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ABSTRACT: In previous work, we have shown that the ionic strength-mediated differences found for the
hydrodynamic dimensions of the human erythrocyte spectrin are not caused by secondary structural changes,
but are caused more probably by subtle changes in tertiary interactions (LaBrake, C. C., Wang, L.,
Keiderling, T. A., and Fung, L. W.-M. (1993)Biochemistry 32, 10296-10302.). The substructure of
spectrin has been suggested to be composed largely of tripleR-helical bundle structural domains in tandem.
In the present study, we used fluorescence and circular dichroism methods to study ionic strength effects
on intact spectrin dimers and on recombinant peptides of spectrin domains of different lengths. We observed
little ionic strength effect on the thermal unfolding temperature,Tm, values in these systems. However,
we found that ionic strength-induced cooperativity in the unfolding processes was similar for the spectrin
dimer and for peptides with two or three domains, as measured by entropy changes (∆Sm). Although
single-domain peptides exhibited rather variable∆Sm values, depending on the specific domain, they
showed little salt effects on the∆Sm values themselves. This suggests that spectrin undergoes subtle
ionic strength-induced conformational changes, probably near the interdomain regions of the molecule.
These conformational changes may be responsible for the observed hydrodynamic and unfolding properties
in intact spectrin under different ionic strength conditions. We suggest that recombinant peptides of
various lengths may serve as models for studying the structural flexibility in spectrin.

Human erythrocytes are subjected to various stresses in
the circulatory system and are capable of elastic deformation
in order to maintain cell integrity. Erythrocytes with
abnormal shape and lessened deformability result in early
cell death, which leads to symptoms of anemia in patients
associated with many hereditary hemolytic anemia diseases.
The source of erythrocyte elasticity, although still not clear,
has been attributed, in part, to a meshwork of proteins
(membrane skeleton) beneath the lipid bilayer and specifi-
cally to spectrin, the major protein in the membrane skeleton
(1).

The basic unit of spectrin is a heterodimer, consisting of
two distinct subunits,R-spectrin (280 kDa) andâ-spectrin
(246 kDa), associated laterally in an antiparallel manner (2).
Spectrin dimers associate to form tetramers (3, 4), which
are essential to the formation of the membrane skeleton and
thus to the integrity of the cell. Many hereditary hemolytic
anemias involve mutations in spectrin (5, 6).

The primary structure of both spectrin subunits was found
to consist of many in tandem homologous sequence motifs
(7-9). Each motif is about 106 amino acids in length, with

22 such sequence motifs inR-spectrin and 17 inâ-spectrin.
These homologous sequence motifs have been suggested to
fold into similar structural domains, consisting mostly of
coiled-coils of tripleR-helices (10, 11). Recent X-ray and
nuclear magnetic resonance (NMR) studies of spectrin
peptides consisting of different single spectrin sequence
motifs show that the peptides are indeed folded into triple
R-helical bundles (12, 13). Though these highly helical
structural domains exhibit independence (14), they have also
been shown to be interacting substructures that displayed
substantial communication between domains (15).

Electron microscopy studies have shown that buffer with
ionic strength lower than physiological value produces
artificially elongated spectrin molecules, either within the
membrane skeletal complex (16, 17) or as the independent
spectrin tetramer (18). The extracted membrane skeleton,
and thus spectrin by association, was found to shrink in
buffers with increasing ionic strengths (19). We have also
shown that the Stokes radius of spectrin is larger in low ionic
strength buffer than in high ionic strength buffer (20). Recent
CD and DSC analyses of recombinant peptides of single
domain show no ionic strength changes (14). Studies of
partially extended skeletons in a 2 mM sodium phosphate
buffer with 0.05 mM MgCl2 reveal thatR- and â-spectrin
twist around one another, forming a two-start helix with
2-fold rotational symmetry, in which both the pitch and
diameter are variable and coupled (21). In addition, optical
rotary dispersion, calorimetry (22), and NMR studies (23)
of spectrin thermal unfolding detected broader transitions in
phosphate buffer (5-15 mM) with no NaCl than in phos-
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phate buffer with 100-150 mM NaCl. These studies suggest
that intact spectrin molecules in lower ionic strength buffer
began to unfold at temperatures lower than those for spectrin
in higher ionic strength buffer. However, Fourier transform
infrared (FTIR) studies of spectrin dimer at 20°C in
phosphate buffers with different ionic strengths found no
evidence of a difference in the fractional secondary structure
or in the amide I center frequency which can correlate to
R-helical lengths (20). Thus it appears that the ionic strength-
mediated differences found for the hydrodynamic dimensions
and for thermal transition of spectrin are not caused by
secondary structural changes, but by subtle changes in tertiary
interactions, allowing for a possible rearrangement of the
secondary structure elements (20).

In this study of spectrin dimer and of recombinant peptides
of different lengths, we observed little ionic strength effect
on the thermal unfolding temperature values,Tm, as deter-
mined by both fluorescence and CD techniques. However,
we found that ionic strength-induced cooperativity in the
unfolding processes, as measured by entropy changes (∆Sm),
for the spectrin dimer and for peptides with two or three
domains was similar. Although single-domain peptides
exhibited rather variable∆Sm values, depending on the
specific domain, they showed few ionic strength effects on
the ∆Sm values themselves. This suggested that spectrin
underwent subtle ionic strength-induced conformational
changes, probably near the interdomain regions of the
molecule. These conformational changes may be responsible
for the observed hydrodynamic and unfolding properties in
intact spectrin under different ionic strength conditions.
Recombinant peptides of various lengths may serve as
models for studying the structural flexibility in spectrin.

EXPERIMENTAL PROCEDURES

Sample Preparation and Characterization.Purification
of intact spectrin from human red blood cells (24) and of
spectrin peptides fromEscherichia coli(15, 25) was carried
out as before. DNA plasmids for six spectrin peptides that
corresponded to all possible combinations of the first three
full sequence motifs ofR-spectrin were constructed, using
the phasing determined earlier (25). The peptides SpR52-
156, SpR157-262, and SpR263-368 consisted of the first,
second, and third structural domains, respectively. The
peptides SpR52-262 and SpR157-368 consisted of two
tandem domains, and SpR52-368 consisted of three tandem
domains. These peptides were characterized for solution
molecular masses by light scattering and helical contents by
FTIR and CD (15).

Buffer Systems. Two buffer systems were used for thermal
unfolding studies: (1) 5 mM phosphate buffer at pH 7.4
(5P7.4) (This was the low ionic strength buffer.) and (2) 5
mM phosphate buffer with 150 mM NaCl at pH 7.4 (PBS7.4)
(This was the high ionic strength buffer.)

Fourier Transform Infrared.FTIR spectra were obtained
for these peptides at room temperature in 5P7.4 buffer, using
a BIORAD FTS 40 FTIR spectrophotometer (15, 20).
Secondary structure analysis was performed on the absor-
bance spectra of spectrin peptides and spectrin dimers, using
the water absorption correction (26) and partial least-squares
(PLS) analysis methods (27), which were also employed in

our previous study (20). Fourteen spectra of proteins in H2O
buffer, rather than D2O buffer, with known secondary
structures were used as the original training set. These
spectra were obtained from Professor M. Pezolet and were
input into the PLS QUANT module of the Spectra-Calc
program (Galactic Ind., Nashua, NH). A PLS calibration
spectrum was calculated using a dimension of 25 and 4
components (orderedR-helix, unorderedR-helix, â-sheet, and
other, which includes turns and random coil). The values
for ordered and unorderedR-helix were summed to give the
helical contents of samples.

Fluorescence and Circular Dichroism.Thermally induced
unfolding of the spectrin peptides and spectrin dimer was
monitored by fluorescence spectroscopy, using a Hitachi
F-2000 fluorescence spectrophotometer equipped with a
thermostated cell holder. A 1 cm path length cuvette was
used, with sample stirring, while the temperature was
increased continuously at a rate of 1°C/min. With an
excitation wavelength of 278 nm, the emission spectra of
samples in either PBS7.4 or 5P7.4 buffer were collected
every 2 °C, between 7 and 75°C. The temperature was
measured by a thermal probe inserted into the cuvette.
Concentrations for the samples were∼0.02 mg/mL.

The values of an intensity-weighted mean emission
wavelength (λmean), with λmeandefined as∑Iλ/∑Iλλ-1 (28, 29),
at each temperature were calculated from fluorescence
intensity at each wavelength (Iλ), between 315 and 385 nm
(15). This parameter is a more suitable measure of unfolding
than either simple intensity measurements at a particular
wavelength (30-32) or a ratio of intensities at two wave-
lengths (33). Sinceλmeanincorporates the information in the
whole emission spectra, it is more sensitive to changes in
any region of the spectra than results obtained with the other
generally used methods mentioned above. Thusλmean has
been used extensively (34-37).

Thermally induced unfolding of samples either in PBS7.4
or in 5P7.4 was also monitored by circular dichroism (CD)
at 222 nm, using a Jasco 710 CD spectrophotometer and a
thermostated cell with a 0.1 cm path length. The temperature
was increased continuously at a rate of 1°C/min. Data were
collected every 0.5°C, between 7 and 75°C. Molar
ellipticity at each temperature was determined as before (15).
Concentrations for samples were∼ 0.3 mg/mL.

Data Analysis of Thermally Induced Unfolding.Temper-
ature-dependent fluorescence or CD spectral properties,
φ(T), were converted to fraction of unfolding,fU, at each
temperature (T in °C), according to a two-state (native and
unfolded states) denaturation model.φ(T) ) (1 - fU)φN +
(fU)φU, whereφN was the value for native state andφU was
the value for unfolded state. From thefU versusT plots,
thermodynamic information was obtained.

Baseline Correction.Spectral intensities obtained in either
fluorescence or CD measurements exhibited slight increases
upon increasing temperature at temperatures well below or
above the transition temperature (For example, see Figure
1, parts A, C, E, and G). These sloping “baselines” were
approximated by a linear relationship with temperature (30,
38, 39). The baseline at temperatures below the transition
temperature was represented by

φN(T) ) φN,0 + bNT (1)
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and at temperatures above transition temperature by

whereφN,0 andφU,0 were the spectral properties at a reference
temperature (here chosen to be 0°C for convenience) of state
N and state U, respectively, andbN andbU were the slope
factors, withT in °C. Thus

These types of baseline corrections have been widely used
(30, 40) and have been rationalized to be due to intrinsic
temperature dependence of the spectroscopic properties of
the chromophores involved. For example, similar behavior
of the intrinsic fluorescence of the indole chromophore of
tryptophan in isolated forms has been observed (41).

Recently it has been shown that this temperature-dependent
baseline may also reflect actual “pretransition” unfolding for
local regions of the molecule (42-44). However, this type
of pretransition (local) behavior does not preclude an overall
cooperative transition. In this study, we were primarily
interested in the overall transition. Thus we treated the
sloping signal, whether it originated from the intrinsic
fluorescence properties of the chromophore and/or the
pretransition unfolding, as baseline and focused on the
parameters of the overall transition.

Thermodynamic Parameters of Unfolding.From the
relationships of the unfolding reaction equilibrium constant,
K ) fU/(1 - fU) andK ) exp(-∆G/R(T + 273)), where∆G
is the free-energy change for the unfolding reaction, we
obtained

For a linearly temperature-dependent∆G, where the heat
capacity change for the unfolding reaction (∆Cp) equals 0
(30, 39, 45), ∆G ) ∆H - (T + 273)∆S, where∆H is the
enthalpy change and∆S is the entropy change for the
unfolding reaction. Both∆H and ∆S are temperature-
independent. WhenT ) Tm (melting temperature, with 50%
of unfolding),K ) 1, ∆G ) 0, and∆H ) (Tm + 273)∆S.
Equation 4 was rewritten as

Although in this model∆S is temperature-independent, we
refer to it as∆Sm to emphasize that we are most concerned
with the “melting” process. Though∆Cp has been shown
to be nonzero for most proteins (39, 46-48), eq 5 is often
used (30, 45) since the relative magnitude of∆Cp is often
not large compared to∆S. In more rigorous terms,

with T in K. ∆Sis often referred to as∆Sg in these equations
(entropy change at∆G ) 0). Since atK ) 1, ∆G ) 0, thus
∆Sg ) ∆Sm. The thermal denaturation profiles obtained from
either fluorescence or CD measurements were fitted to either
eq 5 or eq 6 by the nonlinear regression program provided
by Origin (Microcal Software, Inc., Northampton, MA) to
give the parameters∆Sm andTm from eq 5 and∆Sg, Tm, and
∆Cp from eq 6. Standard errors of these parameters were
also obtained from the program.

Elastase Digestion.Peptide digestion was carried out with
elastase from porcine pancreas (Sigma) in 50 mM Tris at
pH 8.8 with a peptide to elastase mass ratio of 1:250 (15,
25), and digestion products were analyzed by electrophoresis
of 16% gel in the presence of SDS.

RESULTS

Peptide Characterization.All six spectrin peptides were
characterized by molecular masses (Table 1) and N-terminal
amino acid sequence analysis, similar to those obtained in
our earlier studies of these peptides (15). In addition, the
solution molecular masses determined by light scattering,

FIGURE 1: Typical thermal denaturation curves of two representative
peptides, SpR263-368 (left) and SpR52-368 (right), in 5P7.4
(open symbols) and PBS7.4 (cross) buffers. The intensity weighed
mean emission wavelengths,λmean, of fluorescence measurements
as a function of temperature are shown in A and E; the fraction
unfolded,fU, obtained fromλmeanas a function of temperature in B
(with ∆SPBS7.4of 1192 J mol-1 deg-1 and∆S5P7.4of 1385 J mol-1

deg-1) and F (with∆SPBS7.4of 1130 J mol-1 deg-1 and∆S5P7.4of
765 J mol-1 deg-1); the molar CD,θ222, from CD measurements
as a function of temperature in C and G; andfU obtained fromθ222
as a function of temperature in D (with∆SPBS7.4 of 661 J mol-1

deg-1 and∆S5P7.4 of 812 J mol-1 deg-1) and H (with∆SPBS7.4of
923 J mol-1 deg-1 and∆S5P7.4 of 687 J mol-1 deg-1).

φU(T) ) φU,0 + bUT (2)

φ(T) ) (1 - fU)(φN,0 + bNT) + fU(φU,0 + bUT) (3)

fU/(1 - fU) ) exp(-∆G/R(T + 273)) (4)

Table 1: Peptide Molecular Masses (kDa)

light scatteringc

peptides
theoretical

valuesa
mass

spectrometryb 5P7.4 PBS7.4

SpR52-156 12.65 12.64 11.9 11.4
SpR157-262 12.24 12.39 9.8 12.4
SpR263-368 12.06 12.21 12.7 12.3
SpR52-262 24.87 24.86 21.5 23.5
SpR157-368 24.28 24.43 26.3 25.9
SpR52-368 36.92 36.92 35.1 34.4

a Values calculated from the amino acid sequence of each peptide.
b Values obtained from time-of-flight matrix-assisted laser desorption
ionization mass spectrometry. These values were published (ref15)
and listed here for comparison.c Values were obtained from light
scattering measurements. Average values of two runs were listed. The
molecular masses were measured either in 5 mM phosphate buffer at
pH 7.4 (5P7.4) or in 5 mM phosphate buffer at pH 7.4 with 150 mM
NaCl (PBS7.4).

fU/(1 - fU) ) exp(∆Sm(Tm - T)/R(T + 273)) (5)

∆G ) -Tm(∆Sg - ∆Cp) + (∆Cp - ∆Sg)T -
∆Cp ln(T/Tm)

fU/(1 - fU) ) exp((Tm(∆Sg - ∆Cp) - T(∆Sg - ∆Cp) -
∆Cp ln(T/Tm))/RT) (6)
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in both high ionic strength (PBS7.4) and low ionic strength
(5P7.4) buffers (Table 1), indicated that the peptides existed
as nonaggregated monomers in these buffers.

Amide I frequency values derived from FTIR measure-
ments provide information on amide CdO hydrogen bond
strength along with insight into the conformational charac-
teristics of the peptide chains (49). The peak frequencies
for the single-domain peptides (SpR52-156, SpR157-262,
and SpR263-368) in 5P7.4 buffer at room temperature
centered at∼1652 cm-1, for the peptides with two or three
domains (SpR52-262, SpR157-368, and SpR52-368) at
∼1651 cm-1, and for spectrin dimer at∼1650 cm-1. As
expected, the average values of 2-3 runs (Table 2) were
similar to those obtained earlier for a single run (15). These
frequencies are consistent with the expected dominant
R-helical conformation of these peptides. The relatively
small shifts in the amide I peak positions from 1650 cm-1

for the full spectrin dimer to 1651 cm-1 for the two- or three-
domain peptides, and finally to 1652 cm-1 for the single-
domain peptides might be thought to be consistent with
weaker hydrogen bonding or equivalent to a progressively
larger fraction of disordered or shorter segment length helices
in the smaller molecular weight peptides. In our earlier FTIR
study of the spectrin dimer, we also found that the center
frequencies of spectrin dimer treated with SDS upshifted by
3 cm-1 and of spectrin treated with NaOH upshifted by 1
cm-1 (20), indicating less-structured spectrin in SDS or
NaOH solution.

The relative content of secondary structural elements
obtained from PLS analysis of FTIR spectra showed
relatively high helicity (50%-80%) in all peptides in 5P7.4
(Table 2). However, the larger peptides exhibited relatively
larger amounts of helices than the smaller peptides, with the
helicity in the following order: SpR52-156< SpR263-368
< SpR157-368< SpR157-262∼ SpR52-262< SpR52-
368. Under the same conditions the spectrin dimer exhibited
67% helical content. It was reassuring that a similar helicity
trend was obtained from CD measurements for samples in
both 5P7.4 and PBS7.4 (Table 3), with the smaller peptides
exhibiting lower helicity than the larger peptides. CD
measurements were done at lower protein concentrations than
FTIR, eliminating the possibility that FTIR measurements
of peptides with higher helicity were stabilized by aggrega-
tion at high protein concentrations.

Whether spectrin and spectrin peptides contain any
significant fraction ofâ-sheet is not clear, but is not the focus
of this study. The variations of these features (% helix,

â-sheet, and others) among the peptides (Table 2) suggested
that the secondary structures of these peptides were not
identical. It should also be noted that, while X-ray (12) and
NMR (13) data predict about 80% helices (and noâ-sheet)
for a triple helical structural domain, we and others (36)
observed lower values for helical contents in various
recombinant peptides. The helical contents for SpR52-156
(∼50%) and SpR263-368 (∼60%) were both lower than
those found in the peptides of two or three domains (∼70%-
80%). However, one of the single-domain peptides, Spa157-
262, exhibited higher helical contents (about 70%). Thus
we believe that each sequence motif in spectrin can grossly
be described as a triple helical bundle, but with varying fine
structural features which await further experimental deter-
mination.

In general, our results showed that, while the peptides all
folded into stable structures with highR-helical contents
(FTIR and CD data) and existed as monomers in solution
(light scattering data), they each exhibited somewhat different
FTIR and CD properties from each other, especially for the
single-domain peptides (SpR52-156, SpR157-262, and
SpR263-368). The spectrin dimer, while largely composed
of the same helical bundle structural domains, also contains
other structural features, such as an SH3 domain, two
calcium-binding domains in theR-subunit, and an actin-
binding domain and a phosphorylation domain in the
â-subunit (1), and these components make up approximately
10% of spectrin dimer. Thus, we were not surprised to find
that the overall helical content for the full spectrin molecule
was lower than those in peptides consisting of only two or
three domains.

Thermal Unfolding. The thermal unfolding profiles for
the spectrin dimer and all six spectrin peptides, in either
5P7.4 or PBS7.4 buffers, from either fluorescence (λmeanvs
T; Figure 1, parts A and E, for example) or CD (θ222 versus
T; Figure 1, parts C and G) measurements, generally showed
a single transition, which was more clearly seen by the
unfolding fraction plot (fU vs T; Figure 1, parts B, D, F, and
H). Thus, the two-state unfolding model appeared to be
valid.

The Tm and∆S parameters obtained for each system by
the two different methods (assuming∆Cp ) 0 (eq 5) or
without assuming∆Cp ) 0 (eq 6)) were essentially identical.
However, the calculated standard errors of the parameters
were quite large when eq 6 was used. For example, for a
representative CD spectrum of SpR52-156 in PBS7.4, with
eq 5,∆Sm ) 526.9( 1.2 J mol-1 deg-1 andTm ) 44.0 (
0.1 °C, and with eq 6,∆Sg ) 526.9( 392.9 J mol-1 deg-1

Table 2: Structural Properties Derived from FTIRa

secondary structural elementsb

protein amide I (cm-1) % helix %â-sheet % other

SpR52-156 1652.0( 0.7 45( 10 21( 7 36( 6
SpR157-262 1652.0( 0.4 69( 3 9 ( 5 21( 0
SpR263-368 1652.3( 0.2 57( 5 14( 4 29( 2
SpR52-262 1650.8( 0.3 69( 0 12( 2 20( 2
SpR157-368 1650.7( 0.2 65( 4 13( 2 23( 3
SpR52-368 1650.6( 0.1 82( 1 6 ( 1 13( 1
spectrin dimer 1649.9 67 19 14

a All FTIR runs were carried out at room temperature in 5P7.4 buffer.
Average values of usually 3 runs are listed with the standard deviation
(σn-1). b Partial least-squares analysis (see text) was used to obtain
secondary structural element composition.

Table 3: Structural Properties Derived from CDa

% helix

protein 5P7.4 PBS7.4

SpR52-156 48( 1 52( 3
SpR157-262 72( 2 75( 3
SpR263-368 58( 2 61( 1
SpR52-262 77( 3 75( 2
SpR157-368 70( 2 72( 2
SpR52-368 81( 2 79( 2
spectrin dimer 53( 6 60( 10

a All CD runs were carried out at room temperature in 5P7.4 or
PBS7.4 buffers. Average values of usually 3-5 runs are listed with
standard deviation (σn-1).
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andTm ) 44.0 ( 558.7°C and∆Cp ) -0.02 ( 464.24 J
deg-1. The value for∆Cp obtained from eq 6 (-0.02) was
much less than the value for∆Sg (526.9 J mol-1 deg-1). This
justified the assumption of∆Cp ) 0 approximation (eq 5).
Since∆G in eq 6 was relatively insensitive to∆Cp over small
temperature ranges when∆Cp , ∆Sg, the fitting of experi-
mental data to this equation resulted in large uncertainties
for all three parameters. We thus concentrated onTm and
∆Sm parameters obtained from eq 5.

The values of the transition temperature,Tm, of different
peptides under high and low ionic strength conditions are
summarized in Table 4. TheTm is a common measure of
the stability of a protein. For the single-domain peptides,
theTm values varied and appeared to depend on the particular
peptide (spectrin domain), on the detection methods (fluo-
rescence or CD), or on the buffer conditions. For example,
the value was 63°C for SpR262-368 and 51°C for SpR52-
156 for samples in PBS7.4, detected by fluorescence. This
value of 51 °C for SpR52-156 by fluorescence was
compared with the value of 44°C by CD. The value for
SpR157-262, detected by fluorescence, was 58°C in 5P7.4
and 54°C in PBS. However, for larger peptides, theTm

values were generally similar in both buffer conditions, and
as detected by both methods. For example we obtainedTm

values of∼51 °C for SpR52-262, ∼59 °C for SpR157-
368,∼53°C for SpR52-368, and∼47°C for spectrin dimer.

∆S may be seen to reflect the cooperativity of the
unfolding. High values of∆S result in steep temperature
dependence on∆G. The larger the value, the sharper the
transition. ∆S values obtained from fluorescence and CD
measurements were again generally similar, except for
SpR263-368 and the spectrin dimer. For example, for
SpR52-156 in PBS7.4, the average value was 424 J mol-1

deg-1 from fluorescence measurements and 524 J mol-1

deg-1 from CD.
For SpR263-368 and spectrin dimers in either 5P7.4 or

PBS7.4, the values from fluorescence were quite different
from those from CD (Table 5). For example, for SpR263-
368 in PBS7.4, a value of 1214 J mol-1 deg-1 was obtained
by fluorescence methods but 607 J mol-1 deg-1 by CD
methods. The large differences observed between fluores-
cence and CD for spectrin dimers and SpR263-368 were
probably due to the fact that the two methods monitor
different unfolding properties. It is likely that systems with
certain amounts of intermediate states in unfolding that are

detectable by CD but not by fluorescence would show a
sharper transition (larger values in∆Sm) by fluorescence
methods. For example, a disruption or unwinding of a
particular helical region prior to the final overall unfolding
of the helical bundle would be detected by CD, but not
necessarily by the fluorescence of a pair of conserved Trp
residues. Such pretransition unwinding has been demon-
strated in the unfolding of model peptides (43, 44). This
contrast of the CD and fluorescence results is very interesting
since it may provide some insight into the stability of the
helices formed in these peptides. However, this issue is
beyond the scope of this paper.

The ∆Sm values of individual peptides in 5P7.4 and in
PBS7.4 buffers were quite similar for the peptides with one
or two domains, except SpR52-262, indicating little ionic
strength effect on the thermal transition in these peptides.
However, the three-domain peptide SpR52-368 and the
spectrin dimer as well as SpR52-262 exhibited a signifi-
cantly sharper transition in PBS7.4 than in 5P7.4, suggesting
the existence of an ionic strength effect on the thermal
transition in these protein systems.

Domain Interaction.We have previously shown that the
major elastase digestion product(s) for the two-domain
peptide SpR52-262 was a fragment with a gel electrophore-
sis mass of 14.5 kDa, and for the three-domain peptide
SpR52-368 were fragments of 30.5 and 28.3 kDa, which
were subsequently digested to a fragment of 14.2 kDa (15).
Minor components at about 12 and 16 kDa were also
observed. In this study we further digested another two-
domain peptide, SpR157-368, and found the major digestion
product to be 14.3 kDa (Figure 2), similar to that found in
SpR52-262. We obtained the sequence of the N-terminal
amino acid residues for these digestion products. The first
six residues for the 14.5 kDa from SpR52-262 were
GSSYHL. The residues GS were from the thrombin
digestion site (thrombin was used to cleave fusion proteins),
and the remaining sequence matched to residues 52-55 of
R-spectrin, indicating that the N-terminal end of SpR52-
262 remained after elastase digestion. The first six residues
for the 14.3 kDa from SpR157-368 were GSALKF, again
with GS corresponding to the thrombin digestion site and
ALKF matched to residues 157-160 ofR-spectrin, indicating
again that the N-terminal end of SpR157-368 remained after
digestion.

The first six residues for the intermediate products of
SpR52-368 (30.5 and 28.3 kDa fragments) were both
GSSYHL (residues 52-55). The first six residues of the
subsequent, major product (14.2 kDa) were also GSSYHL,
also indicating that the N-terminal end of SpR52-368
remained after elastase digestion.

We used the backboneR carbon coordinates of the X-ray
structure (12) to generate backbone coordinates for our
peptide with three domains (SpR52-368), assuming that the
domains were simply connected, with the third helix of the
first domain propagated to the first helix of the second
domain. Side chains were added to the backboneR carbons,
and simple energy minimization was applied to provide a
working model for SpR52-368 (Figure 3). This model
structure was used to locate the potential digestion sites in a
folded structure (Table 6). It appeared that the initial
digestion occurred from the C-terminal end, within the loop
region connecting helix A to helix B of the last domain of

Table 4: Midpoint Unfolding Transition Temperature,Tm (°C)a

fluorescence circular dichroism

protein 5P7.4 PBS7.4 5P7.4 PBS7.4

SpR52-156 48( 4 (4) 51( 2 (4) 45( 3 (2) 44 (1)
SpR157-262 58( 0 (2) 54( 2 (3) 55( 2 (2) 53( 0 (2)
SpR262-368 59( 1 (3) 63( 1 (2) 52( 2 (3) 57( 2 (2)
SpR52-262 51( 2 (8) 52( 1 (6) 50( 1 (3) 50( 1 (3)
SpR157-368 61( 2 (4) 59( 2 (3) 59( 1 (3) 57( 1 (3)
SpR52-368 52( 3 (6) 53( 2 (6) 54( 1 (3) 54( 0 (3)
spectrin dimer 46( 0 (4) 47( 0 (4) 48( 0 (2) 47 (1)

a Midpoint unfolding transition temperature values were obtained
from curve fitting of fluorescence or CD measurements with eq 5. The
number of experimental runs of samples obtained from a single protein
preparation for each sample is shown in parentheses following the
uncertainty values. We found that samples from different protein
preparations exhibited little variation in experimental observations. All
uncertainties are the standard deviation of multiple runs (σn-1).
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the peptide (Table 6, Figure 3) to give a 16 kDa fragment
(one complete domain plus a whole helix A) found in
samples of both SpR52-262 and SpR157-368 digestion.
This fragment was further digested through the middle of
helix A of the second domain, producing the 14 kDa
fragments (one complete domain plus half of helix A), and
finally to the beginning of helix A, producing the 12 kDa
fragments (one complete domain). For the peptide with three
domains (SpR52-368), the initial digestion in the AB loop
produced the 30 kDa fragment. Further digestion from the
C-terminal end produced the 16 and 14 kDa fragments. Since
this fragment was most resistant to elastase digestion, we
suggest that the remaining structural domain gains significant
stability, that is, resistance to elastase digestion, from the
presence of this short segment of helix A.

DISCUSSION

Spectrin is composed largely ofR-helical bundle structural
domains, and a single-domain peptide has been shown to be
a stable independently folding unit (14). Thus, recombinant
peptides of individual domains may serve as useful models
to study the ionic strength effects in intact spectrin. How-
ever, we have shown that peptides with more than one
domain are needed to mimic the structural stability of spectrin
(15). Thus, peptides with two or three domains may be more

adequate models for ionic strength effect studies. In this
study, we examined three peptides with sequences of three
different single domains from spectrin, as well as two
peptides with sequences combining two tandem domains,
and one peptide with three tandem domains.

While these peptides, among themselves, exhibited some-
what different secondary structural element contents, each
peptide individually exhibited little ionic strength effects in
the secondary structural element contents. This is in good
agreement with our earlier observation on intact spectrin,
where we found that the salt-induced contraction and
expansion of the erythrocyte skeleton could not be explained
by changes in spectrin secondary structure, either in content
or in R-helical lengths, and we suggested earlier that it was
possible that the helices might change their interactions with
each other to favor different sets of molecular interactions
under different ionic strength conditions (20).

A protein with a high level of cooperativity in thermal
unfolding transition remains essentially folded upon tem-
perature increases, until the temperature approaches the
transition temperature. Once the temperature reaches the
transition value, the unfolding occurs extensively at that
temperature to give the unfolded state, resulting in a sharp
thermal transition. A∆G with a steep temperature depen-
dence implies a high value of∆Sm. A high ratio of ∆S
(PBS7.4)/∆S (5P7.4), theR values in Table 5, reflects a
strong ionic strength effect on thermal transition. TheR
values for the spectrin dimer (2.56 by fluorescence and 1.52
by CD) showed that the spectrin dimer was clearly made
more cooperative in thermal unfolding by 150 mM NaCl,
although there was no significant change in theTm value,
despite the fact thatTm is usually the most sought after
parameter in thermal unfolding experiments.

The broader, less cooperative unfolding of spectrin in
5P7.4 buffer has also been observed in other studies. Broader
thermal unfolding transitions have been detected with optical
rotary calorimetry (22) and with proton NMR (23) for
spectrin molecules in 5 mM phosphate with no NaCl than
in buffer with 100 mM NaCl. It has been suggested that
the entropy from the reversible dissociation of weak inter-
actions from interdomain associations drives the elasticity
of spectrin, and that these associations could be broken to
separate the independently folded domains of spectrin rather
than to denature them (50). Domain-domain interactions
have also been implicated by our earlier studies of these
recombinant peptides (15).

For the thermal unfolding of spectrin peptides, we
observed no systematic stabilization (increase inTm values)

Table 5: Entropy Change at the Unfolding Midpoint,∆Sm (J mol-1 deg-1)a

fluorescence circular dichroism

protein 5P7.4 PBS7.4 Rb 5P7.4 PBS7.4 R

SpR52-156 358( 100 424( 83 1.19 507( 91 524 1.03
SpR157-262 890( 25 806( 33 0.91 981( 17 798( 83 0.81
SpR263-368 1264( 158 1214( 33 0.96 657(141 607( 75 0.92
SpR52-262 615( 33 765( 42 1.24 615( 25 840( 33 1.36
SpR157-368 1064( 25 1097( 67 1.03 1039( 67 1048( 67 1.01
SpR52-368 757( 100 1081( 75 1.43 765( 42 981( 67 1.28
spectrin dimer 1430( 125 3658(524 2.56 624( 17 948 1.52

a Values for entropy change of unfolding at 50% unfolding were obtained from curve fitting of fluorescence or CD measurements with eq 5. The
number of experimental runs (n) for each value was the same as the corresponding ones in Table 4. All errors were the standard deviation of
multiple runs (σn-1). b R (ratio) ) mean∆Sm (PBS7.4)/mean∆Sm (5P7.4).

FIGURE 2: SDS-PAGE (16%) of the elastase digestion products
of SpR157-368. The first lane contained molecular mass standards.
Subsequent lanes (lanes 2-8) contained an aliquot of each digestion
reaction ended at various times (0, 0.5, 1, 1.5, 2, 2.5, and 3 h).
Intensities of the band for SpR157-368 at 27.2 kDa decreased as
a function of elastase digestion time. This band was digested to
two major fragments at 16.0 and 14.3 kDa.
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or destabilization (decrease inTm values) of the various
peptides by the addition of 150 mM NaCl. For example,
SpR263-368 appeared to be stabilized by NaCl by about 4
°C, while SpR157-262 was destabilized by a similar amount.
The most and least thermally stable peptides were represented
by two of the single-domain peptides (63°C for SpR263-
368 in PBS7.4 with fluorescence methods and 44°C for
SpR52-156 in PBS7.4 by CD methods). There was no trend
that we could discern in the distribution of theTm values
over the entire set of peptides. This is in contrast to previous
data that has shown that there is a trend whereby the larger
peptides are more stable toward solvent denaturation (15).

However, a more in depth examination of the∆Sm data
revealed some salient features, though again not so simple.
Assuming the unfolded state of all peptides to be similar
and to be disordered, we may ascribe increases in the entropy
of the unfolding transition to increases in the degree of order
of the native state. A native state with a larger number of
molecular interactions would remain in an ordered state and
exhibit more cooperative unfolding (high∆Sm), whereas a
native state with fewer molecular interactions would remain

in a less-ordered structure, and would exhibit a less coopera-
tive unfolding (low ∆Sm). Although most of the peptides
showed an increase in∆Sm in PBS7.4 relative to 5P7.4 (with
R values larger than 1), this was not universally true. For
example, three of the six peptides (SpR52-156, SpR52-
262 and SpR52-368) showed similar salt effects with
R(SpR52-368)> R(SpR52-262)> R(SpR52-156). How-
ever, two of the peptides showed little effect (SpR263-368
and SpR157-368), while one of them, SpR157-262, in fact
showed a salt-mediated decrease in cooperativity withR <
1. Was this weak trend actually evidence for a real ionic
strength effect, or simply idiosyncratic differences? The
hierarchical nature of the peptides might shed light on this
question. These peptides were not simply six randomly
chosen spectrin fragments. The SpR52-156, SpR157-262,
and SpR52-262 peptides were a subset, with SpR52-156
and SpR157-262 linked in tandem to give SpR52-262, as
they are in intact spectrin. This subset is particularly
illustrative, since R(SpR52-156)>1 while R(SpR157-262)
< 1 and R(SpR52-262)> 1. In fact, R(SpR52-262) was
greater than either R(SpR52-156) or R(SpR157-262),

FIGURE 3: Working model of SpR52-262. The model was created by fitting our sequence to the backbone coordinates of the X-ray
structure. Energy minimization was applied after the replacement of amino acid side chains. The helices in the triple helical bundles have
been designated as helices A, B, and C, starting with the most N-terminal helix. The loops are designated by the regions they link; that is,
the loop connecting helix A and helix B is termed the AB loop. The helices and loops of the second domain are designated by the prime
symbol. All loops are colored gray, helix A is in yellow, helix B is in red, and helix C is in blue.

Table 6: Characterization of Elastase Digestion Fragments

peptide massa (kDa)
fragment sizeb

(residues)
N-terminal
sequence

possible elastase digestion
sites (residue number)c

digestion sites within
triple helical model

SpR52-262 (D1-D2 in tandem) 16.5 (17.116) 135-145 187, 195, or 196 D2- AB loopd

14.5 (14.859) 115-125 SYHL 170, 171, 174, or 175 D2- mid helix A
12.9 (13.485) 105-115 157, 158, or 164 D2- early helix A

SpR157-368 (D2-D3 in tandem) 16.0 (16.771) 135-145 293, 296-9, or 301-2 D2 - AB loop
14.3 (14.381) 115-125 ALKF 273, 276-7, or 280 D2- early helix A

SpR52-368 (D1-D2-D3 in tandem) 30.5 (30.067) 250-260 SYHL 302, 305, or 308-9 D3 - early helix B
28.3 (28.703) 235-245 SYHL 287, 289, 293, or 296 D3- AB loop
16.0 (17.116) 135-145 187, 195, or 196 D2- AB loop
14.2 (14.859) 115-125 SYHL 170, 171, 174, or 175 D2- early helix A

a Molecular masses obtained from 16% SDS-PAGE measurements with about 10% uncertainty. The values in parentheses were masses calculated
from sequence, using the last possible digestion site as the last residue. For example, for SpR52-262, the value of 17.116 was that of residues
52-196. b Fragment sizes (number of amino acid residues) were estimated from molecular masses.c Elastase cleaves at the C-terminal side of
small nonpolar amino acid residues. We identified residues G, A, V, L, I, and S (ref55) in the sequence ofR-spectrin as possible digestion sites
to give fragments observed by SDS-PAGE. For example, for the 14.5 kDa fragment from SpR52-262, we estimated that the fragment consisted
of 115-125 residues. Since the N-terminal residue was residue 52 inR-spectrin, the potential C-terminal residue is around residues 167-177. We
examined theR-spectrin sequence around this region and identified residues 170 (I), 171 (L), 174 (I), and 175 (G) as possible elastase digestion
sites.d See text for the construction of a working model structure for SpR52-368. In this model, the peptide consisted of the first domain, the
second domain (D2), and the third domain (D3). Within a domain, helices A, B, and C are arranged in a zigzag manner to form a triple helical
bundle, with the AB loop joining helix A and helix B.
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[R(SpR52-156)+ R(SpR157-262)]/2, or [R(SpR52-156)
× R(SpR157-262)]1/2. This indicated that, by linking the
two structural domains, we increased the differences between
their properties in high and low ionic strength buffers, more
than could be accounted for by their properties in the same
buffers when isolated. All possible hierarchically linked
subsets demonstrated this character, with R(SpR52-368)>
[R(SpR52-262)× R(SpR263-368)]1/2, or the corresponding
arithmetic means, and even R(SpR157-368)> [R(SpR157-
262)× R(SpR263-368)]1/2. This latter example was again
particularly interesting, since both of the constituent single-
domain peptides were in fact substantially destabilized, while
the two-domain peptide was actually slightly stabilized by
high ionic strength. The experimental evidence that the
increase in cooperativity was most strongly seen in tandem
domain peptides, that the increase became stronger with more
domains added, and that spectrin with a very large number
of tandem domains showed the largest ionic strength effect
of all suggested that this effect was due in some way to the
regions joining adjacent domains.

Our elastase digestion data for the two- or three-domain
peptides suggested that, in multiple-domain peptides, part
of helix A (10-20 residues) of the following domain
stabilized the preceding domain of tripleR-helical bundles.
A recent NMR study of the solution structure of an individual
spectrin domain shows that the end of this single domain
(the AB loop and the start of helix B) is the most disordered
portion of the molecule (13). This AB loop is also the most
exposed portion of the structure, with the helices at the
C-terminus of the peptide not as tightly packed as at the
N-terminus. This feature of less helical packing at the
C-terminus of a single-domain peptide was also suggested
by the X-ray model (12). We propose that the disorder in
the C-terminus of a single-domain peptide is caused by the
lack of the next domain, or simply by the lack of a stretch
of helix, to stabilize it. These results support our earlier
observation that the single-domain helical bundles are stable
units but are not necessarily completely independent domains
(15).

We suggest that the location of the ionic strength-mediated
interactions may be in the interdomain regions. At present,
the structural features of the interdomain regions are not
known. The general presentation of the peptide structure in
Figure 3 may be oversimplified, since it has been suggested
that the spectrin subunits are twisted with various pitches
and diameters (21). Without further information on the
specific structure of the interdomain regions, it is difficult
to speculate on the mechanism of this ionic strength-induced
conformational change. The source of this effect may be
complex. The increased stability of proteins with added salt
may be due to the increase in the apparent hydrophobic effect
due to changes in the solvent structure (51), a Hofmeister
effect leading to salting out of the nonpolar core. High salt
concentration affects water structure, and the orientational
correlations of water molecules become more disordered in
ionic solutions (52). In addition, the dielectric constant
decreases as the concentration of salt increases. It has been
calculated that there should be a decrease in the dielectric
constant of 0.7% for every millimole of KCl per liter (53).
Based on this, the dielectric constant would decrease by about
a factor of 2 in 150 mM NaCl. Thus, addition of salt
promotes closer packing of like charges but destabilizes ionic

pairing interactions. Except for some specific salt-protein
interactions, one of the major effects of electrolytes is the
screening of protein-protein electrostatic interactions (54).
In both precipitation and crystallization, electrostatic shield-
ing of the protein charge is needed for intermolecular
interactions. Recently it has been shown that added salt to
coiled-coil protein systems can have complex effects on
protein stability, involving both stabilizing and destabilizing
contributions, with the net effect depending on the nature of
the charged residues and the ionic interactions present in the
protein (51).

In conclusion, we have demonstrated an ionic strength
effect in recombinant peptides of spectrin fragments. Since
the effect has been intimately linked to a conformational
change of intact spectrin, and since a conformational change
of spectrin has been linked to its function in maintaining
the deformability and elasticity of the erythrocyte membrane
(at this time, it is not yet clear that these two conformational
changes are the same), it is important to understand this
phenomenon. However, this effect has not been observed
in recombinant peptides of single domains by DSC (14). In
this work, we demonstrated that this might be due to the
fact that this effect was weak, was somewhat variable in
single-domain peptides, and was more pronounced in pep-
tides with more than one domain. In addition, this ionic
strength effect was more sophisticated than a simple pleio-
tropic stabilization, but was rather more easily seen as an
increase in cooperativity than as a simple change in second-
ary structural elements.
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