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Abstract Spectrin is a rod-like multi-modular protein
that is mainly composed of triple-helical repeats. These
repeats show very similar 3D-structures but variable con-
formational and thermodynamical stabilities, which may be
of great importance for the flexibility and dynamic
behaviour of spectrin in the cell. For instance, repeat 17
(R17) of the chicken brain spectrin a-chain is four times
less stable than neighbouring repeat 16 (R16) in terms of
AG. The structure of spectrin repeats has mainly been
investigated by X-ray crystallography, but the structures of
a few repeats, e.g. R16, have also been determined by
NMR spectroscopy. Here, we undertook a detailed char-
acterization of the neighbouring R17 by NMR spectros-
copy. We assigned most backbone resonances and
observed NOE restraints, relaxation values and coupling
constants that all indicated that the fold of R17 is highly
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similar to that of R16, in agreement with previous X-ray
analysis of a tandem repeat of the two domains. However,
N heteronuclear NMR spectra measured at different
temperatures revealed particular features of the RI17
domain that might contribute to its lower stability. Con-
formational exchange appeared to alter the linker con-
necting R17 to R16 as well as the BC-loop in close
proximity. In addition, heat-induced splitting was observed
for backbone resonances of a few spatially related residues
including V99 of helix C, which in R16 is replaced by the
larger hydrophobic tryptophan residue that is relatively
conserved among other spectrin repeats. These data support
the view that the substitution of tryptophan by valine at this
position may contribute to the lower stability of R17.

Keywords Spectrin repeats - Dynamics - Stability -
Conformation - Heteronuclear NMR spectroscopy

Introduction

Spectrin (Fig. 1a) is a key component in the regulation of
dynamics and the shape of most vertebrate, as well as some
metazoan cells (Bennett and Gilligan 1993). The protein
is often described as a rod-like molecule consisting of two
o (280 kDa) (Sahr et al. 1990) and two [ (246 kDa)
(Winkelmann et al. 1990) homologous chains that are
associated and linked together to form the mature tetramer
with actin binding motifs in both ends (Bennett and
Gilligan 1993). Initial results from NMR spectroscopy on
erythroid spectrins indicated that the proteins are more
loosely packed than it appears from X-ray crystallography
(Fung et al. 1986, 1989). Approximately 90 % of the
spectrin molecule is made up of the so-called spectrin
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repeats: usually 20 in the o-chain and 17 in the f-chain
(Bennett and Gilligan 1993).

The general structure of a spectrin repeat is a left-han-
ded coiled coil of three right-handed antiparallel helices
(Pascual et al. 1996; Pascual et al. 1997), each consisting of
approximately 106 amino acids (Fig. 1b). The helices are
linked with two loops, whereas the repeats themselves are
connected by a short linker region (Grum et al. 1999). Even
though the repeated sequences show less sequence simi-
larity than in other protein superfamilies, they consistently
are made up of a repeating heptad pattern, the structural
motif typical of coiled coils, where the positions are
commonly denoted a through g. The a and d positions are
occupied by non-polar residues that are involved in in-
terhelical, hydrophobic interactions. The e and g positions
often contain charged residues that can form interhelical

Linker
and helix A

Helix B

b C-terminal

Fig. 1 Visualization of a spectrin chain and the chicken brain o-
spectrin repeat 17. a A schematic view of a typical multi-modular
spectrin molecule, including the spectrin repeats (annotated R1-R19).
The modules that have been analysed by NMR-spectroscopy are
marked in red: The actin-binding calponin homology (CH) domain
(Carugo et al. 1997), R1 (Park et al. 2003), the src-homology 3 (SH3)
domain (Musacchio et al. 1992), R16 (Pascual et al. 1996) and parts
of the the calmodulin-like (CaM) domain (Travé et al. 1995).
b Tertiary structure of our R17 construct according to the pdb-entry
1U4Q (Kusunoki et al. 2004b). Note that the construct includes parts
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salt-bridges with oppositely charged residues (Parry et al.
1992).

Chicken brain w«-spectrin repeat 17 is a thoroughly
studied domain. However, its thermal stability and its
dynamics have not been analyzed by NMR spectroscopy.
Indeed, only few structural solution analyses have been
carried out so far on repeats belonging to the spectrin (Park
et al. 2003; Pascual et al. 1997) and the o-actinin family
(Kowalski et al. 2004), respectively. In this paper, a solu-
tion NMR study of R17 is presented.

The thermodynamical and conformational stabilities of
mature spectrins are strongly associated with the function-
ality of the cell (An et al. 2006); however, the melting points
for the different repeats within spectrin may vary with more
than 50 K (An et al. 2006). The melting points for the
neighbouring repeats 16 and 17 differ with 18 K and, in

of helix C of R16. The structure was displayed with the PyMOL
Molecular Graphics System, Version 1.3, Schrodinger, LLC.
¢ Schematic view of the triple-helix bundle of our R17 construct as
observed by NMR-spectroscopy. The amino acids that face the
hydrophobic core of R17 are indicated with the letters a and d beneath
their residual labels. The colouring refers to groups of amino acids
that show inter-helical NOE contacts to other residues highlighted
with the same colour, e.g. V67 establishes long-range NOEs to both
E23 and V99
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terms of AG, R16 is four times more stable than R17 (Ku-
sunoki et al. 2004b). It has recently been shown that two
point mutations surrounding a d position in human dystro-
phin repeat 23, another member of the spectrin superfamily,
are the main cause of a pathologic destabilization of helix C
which results in muscular dystrophy (Legardinier et al.
2009). Thus, even small differences in the primary structure
can have effect on the stability of a repeat.

In order to investigate the dynamics of the unfolding of
R17, we undertook a detailed NMR analysis of this repeat
including backbone assignment, measurements of '°N-
relaxation and H-exchange, and temperature dependent
"H-"°N correlation spectra allowing to follow the evolution
of individual residues of the domain upon heating. These
data, together with sequence alignments, suggest that one
cause of the reduced thermodynamical stability in R17 may
be a destabilization in the centre of helix C, including the
small hydrophobic valine (V99) that has substituted a
tryptophan in R16.

Materials and methods
Construct preparation

Full-length cDNA from chicken brain o-spectrin was pur-
chased from Seegene, Seoul, Republic of Korea. The
pETM12 vector was a generous gift from G. Stier, Uni-
versity of Heidelberg.

Initially, aregion from position 4309 to 6274 in the chicken
brain «-spectrin gene that contains both R16 and R17 was
amplified by PCR using 10 ng of the cDNA template. The
forward and reverse primers were 5'-GCG TCT GAT CCA
GTC ACA TC-3' and 5'-CCT TTC TGA AGT GCT CCT
GAG-3', respectively. The primers were constructed to
accommodate an Ncol restriction site in the 5 end and an
Acc651 site in the 3’ end. R17 was amplified by 5'-CCA TGC
CAT GGC TCG GGG GCA ACG TCT GGA G-3' as a for-
ward primer and 5'- ATT GGT ACC TAC TAA TCT GCT
TTC CAG TTG AAC-3' as a reverse primer.

The gene was then ligated into the pPETM12 vector. This
vector contains a His-tag followed by a TEV recognition
site at the N-terminus before the start of the expressed
protein product.

Expression and purification of '*C- and '*N-labelled
protein for NMR

Competent E. coli BL21 (DE3) cells were transformed by
electroporation and cultured in 15 ml LB medium over-
night at 37 °C and 250 rpm. The cell culture was then used
to inoculate 150 ml M9 minimal medium with a LB to M9
medium ratio of 1:10.

The bacteria were grown until Agyy Was approximately
0.6. Recombinant protein expression was initiated with
0.4 mM IPTG upon incubation overnight at 18 °C. After
pelleting, the bacterial cells were suspended in 30 mM
imidazole, 1 mM f-mercaptoethanol and a cocktail of
protease inhibitors (MERCK) in PBS pH 7.4 on ice. A
cleared lysate was prepared after sonication and centrifu-
gation at 20,000 x g for 30 min at 4 °C. The lysate was then
loaded on a Ni-NTA column equilibrated with 1 x PBS
pH 7.4, 0.5 M NaCl, 30 mM imidazole, ] mM f-mercap-
toethanol and protease inhibitors. The His-tagged recom-
binant protein was eluted with the same buffer containing
230 mM imidazole. After concentration, the protein was
further purified on a Superdex 75 column using FPLC with
1 x PBS buffer, pH 7.4, including 0.2 M NaCl and 1 mM
DTT. The His-tag was removed by enzymatic digestion of
R17 with TEV-protease. Pure R17 was yielded from a Ni—
NTA column equilibrated with NMR buffer, consisting of
20 mM sodium phosphate buffer pH 6.8, 0.1 M NaCl,
1 mM DTT and 0.05 % NaNs.

NMR Spectroscopy

Unless otherwise stated, approximately 200 uM purified R17
(600 pl, '*C and "N labelled) dissolved in NMR buffer
(containing 10 % D,0O) was used in the NMR experiments.

The spectra were collected at 600.13 MHz ('"H) on a
Bruker Biospin AV600 spectrometer equipped with a
superconducting actively shielded magnet. A 5 mm triple
resonance ('H, '*C, "°N) inverse cryogenic probehead with
z-gradient coils and cold 'H and *C pre-amplifiers was
used. All 3D experiments were conducted at 298 K. The
spectra were processed using Bruker Biospin’s TopSpin 1.3
software. Cara was used for resonance assignment (Keller
2005). The NOESY-spectra were analysed using CcpNmr
Analysis (Vranken et al. 2005). The 'H and '*C chemical
shifts were referenced to DSS as internal standard. The '°N
chemical shifts were calculated from the adjusted 'H fre-
quency (Harris et al. 2008). In spectra without DSS, the
signal of the solvent HDO was set to 4.76 ppm as this was
the measured shift value of HDO in the DSS-sample.
Furthermore, 4.76 ppm is the calculated shift for HDO at
this temperature, pH and ionic strength (Wishart et al.
1995). Important acquisition parameters for all conducted
experiments are listed in Table S1.

Backbone and side chain assignment

The amide 'H and '°N resonances of the protein were
obtained using the 2D '"H-'N HSQC experiment (Grzesiek
and Bax 1993b; Davis et al. 1992).

Sequential backbone assignment was achieved using
standard 3D triple resonance experiments (Sattler et al.
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1999). For further diminishing of side chain ambiguity and
better distinguishing of overlapping residues (Fig. S1), 3D
CC(CO)NH (Montelione et al. 1992; Grzesiek et al. 1993)
with an isotropic mixing time of 28 ms and several amino
acid edited 2D '"H-""N HSQC, or MUSIC (Schubert et al.
2001a, b; Schubert et al. 1999), spectra were recorded.

Side chain 'H-shifts were obtained from HBHA(CO)NH
(Grzesiek and Bax 1993a) and H(CC)(CO)NH (Grzesiek
et al. 1993; Montelione et al. 1992) experiments, using an
isotropic mixing time of 35 ms in the latter experiment.
Most of the H® and H® chemical shifts of phenylalanine and
tyrosine could be determined from the 2D
(HB)CB(CGCD)HD and (HB)CB(CGCDCE)HE experi-
ments (Yamazaki et al. 1993).

NOE restraints and coupling constants

3D 'H-"3C HSQC-NOESY 'H-'°N HSQC (CN-NOESY)
(Diercks et al. 1999), 3D >N NOESY-HSQC and 3D *C
NOESY-HSQC (Davis et al. 1992) spectra, all with a
mixing time of 120 or 125 ms, were acquired in order to
determine the secondary structure of R17 and to verify the
presence of the triple-helix bundle.

The *J (HN=H*) coupling constants over the dihedral ®-
angles were estimated from the HNCA E.COSY spectrum
(Weisemann et al. 1994).

Protein dynamics experiments

BN T, and T, relaxation times and 15N—{ lH} heteronuclear
NOEs (hetNOE) were measured using 2D "H-'"N HSQC
based methods (Kay et al. 1989). All spectra were recorded
with 2048 complex data points for each of 128 ¢, incre-
ments with 8 scans per #; point, except for hetNOE where
16 scans were gathered for each of 256 #; increments.

T, values were obtained using three parallel series of
following ten randomized relaxation delays: 50, 210, 370,
530, 690, 850, 1010, 1170, 1330 and 1490 ms. T, values
were recorded in three parallel series of nine randomized
relaxation delays: 0, 17.6, 35.2, 52.8, 70.4, 88, 105.6, 123.2
and 140.8 ms. Finally, four interleaved hetNOE spectra
were recorded. In the spectra with NOE a proton saturation
time of 3 s and a recycling delay of 9 s were used, whereas
in the spectra without NOE the recycling delay was 12 s.
No saturation was included in the latter case.

All spectra were processed with the NMRPipe software
package (Delaglio et al. 1995) using Gaussian window
functions in both frequency domains. Peak heights were
measured in all spectra of a relaxation series and fitted with
a two-parameter single-exponential function to extract the
relaxation rates, except for the hetNOE experiments, where
the result is determined by the intensity ratio from the
spectrum with NOE and the reference spectrum without
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NOE, averaged for the four experiments. From the repeated
determination of the relaxation parameters and statistical
Monte-Carlo simulations (Kamath and Shriver 1989) in
NMRPipe, an estimated relative error of 7 % for all resi-
dues was introduced.

H"-exchange

In order to detect backbone-NH signals that were solvent-
exchanged at our regular conditions, a 2D "H-'N HSQC
spectrum was collected on approximately 150 uM R17 at
pH 6.0 instead of 6.8 for comparison with earlier reported
R16 acquisition data.

In addition, 100 pl of this sample was dissolved in
500 pl DO and the exchange of the backbone-NH reso-
nances at 296 K was monitored over 72 h with a total of
ten 2D 'H-'"N SOFAST-HMQC experiments (Schanda
et al. 2005). Approximate exchange time constants were
calculated from the peak heights in the spectra fitted to a
two-parameter single-exponential function which decays to
a constant relative intensity (16.7 %). A three-parameter fit
did not yield any better results mainly due to low spectral
sensitivity.

Thermal protein denaturation

In order to identify labile amino acids that might indicate
the region of R17 where protein unfolding initially occurs,
approximately 50 uM of the protein (pH 6.0) was heated
with small temperature increments of 0.5 or 1.0 K until just
below its melting point. 2D 'H-'>N SOFAST-HMQC
spectra were recorded in the 298-321 K range.

Furthermore, 3D HNCO and HN(CO)CA experiments at
317 K were conducted on the 200 uM sample (pH 6.8) in
order to look for reduced helicity from the C' and C*
chemical shift indices.

The melting points of R17 and the double repeat R1617
were determined by circular dichroism (CD). Both mea-
surements were performed on 5 pM protein in 250 pl PBS,
pH 7.4, in a Jasco J-810 spectropolarimeter equipped with
a Jasco PTC-423S Peltier element for temperature control.
The changes in ellipticity at 222 nm were monitored with a
scan-rate of 1 K/min in the 293-343 K range.

Results
NMR assignment

Approximately 92 % of all 'H, '*C and '>N chemical shifts
in R17 were assigned (BMRB-accession: 18260) using 3D
heteronuclear NMR experiments in combination with
amino acid edited "H-""N HSQC spectra. A total of eight
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backbone-NH correlations are not observed at the reported
conditions. The missing shifts belong, with one exception,
to amino acids positioned in the linker and the BC-loop.

Secondary structure and triple-helix bundle

The positions of the secondary structural elements of R17
were determined by the chemical shift deviations of the C*,
C?, C' and H* shifts compared to their random coil values
(Wishart et al. 1995; Wishart et al. 1991), the patterns of
sequential and medium-range NOESY-signals (Wiithrich
et al. 1984), and estimates of backbone 37 (HN—H“) cou-
pling constants (Vuister and Bax 1993). The C* chemical
shift deviations, which are the best indicator for deter-
mining helical structures (Wang and Jardetzky 2002), and
the secondary structure chart are shown in Fig. 2.
According to the results, helices A (including most of the
linker, 7LEESLEIZ), B and C encompass residues 8-33,
43-79, and 86—115 of the construct, respectively. While the
first six residues of the construct normally form part of
helix C in R16 (pdb-entry 1CUN), in isolated R17 these
residues are not fully folded. However, lower values of
3J (HN-H”) coupling constants together with consistently
small, biased values of C* and C’ chemical shifts indicate
transient helical conformations. The chemical shift devia-
tions of the other three nuclei, where especially the C’
shifts are in very good agreement with the proposed helical
positions, are presented in Fig. S2.

The presence of the triple-helix bundle typical of
spectrins was confirmed by interhelical NOE-correlations
detected by 3D '°C NOESY-HSQC. Interhelical contacts
were observed for seven residues in each of the three
helices: Y13 (A4),' F16 (A7), V20 (A11), E23 (A14), E24
(A15), 127 (A18) and M31 (A22) in helix A, F56 (B11),
F60 (B15), H63 (B18), V67 (B22), V70 (B25), G74 (B29)
and L77 (B32) in helix B, and I88 (C4), M92 (C8), L95
(C11), V99 (C15), L102 (C18), A105 (C21) and A106
(C22) in helix C. The interhelical NOEs seemed to divide
into three spatial segments within the helices. These are
indicated by different colours in Fig. lc. A detailed
description of the long-range NOE:s is listed in Table S2.

Relaxation

ISN—{'H} heteronuclear relaxation was measured to probe
both the local and global dynamics of the domain and
further investigate the agreement between the solution
structure of R17 and its previously published X-ray struc-
tures. The experimental T;, 7, and hetNOE values are
plotted against the amino acid sequence in panels a, b and ¢

! Amino acid numbering in parentheses is according to the nomen-
clature of Yan et al. (1993).

of Fig. 3. The average values are 920 ms for 77 and 63 ms
for T,, respectively. The profile of the hetNOE values
(Fig. 3c) is in agreement with the proposed positions of the
a-helices. Low hetNOE values (below 0.7) at both termini
of the domain and within the AB-loop are consistent with
the occurrence of high-frequency motions in these regions.
However, the T>-values of the N-terminal residues R6 and
L7 show an increased helix propensity.

The average T,/T, ratio of 14.6 is compatible with the
overall tumbling time of a protein of 118 residues as
indicated by a calculation of the diffusion tensor performed
using the HydroNMR software (de la Torre et al. 2000) and
the crystal structure (pdb-entry 1CUN). This calculation
showed the highly anisotropic nature of the triple-helix
bundle structure and predicted a factor of about 3 between
axial and perpendicular rotational diffusion rates.

The relaxation rates were therefore analysed by a fully
anisotropic model using TENSOR2 (Dosset et al. 2000).
The rotational diffusion tensor was determined from the
R>/R; ratios of residues assumed to belong to rigid parts of
the repeat using a two steps procedure. A first fit based on
82 residues was performed and led to a very good agree-
ment between the main axis of the diffusion tensor and the
smallest axis of the inertia tensor, a striking finding given
the poor sampling of all possible N-H vector orientations
due to the co-linear triple-helix geometry of R17. Since 17
residues displayed significant deviation from the model, a
second fit was performed using a subset of 65 selected
residues. The main axis of the resulting tensor was fully
superposable with the one obtained from the first calcula-
tion with less than 2° difference between both axes. The
resulting > value of 49.1 allowed to accept the hypothesis
of an axially symmetric tensor with a confidence level of
0.05. No significant improvement was obtained by using a
fully anisotropic tumbling model. Monte-Carlo simulations
showed a very robust definition of the main axis of the
diffusion tensor by relaxation data (Fig. 3e); an observation
that was further confirmed using a “leave-one-out” pro-
cedure where 15 % of the data were randomly left out (data
not shown). The eigenvalues of the diffusion tensor were
(2.86 &+ 0.14) x 10" and (1.22 £ 0.10) x 10’ s™' for the
main and perpendicular axis respectively, resulting in a global
correlation time, 7., of approximately 9.4 £ 0.2 ns.

The order parameter values, s? (Fig. 3d), were calcu-
lated by using a model for the Lipari-Szabo approach
(Lipari and Szabo 1982a, b). The overall pattern of the s?
values indicates that R17 is very rigid in solution.

Interestingly, the bend in helix B allows for a wider
sampling of the N-H vector orientations than initially
anticipated, explaining the larger dispersion of the relaxa-
tion times measured for the corresponding residues. Helix
C, on the other hand, is nearly perfectly straight and par-
allel with the main rotational axis (Fig. 3e). As a result, all

@ Springer



76

J Biomol NMR (2012) 53:71-83

Residues
10 20 30 40 50 60 70 80 90 100 110
a 1 1 1 1 1 1 1 1 1 1 1
6_
4_
£ 2-
=
rso | 1
< 0 I||II II ||| [
T \
F60
-2 4 Helix A Helix B Helix C
-4 -
b 10 20 30 40 50 80
MARGQRLE SLEYQQFVANVEEEEAWINEKMTLVASEDYGDTLAAIQGLLKKHEAFETDF
SJHN-H” EER n ANENEEEEEEEEE EENAANAAANANEEEEEEEEEEEEEEEEER
doN(ij+1) —_ . - . m. mu I B sl —
ANN(i i+1) [ B = = -y ]
AEN(i+1) = - Ea . G e . ol . Bl =
daN(f,i+3) — —— — ——
dafi(l 1+3) — — —
doN(i i+4) — —
ANN(/ i+2) . — R = — =
. — ——l— —
dalN(fi+2)
—_——m Ui At tbRETNneveEeE—mYYvN NN ™
Helix A Loop AB Helix B
70 80 90 100 110
TVHKDRVNDVCANGEDL I KKN HVENITAKMKGLKGKYVSDLEKAAAQRKAKLDENSA
SJHN_H.J EEEEEEEEEEEEE E ©® HAE EAN EE EEEEEEEEEEEEEEEEEEENAA
N i+1) [ T -- —_ e Ee ] —n el
NN i+1) ] — ulEE
. =l el — _—
BN(i+1) =l [ =] - H N e B .
dO'.N[I.H'a) — — —
(i i+3) — mp— —
- — —— —_—
dauN(fi+d)
G'NN(J'_HZ] — — — —— — — i ————
dalN(i i+2) -

L S\ e 0 99NN\ ee<C,

Helix B Loop BC

Fig. 2 The secondary structures of R17. a The C” chemical shift
deviations in ppm compared to the random coil values are plotted
against the residual number. The values between the two horizontal
lines in the plot indicate random coil values. Values above this deviation
(0.7 ppm) are correlated with a helical position. The graph indicates
three large helices (residues 8-33, 43—79 and 86-115). Deviations from
the a-helical pattern, like the marked F60, might be explained by
aromatic ring current effects. F60 is stacked on top of the aromatic ring
of F56 as seen from the crystal structure (Grum et al. 1999), that could
lead to an upfield shift of, among others, the C* chemical shift. Chemical
shifts for E9, N82 and H83 are missing. b Secondary structure chart of
R17. The amino acid sequence and the residue numbers are given at the
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Helix C

top. No information is available for residues in light gray, i.e. E9, N§2
and H83. Solid squares represent a >J (H"-H”) coupling constant
smaller than 6.0 Hz, indicating a helical structure, while solid triangles
represent coupling constant larger than 6.0 Hz, indicating a loop or a
strand. Sequential NOE-connectivities are indicated by bars, where the
thickness of the bars illustrates the relative intensity of the NOE-
crosspeaks. Medium-range NOE-connectivities are indicated by thin
lines covering the length of the connected residues. Due to massive peak
overlap in the 3D '>N'NOESY-HSQC experiment, many of the weaker
medium-range NOESY-interactions, typical of w«-helices, are not
observable. The proposed locations of the helices and loops are shown
at the bottom
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Fig. 3 a—c Relaxation data with estimated relative residual errors of
7 %. Missing residues are due to conformational exchange or severe
overlap in the "H-'N HSQC spectrum. The position of the helices and
amino acids that show deviations from the helical values are indicated.
a, b "N T, and T values. The anisotropy of R17 can clearly be seen as
the oscillation of the T; and T, times in helix B. ¢ ">’N—{'H} hetNOE
ratios. Negative values for residues 2—4 were removed for clarity.
d Calculated S? values with their standard deviations. e The axial
symmetric rotational diffusion tensor components embedded in the

>N-H relax at about the same rates and this helix shows no
direct sign of anisotropic motion.

The comparison of the angles (©) between the principal
axis of the helix-bundle and the N-H vectors obtained from
R>/R; ratios and the crystal structure led to a reasonable
agreement (Fig. 3f and Table S3), supporting the assump-
tion that the crystal structure of the domain is conserved in
solution. However, some residues deviate considerably
from the main trend. They are mostly found in the more
flexible parts of the repeat, within or close to the loops
(836, D41, T42, L43, 146, E75-L77 and N81) and the first
half of helix A (Y13, F16, A18, E22, E23 and W26).

20 40 60 80 100

Residues
22.5
| i
S” | H%I I h | H[H
8.0 i !
0 O [rad] ™

molecular structure of R17. The dots represent diffusion tensor
orientations obtained from a 100 step Monte-Carlo simulation. The
model is visualized in TENSOR?2 (Dosset et al. 2000). Note that the
model is based upon the crystal structure of R1617 (pdb-entry 1CUN)
(Grum et al. 1999) and that the first seven N-terminal amino acids in
the single repeat are unstructured and not helical as indicated. f A plot
of R»/R, against © showing the similarity between the structural data
from our NMR results and the X-ray structure

Overall, the results from the chemical shift data, the
coupling constants, the sequential and medium-range NOE
connectivities and the different relaxation data are all in
agreement with the secondary structures found in the
crystal structure of the R1617 double repeat.

HM-exchange
To further investigate the local differences in flexibility of
the repeat, H-exchange experiments were performed.

Approximately half of the backbone-NH correlations and
all the side chain-NH signals were immediately deuterated
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Fig. 4 H-exchange at 296 K. The exchange time constants (log
scale) with their standard deviations are plotted against the residual
number. Residues with exchange times above the horizontal line
(24 h) are defined as very slow-exchanging. The helices and the
identity of the very slow-exchanging amino acids are shown on top of
the plot

after 84 % D,O was added to the R17-sample. Regions
displaying the fastest exchange rates were the N-and the
C-termini, the loops, the entire first half of helix B (L43-
F56) which in the single repeat is not stabilised by another
helix and most of the solvent-exposed parts of helices A
and C. Each helix contains a region where a majority of the
amino acids are protected against immediate solvent-
exchange: A18-A25 in helix A, V67-178 in helix B and
K96-A111 in helix C. Still, only eight residues were not
solvent-exchanged within the first 24 h: V20, E24 and A25
in helix A, V70 and L77 in helix B and K91, Q108 and
A111 in helix C (Fig. 4). Most of these residues are either
located at or in the vicinity of the hydrophobic core
between the three helices in the R17 triple-helix bundle.

Thermal stability

The melting temperature of the R17 construct obtained
from CD analysis at 222 nm was about 313 K, and at
temperatures above 320 K the protein was entirely dena-
tured (Fig. 5a). The double repeat of R1617 (insert in
Fig. 5a) shows the two-phased melting of the structure as
R17 melts first at approximately 311 K followed by R16 at
approximately 328 K. The figure highlights the stability
difference between the two spectrin repeats.

In order to get insight into the thermal unfolding path-
ways at an amino acid level, the NMR sample was heated
stepwise from 298 to 321 K and "H-'>N HMQC spectra
were recorded at each step. Residues with the most extreme
HN-shifts moved closer to the centre of the spectrum
indicating destabilization of the helices (Fig. 5d). At
about 319 K the peak intensity decreased for most residues.
Still, the protein was at no time irreversibly denatured as
the HMQC-spectrum recorded immediately after a rapid
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cool-down back to 298 K was identical with the original
spectrum.

In the range of 312-317 K, some signals split into two or
more distinct peaks, where intensities built up at new reso-
nance positions (Fig. 5b, ¢ and e) indicating destabilization
of the structure. The affected residues are positioned at the
N- and C-termini (A2, G4 and A118) and the transition
between loops and helices (K30, T32, V34, D41 and N87).
In addition, peak splitting was observed for a total of six
helical resonances: T58, A90, .95, G97, S100 and A111.
The residues that were directly affected by temperature
increments are marked with different colours in the primary
structure of R17 (Fig. 5f). Most of these peaks remained
split during further temperature increase while, for instance,
G4 only split over a temperature-interval of seven degrees
before the entire peak shifted to the new resonance position.
The absolute changes of the H chemical shifts of 79
resolved NH-correlations are shown in Fig. S3. Surpris-
ingly, also the C" and/or C* chemical shifts of seven residues
underwent peak splitting at 317 K: A25, L33, E57, F60,
V70, G94 and V99 (chemical shift values are listed in Table
S4). In some cases, the splitting of the NH-crosspeaks
appeared to be correlated with a splitting of the C'/C* signals
of the preceding residue as observed for residues V34, T58,
L95 and S100. Remarkably, the residues subject to peak
splitting are localized within a central area of the domain, in
particular V99 that forms a core structural triad together
with W26 and F60 (Fig. 5f).

Discussion

This work was carried out in order to reveal the molecular
basis for the different stabilities of the two neighbouring
spectrin repeats 16 and 17. Our NOESY and relaxation data
and the coupling constants indicated that the fold of R17 is
highly similar to that of R16 and in agreement with X-ray
data of these domains. By performing dynamic analysis,
including the thermal stability study, we observed features
of R17 that might contribute to explaining its lower sta-
bility when compared to R16. We observed heat-induced
splitting for the backbone resonances of a few spatially
close residues, suggesting that they are involved in the
same collective process in the unfolding pathway. This area
was located around the small hydrophobic V99 of helix C,
which in R17 has replaced the relatively conserved tryp-
tophan found at the same position in R16.

Conformational exchange in R17
While all backbone NH-correlations could be observed in

R16 (Pascual et al. 1996), there are a total of eight missing
NH-signals in R17: E9, S10, E12, N19, K79, N82, H83 and
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Fig. 5 Effect of temperature
increase. a CD-melting curves
of R17 and the double repeat
R1617 (insert). The ellipticity at
222 nm is plotted against the
temperature of the protein
sample. The melting
temperatures read from the plot
are indicated. b—e Effect of
temperature increment
demonstrated on a selection of
peaks in the "H-'"N HMQC-
spectrum at three particular
temperatures: 298 K (black),
313 K (blue) and 321 K (red).
b The glycine region: G4 at the
N-terminal is split into two
distinct peaks at 313 K, while at
321 K (almost) the entire signal
is shifted to the new position.
G97 is split into two distinct
peaks at 321 K. ¢ S100 splits
into three signals at
temperatures above 320 K.

d The two amino acids with the
most extreme HN-shifts at room
temperature, F60 and A106,
move closer to the centre of the
spectrum as the temperature is
raised. e L95 splits into three
signals at temperatures above
315 K. f In the tertiary structure
(pdb-entry 1CUN), helical
residues that show splitting of
their backbone-signals are
indicated with sticks. W26
(blue) itself displays no
splitting, but is shown because it
is the most central amino acid in
the hydrophobic core of R17. In
the primary structure of R17,
residues that are affected by
temperature increments are
highlighted with different
colours. The colours indicate
onset of changes at 310-312 K
(yellow), approximately 315 K
(green) and temperatures above
317 K (blue). Residues which
are marked in red show peak
splittings of their backbone
carbons at 317 K
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H84. Except for N19, these missing amino acids are either
positioned in the linker or within the BC-loop. It should be
noted that experiments conducted at the same pH-value as
those of Pascual et al. (1996) and in the temperature range
of 283-321 K did not restore any missing correlations.
This suggests that the lack of signal may be rather due to
conformational exchange processes than fast solvent
exchange. The 'H-'"N HSQC spectrum showed that the

NH-signals of L7, L11, K80 and N81 are broadened,
indicating that the residues close to amino acids that are
missing from the spectrum are also involved in confor-
mational exchange. Furthermore, short 7, relaxation times
observed for the C-terminal of helix B evidence exchange
line broadening within the BC-loop region. E75, for
instance, relaxes at the same rate as residues in the two
loops (Fig. 3b).

a a ad ad ad a d d ad a d ad ad ad ad ad ad
: 0 o0 o, w s 0 0 80 o 100 110

a17  BEHsLBH- vooRvanvEEEHAR NEKMTLVASEDYGDTLAAIQ- - - - - GULKKHEAFETDFTV - HKDRVNDVCANGEDL | KENNEH - - ven 1 Takmkalkaxflsollexaanarkak

R16  LNESHR-LHQFFRDMDDEES I KEKKLLVSSEDYGRBLTGVQ- - - - - NLRKKHKRLEAELAN - HEPA | QGVL DT GKKLSDDNT I G- - KEE | QQRL AGF VDHWKE LKQL AAARGQR

R1 LEDSYR-FQF FORDADEL GK
R2 LLOAQK - L VQFL REGEDVMD
R3 LFGAAE - VQRENRDVDET |1 §
R4 LNDSYR-LQRFLADFRDLTS
RS YEQCMD-LQLEYRDTEQVDN]
R6  PADSFH-LOOFFRDSDELKS
R7 LAREANG- QQQENRNVED | EL
A8  LADSLR-LQQLFRDIEDEET
A9 LEDSLQ-AQQYFADANEAQS
R11 LGSADE -VORFHRDADETKE
R12  LGDSHD-LQRFLSDFRDLMS

A13  LDQCLE-LQLFEHRDCEQAEN
R14  LGESSQTLQOFSROVDE |EA
R15  LKEANK-QONENTGIKDFDF
R18  LDENSA-FLOENWKADVVES

K80 E12
E9S

Y13

H83

H84

Fig. 6 a Sequence alignment of 17 repeats of chicken brain o
spectrin (Swiss-Prot: PO7751). The sequences start with the linker
between two successive repeats and end right before the next linker.
Conserved hydrophobic residues in the heptad pattern are indicated.
Exceptional residues in R17 are marked in red. Multiple sequence
alignment was accomplished by MUSCLE (Edgar 2004) in Jalview
2.6.1 (Waterhouse et al. 2009). The repeats 10 and 19 were excluded
from the alignment because of major sequence diversity. b Interac-
tions between the linker-region and the BC-loop in R17 according to
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the crystal structure (pdb-entry 1CUN). E9 forms a salt-bridge to H83,
both E9 and E12 are in position to form a salt-bridge or hydrogen
bond to K80 and the aromatic ring of Y13 stacks onto the imidazole
ring of H84 ¢, d Hydrophobic interactions in the triple-helix bundle
according to the crystal structure. The presence of a valine instead of
the moderately conserved tryptophan in helix C renders a cavity in the
hydrophobic core of the triple-helix bundle, leading to a possible
destabilization of R17 (¢) compared to R16 (d). The structures were
displayed with PyMOL



J Biomol NMR (2012) 53:71-83

81

Stability of R17

The multiple sequence alignment of 17 out of the 19
repeats of chicken brain o-spectrin (Fig. 6a) reveals three
distinct features of the R17 sequence (marked red in the
alignment) which might explain its reduced stability: a
stretch of four consecutive glutamic acids in helix A, an
unusual amount of charged residues in the linker and the
BC-loop, and a tryptophan to valine substitution in helix C.

The repulsion between four subsequent negatively
charged amino acids might destabilize helix A as suggested
by the relaxation data (Fig. 3a—) and the broadening of
amide proton resonances observed for E21, E22 and E23.
However, R17 shares this unusual feature with R16 and it
is, thus, unlikely that the four glutamic acids can explain
why R17 is less stable than R16.

R17 contains considerably more charged residues in the
linker and the BC-loop (positions 1-7 and 81-85 in Fig. 6a,
respectively) than the other 16 chicken brain o-spectrin
repeats: three with negative charges in the linker and three
with positive charges in the BC-loop. From the crystal
structure it is evident that the opposite charges in the linker
stabilize the BC-loop in R17: E9 interacts with K80 and
HS83, E12 might interact with K80, and the aromatic side
chains of Y13, close to the linker, and H84 stack on top of
each other (Fig. 6b). In comparison, there is only one salt-
bridge between the linker and the BC-loop in R16 (Ku-
sunoki et al. 2004b). The inclusion of the linker might
explain why the melting point, 313 K according to CD-
results, of our R17 construct is significantly higher than the
previously reported 304 K (Kusunoki et al. 2004a).
Motions within the BC-loop and the linker at micro- to
milli-second time scale could account for line-broadened
and missing amide resonances in this region.

But even with the inclusion of the linker, our R17
construct is still less thermodynamically stable compared
to other single repeats like R16. The main reason for the
reduced stability of R17 might be the lack of the moder-
ately conserved tryptophan in helix C leading to fewer
hydrophobic interactions in the core of the domain com-
pared to other repeats (Kusunoki et al. 2004b). The highly
conserved tryptophan in helix A interacts with a residue in
a d position in helix B (H63 in R17) and the moderately
conserved tryptophan in helix C (Pascual et al. 1997). Both
tryptophans have proven to promote conformational sta-
bility in spectrin repeats (MacDonald et al. 1994; Pant-
azatos and MacDonald 1997). In the multiple sequence
alignment of 17 chicken brain a-spectrin repeats the first
tryptophan (position 21 in Fig. 6a) is 100 % conserved,
whereas the second tryptophan (position 102) is conserved
in 10 out of 17 repeats. The latter is either substituted by
another aromatic side chain or by the large, positive side
chain of arginine, whereas R17 only contains the relatively

small aliphatic side chain of valine. As a result, the domain
is destabilized by this substitution which introduces a
cavity in the hydrophobic core between the three helices
(Fig. 6¢c, d). The HY-exchange study indicates that the
hydrophobic core in the region of W26, F60/H63 and V99
is compact at room temperature. Even though the back-
bone-NH signals of W26, F60 and H63 are solvent
exchanged within 1 h upon addition of D,O, V99 is one of
the 16 residues that are not completely deuterated after 8 h.
E22, E24, A25 and E103 are examples of amino acids with
very slow exchange rates, indicating that especially W26 is
situated in a highly hydrophobic environment.

As the temperature was raised, some of the NH-, C’ and
C” resonances split in two or more peaks. One may inter-
pret this splitting as a change in the conformation between
the folded and the unfolded state of the repeat. Unfolding
of R17 could happen in three different ways: sudden
complete unfolding in an all-or-none process, local
unfolding in one or more of the helices, and the break-up of
the triple-helix bundle. The observation of line splitting for
a limited set of residues at increasing temperatures with a
simultaneous lack of a sharp transition for amide proton
shifts, suggests that unfolding of R17 most likely does not
follow an all-or-none process. Conformational changes at
room-temperature in the BC-loop and nearby residues, like
E75 (Fig. 3b) and K93 (Fig. 3a, c), could lead to local
unfolding of helices B and C from the loop since higher
temperatures are expected to increase the exchange rates.
Still, even at 321 K no helical collapse was observed by
NMR spectroscopy. However, three out of the six helical
residues that experienced peak splitting upon temperature
increment—L95, G97 and S100—are situated in the centre
of helix C, close to V99. This indicates that this part of the
helix could initiate the break-up of the tertiary structure of
R17. Unfortunately, the NH-peak of V99 overlaps severely
as the temperature is raised, but at 317 K its C' and C*
resonances are split. Furthermore, W26 has a broadened
NH-peak at 317 K. The reduced stability of the hydro-
phobic core of R17 has been reported in several muta-
genesis studies: the mutation of the first tryptophan into
phenylalanine in R16 reduced the AG of unfolding by
50 % (Pantazatos and MacDonald 1997), whereas the R17
W26F mutant was completely unfolded (Batey et al. 2006).
Furthermore, the mutation of the second tryptophan into
valine in R16 also reduced the AG of unfolding by 50 %
(Pantazatos and MacDonald 1997). Thus, initial thermal
unfolding of R17 with helix C separating from helices A
and B could be consistent with the weakened interhelical
interaction in the hydrophobic core around V99.

In conclusion, this study provides a view of the
unfolding process of chicken-brain a-spectrin repeat 17 at
an amino acid level and an explanation for the observed
differences in stability between R16 and R17. Our results
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suggest further comparative NMR studies of spectrin
repeats which express variations in their thermodynamical
and conformational stability.
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