
peptide that appears to be similar to Spâ1898-2083 has been
used by others (19, 25) under somewhat different buffer
conditions, and some of their conclusions differ from ours,
as discussed below. Since our peptides, and thus the helices
involved in coiled coils interaction, were derived from
sequences of a native protein, this study will also provide
information for coiled coils interaction in other native
proteins. In native proteins, the heptad repeat sequences in
the helical region may not necessarily follow the critically
matched hydrophobic and hydrophilic sequence patterns and
interactions (26) found in many de novo designed peptides
used to study coiled coil association (6, 27-30). The
interactions between these “nonideal” but native coiled coils
are not as well studied as those in de novo designed peptides,
yet these interactions may be functionally significant. For
example, relatively unstable coiled coil interactions have been
found to be essential for optimal mechanical performance
of smooth muscle myosin (31).

MATERIALS AND METHODS

Spectrin Recombinant Peptides.The peptides SpR1-156,
SpR1-368, and SpR1-368R28C were prepared as before
(20). The three cysteine residues at positions 167, 224, and
324 in SpR1-368R28C were replaced with alanine. For the
â spectrin peptide, the cDNA encoding the C-terminal region
of the â spectrin subunit was used as a template for the
polymerase chain reaction, usingPfu (Stratagene, LaJolla,
CA) as the DNA polymerase. A primer containing the
sequence corresponding to residues 1898-2008 in theâ
spectrin, in a sense orientation, and a primer containing the
sequence corresponding to residues 2073-2083, in an
antisense orientation, were used to provide the DNA fragment
for a peptide with the sequence ofâ spectrin from residues

1898 to 2083 (Spâ1898-2083). The DNA fragment was
ligated into theBamHI and EcoRI sites of a modified
glutathione-S-transferase (GST) expression vector pGEX-
2T (Amersham Pharmacia Biotech, Piscataway, NJ).

SpR1-156, SpR1-368, SpR1-368R28C, and Spâ1898-
2083 were cleaved by thrombin from GST fusion proteins
following standard laboratory methods (32). As part of the
thrombin recognition sequence, Gly-Ser remained as the first
two residues in all peptides after thrombin cleavage. Peptide
identity and purity were checked by polyacrylamide gel
electrophoresis and mass spectrometry using electrospray
ionization techniques. Protein concentrations were deter-
mined with absorbance values at 280 nm, using extinction
coefficient values determined from the primary sequence
(http://www.expasy.ch/tools/protparam.html; 16 500 cm-1

M-1 for SpR1-156, 50 070 cm-1 M-1 for SpR1-368 and
SpR1-368R28C and 31 010 cm-1M-1 for Spâ1898-2083).

SpR1-156/Spâ1898-2083 Complex.Our standard solid-
phase assay using125I-labeled peptides was applied to study
the affinities between SpR1-156 and Spâ1898-2083, fol-
lowing our published methods (20). In addition, to monitor
the peptide association qualitatively, native polyacrylamide
(6%) gel electrophoresis of SpR1-156, SpR1-368, SpR1-
368R28C, and Spâ1898-2083 samples and of their mixtures
(with about 25µM R peptide and 50µM â peptide, incubated
for 16 h at 4°C) was carried out in a 40 mM Tris buffer
with 20 mM sodium acetate and 2 mM EDTA at pH 7.4,
following published procedures (33), with the following
modifications. The slab gel dimension was 72× 100 mm
and 0.5 mm thick, and the gels were run at 100 V for only
about 70 min at either 4 or 25°C, with a change of buffer
when the bands were halfway to prevent pH drift.

In our previous studies of binding affinities using125I solid-
phase assay (20), we have found that, for the association of
SpR1-368 andâ spectrin, theton was found to be about 10
h-1, andtoff was>6 h for the majority (80%) of the sample.
toff for the other 20% was∼10 min (20). Thus, our standard
incubation time ofR and â peptides was 16 h, assuming
that theâ peptide is similar toâ spectrin, and the electro-
phoresis was done in a time interval shorter than 6 h.

Circular Dichroism.Circular dichroism (CD) samples of
SpR1-156 (about 10µM) and Spâ1898-2083 (about 10
µM) peptides and of their equimolar mixtures (each about
10 µM) were in 5 mM phosphate buffer with 150 mM NaCl
at pH 7.4 (PBS7.4). All samples with and without either 60%
2,2,2-trifluroethanol (TFE, from Fischer Biotech) or different
concentrations (0-6 M) of urea (Fischer Biotech) were
incubated at 4°C for about 16 h prior to CD measure-
ments.

CD measurements were performed on a JASCO 710 CD
spectrometer, using a thermostated cell with 0.1 cm path
length either at 25°C or from 25 to 40°C with a 2 °C
increment and from 40 to 80°C with a 5°C increment. The
spectra were obtained at 0.5 nm resolution from 190 to 250
nm. Spectra of PBS7.4 buffer under similar CD conditions
were used to correct spectral baselines of the samples.
Ellipticity (θ, deg) values from CD spectra were converted
to molar residue ellipticity ([θ], deg cm2 dmol-1) values.
Helical contents were calculated from values of the amide
nπ* transition at 222 nm ([θ222]), using a value of-36 000
deg cm2 dmol-1 to represent 100%R helical content (34-
36).
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Molar residue ellipticity values of theππ* transition at
208 nm ([θ208]) were also calculated, and the [θ222]/[θ208]
ratios were obtained.

RESULTS

Peptide Characterization.SDS-PAGE results indicated
that the peptides SpR1-156 (with electrophoretic mobility
corresponding to a molecular mass of∼17 kDa), SpR1-
368 and SpR1-368R28C (∼43 kDa), and Spâ1898-2083
(∼22 kDa) were at least 95% pure. Molecular masses from
electrospray ionization mass spectrometry were 18.67 kDa
for SpR1-156, 42.93 kDa for SpR1-368, 42.80 kDa for
SpR1-368R28C, and 22.04 kDa for Spâ1898-2083 and
were within 0.1% of the theoretical molecular masses (18.67,
42.94, 42.84, and 22.04 kDa, respectively). SpR1-156 and
SpR1-368 and SpR1-368R28C, but not Spâ1898-2083,
have been characterized previously (20). For Spâ1898-2083,
the DNA fragment inserted into the pGEX-2T vector was
sequenced to confirm the positions of the start and stop
codons and also the entire sequence of the peptide. TheR
helical content from CD analysis of Spâ1898-2083 was
∼55%. This value was similar to SpR1-156 (20) as well as
to those obtained for other spectrin peptides of similar size
(37, 38), suggesting that the Spâ1898-2083 peptide was also
well folded.

SpR1-156/Spâ1898-2083 Complex.The125I solid-phase
assay yielded a mean IC50 value of 0.14( 0.04µM for the
SpR1-156/Spâ1898-2083 complex. The IC50 values ob-
tained for SpR1-156 and SpR1-368 with intactâ spectrin
was about 0.3µM (20).

Native gel electrophoresis data at 4°C (Figure 1) showed
the migration pattern of samples containing SpR1-156 (lane
1), SpR1-368 (lane 2), and Spâ1898-2083 (lane 3) pep-
tides, withRf values of 0.52, 0.52, and 0.27, respectively.
The mass-to-charge ratios obtained from sequence informa-
tion were similar for SpR1-156 (1.7) and SpR1-368 (2.3)
but larger for Spâ1898-2083 (4.4). Thus, it was not
surprising to find that the measuredRf values for SpR1-
156 and SpR1-368 bands were similar and were larger than
that of Spâ1898-2083.

In mixture samples with limitingR peptide concentrations
(containing about 25µM R and 50µM â peptides), the band
corresponding to theR peptide disappeared (either with
SpR1-156 as theR peptide in lane 4, or with SpR1-368 as
the R peptide in lane 5), and only one band withRf values
of 0.31-0.32 appeared, suggesting that this was the band
for the Râ complex and the nonreactingâ peptide in the
mixtures. Results of gels run at 4 and 25°C were similar.
Since the concentration of theR peptide was limited in the
mixture samples, about 99% (24.75µM) of the R peptides
was estimated to be in the associated state, using the IC50

value of 0.14µM that we obtained as theKd value forRâ
complex dissociation.

Although we have previously shown that peptides with
more than one 106-amino-acid-sequence motif are needed
to mimic the structural stability of spectrin (21, 22), these
results suggested that SpR1-156 associated with Spâ1898-
2083 in a manner very similar to that of SpR1-368. Thus,
either SpR1-156 or SpR1-368 could be used as a model
peptide forR spectrin to study its association withâ spectrin
at the tetramerization site.

Similar R and â peptide mixtures were prepared with
SpR1-368 replaced with SpR1-368R28C. Two separate
bands withRf values of 0.30 and 0.52 were observed in this
mixture (lane 7). Thus, no association betweenR and â
peptides was observed for SpR1-368R28C and Spâ1898-
2083 at a micromolar concentration range. Since SpR1-
368R28C had three intrinsic cysteine residues replaced with
alanine residues, we also replaced these three cysteine
residues in SpR1-368 with alanine residues and found that
this cysteine-less peptide and SpR1-368 associated with the
â peptide in a similar manner (data not shown). Thus, the
lack of association of SpR1-368R28C with Spâ1898-2083
was not due to the removal of cysteine residues in the
structural domains but due to a specific replacement of
arginine at position 28 with a cysteine residue in SpR1-
368.

CD Studies of SpR1-156 and Spâ1898-2083 Peptides.
The CD spectra of SpR1-156 and Spâ1898-2083 peptides
exhibited characteristic features ofR helices, with minima
at 222 and 208 nm (Figure 2).

The amideππ* transition at 208 nm is sensitive to inter-
helix coupling, resulting in a decrease in the values of [θ208],
whereas the nπ* transition exhibits only a weak short-range
coupling, resulting in only a small change in the values of
[θ222] in the presence of inter-helix coupling (39). Empirical
studies show that coiled coil systems generally exhibit [θ222]/
[θ208] values around 1 or greater than 1, whereas nonasso-
ciated helices exhibit values around 0.8-0.9 (35, 40). Thus,
the [θ222]/[θ208] values have been widely used to distinguish
between associated coiled coil helices and nonassociated

FIGURE 1: Native polyacrylamide gel (6%) electrophoresis of
spectrin peptides, each sample with 4µg of protein(s): SpR1-
156 (lane 1), SpR1-368 (lane 2), Spâ1898-2083 (lane 3), SpR1-
156/Spâ1898-2083 at a 1:2 molar ratio (22.0µM/44.3 µM) (lane
4), SpR1-368/Spâ1898-2083 at a 1:2 molar ratio (24.4µM /48.8
µM) (lane 5), SpR1-368R28C (lane 6), and SpR1-368R28C/
Spâ1898-2083 at a 1:2 molar ratio (25/50µM, or about 2µg each)
(lane 7). All samples were incubated at 4°C for 16 h. Gel running
buffer contained 40 mM Tris, 20 mM sodium acetate, and 2 mM
EDTA at pH 7.4. Prior to loading, 4µg of each sample was mixed
with 1 µL of the loading buffer (7.75 mL of gel running buffer
and 1.25 mL of 1% solution of bromophenol blue, 3.5 mL of water
and 12.5 mL of glycerol). The gel was run at 4°C with 100 V for
70 min, with a change of buffer when the bands were halfway to
prevent pH drift. The gels were then soaked in a fixing solution
(40% methanol, 10% acetic acid, and 0.01% bromophenol blue),
for 30 min, and then transferred to a staining solution (10% acetic
acid, 0.01% bromophenol blue) and soaked for 60 min. Before
visualizing, the gels were destained in 7% acetic acid for 30 min.
The total amounts of protein loaded in each lane were all about 4
µg. Rf values are shown at the bottom of the gel. The emergence
of bands with newRf values in lanes 4 and 5 demonstrates the
association ofR and â spectrin peptides in the mixtures (Râ
complex). The appearance of theR peptide band with anRf value
of 0.52 in lane 7 shows that the mutant peptide (SpR1-368R28C)
did not associate with theâ spectrin peptide under these concentra-
tion conditions.
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helices (35, 36, 39-42), although this application has been
questioned (43, 44). It has been shown that some systems,
such as poly (Glu) and poly (Lys) (44) or a random
copolymer of Lys, Glu, and Ala (45) that do not form coiled
coils have [θ222]/[θ208] > 1. Other factors, such as helix
geometry and solvent, may also affect the ratio.

The mean [θ222]/[θ208] value obtained from the CD spectra
of SpR1-156 was 0.93( 0.03 (n ) 7) (Table 1). This value
suggested the presence of one or more nonassociated helices
in SpR1-156. Our previous NMR data show that this peptide
consists of four helices (46). If we assume that three helices
(75%) are associated as coiled coils, with [θ222]/[θ208] values
of 1, and one helix (25%) is nonassociated with a [θ222]/
[θ208] value of 0.8, we calculated a [θ222]/[θ208] value of 0.95
for the molecule.

For Spâ1898-2083 peptide, the mean [θ222]/[θ208] value
obtained from the CD spectra was 0.95( 0.03 (n ) 7), again
suggesting the presence of nonassociated helix/helices.

CD Studies of SpR1-156/Spâ1898-2083 Complex. (1)
Coiled Coils Association. (a) [θ222]/[ θ208] Value. It is
interesting to note that the spectra of samples containing a

mixture ofR andâ peptides differed from the weighted sum
of individual R and â spectra (Figure 2). If theR and â
peptides remained as individual peptides in the mixture, the
[θ222]/[θ208] value would be the average value of those ofR
and â peptides, i.e. about 0.94. However, the mean value
obtained from the spectra of the mixture was 1.03( 0.03
(n ) 7). A statisticalt-test (one tail and two sample unequal
variance) for the seven data sets for SpR1-156 samples and
for SpR1-156/Spâ1898-2083 mixture samples yielded a
probability (p) of <0.001 of being the same (t-test result)
2.8 × 10-5). Similarly, the result of at-test for Spâ1898-
2083 samples and SpR1-156/Spâ1898-2083 mixture samples
was 5.7× 10-5. Thus the mean value of the mixture samples
(1.03) in Table 1 was significantly different than the mean
values of eitherR (0.93) or â (0.95) peptides. When we
applied the t-tests to the data for SpR1-156 and for
Spâ1898-2083, we found that the two sets of values were
similar, with at-test result of 0.1. Using the results of solid-
phase assays (Kd value of 0.14µM) for the SpR1-156/
Spâ1898-2083 system consisting of 10µM of each peptide,
we expect about 89% of SpR1-156 and Spâ1898-2083 to
be in the associated state. Thus, the CD spectra of the
mixtures were mostly of SpR1-156/Spâ1898-2083 com-
plex.

Since the coiled coil systems generally exhibit [θ222]/[θ208]
values around 1 or greater than 1 (35, 40), a [θ222]/[θ208]
value of 1.03 suggests that all helices in the mixture samples
are associated as in coiled coil systems.

We recognize that the values of the ratio alone does not
uniquely suggest coiled coil formation. However, taking other
information such as the heptad sequence motif in spectrin
peptides and the NMR structure of SpR1-156 into consid-
eration, the suggestion of coiled coil formation is a simple
and a very likely one.

However, in 60% TFE, the [θ222]/[θ208] values of the
mixture samples were 0.89( 0.01, similar to the values
obtained for samples containing only SpR1-156 or only
Spâ1898-2083 in TFE (Table 1). Since [θ222]/[θ208] values
around 0.8-0.9 suggest nonassociated helices (35, 40), these
results suggested that helices in coiled coil conformation in
the Râ complex as well as the structural domain helices in
individual peptides dissociated into noninteracting helices
in 60% TFE. Since TFE is a solvent known to interfere with
hydrophobic interactions (36, 40) and to affect hydrogen
bonding and solvent structure (47), these results suggested
that either the helices associated via a hydrophobic effect to
form structural domains as well as theRâ complex, or TFE
induced other conformational changes in our system. In
general, conformational changes effected by TFE appear to
depend on the particular amino acid sequences, the TFE
concentration and other solution conditions as well as on
the structures involved (47).

(b) Helical Contents.The values of [θ222] are often used
to monitor secondary structures, as they are sensitive to the
helicity of peptides (34, 40). The mean value was-18.9×
103 deg cm2 dmol-1, corresponding toR helical content of
∼52%, for SpR1-156, and-20.6 × 103 deg cm2 dmol-1

(∼57%) for Spâ1898-2083. The mean value of [θ222] for
SpR1-156/Spâ1898-2083 complex was (-25.4( 2.1) ×
103 deg cm2 dmol-1, corresponding toR helical content of
∼70% (Table 2, Figure 2). This helical content value for
the complex was much higher than the weighted sum

FIGURE 2: Typical CD spectra of SpR1-156 (dash), Spâ1898-
2083 (dot), and a mixture of SpR1-156 and Spâ1898-2083 in
PBS 7.4 buffer (solid). The CD spectra were recorded at room
temperature (23°C). The peptide concentrations in all samples were
about 12µM. The mathematical addition of individual spectra of
SpR1-156 and Spâ1898-2083 (- ‚ ‚ -) is also shown.

Table 1: Mean Residue Molar Ellipticity Ratios at 222 and 208 nm
Are Shown for SpR1-156, Spâ1898-2083, and for theRâ
Complex, in the Absence and Presence of 60% TFEa

[θ222]/[θ208]

no TFE 60% TFE

peptide observeda estimatedb observedc

SpR1-156 0.93( 0.03 0.95 0.88( 0.01
Spâ1898-2083 0.95( 0.03 0.92 0.89( 0.01
SpR1-156/Spâ1898-2083

complex
1.03( 0.03 1.00 0.88( 0.01

a The mean peptide concentration was 10( 2 µM. The CD spectra
were recorded at room temperature (23°C) in PBS 7.4 buffer.a Mean
values( standard deviation values (sn-1), n ) 7. b Estimated values
were obtained by assuming a value of 1.0 for associated coiled coils
and 0.8 for nonassociated helices. We considered SpR1-156 to consist
of 75% associated coiled coils and 25% unassociated helices and
Spâ1898-2083 to consist of 60% associated coiled coils and 40%
nonassociated helices.c Mean values( standard deviation values (sn-1),
n ) 3.
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(∼55%) of SpR1-156 and Spâ1898-2083 peptides. Thus,
an apparent helical content increase of about 10-15%
accompanied complex formation in SpR1-156 and Spâ1898-
2083 peptides.

We also found that, in 60% TFE, the helicity of all samples
(samples consisting of individual peptides as well as of the
complex) increased 20-30% (Table 2). TFE has been shown
to increase the helicity of many helical peptides (36, 48) but
to decrease the helicity in some peptides with very high
helical content (48).

(2) Urea and Thermal Denaturation Studies on the SpR1-
156/Spâ1898-2083 Complex.The values of [θ222]/[θ208] and
of [θ222] of the Râ complex without urea were higher than
the weighted sum of individual SpR1-156 and Spâ1898-
2083 peptides (Figure 3). However, upon addition of urea,
the differences in the values decreased upon increasing urea
concentrations, and the two values merged to a similar value
at a urea concentration of 2 M.

Similar results were observed upon increasing the tem-
perature of the samples (Figure 4). The difference between
samples containing a mixture ofR and â peptides and
samples containing individualR or â peptides narrowed as
the temperatures increased from 25 to 50°C. These results
indicated that the increase in helical content in theRâ
complex correlated well withRâ association. When the
association was disrupted either by urea or by temperature
denaturation, the [θ222]/[θ208] values and the helical contents

of the Râ mixture became similar to those ofR and â
peptides.

DISCUSSION

Molecular Structure for SpR1-156. Detailed three-
dimensional structures are not presently available for either
SpR1-156 or Spâ1898-2083. However, preliminary NMR
studies of SpR1-156 (46) identified fourR-helices, consist-
ing of residues 21-45, 53-81, 88-118, and 123-153, as
well as five random coil regions, consisting of residues 1-20,
46-52, 82-87, 119-122 and 154-156. In addition, NMR
data from spin-labeled SpR1-156 suggest that the first helix
does not bundle with the other three helices, but appears to
be a lone helix (46). Since we identify the first residue in
the structural domain ofR spectrin as residue 52 (32), we
assume that the remaining three helices, consisting of residues
53-81, 88-118, and 123-153, interact to form a triple
helical coiled coil structural domain, generally similar to
those found inDrosophilaspectrin (12) and in chicken brain
spectrin (13, 14), but with specific differences, such as helical
lengths (46). Thus, it appears that the lone helix in SpR1-
156 observed by NMR, consisting of residues 21-45 prior
to the first structural domain, is responsible for the [θ222]/
[θ208] values to be less than one obtained from our CD data
for SpR1-156. The sequence of this nonassociated helix is
shown in Table 3.

Table 2: [θ222] and the Helicity (%) for SpR1-156, Spâ1898-2083, and theRâ Complex in the Absence and Presence of 60 % TFEa

no TFEa 60% TFEb

peptide
[θ222] × 103

(deg cm2 dmol-1)
helical

contentc (%)
[θ222] × 103

(deg cm2 dmol-1)
helical

contentc (%)

SpR1-156 -18.9( 1.7 52( 5 -28.7( 5.3 80( 15
Spâ1898-2083 -20.6( 1.4 57( 4 -32.8( 5.2 91( 15
SpR1-156/Spâ1898-2083 complex -25.4( 2.1 70( 6 -32.0( 3.7 89( 10

a CD spectra were recorded at room temperature (23°C), in PBS 7.4 buffer. The peptide concentrations were 10( 2 µM. a Mean values(
standard deviation values (sn-1), n ) 7. b Mean values( standard deviation values (sn-1), n ) 3. c Helical content values were calculated using a
[θ222] value of -36 × 103 deg cm2 dmol-1 to represent 100% a helix.

FIGURE 3: Mean [θ222] values and the mean [θ222]/[θ208] ratio of
the mixture containing SpR1-156 (10µM) and Spâ1898-2083
(10 µM) in PBS 7.4 buffer with different concentrations of urea
(solid squares) and the values of the weighted sum of SpR 1-156
and Spâ1898-2083 (open squares) obtained under similar condi-
tions. The standard deviation values (sn-1) were plotted as error
bars (n ) 2).

FIGURE 4: Mean [θ222] values and the mean [θ222]/[θ208] values of
the mixture containing SpR1-156 and Spâ1898-2083 (solid
squares) and the values of the weighted sum of those from SpR
1-156 and Spâ1898-2083 peptides (open squares) at different
temperatures are shown. The CD spectra were recorded in PBS
7.4 buffer. The standard deviation values (sn-1) (n ) 2) were plotted
as error bars.
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Working Model for Spâ1898-2083.Since no structural
information is available for Spâ1898-2083, we suggested
the following working model structure for this peptide. On
the basis of sequence homology and assuming that the
tryptophan at residue 2024 is the conserved tryptophan in
the spectrin structural domain (49, 50), sequence alignment
puts residues 1902-2007 as the 106-amino-acid motif, which
presumably folds into a triple helical coiled coil domain
structure in Spâ1898-2083. Guided by heptad patterns in
the sequence, we further assume (a) that the region following
this structural domain consisting of residues 2008-2083
forms two helices, with residues 2008-2037 similar to
residues 53-81 (helix A) in SpR1-156 and residues 2044-
2072 similar to residues 88-118 (helix B) in SpR1-156
(Table 3), and (b) that these two helices do not associate
among themselves or with the structural domain in the
absence of itsR partner. Thus, this working model for
Spâ1898-2083 consists of three (60%) associated coiled coil
helices, and two (40%) nonassociated helices, with an
estimated [θ222]/[θ208] value of 0.92, a value similar to our
experimental value of 0.95( 0.03. If Spâ1898-2083 has
associated helices in the structural domain and no nonasso-
ciated helices in the partial domain region, then the expected
[θ222]/[θ208] value would be one, or larger than one. Our
suggestion that, in the absence ofR spectrin, the C-terminal
region of â spectrin consists of two nonassociated helices
differs from an earlier suggestion that this region is unstruc-
tured in the absence of itsR partner (25). This difference
may be due to different buffer conditions used in the two
studies. The actual structural information for Spâ1898-2083
awaits experimental data. Our working model is used merely
to provide possible interpretations to our data.

RN/âC Association in Spectrin.As demonstrated by the
IC50 values and by our native gel electrophoresis data, SpR1-
156 and Spâ1898-2083 associate in the micromolar con-
centration range in a manner similar toR and â spectrin
association at the tetramerization site. Thus, SpR1-156 and
Spâ1898-2083 are good model peptides for studying the
RN/âC association in spectrin. However, these binding results
do not provide any information on the sites involved inR
and â peptide association. Using our working models for
both peptides, the possible sites of association for these two
peptides are (a) between the coiled coil structural domains
of R and â peptides, to give an association similar to the
domain-domain association involving electrostatic interac-

tions between domains found in the dimer nucleation site
(16), or (b) between the nonassociated helices in theR and
â peptides to give coiled coil subunit-subunit association.

The simplest interpretation of our CD results is that the
two peptides do not associate via structural domain-
structural domain interaction such that the nonassociated
helices remain nonassociated, but via an association of
nonassociated helices (a single helix of residues 21-45 in
SpR1-156 and two helices of residues 2008-2083 in
Spâ1898-2083). The association appears to involve hydro-
phobic effects since it is disrupted by TFE. It is also possible
that TFE induced major conformational changes inR andâ
peptides to disrupt their association.

This association is accompanied by a 15% increase in
helicity, similar to an earlier observation (25), suggesting
stabilization of the nonassociated helices in theR and â
peptides upon association. The origin of this increase in
helicity is not clear from our current studies. It is possible
that some less structured regions in SpR1-156 and in
Spâ1898-2083 become more helical upon complex forma-
tion. However, the helicity values for both SpR1-156 (about
52%) and Spâ1898-2083 (about 57%) peptides are lower
than those for the larger peptides, such as SpR52-262 (R
peptide with two structural domains, 83%) and SpR52-368
(R peptide with three structural domains, 76%) (21). In a
study of amphipathicR-helical peptides, Lazo and Downing
(36) suggest that peptides with relatively high helical content
form a “tight” amphipathic helix with minimal distortion of
the backbone hydrogen bonds, whereas peptides with rela-
tively low helical content form a “loose” helix in which the
peptide carbonyl groups are tilted outward to give lower
mean residue ellipticities. Thus, we speculate that the helices
in individual SpR1-156 and Spâ1898-2083 are “loose”
helices (36) or “frayed” helices (51) and thus have lower
values for their helicity, whereas the helices in the SpR1-
156/Spâ1898-2083 complex as well as those in peptides
with more than one structural domains, such as SpR52-
368, are “tight” helices and thus have higher values for their
helicity. Therefore, the increase in helicity may simply be a
property of our model system, and has no mechanistic
significance forR andâ spectrin association. However, this
increase in helicity may be viewed as evidence of coiled
coil association between the nonassociated helices, with
“frayed” helices converting to “tight” helices upon associa-
tion. Consequently, the helices in the SpR1-156/Spâ1898-

Table 3: Sequence Assignments of Helices and Heptads of Erythrocyte Spectrin Fragments in theRN andâC Regions
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2083 complex may exhibit conformations that are similar to
those inR peptide with three structural domains, such as
SpR52-368.

In addition to the hydrophobic effect, the association
appears to involve specific charge-charge interactions. Close
examination of the sequence of residues 21-45 in SpR1-
156 showed a general pattern ofabcdefgheptad repeats, with
residue 21A at an“a” position and residue 45R in a “d”
position (Table 3).

A similar heptad repeat sequence is observed in residues
2008-2037 with residue 2008 (leucine) at an “e” position
and residues 2044-2072 with residue 2044 (valine) in an
“a” position in Spâ1898-2083 (Table 3). In SpR1-156,
residue 28, although in an “a” position, is arginine, not the
hydrophobic residues such as leucine or valine usually found
at this position (28). The replacement of arginine by cysteine
at position 28 provides a more hydrophobic residue at this
position, and yet such replacement abolishes its ability to
associate with Spâ1898-2083 in a micromolar concentration
range. Thus, though nonhydrophobic at an “a” position,
arginine is important in this coiled coil subunit-subunit
association (12). Using our working model for Spâ1898-
2083, we suggest that R28 inR spectrin interacts with a
residue having a negatively charged side chain, such as
E2069, inâ spectrin. A disruption of this charge-charge
interaction abolishesRâ association in this region. This
suggestion is consistent with clinical mutations found thus
far, in that a replacement of arginine with leucine, serine,
cysteine or histidine reduces spectrin tetramer concentrations
in hereditary elliptocytosis patients (19, 52). In Drosophila
spectrin domain studies, it has been suggested that the
charged end of arginine sticks out of the helix bundle to
interact with the neighboring “e” position residue, and the
base of arginine provides a small hydrophobic surface for
hydrophobic packing (12). However, the precise nature of
this and other interactions in this coiled coil association in
human erythrocyte spectrin cannot be deduced from our data
presented here. It is interesting to note that residue 45
(arginine) inR spectrin is in a “d” position and may also be
involved in charge-charge interactions between helices.
Future studies showing specific interaction sites are needed
to determine interacting components in the coiled coil helices
at the tetramerization site of erythrocyte spectrin.
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