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Abstract We have studied the nuclear magnetic resonance
solution secondary structure of the N-terminal region in human
erythroid KK-spectrin using a recombinant model peptide of KK-
spectrin consisting of residues 1^156. Pulsed field gradient
diffusion coefficient measurements show that the model peptide
exists as a monomer under the solution conditions used. The first
20 residues are in a random coil conformation, followed by a
helix of 25 residues and then a random coil segment before the
next helix. The random coil nature of this linker was confirmed
by the presence of fast internal motion from 15N relaxation
measurements. The second, third and fourth helices are thought
to form the triple helical bundle structural domain, consistent
with previous studies. Our study shows that the N-terminal
region of KK-spectrin prior to the first structural domain forms a
well behaved helix without its LL-spectrin partner. ß 2000 Fed-
eration of European Biochemical Societies. Published by Else-
vier Science B.V. All rights reserved.
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1. Introduction

Spectrin, a member of the actin binding protein family, is
present in such diverse tissues as erythrocytes [1], skin [2] and
brain [3]. The major role of erythroid spectrin is to provide
mechanical support to the cytoplasmic membrane by forming
a protein network under the membrane bilayer [4^6].

In the erythrocyte, spectrin is thought to be largely respon-
sible for the unique biconcave shape of the cell, and for the
remarkable stability and elasticity of the membrane which
withstands the large shearing forces encountered during mi-
crocirculation. Spectrin is composed of two subunits ^ K (280
kDa) and L (246 kDa) ^ which associate laterally to form
dimers and functional heterotetramers (K2L2). Each subunit

consists of multiple homologous sequence motifs of about
106 amino acid residues [7] that form a triple helical coiled
coil structural domain. This structural domain is believed to
be a common feature in all members of the spectrin super-
family [8]. However, we have shown that peptides with more
than one domain are needed to mimic the structural stability
of erythroid spectrin [9].

Despite the functional and structural similarities among
members in the spectrin family, speci¢c di¡erences have also
been noted, especially between erythrocyte and non-erythro-
cyte spectrins. Additional structural domains such as the plek-
strin homology domain [10], and a calmodulin binding do-
main [11] are present in brain spectrin, but not in
erythrocyte spectrin. Brain and erythrocyte spectrin also
have di¡erent calcium a¤nities, suggesting the possibility of
di¡erent roles for calcium with these molecules [12]. Thus, it is
possible that speci¢c di¡erences may also exist in the structure
of the general triple helical structural domain in di¡erent
types of spectrins. No experimental information on the struc-
ture of human erythroid spectrin has been reported.

The N-terminal region of human erythrocyte K-spectrin
(KN) and the C-terminal region of L-spectrin (LC) are in-
volved in spectrin tetramer formation, with dissociation con-
stants in the WM range [13], and the KN/LC association region
is often called the tetramerization site. Spectrin tetramers play
a critical role in maintaining the architecture, and therefore
the integrity, of the red cell membrane. Many hereditary he-
molytic anemias involve spectrin mutations that destabilize
tetramer formation [14]. Many mutations lie in or near the
tetramerization sites in either K- or L-spectrin [14].

Since about 30 residues in the KN region are homologous to
the sequence of the third helix, and about 60 residues in the
LC region are homologous to the sequence of the ¢rst two
helices in the structural domain, it has been suggested that
these helices in the KN and LC regions associate to form a
triple helical bundle similar to the 106-amino acid structural
domains [15]. However, there is no direct experimental evi-
dence for the proposed conformation.

We have shown that a series of spectrin recombinant pep-
tides are good model systems for studies of the K-spectrin N-
terminus [16]. We have also previously determined that resi-
dues 52^156 form the ¢rst structural domain in K-spectrin [17]
and have recently assigned the backbone nuclear magnetic
resonance (NMR) resonances for SpK1^1561, a recombinant
peptide consisting of the ¢rst 156 residues of K-spectrin [18].

Our NMR results for this peptide show that (1) the eryth-
rocyte spectrin structural domain exhibits a conformation
largely consistent with the triple helical bundle structure in
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chicken brain and Drosophila spectrin [19,20], and (2) the
region prior to the structural domain consists of a well de¢ned
helical conformation even in the absence of L-spectrin, and is
connected to the structural domain by a random coil linker. It
is hoped that understanding the conformation of this region
may provide insight toward the pathology and physiology of
spectrin tetramerization.

2. Materials and methods

2.1. NMR sample preparation
The peptide SpK1^156, unlabeled or labeled with 15N, was prepared

as before [18], and NMR samples (1 mM) were prepared in 5 mM
phosphate bu¡er (pH 6.5) with 95% H2O and 5% D2O containing 150
mM NaCl and 0.01% NaN3. Precipitation was found in some samples
at lower NaCl concentrations over an extended period during NMR
experiments. All spectra were obtained at 20³C.

2.2. Translational self-di¡usion coe¤cient measurements
Translational self-di¡usion coe¤cients (DT) from pulsed ¢eld gra-

dient spin echo (PFGSE) NMR experiments [21,22] were used to
assess the oligomeric status of SpK1^156 in solution. The di¡usion
delay (v) was ¢xed to 150 ms, and the gradient pulse duration (N) to
7.5 ms. The signal intensity (S) was measured in a series of experi-
ments as the gradient strength (G) was varied linearly from 2 to 96%
of the maximum value. DT was calculated by a least square ¢t of
the normalized signal decay (S/S0) to the equation: S/S0 =
exp[3(QGN)2DT(v3N/3)], where Q is the gyromagnetic ratio [22]. Dif-
fusion data were acquired on a Bruker DRX-500 with a single z-axis
gradient probe. At least three di¡erent resonances were used for the
calculation of the di¡usion coe¤cient for SpK1^156, and averaged
values were calculated. For comparison, measurements were also ob-
tained on lysozyme and carbonic anhydrase, two proteins that are
known to exist as monomers in solution.

2.3. NMR spectroscopy
All NMR spectra were recorded on 600 MHz spectrometers

(Bruker DRX-600 or Bruker DMX-600) with triple resonance, triple
axis gradient probes. In addition to those spectra acquired for the
previously reported resonance assignments [18], additional spectra
were obtained to study the secondary structure and dynamics. Heter-
onuclear 1H^15N nuclear Overhauser enhancement (NOE), 15N-trans-
verse relaxation time (T2) and 15N-longitudinal relaxation time (T1)
spectra were acquired using published pulse sequences [23] with a
water £ip-back pulse. For 1H^15N NOE measurements, two interca-
lated 2D-heteronuclear single quantum-correlation spectroscopy
(HSQC) were acquired with and without 1H saturation, with 256
15N points and 80 scans per t1 increment. 1H saturation was imple-
mented using a 120³ 1H pulse train with 5 ms intervals. For T2 mea-
surements, a series of experiments was performed with nine di¡erent
relaxation delays (8.16, 16.3, 24.5, 32.6, 49, 73.4, 97.9, 122.4, and
171.4 ms) using the 15N Carr^Purcell^Meiboom^Gill pulse train [23].

For T1 measurements, a series of experiments were conducted with
eight di¡erent relaxation delays (0.012, 0.072, 0.132, 0.232, 0.392,
0.612, 0.992, and 1.492 s). A series of 1H o¡-resonance 180³ pulses
was applied at 5 ms intervals to suppress cross correlation during the
relaxation delay.

2.4. Data analysis
Raw data were processed and analyzed using the Felix 97.0 soft-

ware (MSI, San Diego, CA, USA). NOE values were calculated from
the ratios of peak intensities on spectra with (Isat) and without proton
saturation (Iunsat). The standard deviations in NOE values (cnoe) were
estimated from the equation, cnoe/NOE = {(csat/Isat)2+(cunsat/
Iunsast)2}1=2 [23]. csat and cunsat are the standard deviation values of
peak intensities with and without saturation, respectively, and were
calculated from the rms noise of the blank region. T1 and T2 relax-
ation times were calculated by non-linear least square ¢ts of signal
decays to an exponential decay function, S/S0 = exp(3t/T1;2) [23]. The
uncertainties of the T1 and T2 values were obtained as reported pre-
viously [24,25]. 1H^15N heteronuclear NOE values and 15N-relaxation
rates (R1 = T31

1 and R2 = T31
2 ) were used to estimate the £exibility of

the peptide.

2.5. Secondary structure determination
Secondary chemical shift values, short and medium range NOE

patterns, and J coupling values were used to assign secondary struc-
tures to di¡erent regions of SpK1^156, following well established pro-
cedures [26,27]. Brie£y, K-helices were identi¢ed by large positive sec-
ondary chemical shifts for CK and CO and large negative secondary
chemical shifts for HK, medium to strong dNN peaks, the appearance
of dKN(i,i+3) or dKN(i,i+4) peaks, and JHKHN values smaller than
6 Hz. Random coil regions were characterized by small secondary
chemical shift values (either positive or negative), and JHKHN values
greater than 6 Hz. Random coils were also represented by high £ex-
ibility with negative or smaller NOE values than other structured
parts.

2.6. Molecular modeling
A model structure was generated based on the homologous struc-

ture of Drosophila spectrin [9,20]. Helix lengths and the positions of
the random coils were adjusted to re£ect the secondary structure
determined in this study. Typically, 100 steps of steepest descent local
energy minimization were performed on the resulting structure to
remove bad contacts in the vicinity of the adjusted part. The relative
orientation of the ¢rst helix to the structural domain was arbitrary
since the two are connected with a £exible linker. A random coil
conformation was generated for the region consisting of residues 1^
20.

3. Results

3.1. Folding
Circular dichroism studies indicate that SpK1^156 exhibits a

relatively high helical content (41%), suggesting that the pep-
tide is well folded; this is somewhat less than the 52% pre-
viously seen for the helical content of SpK52^156 [9], and is
consistent with the relatively large random coil segments
found in the ¢rst 20 residues (see below).

3.2. Solution characterization
It is essential to determine whether the peptide under inves-

tigation exists as monomers in NMR solution samples, since
the presence of oligomers at high concentration in samples

Fig. 1. Di¡usion coe¤cient measurement using PFG-NMR stimu-
lated echo experiment for lysozyme, carbonic anhydrase, and SpK1^
156. S/SO, normalized signal intensity; Q, proton gyromagnetic ra-
tio; G, gradient strength; N, gradient pulse duration; v, di¡usion
delay. The di¡usion coe¤cients were calculated from the negative of
the slopes using the equation, ln(S/SO) =3DT(QGN)2(v3N/3) with DT
being the di¡usion coe¤cient.
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used for NMR studies would pose experimental and analytical
complications. Fig. 1 shows the exponential decay of the nor-
malized PFGSE signal intensity as a function of increasing
gradient strengths. Lysozyme (14.3 kDa) and carbonic anhy-
drase (29.0 kDa) were used as reference proteins since they are
known to exist as monomers. DT calculated from the slope

was 1.06U10310 m2/s for lysozyme, in good agreement with
published values (1.08U10310 m2/s) [21], and was 0.81U10310

m2/s for carbonic anhydrase. The value for SpK1^156 was
0.96U10310 m2/s, suggesting that the apparent mass for
SpK1^156 under these particular solution conditions is larger
than 14.3 kDa, but smaller than 29.0 kDa, consistent with the
monomeric mass of 18.7 kDa.

3.3. Secondary structure of SpK1^156
From the SpK1^156 backbone resonances assignments [18],

the secondary chemical shifts for CK, CO and HK of SpK1^
156 were obtained (Fig. 2). The J coupling constants obtained
from amide proton to nitrogen to K-carbon correlation
(HNCA)-J experiments, and short and medium range NOEs
are also shown in Fig. 3. Based on the criteria described above
in Section 2, four K-helices were identi¢ed, consisting of res-
idues 21^45, 53^81, 88^118 and 123^153. In addition, four
random coil regions were identi¢ed for residues 1^20, 46^52,
82^87 and 119^122. The last three residues (154^156) also
appeared to be in random coil conformation. The random
coil character of residues 46^52 was immediately apparent
from the resonance assignments since the resonances for these
residues appear as very intense peaks and are located in typ-
ical random coil regions of the 2D-HSQC spectrum (data not
shown).

Thus, the NMR results show that SpK1^156 residues 1^20
exhibit a random coil conformation, followed by an K-helical
segment of 25 amino acids (helix CP), followed by another
random coil region (residues 46^52). The next 29 residues
are K-helical (helix A1), followed by a 6 residue random coil
region (residues 82^87), then a 31 residue K-helical region
(residues 88^118, helix B1), a 4 residue random coil, and a
¢nal 31 residue K-helical segment (residues 123^153, helix C1).
As noted previously [28], the exact boundaries of helices in the
structure are not clearly de¢ned in some cases. However, the
beginning of the ¢rst helix (residues 21^45) and of the second
helix (residues 53^81) are clearly de¢ned in our system, since
criteria used to determine secondary structures change very

Fig. 2. Secondary chemical shifts of amino acids in SpK1^156. The
values represent the chemical shift di¡erence between those of the
particular residues and the random coil values. The chemical shifts
of the residues were directly referenced against 2,2-dimethyl-2-sila-
pentane-5-sulfonic acid (DSS).

Fig. 3. Summary of short and medium range NOEs and coupling constants for the amino acid residues of SpK1^156. The line widths in NOE
rows indicate the relative intensity of NOE peaks for the particular NOE series. The ¢lled stars on the 3JHNa rows indicate three bond coupling
constants larger than 6 Hz. Secondary structure elements are depicted as helices at the bottom of each.
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sharply at the boundaries. Thus the ¢rst random coil linker
region (residues 46^52) is also clearly de¢ned.

Since residues in random coil regions typically exhibit faster
internal motion than residues in structured regions, backbone
amide 15N relaxation parameters, including the 1H^15N het-
eronuclear NOE, 15N R1 values and 15N R2 values (Fig. 4)
were obtained to identify residues exhibiting rapid motions.
Residues 1^20 showed negative NOE values, suggesting very
rapid motions. Residues 46^52 and 82^87 also had signi¢-
cantly lower NOE values, again suggesting faster internal mo-
tion than other residues assigned to helical regions. In addi-
tion, the R2 values of these residues were also signi¢cantly
larger than those in helical regions, providing further evidence
that regions consisting of residues 1^20, 46^52 and 82^87 are

random coils. The region with residues 119^122, a region also
assigned to random coil structure, did not exhibit an appreci-
able decrease in NOE values or increase in R2 values. This
feature is discussed later in the text. A model structure based
on these secondary structural features was built using the
homologous structure of Drosophila spectrin [20] and is shown
in Fig. 5.

4. Discussion

4.1. Structural domain
Our NMR studies clearly indicate that the ¢rst structural

domain of human erythrocyte spectrin consists of three helices
(helices A1, B1 and C1) connected by two linking segments in

Fig. 4. 15N relaxation measurements for SpK1^156. A: 1H^15N heteronuclear NOE values. B: 15N R2 values. C: 15N R1 values. R1 and R2 rep-
resent the spin lattice and spin spin relaxation rates, respectively. All measurements were done using samples in 150 mM NaCl, 5 mM phos-
phate, pH 6.5 NMR sample bu¡er at 20³C in 5% D2O and 95% H2O. The relaxation values were obtained from the peak intensities of the ap-
propriate 1H^15N HSQC spectra.
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random coil conformation. The overall features are in general
agreement with previously reported structures of recombinant
peptides from Drosophila spectrin [20] and from chicken brain
spectrin [19,29]. However, there are interesting di¡erences in
speci¢c structural features, such as the lengths of helices in
structural domains. Each of the three helices in the structural
domain of SpK1^156 has a similar length of about 30 residues,
consistent with earlier predictions [30]. Other structural do-
mains in human erythrocyte spectrin may have somewhat dif-
fering helical lengths, depending on the location of speci¢c
domains within the spectrin molecule [30]. In the Drosophila
spectrin peptide, however, helix A (27 residues) is about eight
residues shorter than helix B (34 residues) and four residues
shorter than helix C [20]. In chicken brain spectrin, helix A
(with 21 residues [29] or 22 residues [19]) is about 14 or 15
residues shorter than helix B (35 residues [19] or 37 residues
[29]). Helix C consists of 26 residues [31] or 29 residues [29].
This large di¡erence in lengths between helices A and B leads
to the formation of a double helical at the beginning of the
structural domain in chicken brain spectrin bundle, instead of
a triple helical bundle [29]. However, our data for SpK1^156
show helices A1, B1 and C1 exhibiting similar lengths, which
might conveniently form a triple helical bundle.

Our data also indicate that the region between helices B1

and C1, consisting of residues 119^122, does not exhibit rela-
tively fast internal motion, with no signi¢cant decrease in
heteronuclear NOE around residue 121. Since our current
data could not distinguish between random coil and tight
turn, it is possible that this region in SpK1^156 forms a tight
turn, similar to the linker region in chicken brain spectrin,
which forms a tight turn between helices B and C [31].

4.2. Secondary structure of the KN-terminal region prior to the
¢rst structural domain

Probably the most signi¢cant ¢nding of this work is the
determination of the secondary structure of the ¢rst 51 resi-
dues ^ the region prior to the ¢rst structural domain in intact
spectrin, and the region involved in spectrin tetramerization.
Our data clearly show that this region includes an K-helix that
is about 26 residues long (helix CP) and a short random coil
linker connecting helix CP to helix A1 of the ¢rst structural
domain. It is interesting to ¢nd a fully formed helix prior to
the ¢rst structural domain in SpK1^156 in the absence of its
partner, the C-terminal region of L-spectrin. Although it has
long been suggested that, in the K2L2 tetramer, two partial

domains (one helix from K-spectrin and two helices from L-
spectrin) form a triple helical bundle [15,32], there has been no
direct information on the structure of this region of spectrin.
In fact, a recent report suggested that the partial domain in K-
spectrin is partly or largely in random coil conformation
which would convert into helix upon binding to L-spectrin
[33]. However, our NMR secondary structure analysis clearly
shows the presence of a 26 residue long helix in this region.
The monomeric state of the peptide, as determined by our
di¡usion coe¤cient measurements, excludes any intermolecu-
lar interaction that might a¡ect or change the conformation
of the region at the high sample concentrations used in the
NMR studies. It is not feasible to obtain information on the
orientation of helix CP relative to the structural domain from
the NMR data. Thus helix CP may extend from the structural
domain, as shown in Fig. 5, or could bundle with the structure
domain to form a four helical bundle structure. To distinguish
between these possibilities, we have changed residue 154 to a
cysteine residue and labeled it with a paramagnetic spin label,
and found that only the residues in the structural domain near
residue 154, but not those in helix CP, were unambiguously
bleached by the paramagnetic center (data not shown). This
suggests that helix CP does not bundle with the structural
domain to form a four helical bundle, but remains as an
unpaired helix, as shown in Fig. 5. It seems likely that helix
CP exhibits free rotation about the random coil linker region,
rather than protruding rigidly from the structure domain.

Another interesting feature is that helix CP is linked to helix
A1 of the structure domain through a random coil of seven
residues (residues 46^52), resulting in a structure that di¡ers
from the structure recently reported for chicken brain spectrin
peptides [29], in which helix An immediately follows helix
Cn31 to give a long, continuous and somewhat rigid helix.
This long rigid helical structure has been suggested for eryth-
rocyte spectrin [34]. However, from the backbone 15N relax-
ation measurements, this region exhibits lower NOE and larg-
er R2 values than other structured regions, indicating that fast
motion in residues 46^52 region is evident in our peptide (Fig.
4). Although detailed quantitative analysis of the relaxation
data has not yet been done due to the presumed anisotropy,
we estimate the internal motions of this linker region (residues
46^52) to be in the ps to ns time scale range, based on the
heteronuclear NOE data and the overall correlation time of
11.7 ns, derived from the above mentioned di¡usion coe¤-
cients. Other studies supporting the feature of a £exible linker

Fig. 5. Model structure of SpK1^156. The model was generated based on secondary structural features reported here and the homologous struc-
ture of Drosophila spectrin [9,20]. The relative orientation of the ¢rst helix to the structural domain is arbitrary since the two are connected
with a £exible linker (see text). The helices in the structural domain (A1, B1 and C1) are colored in green, and the helix in the partial domain
(CP) is in cyan. All random coils are colored in pink.
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include secondary structure prediction [30] and electric bire-
fringence measurements [35]. In addition, hinge segments with
high sensitivity to proteolysis were considered to be responsi-
ble for the £exibility of another spectrin-like molecule, dystro-
phin in muscle [36]. This random coil linker conformation
suggests that there might be di¡erent £exibility mechanisms
from those suggested for chicken brain spectrin, depending on
the position or the source of the particular spectrin domains.
If this random coil linker is a common feature between two
structural domains, then erythrocyte spectrin may exhibit sub-
stantial £exibility, in good agreement with our earlier ¢ndings
on the detection of segmental motions in intact spectrin
[37,38]. Con¢rmation of the general presence of random coil
linkers in other parts of human erythrocyte spectrin awaits
experiments on peptides from other regions of spectrin.
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