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ABSTRACT The structure and flexibility of the biologically important �-spectrin amino terminal region was examined by the
use of fluorescence and EPR spectroscopy. The region studied has been previously demonstrated to be essential for the
�-spectrin:�-spectrin association of the tetramerization site. Appropriate spectroscopic probe moieties were coupled to this
region in a recombinant fragment of human erythroid �-spectrin. There was good agreement between the EPR and
fluorescence techniques in most of this region. Mobility determinations indicated that a portion of the region was relatively
immobilized. This is significant, since although predictive methods have indicated that this region should be �-helical,
previous experimental evidence obtained on smaller synthetic peptides had indicated that this region was disordered.
Observed rigidity appears to be incompatible with such a disordered state, and has important ramifications for the flexibility
of this molecule that is so integral to its role in stabilizing erythrocyte membranes.

INTRODUCTION

Spectrin is a protein underlying the surface of the erythro-
cyte lipid bilayer. Through its association with various
integral membrane proteins, it is thought to be largely
responsible for this membrane’s flexibility and deformabil-
ity, which allows red cells to survive physical stress during
circulation through the vascular system (Agre, 1992). Spec-
trin is composed of two subunits, �-spectrin and �-spectrin,
which associate laterally to form �� heterodimers (Speicher
et al., 1982; Shotton et al., 1979). These then further asso-
ciate in an end-to-end fashion to form the biologically
significant (��)2 tetramer (Byers and Branton, 1985; Liu et
al., 1987; Vertessy and Steck, 1989). Impaired tetramer
formation leads to a large set of disorders called hereditary
anemias in which erythrocytes exhibit unusually high fragility.

�-Spectrin and �-spectrin both consist largely of tan-
demly aligned repeat units of approximately 106 amino
acids (Speicher et al., 1983a,b; Sahr et al., 1990; Winkel-
mann et al., 1990). �-Spectrin contains 22 of these repeat
units and �-spectrin contains 18. These are thought to fold
into compact triple �-helical structures, based on x-ray and
NMR studies of homologous recombinant spectrin frag-
ments (Yan et al., 1993; Pascual et al., 1997; Grum et al.,
1999). In this model, each motif is composed of three
approximately 30-residue helices arranged with the first and
third helices parallel and the second intervening helix anti-
parallel. This zigzag arrangement places the amino and
carboxyl ends of this domain on opposite ends of this
structure, so that tandem alignment of these motifs creates a

long rod-like molecule for both � and � spectrin. These then
associate laterally to form a thicker, but still rod-like, ��
dimer (Speicher et al., 1992).

Formation of the physiologically relevant (��)2 tetramer
then proceeds by head-to-head association to form a longer
rod. This is predicated on interactions between the ends of
each of these �� dimer rods that contain the N-terminus of
�-spectrin and the C-terminus of �-spectrin (Morris and
Ralston, 1989; DeSilva et al., 1992; Speicher et al., 1993).
Two such symmetrical interactions are thus thought to oc-
cur, each between the N-terminus of �-spectrin in one dimer
and the C-terminus of �-spectrin in the other dimer. These
regions can be seen by sequence homology to contain
fractional 106-amino acid repeat motifs. When these frac-
tional motifs are examined in relation to the structural
model, the �-subunit fractional motif appears to correspond
to the first two helices of the three helix bundle and that of
the �-subunit to the third helix. During tetramer formation,
these fractional motifs are thought come together to form a
heteropolypeptide three-helix bundle very similar to the
normal bundles composed of a single polypeptide. The
majority of spectrin mutations resulting in hereditary ane-
mias and impaired dimer-dimer association occur in these
regions (Marchesi, 1989; Eber et al., 1988; McGuire and
Agre, 1988; Gallagher et al., 1991; Palek and Lambert,
1990).

We have previously shown that deletion of a small region
before this fractional motif at the N-terminus of �-spectrin
does not significantly affect association of a recombinant
�-spectrin peptide with the �-monomer. However, further
deletions into this fractional motif completely abolish asso-
ciation (IC50 diminished by more than 2 orders of magni-
tude; Cherry et al., 1999). This recombinant work corrobo-
rates previous studies (Speicher et al., 1993) that showed
that proteolysis of this region to remove portions of the
fractional motif also disrupts �:� binding. The major region
for tetramer formation is, therefore, located in this fractional
motif region.
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However, two factors illuminated in our binding study
lead us to conclude that this interaction was not the sole
factor driving the tetramerization reaction: an unusually
large temperature dependence, and an undetectable depen-
dence on ionic strength. Conversely, the spectrin tetramer-
ization reaction is strongly ionic strength dependent, but has
a lower temperature variation (Morris and Ralston, 1994;
Morris and Ralston, 1989; Begg et al., 1997). This led us to
propose that other factors may be involved in the tetramer-
ization reaction (see Fig. 1 in Cherry et al., 1999). An
interesting possibility was provided by previous observa-
tions that small synthetic peptide homologues of the �-spec-
trin amino terminal region are disordered (i.e., not helical)
and do not interact with �-spectrin. Could it be that helical
unwinding of the separated fractional motifs is responsible
for the observed differences? Recent work has demonstrated
that �-helices can exist in equilibrium with their disordered
states, and that the extent of disorder varies at different
positions within the helix (Venyaminov et al., 1999; Holtzer
et al., 1997; d’Avignon et al., 1998). It has also been shown
by NMR that portions of intact spectrin can become highly
disordered under some circumstances (Begg et al., 1994);
however, it was impossible to determine which regions
these were due to the large size of spectrin.

As such, we used paramagnetic and fluorescent probes to
gain information about local order along this fractional

motif, in the context of a larger recombinant �-spectrin
fragment. This fragment has been shown have similar sta-
bility and binding properties compared to intact �-spectrin.
Because disordered structure is expected to be highly flex-
ible and mobile, probes attached to disordered regions are
expected to exhibit rapid motion and helical regions (or
other types of defined structures) less rapid motion. The use
of two types of probes, and thus two independent types of
measurement protocols, allows us to corroborate our results
and increase the confidence in our conclusions. We found
that most of the amino terminal region exhibits restricted
motion inconsistent with disordered structure.

MATERIALS AND METHODS

Recombinant �-spectrin fragments

Our methods for recombinant spectrin peptide production have been pub-
lished (Menhart et al., 1996; Lusitani et al., 1998; Cherry et al., 1999). The
particular peptide we are concerned with herein consists of the first 368
residues of �-spectrin. We made variants of this parent peptide by first
mutating the endogenous Cys residues to Ala (at 167, 224, and 325), and
then reintroducing individual Cys residues in the amino terminal region at
positions 14, 21, 28, 35, 42, and 49. This seven-residue periodicity was
chosen to minimize differences between the peptides should the region
indeed assume an �-helix, since in that case all positions would lie along
one face.

Spin-labeling and fluorescent labeling of
�-Sp peptides

�-Spectrin peptides were labeled as described (Cherry, 1999). Briefly,
�0.5 mg was concentrated to 10 mg/ml, and 2 mg of dithiothreitol was
added with incubation for 1 h at 37°C. Following desalting by gel filtration
in 5 mM Na phosphate pH 7.4 150 mM NaCl (PBS), 10-fold molar excess
of the methanethiosulfonate spin-label (MTSSL; Toronto Research Chem-
icals, Toronto, ON) or 10-fold excess 5-iodoacetamido-fluorescein (Mo-
lecular Probes, Eugene, OR) was added and incubation continued for 1 h
and 3–5 h, respectively, at room temperature in the dark. Excess probe was
again removed by gel filtration. The ratio of probe to peptide was deter-
mined spectroscopically against 4-hydroxy TEMPO standards (EPR) or by
absorption (fluorescence).

Peptide characterization

We measured the overall helicity of the peptides by circular dichroism, as
previously described (Menhart et al., 1996). Biological functionality of the
peptides was ascertained by a microtiter plate binding assay toward intact
�-spectrin (Cherry et al., 1999). Briefly, various concentrations of unla-
beled test peptide (each of the variants) were used to displace a small but
constant amount of 125I-labeled wild-type peptide from �-spectrin immo-
bilized on microtiter plates. By varying the concentration of the test
peptide, a titration curve could be produced, and the IC50 could be deter-
mined. Additionally, in order to determine if conjugation of the probe
moiety interfered with this binding, single point displacement assays in
which 5 �M unlabeled or fluorescein-conjugated Cys variant peptides were
used to displace labeled wild-type peptide to determine if this probe moiety
affects binding. Full titration curves were not obtained, because sample
amounts of the labeled peptides were limited.

FIGURE 1 Binding of labeled Cys variant peptides with �-spectrin.
Coupling of a probe moiety (fluorescein) was also shown to not reduce
binding by single point displacement reactions in which 5 �M fluorescein-
labeled or unlabeled variant protein was used to displace radiolabeled
�-spectrin peptides from immobilized �-spectrin. In all cases the conju-
gation of fluorescein did not interfere with �-spectrin binding. That is, in
all cases, the labeled protein displaced at least as much bound radioactivity
as the unlabeled probe. This indicates that the labeled proteins have IC50

values at least as low as the unlabeled protein (given in Table 1), which are
very similar to the wild-type value. The 28Cys variant is not shown since
this is a known mutation and had been determined to cause defective
�-spectrin binding. The 49Cys variant also appears to abolish binding,
which again is not unexpected, since although the specific Cys substitution
is not known, other substitutions at this position are known to impair
spectrin association.
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Electron paramagnetic resonance spectroscopy

X-band EPR spectra were obtained on a Varian E-109 spectrometer with a
TM102 cavity or a loop-gap resonator as described (Cherry, 1999). The
microwave power was set at 1 mW with a field sweep of 160 G, a sweep
time of 200 s, and an RF modulation of 1 G at 100 kHz. Spectra were
obtained at 20–21°C. Peptides were in 5 mM phosphate buffer at pH 7.4
containing 150 mM NaCl (PBS).

Rotational correlation times for single Cys variant spin-labeled peptides
were estimated by computer simulation, using the program developed by
Freed and coworkers (Budil et al., 1996). Spectra were fitted to either a
two- or three-component isotropic rotational diffusion model as judged by
�2 values. Input parameters to the fit include the known g tensor (gxx �
2.0086, gyy � 2.0066, gzz � 2.0032) and A tensor (Axx � 6.23, Ayy �
6.23, Azz � 35.7) values for the MTSSL probe in an aqueous environment,
as well as other well known physical parameters such as the nuclear
gyromagnetic ratio, �, and the nuclear spin, I. Parameters that are deter-
mined by the best fit simulation program are the rotational correlation time,
�r, and the fraction of each motional component, fr. Thus, fitting of
multicomponent spectra gave the relative population abundances and their
associated �c values.

Other spectral parameters derived from the fit are the inhomogeneous
line broadening and the phase. Neither of these parameters has any physical
meaning in terms of spectrin structure, but both are the result of various
spectroscopy artifacts. The inhomogeneous line broadening parameter is a
function of probe properties, such as unresolved couplings to the methyl
protons; and instrumental factors, chiefly of the spatial uniformity of the
static magnetic field and the variation of this field by the RF modulation
used by the phase sensitive detection system. Since we used 1 G modula-
tion, this is a reasonable lower limit. Best fit values were typically in the
range 1.0–1.3 G, and no significant differences in the motional parameters
(e.g., �c) were produced by fixing this parameter to Gmod � 1 G. The phase
was also allowed to vary to produce a best fit spectrum. Although the phase
was routinely zeroed on a concentrated free spin label sample, small
deviations from 0 (in all cases �10o) in this parameter increased the
goodness of fit as judged by �2 values.

During fitting, a rotational model must be chosen. Many very sophis-
ticated models may be chosen that may more fully describe the rotational
diffusion operator; however, many of the more sophisticated models (Poli-
meno and Freed, 1995) require multi-frequency EPR at very high frequen-
cies to be informative (Barnes et al., 1999). For simple X-band measure-
ments, we are limited to less informative but more robust choices. The
chief candidates are distinguished by their rotational symmetry group, i.e.,
whether the rotational diffusion tensor may be assumed to have spherical,
axial, or rhombic symmetry. These choices yield, respectively, one
(�c mean), two (�c� and �c�), and three (�cx, �cy, and �cz) rotational compo-
nents. In the formalism of the fitting algorithm, these are related by the
relationships �c mean � 3�(�c� �c�

2) � 3�(�cx �cy �cz). The various models
reveal progressively more information about the rotational properties of the
molecule but also result in more uncertainties in the specific values of each
parameter, which manifests itself in significant cross-correlations between
these parameters (Budil et al., 1996). Conversely, more confidence can be
ascribed to the simpler rotational model, which yields only a single mean
�c, the proviso being that the assumption of isotropic motion has been
made, which may not exactly reflect the precise rotational properties of the
probe. However, the mean value is still valid and has the advantage that it
can be corroborated or refuted by other techniques that yield such quanti-
tative values, such as our time-resolved fluorescence polarization (TRFP)
experiments.

Fluorescence polarization

TRFP experiments were performed at The Center for Dynamic Fluores-
cence at the University of Illinois (Urbana-Champaign, IL). The system
and theory used for these measurements has been described (Jameson and

Hazlett, 1991; Weber, 1977). Briefly, measurements were made by excit-
ing with the 488-nm line of an Ar laser modulated at various frequencies
(2–200 MHz) using a Pockels cell modulator. Probe lifetime data was first
obtained by unpolarized excitation and an emission polarizer set at 55°.
The lifetime of the probe was determined by simultaneously fitting the
emission signal phase and modulation data appropriate equations, given in,
e.g., Weber (1977) using the GLOBALS program (Beechem, 1992; La-
kowicz et al., 1984; Jameson and Hazlett, 1991). Following this lifetime
data acquisition, anisotropy decay measurements were taken on the same
sample by using vertically polarized excitation and alternately with both
parallel and than perpendicular emission polarizers. A range of modulation
frequencies was again used to resolve fast and slow anisotropy decay
components. Least-squares fitting to appropriate equations was conducted
with the GLOBALS platform.

Analysis was again predicated on a rotational diffusion model. These
are chiefly limited to how many components are resolved. In multicom-
ponent models, these various components may or may not be assigned to
parallel and perpendicular components. However, these simple fluores-
cence polarization measurements do not in general convey sufficient sym-
metry information (conveyed more readily in the EPR measurements in by
the anisotropic A and g tensors) to make these assignments unambiguous.
For this reason we have treated the �c values so obtained as �c mean for
various as yet undefined components. This allows direct comparison to the
EPR �c mean measurements, and so each may provide corroboration of the
other.

RESULTS

Fidelity of the peptides

All the peptides produced exhibited substantially normal
helicities, as measured by CD and compared to the wild-
type peptide, as shown in Table 1. Values were within 7%
of the wild-type value of 76% �-helix. With the exception
of the 28Cys and 49 Cys variants, all the singly Cys sub-
stituted peptides exhibited binding to �-spectrin. These IC50

values were within 0.2 �M of the wild-type value of 0.3 �M
(Cherry et al., 1999). The 28C and 49C variants did not
appear to bind to �-spectrin. This result was not unexpected,
as the presence of a Cys at the 28 position, or several other
amino acids at the 49 position, has been previously shown
to interfere with binding. In addition, conjugation of largest
probe, fluorescein, was shown not to interfere with this
binding. Displacements assays showed that the labeled pep-

TABLE 1 Characterization of single Cys variant peptides

Labeling site % helicity �-spectrin binding (�M)

None (wt) 76 0.3
14 76 0.4
21 71 0.5
28* 70 �20*
35 69 0.4
42 76 0.4
49* 76 �20*

Various measures of structural integrity were determined in order to ensure
that these Cys substitutions did not unduly compromise the integrity of
these proteins. It can be seen that all these variants are similar to the
wild-type protein, with the exception that the 28C and 49C variants
exhibited greatly reduced interaction with �-spectrin. This was expected,
since these are known HE-causing mutations (asterisks).
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tide displaced at least as much 125I-labeled wild-type pep-
tide as the unlabeled precursor did. This indicated that the
IC50 values of the fluorescein labeled peptides were at least
as low as the unlabeled precursors, which we showed above
to be substantially similar to the wild-type peptide. Thus, we
believe that these Cys substitutions did not unduly perturb
the properties of the peptides studied.

Probe motional properties

Rotational correlation times for the MTSSL spin probe were
obtained from the EPR spectra (Cherry, 1999) of the singly
labeled variant peptides by spectral simulation, Fig. 2. All
spectra exhibited more than one component, which is the
norm for this label coupled to a protein (Klug and Feix,
1998). Most positions were adequately simulated by utiliz-
ing a two-component model, with a fast and a slow �c

population. In two cases (21Cys and 28Cys), an additional
strongly immobilized component with �c �80 ns was ob-
served, and is easily seen by eye in the �1 and �1 lines of
the spectra of these variants (Fig. 2). This strongly immo-
bilized component may be due to aggregation of the labeled
peptides in solution. However, we could not remove this
component by ultrafiltration or centrifugation, so macro-
scopic aggregates are not indicated. More likely, these spec-
tral features represent a population of probes that are very
strongly immobilized to the protein or are defects of our
very simplified rotational model. Apparent motional param-
eters were determined for a minimum of three independent
preparations of labeled peptides, and the mean values and
standard errors are reported in Table 2.

Initial fluorescence experiments to obtain lifetime data
showed that the decays were nearly bi-exponential, with a
major long component (�90%) near 4.0 ns, and a minor

FIGURE 2 EPR spectra of the singly labeled pep-
tides. Spectral simulation was used to obtain apparent
rotational correlation times, according to the program
developed by Freed and coworkers (Budil et al., 1996).
These values can be seen in Table 2. Spectral simula-
tion (dashed lines) was able to resolve two motional
components from most of the experimental spectra
(solid lines).
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faster component �1 ns (data not shown). All peptides were
similar, and similar to the value of 4.05 ns for free fluores-
cein in aqueous solution. TRFP experiments yielded differ-
ential phase and modulation data shown in Fig. 3. Fitting of
this data to multicomponent rotational models by the
GLOBALS program corroborated the presence of multiple
components indicated by the EPR experiments. However,
only two components were indicated by the experimental
data. This may be due to the lower concentrations needed
for the fluorescence experiments. The fast component pro-
duced by fitting the data was typically 0.2–0.3 ns. This
value is poorly resolved, however, due to upper limits to the
modulation frequency possible with the experimental setup,
and typically had standard errors approaching the measure
mean value. However, since this rapid motion is usually
ascribed to independent probe motion, it has little bearing
on the underlying peptide structure, and we did not devote
additional effort to improving the accuracy of these points.

The slower motional component was, however, well
within the modulation regime possible, and was accurately
determined. Again, replicate determinations on separately
prepared batches of peptides yielded mean values, and stan-
dard errors that are typically approximately 10% of this
mean, as reported in Table 2.

DISCUSSION

In order to understand the role of the amino terminal region
of �-spectrin in the spectrin tetramerization reaction, we
have conducted certain experiments to probe the flexibility
of this region. As previously discussed, it is thought, based
on sequence homology and secondary structural algorithms,
that this fractional motif interacts with a complementary
fractional motif of the �-spectrin C-terminus to form a
heteropolypeptide triple helical bundle. Based on this se-
quence homology, approximately residues 22–52 are ho-
mologous to an �-helical structure, whereas residues 1–21

are atypical and appear to be unrelated to conserved repeat
structures (Sahr et al., 1990), but have also been predicted to
be �-helical (Speicher et al., 1983a). It has also been pro-
posed, based on protease cleavage data, that a helix begins
at residue 17 and is separated from a smaller helix of
approximately nine residues by a loop (Speicher et al.,
1983b). However, predictive methods are imprecise and this
region is not well understood.

This question has been addressed by making a series of
mutant peptides which scan the �-spectrin N-terminus and
allow for spectroscopic probe attachment at specific resi-
dues along the N-terminus. The spin-label (MTSSL) and
fluorescent label (5-IAF) were used as the spectroscopic
probes coupled to the peptide at sequential “a” positions in
the “abcdefg” heptad nomenclature for amphipathic �-he-
lices, and so should all be on the same face of the helix, if
a helix exists. MTSSL has previously been shown to be one
of the least structurally perturbing probes, and its short
linker causes it to represent peptide mobility very faithfully
(Hubbell et al., 1996; Mchaourab et al., 1996; Klug and
Feix, 1998).

In coupling probes to protein structures, there is a concern
that the structure of the protein is grossly disturbed and,
therefore, not representative of the native structure. Thus,
various studies were undertaken to ensure peptide stability
and function. Gross structural integrity was assessed by
determination of the peptide variants’ helicity values, which
are all very similar to the wild-type peptide; however, the
observed signal should be dominated by the helices of the
three structural domains (residues 52–368), so it is difficult
to detect accurately any small deviations that might occur.
Thus, to examine just the N-terminal region and to examine
the functionality of these peptides, the binding of the single
Cys variants to �-spectrin was examined. Most of the single
Cys variants exhibit binding to �-spectrin with affinities in
the 0.3- to 0.5-�M range, except for the 28C and 49C
variants. The 28C variant is a clinically observed hereditary

TABLE 2 Motional parameters

Label
position

EPR Fluorescence

�c1 ns f �c2 ns f �c3 ns f �c1 ns f �c2 ns f

14 3.0 	 0.4 .22 7.1 � 0.7 .78 n.d.* 0.2 	 0.1 .71 6.5 � 0.6 .29
21 1.4 	 0.3 .08 14.0 � 1.6 .45 74 	 7 .47 0.3 	 0.2 .53 13.7 � 2.2 .47
28 3.5 	 1.5 .06 19.5 � 4.0 .71 79 	 20 .22 0.3 	 0.2 .31 27.2 � 1.9 .69
35 1.9 	 0.07 .45 9.8 � 1.8 .55 n.d.* 0.3 	 0.2 .50 12.8 � 1.0 .50
42 3.7 	 0.6 .09 17.0 � 0.5 .91 n.d.* 0.2 	 0.1 .32 30.0 � 3.5 .68
49 n.d. 10.0 � 1.1 1.00 n.d.* 0.3 	 0.2 .40 42.7 � 0.2 .60

*n.d.: none detected.
Motional components (mean values 	 SE) and fractional signal intensity (f) for each labeled position for both EPR spectral simulation and TRFP
measurements are shown, and are the result of 2 to 4 replicate measurements. For TRFP experiments, the data could be adequately simulated by a
two-component model (no further reduction in �2 could be achieved by implementing a third component). However, for certain samples, a third, strongly
immobilized component was required to simulate the EPR spectra. In both cases, the fast component was ascribed to independent probe motion and is not
of too great interest. Similarly, the slowest EPR component may be due to aggregated forms due to the higher concentration needed for EPR and is, again,
of limited interest. We consider the intermediate component (in bold type) in both cases to be most relevant.
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anemia-causing mutation that is known to impair spectrin
association (Coetzer et al., 1991), so this non-binding be-
havior was not unexpected. The non-binding behavior
(IC50 � 20 �M) for the 49C mutant is also not unexpected,
since although the specific Cys substitution has not been
observed, other amino acid substitutions here can cause
hereditary anemias (Garbarz et al., 1990; Morle et al.,
1990). Since this variant does exhibit helicity identical to
the wild-type peptide, the overall structure of the peptide is
probably not deleteriously disturbed. We have also recently
determined that the entirety of this region exhibits �-helical
signals in double spin-labeling studies (Cherry et al., 2000).
It should also be noted that since the amino-terminal region
of �-spectrin is known to contain a large majority of mu-
tations resulting in impaired tetramerization, it is extremely
difficult to scan this region systematically without encoun-
tering sensitive mutation positions. Single point displace-
ment assays show that probe attachment to these Cys vari-
ants does not appear to interfere with binding.

EPR spectral line shapes were analyzed by spectral sim-
ulation to provide motional information about the attached
probe. In all cases several motional components were ob-
served; this phenomenon is well known to be the rule rather
that the exception with this spin probe coupled to proteins
(Klug and Feix, 1998). This multicomponent behavior poses
a problem for other methods of motional analysis from EPR
line shapes such as line width (
H0) or second moment
(�H2�) methods (Hubbell et al., 1998; Mchaourab et al.,
1996), because the spectra will be dominated by the sharper
rapid components. It is also unclear how such EPR-specific

parameters can be directly compared with other techniques
that measure mobility, such as our TRFP measurements. For
this reason we pursued spectral simulation to attempt to
resolve these various components, so that we could deter-
mine them independently.

However, this approach, though more rigorous, does in-
volve separate problems. Firstly, the spectra are sensitive
not only to the rotational rate, but also to the peculiarities of
the nature of the rotational diffusion operator. It has recently
been shown that the motion of spin probes on polypeptides
is very complex, and that multi-frequency experiments may
be necessary to fully describe the motion (Barnes et al.,
1999). In that work, it was shown that examination of the
X-band data alone with simple rotational models can yield
values that are an admixture of backbone and overall pep-
tide motion, but that these components can be separated by
inclusion of very high frequency data, which effectively
freezes out the slower motions. However, the separation into
local and global motions is itself a gross oversimplification, as
a full examination of the flexibility of a macromolecule in-
volves hundreds of motional modes which will be detected in
the probe spectra to varying degrees (Go, 1990). As such, we
and others (Langen et al., 1999; Owenius et al., 1999) have
sought only to determine an apparent flexibility from the
X-band data alone, while acknowledging the approximations
in this approach. In this study, we used a spherical model,
which yields only a single parameter for each component to
describe the rotational diffusion of the molecule. This sacri-
fices accuracy of the simulation, in the hope that the average �c

value so determined will be more robust.
The second problem when considering this spectral sim-

ulation method is how to interpret the various components.
Methods that yields only a single proxy for motion, i.e.,

W0 or �H2�, ignore this problem, because all the com-
ponents are averaged (but usually in some unknown way)
into this single parameter. In our case, spectral simulation
has resolved at least two components. The fastest compo-
nent, in the low nanosecond range, is typically assigned to
independent probe motion, and is not usually of great in-
terest, in that it does not inform us about the underlying
peptide motion. However, the correlation times of 1–3 ns
are higher than that for free probe in solution (�1 ns), and
so some restriction of motion is indicated. It has recently
been demonstrated by NMR (d’Avignon et al., 1998;
Holtzer et al., 1997) and FTIR (Venyaminov et al., 1999)
techniques that helical peptides can exist in an equilibrium
between disordered and helical states in solution, and that
this equilibrium varies between individual positions in the
same peptide. The disordered population in this interpreta-
tion may be similar to the fast �c population in this study.

The second motional component with longer �c, in our
case 6–40 ns, is in the appropriate range for a peptide
motion for the spectrin fragment studied here (�45 kDa).
We have assigned this component to backbone motion of
the peptide. This is not the same as overall motion of the

FIGURE 3 TRFP phase and modulation mobility data. Representative
phase and modulation data are shown. For peptides with a slow rotational
time, the differential phase peak shifts to lower frequencies and the peak
amplitude decreases. Increasing rotational times can also be seen from the
modulation data as reduced modulation ratios at low frequencies. The
rotational correlation times are listed in Table 2. The top graph shows the
phase data. The bottom graph shows the modulation data.
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peptide as a whole, but rather reflects the degree to which
the particular labeling position couples to the rest of the
peptide. Similar interpretations have been made in other
helical peptides (Miick et al., 1991; Todd and Millhauser,
1991) in which the model free order parameter S was
calculated to quantify this coupling. In other formalisms,
this component may be seen to be homologous the �c

backbone of Hubbell (Mchaourab et al., 1996).
Two peptides exhibited spectra that yielded a third mo-

tional component, with a much longer apparent �c, �80 ns.
This minor, strongly immobilized component is commonly
seen with protein spin-labeled with the MTSSL probe.
There are various possible explanations for this component.
The simplest assignment is to oligomers of the parent pep-
tide. Such oligomers have been previously observed for a
related, slightly longer, version of this spectrin fragment by
light scattering techniques. This component could not be
removed by filtration, or lower speed (13000 � g) centrif-
ugation, and so does not appear to be the result of macro-
scopic aggregates. Alternatively, this component may rep-
resent very strongly immobilized probe species, involving
interactions of the nitroxide ring structure with the rest of
the protein molecule. The conventional view is that, nor-
mally, the MTSSL probe has a linker arm strongly tethered
by hydrogen bonding to the disulfide moiety, but that the
ring moiety is relatively free to rotate about the C�-S	 bond,
and so can partially average the A and g tensors. In some
cases it appears that an anomalous interaction may occur
with the ring system and the protein, further immobilizing at
least a portion of the labels, and resulting in a component
exhibiting very anisotropic hyperfine interactions (Mcha-
ourab et al., 1999). The extent of this undesirable interaction
seems to be somewhat idiosyncratic. In any event, such
behavior has little bearing on the local secondary structure
at the coupling site, the immediate object of this study, so
we will not be concerned with it further.

Because of the various ambiguities expressed above in
the interpretation of the EPR data, we sought an indepen-
dent corroboration of these values to make our interpreta-
tion more convincing. This took the form of TRFP experi-
ments, which also yield information about the rotational
diffusion of probes attached to identical positions on the
molecule. Again, multicomponent behavior was observed,
with fast and slow components evident. In this case, the fast
components were �1 ns, and so were confidently assigned
to independent probe motion. Many similar fluorescent
probes often exhibit such residual motion when coupled to
the surface of proteins. The slower �c time was again
assigned to backbone motion. In no case was a third, very
slow component observed. This may be due to the actual
absence of oligomers due to the lower concentrations re-
quired for fluorescence experiments, but it also may be due
to the relatively short lifetimes (in all cases �4 ns) of the
probe used, which precluded observation in this range.

The agreement of �c 2 EPR and �c 2 fl was very good, as
tabulated in Table 2 and shown in Fig. 4 A. It is notable that the
correlation is not good for �c 1, which we have assigned to
independent probe motion and so is a property of the different
probes used for the two techniques. In contrast, the �c 2 times
have been assigned to backbone motion, and thus should be a
property of the peptide, not the probe, which is of course
identical in each case. For the 14, 21, 28, and 35 positions the
agreement is very good and the error bars overlap or nearly
overlap. At the 42 position there is some disagreement, and at
the 49 position this disagreement is much larger. It is possible
that the 5IAF probe is interacting significantly with the first
complete triple �-helical bundle (immediately adjacent to these
positions at residues 52–156) and so reporting on the motion of
this larger more rigid domain. 5IAF is larger, more hydropho-
bic, and has a longer linker region than MTSSL and so such
behavior is not unexpected. However, the overall patterns of �c

at each position, by both techniques, are remarkably similar.
The amounts of fast component, which may reflect the local
equilibrium between helical and unwound (random or disor-

FIGURE 4 Comparison of EPR and fluorescence flexibilities. EPR
(squares) and TRFP (circles) data are compared at all the positions studies.
Mean values, with error bars representing standard error of mean, are
shown. (A) Apparent �r slow versus probe position are plotted. The two
techniques give similar results, overlapping at most positions, suggesting
that these measurements reflect an underlying property of the spectrin
molecule and not an artifact of the spectroscopic technique or analysis
model. The discrepancy at later positions (especially 49) may be due the
larger and more hydrophobic nature of the fluorescent probe compared to
the paramagnetic probe, as discussed in more detail in the text. (B) The
percentages of �r fast (defined as �10 ns) versus probe position are plotted.
It can be seen that a larger fast component occurs in the TRFP than in the
EPR experiments. This is a well known problem for these types of
fluorophore couplings, in which a large fraction of the motion is observed
to be independent probe motion, especially when the probe molecule is
coupled to the surface of a protein. In any case, it can be seen that the two
measurements show a similar relative pattern, with the fractional fast
component in general decreasing toward the C-terminus of the region, and
a similar anomaly occurring at position 35.
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dered) structures also show similar trends between positions,
Fig. 4 B, although the MTSSL probe shows much less of this
fast component in general than the 5IAF probe. This is not
surprising, since we specifically used the MTSSL probe to take
advantage of its very tight coupling to protein structures. These
agreements increase our confidence that we are actually re-
porting on local peptide flexibility, and not some artifact of the
spectroscopic technique or the models used to interpret the
spectra.

In general, these slow rotational correlation times shows
that as the probe approaches the first structural domain
(residue 52; Lusitani et al., 1994) there is an increase in �c,
indicating tighter coupling to the molecule as a whole, and
thus the presence of some structure. This increase is con-
sistent from 14 to 49, with the exception of position 35
which will be discussed later. Position 14, which is outside
the region shown to be essential for �-spectrin binding, is
not as tightly coupled to the rest of the molecule as seen
from the rotational correlation time of �7 ns. The beginning
of some structure seems likely from position 21 onward.

The varying times reported by probes at each position
reflect the varying degree to which each position is coupled to
the rest of the molecule. Long times, (i.e., rigid regions) do not,
in and of themselves, imply structure or order. However, we
have previously shown that all of these regions do show signals
strongly suggestive of an �-helix by double label coupling
experiments (Cherry et al., 2000). That study, however,
showed that the extent to which this signal was seen at each
position was variable, implying that some of these regions are
“more helical” than others. The dynamic data in this study
provides and explanation for this observation: the helix appears
to unwind at equilibrium to varying extents along its length.
This dynamic behavior may have important biological impli-
cations, since we have demonstrated (Cherry et al., 1999) that
the spectrin tetramer association must be the driven by some-
thing other than simply the association of the this(putatively
helical) region with its complimentary region in �-spectrin.
The freezing out of this disorder to form a more fully helical
structure may provide this extra impetus.

Position 35 shows increased mobility in the region of
structured order. Many secondary prediction algorithms
predict a break in the helix at or near this point, e.g., the SSP
protocol (Salamov and Solovyev, 1997) or the NNPRE-
DICT (Kneller et al., 1990). Because both experimental
methods showed increased flexibility and the predictive
methods indicate some helical disruption at this point, it
seems likely that there may be some structural disturbance
at this point. However, we cannot rule out the possibility
that the mutagenesis of residue 35 to Cys has disrupted a
previously well folded, helical region in the wild-type mol-
ecule. Cys is typically considered to have moderate helical
propensity, greater in fact than the Tyr that it replaces in the
wild-type molecule. Recently it has been demonstrated that
when the Cys is conjugated to the MTSSL paramagnetic
probe, the Cys-probe moiety has even greater helical pro-

pensity (Bolin et al., 1998). These two factors conspire to
imply that the anomalously high mobility seen here is
unlikely to be an artifact of the probe coupling technology;
however, further higher resolution studies are needed.

These results may be compared to a previously suggested
schematic representation of this region based on secondary
structural algorithms (Speicher et al., 1993). There is agree-
ment with the major helical region residing approximately
between residues 20–52. This is in contrast to studies on
isolated 1–53 peptide, which showed no secondary struc-
ture. However, as we have previously demonstrated, sub-
stantial structural cooperativity exists between adjacent tri-
ple �-helical bundle motifs (Menhart et al., 1996; Lusitani
et al., 1998), which raises the possibility that the stability of
the region may be enhanced when in tandem with the
subsequent more stable complete structural domains. We
have shown herein that this region exhibits rigidity incom-
patible with a disordered structure, so that is seems likely
that this region is in fact helical even in the absence of
association with �-spectrin.
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