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ABSTRACT: Obscurin A, an ∼720 kDa modular protein of striated muscles, binds to small ankyrin 1 (sAnk1,
Ank 1.5), an integral protein of the sarcoplasmic reticulum, through two distinct carboxy-terminal sequences,
Obsc6316-6436 andObsc6236-6260.We hypothesized that these sequences differ in affinity but that they compete
for the same binding site on sAnk1. We show that the sequence within Obsc6316-6436 that binds to sAnk1 is
limited to residues 6316-6345. Comparison of Obsc6231-6260 toObsc6316-6345 reveals that Obsc6316-6345 binds
sAnk1 with an affinity (133 ( 43 nM) comparable to that of the Obsc6316-6436 fusion protein, whereas
Obsc6231-6260 binds with lower affinity (384 ( 53 nM). Oligopeptides of each sequence compete for binding
with both sites at half-maximal inhibitory concentrations consistent with the affinities measured directly. Five
of six site-directed mutants of sAnk1 showed similar reductions in binding to each binding site on obscurin,
suggesting that they dock to many of the same residues of sAnk1. Circular dichroism (CD) analysis of
the synthetic oligopeptides revealed a 2-fold greater R-helical content in Obsc6316-6346, ∼35%, than
Obsc6231-6260, ∼17%. Using these data, structural prediction algorithms, and homology modeling, we
predict that Obsc6316-6345 contains a bent R-helix of 12 amino acids, flanked by short disordered regions, and
that Obsc6231-6260 has a short, N-terminal R-helix of 4-5 residues followed by a long disordered region. Our
results are consistent with a model in which both sequences of obscurin differ significantly in structure but
bind to the ankyrin-like repeat motifs of sAnk1 in a similar though not identical manner.

A fundamental question in biochemistry and cell biology is
how protein complexes organize the internal membrane systems
of eukaryotic cells. Skeletal and cardiac muscles are especially
opportune tissues in which to address this question because they
are so regularly organized. This includes the membranes respon-
sible for excitation-contraction coupling, the transverse tubules
and the sarcoplasmic reticulum (SR), that surround each of the
basic units of contraction, the sarcomere, in an orderly manner.
We and others have presented evidence to suggest that the regular
organization of the SR around the contractile apparatus (CA) is
mediated by the binding of obscurin, a large modular protein at
the periphery of the sarcomere, to small ankyrin 1, a splice variant
of the ankyrin-1 gene (sAnk1;1 also known as Ank1.5) (1-3).

Obscurin A is an ∼720 kDa product of the obscurin-MLCK
gene that is concentrated around the periphery of myofibrils at
the levels of the Z-disk and M-band (4-6). Its N-terminal
domains are likely to anchor obscurin A to the M-band, through
their ability to bind to titin, myomesin, and a unique variant of

myosin binding protein C slow (7-9). The region of obscurin
C-terminal to residue 6211 is adjacent to the network compart-
ment of the SRmembrane (10), where an integral protein, sAnk1,
is concentrated (1, 11). Binding of sAnk1 to obscurin is mediated
by two domains of sAnk1, resembling ankyrin repeats (ankyrin-
like repeats, or ALRs), which associate with two distinct
sequences in the C-terminal region of obscurin A, amino acids
6231-6260 and 6316-6436 (6, 12, 13). Both sequences are rich in
glutamate and other electronegative amino acid side chains that
are likely to bind to the lysine and arginine residues of sAnk1,
which we showed are essential for binding to Obsc6316-6436 (13).
We hypothesize that these two sequences differ in their structures
and affinities but that they compete for a single binding site on
sAnk1. Here we compare their binding characteristics to wild-
type and mutant forms of sAnk1 and use spectroscopic data and
homologymodeling to predict their structures.Our results suggest
that, although both sequences bind to the ALR’s of sAnk1, the
more C-terminal sequence contains a 30-residue binding domain
with a higher affinity and R-helical content that plays the
dominant role in binding when both sequences are present.

EXPERIMENTAL PROCEDURES

Generation of Peptides. Peptides were generated, and their
sequences and purities were verified by the Biopolymer Core
Facility of the University of Maryland School of Medicine.
Generation of GST-Fusion Constructs. PGEX4T-1 con-

structs of Obsc6316-6436 were generated previously (12), and
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Obsc6316-6345 as well as Obsc6231-6260 was generated using the
samemethods. PCRwas used to amplify the sequence of interest,
which was enzymatically digested with BamHI and EcoRI and
ligated into the pGEX4T-1 vector. Fused constructs were trans-
formed into Top 10 competent cells (Invitrogen, Carlsbad, CA,
http://www.invitrogen.com/). After DNA was extracted, the
sequence was verified by the Biopolymer Core Facility. Primer
sequences for subcloning, as well as for site-directed mutagenesis
(see below), can be found in Supporting Information Table 1.
Site-Directed Mutagenesis. The Quik-Change II mutagen-

esis kit (Stratagene, Cedar Creek, TX, http://www.stratagene.
com/) was used to generate single or serial mutations, following
the manufacturer’s instructions. Briefly, primers were made to
cover the site of interest, and mutations were generated via PCR.
Template DNA was removed using Dpn-1, and the mutated
plasmid was transformed into XL-1 competent cells. Mutagen-
esis was verified by sequencing.
Production of Proteins. DNA was transformed into com-

petent BL21* pLysS cells to reduce proteolytic degradation. Cells
were grown in sequentially diluted cultures, induced with 1 mM
IPTG, and allowed to produce protein for 4 h. Soluble fusion
constructswere extracted from sonicated supernatants and purified
by affinity chromatography, following procedures recommended
by the manufacturer.
Far Western Blots. Blot overlays were performed as pre-

viously described (12, 13), with oneminormodification: to obtain
the data shown inFigure 5, we used a goat anti-mouse 800 IRDye
secondary antibody (LI-COR Biosciences, Lincoln, NE, http://
www.licor.com/), and we detected bound antibody with a LI-COR
Odyssey infared imager.
Surface Plasmon Resonance. Quantitative binding studies

were performed by surface plasmon resonance (SPR) with a
Biacore 3000 (GEHealthcare, http://www.gelifesciences.com), as
described (12, 13).

After determining that there was no significant difference in
binding between Obsc6316-6436 and Obsc6316-6345 by the method
outlined below, we compared the ability of Obsc6316-6345 and
Obsc6231-6260 to bind sAnk1 (Figure 2A,B), by making GST
constructs of both sequences and capturing them with anti-
GST (GE Healthcare), conjugated to a Biacore CM5 chip (GE
Healthcare). We then applied MBP-sAnk1 over a wide range of
concentrations to determine the dissociation constant, KD. We
corrected for nonspecific binding by subtracting binding of the
MBP fusion proteins to chips bound to GST alone, as well as the
signal generated by exposing the chip chargedwithGST-obscurin
to a solution blank.We fitted the datawith a 1:1 bindingmodel to
determine the kinetic rate constants andKD for the association of
each of the GST-obscurin constructs with MBP-sAnk1. The
deviation of fits from the binding trace at the beginning of
the dissociation phase is a result of a shift in refractive index as
well as to nonspecific binding to GST alone. Nonetheless, all of
the resulting fits result in χ2 values less than 5% of peak binding.
For competition experiments, solutions containing 1 μM MBP-
sAnk1 were premixed with fusion proteins containing each of the
binding sites of obscurin with different relative molar amounts of
synthetic oligopeptide of either Obsc6316-6345 or Obsc6231-6260.
CD Spectroscopy. CD spectroscopy was performed on a

Jasco-810 spectropolarimeter (Jasco, Easton, MD) at 25 �C.
Spectra were collected from 185 to 260 nm with 0.2 mm resolu-
tion and 1.0 cm bandwidth. Spectra for the Obsc6231-6260 and
Obsc6316-6346 peptideswere obtained at concentrations of 12.5μM,
in a solution containing 20 mM sodium tetraborate, 10 mM

sodium phosphate, pH 7.4, and varying percentages of trifluoro-
ethanol (TFE) (23). The background due to buffer alone was
subtracted, and the mean residue ellipticity (deg cm2 dmol-1) was
calculated usingCDPROsoftware, supplied by themanufacturer.
The percent R-helical content was determined from the spectra
with TFE at 30% with the CONTINLL methods within the
CDPRO analytical software (14).
Secondary Structure Prediction Algorithms and Genera-

tion of Disorder Plots. We used a number of algorithms to
predict secondary structure for both regions of obscurin that are
based on the Chou-Fasman approach (15). Essentially, these
algorithms determine sequence similarity to a prescribed window
of amino acids and then use structural databases to determine a
consensus secondary structure. SOPMA, SIMPA, and DSC are
all variations of this approach (16-18), differing primarily in
the size of the sequence windows within which the sequence-
structure relationship is evaluated.

The GOR algorithms take the above approach two steps
farther and integrate the constants for relative abundance of each
basic secondary structure state in the phyla of interest, as well as
taking hydrophobic triplets into account. GOR IV uses a three-
state instead of a four-state model (19). A four-state model
comprises helix, extended/β-sheet, turn, and coil. A three-state
model excludes turn.

The PREDATOR algorithm also uses a three-state model but
incorporates information about tertiary structure (20). In addi-
tion to the traditional approach (see above), it incorporates data
concerning the hydrogen bonding of β-bridges and R-helical
backbone (i, i þ 4).

Two other models, PHD and HNN, use hidden neural net-
works to incorporate evolutionary conservation into their algo-
rithms (21, 22). PHD is widely used, although HNN and DSC
(see above) are reported to work better under most circum-
stances (18).

We also used established algorithms to determine the relative
structural stability of local regions of both obscurin peptides.
These algorithms predict the mobility of R-carbons in the
oligopeptide sequences of obscurin at 1000 K, determine regions
for which similar short oligopeptide sequences have never been
experimentally solved, and predict random coiled domains, a
necessary, but not sufficient, condition for disorder (see Results).
Homology Modeling. Obsc6316-6345 was aligned to both the

forward and reverse sequence of amino acids 290-319 of RelA.
As the alignment to the reverse sequence was closer, with respect
to chemical characteristics of amino acids, Obsc6316-6345 was
modeled to the sequence in this direction, aswell as in the forward
direction.As an additional validation of our homologymodel, we
compared its characteristics with those determined by secondary
structure prediction algorithms, intrinsic disorder algorithms,
and circular dichroism experiments.
Reagents. Unless otherwise noted, all reagents were from

Sigma Chemical Co. (St. Louis, MO) and were of the highest
grade available. All primers for site-directed mutagenesis and
cloning were made either in the Biopolymer Core Facility or by
Integrated DNA Technologies (Coralville, IA, www.IDTDNA.
com). The sequences of these primers are tabulated in Supporting
Information Table 1.

RESULTS

Two sets of lysine and arginine residues exposed on the surface
of two ALR motifs of sAnk1 have previously been shown to
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mediate the binding of sAnk1 to Obsc6316-6436 (13). The two
ALRmotifs within sAnk1 are composed of residues 57-122 (see
Figure 1C, underlined in orange). Although these motifs lack
several consensus amino acids found in ankyrin repeats, we
showed previously that the distribution of charged and hydro-
phobic residues in this region shares high homology with the AR
protein, Notch1 (13). N-Terminal to Obsc6316-6436 is another
sequence, Obsc6236-6260, that has also been identified as sufficient
to bind to sAnk1 (6). Both sequences, Obsc6236-6260 and
Obsc6316-6436, have clusters of electronegative residues. Specifi-
cally, Obsc6316-6436 has two regions that are rich in electroneg-
ative residues, between residues 6316 and 6346 (four glutamates)
and residues 6416 and 6436 (nine glutamates and aspartates),
whereas Obsc6236-6260 contains two glutamates and three threo-
nines (Figure 1). Because electrostatic interactions are likely to
contribute to binding, we predicted that Obsc6316-6436, with the
larger net negative charge, would have a higher affinity for
sAnk1 than Obsc6236-6260. We confirmed this in binding experi-
ments, described below, and then investigated the structural
differences between these two sequences that may also influence
their binding affinities.

Binding Studies. Because we wanted to compare binding
under equivalent conditions, we first studied the binding region in
Obsc6316-6436 in detail to learn if binding was mediated by an
oligopeptide within this sequence that was closer in size to that of
Obsc6236-6260. We used GST fusion constructs to test the ability
of different regions of Obsc6316-6436 to bind to an MBP fusion
protein of sAnk129-155, which contains the two ALR motifs
required for binding obscurin (13). GST-Obsc6316-6345 showed
tight binding to sAnk129-155, whereas binding of Obsc6408-6436

was insignificant (Figure 1D). Notably, the affinity of the
fusion protein containing only residues 6316-6345, 133( 43 nM
(mean ( SD), was similar to the affinity of the fusion protein
containing residues 6316-6436, reported by Kontrogianni-
Konstantopoulos et al. to be 135 nM (12). This suggests that
the binding of the latter to sAnk1 is mediated largely by its first
30 amino acids, with the remaining 91 amino acid residues
playing no significant role in this interaction. We further tested
binding of a construct containing residues 6408-6436, with a
similar amount of charged residues to 6316-6345 and found that
there was no appreciable binding by far Western blot (data not
shown) or SPR (Figure 1D). We therefore focused on the region

FIGURE 1: The sequences of obscurin and sAnk1 that mediate binding. (A) Cartoon of the domain organization of obscurin A. The burgundy
lines indicate the region of the molecule shown in (B). (B) The sequence of residues corresponding to amino acids 6231-6436 of obscurin
A (Rattus norvegicus). Blue text denotes the sequence identified by Bagnato et al. (6). The red sequence denotes the residues identified as the
minimal binding domain and used for experiments in this report (see panelsD andE). The underlined sequence is that identified byKontrogianni-
Konstantopoulos et al. (12). The sequence in pink shows a sequence rich in electronegative amino acids that is neither necessary nor sufficient
to bind sAnk1 (see panel D, pink). (C) Sequence of residues 29-155 of sAnk1 of the rat. Residues shown by Borzok et al. to mediate binding
to obscurin are shown in bold; residues 57-122, underlined in orange, have previously been modeled as ankyrin-like repeats (13). (D, E) Sur-
face plasmon resonance assays of binding of fusion constructs of sAnk129-155 to different sequences of obscurin. (D) Obsc6316-6345 (red),
Obsc6316-6436 (blue), Obsc6408-6436 (pink). (E) Obsc6231-6260 (green), Obsc6236-6260 (blue). (F) Obsc6231-6260 (green), Obsc6231-6260 V6233A/-
I6234A/I6235A (gray).

http://pubs.acs.org/action/showImage?doi=10.1021/bi101165p&iName=master.img-000.jpg&w=372&h=355
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of obscurin containing residues 6316-6345 for comparison with
Obsc6236-6260, first identified and partially characterized by Bag-
nato et al. (6).

We used far Western blot and SPR methods to measure the
binding of aGST fusion construct of thismoreN-terminal binding
region, GST-Obsc6236-6260, to sAnk1. Binding was minimal
on blot overlay (not shown) and insignificant when analyzed
by SPR as seen in Figure 1E. As additional residues may be
important for binding, we added five flanking amino acids,
corresponding to residues 6231-6235 (KTVII), between the
GST moiety and residue 6236. Binding of the resultant construct,
GST-Obsc6231-6260, was significant (Figure 1E). To confirm that
these added residues were necessary for binding, we created a
mutant construct with residues 6231-6235 altered to KTAAA.
This mutant protein does not bind to sAnk1 (Figure 1F). Evalua-
tion of the kinetics of binding of wild-type GST-Obsc6231-6260 to
MBP-sAnk1 revealed a KD for binding of GST-Obsc6231-6260 to
sAnk1 of 384 ( 53 nM, or ∼3-fold weaker than the more
C-terminal binding site, Obsc6316-6345 (Figure 2, Table 1). Values
of the kinetic constants for association and dissociation indicate
that this difference in binding affinity is primarily due to differ-
ences in the dissociation rate constant, koff (Table 1).

We examined the affinities of these two sequences for sAnk1
further by testing the ability of soluble oligopeptides to inhibit the
binding of the fusion proteins. We synthesized oligopeptides of
Obsc6231-6260 and Obsc6316-6345 and mixed them at different

stoichiometric ratios with MBP-sAnk129-155. We then used SPR
to assay the binding of the sAnk1 fusion protein in these mixtures
toGST fusion constructs ofObsc6231-6260 orObsc6316-6346, which
were bound toGSTantibody covalently attached to the surface of
the SPR chip. Consistent with the results of our studies of direct
binding, the synthetic oligopeptide containing residues 6316-
6345 inhibited binding of MBP-sAnk129-155 to either GST-
Obsc6316-6345 or GST-Obsc6231-6260 ∼3-fold more effectively
than the oligopeptide containing residues 6231-6260 (Figure 3,
Table 2). We derived an “inhibition constant”, defined as the
reciprocal of the ratio of the concentrations of the peptide to
sAnk1 required to block maximal binding by 50% (Table 2).
Although a ∼2-fold molar excess of the 6316-6345 peptide was
needed to inhibit binding of the GST-Obsc6231-6260 construct to
sAnk1 by 50%, an ∼6-fold molar excess of the 6231-6260
peptide was required to inhibit binding to the same degree. The
relative efficacy of the two peptides to inhibit binding of the fusion
proteins differed by 3.3-fold. We obtained a similar ratio for the
relative efficiency of the peptides to inhibit binding of sAnk1 to
GST-Obsc6316-6345 (Table 2). These results are consistent with
our results showing thatGST-Obsc6316-6345 binds toMBP-sAnk1

Table 1: Kinetic Constants of MBP-sAnk1 Binding to GST-Obsc6231-6260
and GST-Obsc6316-6345

kinetic constant Obsc6231-6260 Obsc6316-6345

kon (1/(M s)) 5.97� 103( 1.54� 103 6.29� 103( 1.60� 103

koff (1/s) 2.23� 10-3( 3.07� 10-4 7.92� 10-4( 1.11� 10-4

KD (M) 3.83� 10-7( 4.72 � 10-8 1.33� 10-7( 3.88� 10-8

FIGURE 2: Kinetics of binding of GST-Obsc6231-6260 and GST-
Obsc6316-6345 to MBP-sAnk129-155. (A, B) Colored curves show
binding of serial diluted concentrations ofMBP-sAnk1 starting at
3 μMtoGST-Obsc6316-6345 (A) andGST-Obsc6231-6260 (B). Black
curves are fits based on a 1:1 stoichiometry of binding. (C-E) Bar
graphs of values of KD, kon, and koff for GST-Obsc6316-6345 A
(red) and GST-Obsc6231-6260 (green). *** denotes p<0.05. n=5
for all values.

FIGURE 3: Inhibition of binding of sAnk1 to GST-Obsc6316-6345 and

GST-Obsc6231-6260 by synthetic oligopeptides. Solutions containing
1 μM MBP-sAnk1 were premixed with fusion proteins containing
each of the binding sites of obscurin with different relative molar
amounts (shown on ordinate axis) of synthetic oligopeptide of either
Obsc6316-6345 or Obsc6231-6260. (A, B) Synthetic oligopeptide 6316-
6345 inhibits binding of MBP-sAnk129-155 to GST-Obsc6231-6260

(A) and GST-Obsc6316-6345 (B). (C, D) Synthetic oligopeptide
6231-6260 inhibits binding of MBP-sAnk129-155 to both GST-
Obsc6231-6260 (C) and GST-Obsc6316-6345 (D) but at ratios signifi-
cantly higher than oligopeptide 6316-6345. For all experiments with
oligopeptide 6231-6260, n=5; for experiments with oligopeptide
6316-6345, n=6, except for those at 10:1 and 20:1 ratios, for which
n=4.

Table 2: Relative Inhibitory Activity of Obscurin Oligopeptides

sAnk1/oligopeptide

construct 6316-6345 6231-6260 ratio

GST-Obsc6231-6260 0.5333 0.1620 3.29

GST-Obsc6316-6345 0.2890 0.0962 3.00

http://pubs.acs.org/action/showImage?doi=10.1021/bi101165p&iName=master.img-001.jpg&w=120&h=309
http://pubs.acs.org/action/showImage?doi=10.1021/bi101165p&iName=master.img-002.png&w=150&h=121
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with an affinity ∼3-fold higher than that of GST-Obsc6231-6260.
An oligopeptide with the sequence Obsc6411-6436 failed to inhibit
binding, even at concentrations of 100 μM (not shown), also
consistent with our studies of intact fusion proteins.

As Obsc6316-6345 and Obsc6231-6260 both contain clusters of
electronegative amino acids, we tested their ability to bind to the
same sites on sAnk1 by studying a series of site-directed mutants
of MBP-sAnk1. These mutants, in which individual lysine or
arginine residues, previously modeled as being exposed on the
surface of theALRs, were converted to glutamates (R67E,R68E,
R69E, K101E, R104E, K105E), have lower binding affinities for
Obsc6316-6436 (13). Converting all but one (R68) of these residues
to a glutamate inhibited peak binding of both obscurin sequences
to a similar degree (Figure 4). The R68E mutation affected
binding of MBP-sAnk1 to Obsc6316-6345 more profoundly than
to Obsc6231-6260. These results suggest that, with the exception of
R68, binding of Obsc6316-6345 and Obsc6231-6260 requires the
same set of residues on sAnk1. The binding sites on sAnk1 for
both peptides, although not identical, are therefore likely to
overlap extensively.

We next examined the ability of sAnk1 to bind a polypeptide
containing both of obscurin’s binding sites.We generated aGST-
Obsc6231-6345 construct and tried to express it at high enough
levels in bacteria to purify it for SPR studies. This resulted in a
degraded product, with only small levels of the intact polypeptide
that could be affinity purified. After purification, the protein was
degraded further, with the predominant band containing GST
linked to the more N-terminal of the two binding sequences.
Because we could not purify enough GST-Obsc6231-6345 for
quantitative assays using SPR,we examined binding qualitatively
in farWestern blots.We compared binding of this large construct
to sAnk1 in blot overlays to GST fusion constructs of the
individual sites, Obsc6231-6260 and Obsc6316-6345, and to site-
directed mutants, Obsc6231-6260 T6328P and Obsc6316-6345

W6325A. Previously, Bagnato et al. (6) showed that mutating
T6238 to proline inhibits binding to sAnk1.Wehypothesized that
since tryptophan is a rare, as well the most evolutionarily
conserved, amino acid, mutating the W residue in the middle of

obscurin’s high-affinity binding site for sAnk1 to alanine would
inhibit binding also. These mutations both almost completely
ablated binding of the GST fusion constructs to MBP-sAnk1
(Figure 5A,B, lanes 3 and 5), yielding binding that was barely

FIGURE 4: Site-directed mutants of sAnk1 reduce binding of
Obsc6231-6260 and Obsc6316-6345 to a similar extent. We assayed the
effects onbinding ofmutating the lysine orarginine residues of sAnk1
involved in binding obscurin (see Figure 1) to glutamates or alanines.
Graybars: Binding toObsc6231-6260 (normalized tomaximal binding,
measured with WT sAnk1). Black bars: Binding to Obsc6316-6345

(normalized similarly). With the exception of sAnk1 R68E, muta-
tions in sAnk1 have similar effects on binding to each of the binding
sites on obscurin. n= 5 for all experiments. Error bars, SD;
* indicates a significant difference (p < 0.05).

FIGURE 5: Residues 6316-6345 of obscurin dominate binding to
sAnk1 when both binding sites are present. All GST constructs
following transfer to nitrocellulose are shown in panels A and Cwith
aPonceauRed stain,which showequal loading.PanelsB andDshow
the results ofoverlay assaysof these nitrocellulose blots.Mutations of
W6325 of Obsc6316-6345 to alanine (A, B; lane 3, GST-Obsc6316-6345

W6325A) and T6328 of Obsc6231-6260 to proline (A, B; lane 5, GST-
Obsc6231-6260 T6328P) almost completely ablate binding of the
individual sites to MBP-sAnk129-155 in blot overlays and are barely
greater than GST alone (A, B; lane 1). Binding ofWT constructs are
shown in the adjacent lanes: lane 2, GST-Obsc6316-6345; lane 4, GST-
Obsc6231-6260. These bands run at 31-32 kDa, consistent with the
size of the GST fusion constructs. This developed blot in panel B was
intentionally overexposed to show the dramatic nature of the inhi-
bition by the mutants, which is completely undetectable at low
exposures. The GST-Obsc6231-6345 construct, which contains both
binding sequences, is difficult topurify and is unstable, soonly a small
amount runs at the appropriate molecular mass of 38 kDa (C, D;
lane 2); a breakdown product, which retains the binding site within
residues 6231-6260, is present at 31 kDa and also binds MBP-
sAnk129-155. Mutation ofW6325 ofGST-Obsc6231-6345 to A (lane 4,
GST-Obsc6231-6345W6325A) reduces binding of the 38 kDa band to
MBP-sAnk1 almost completely (compare to lane 2). Mutation of
T6328 of GST-Obsc6231-6345 to P (lane 3, GST-Obsc6231-6345

T6328P) does not inhibit binding of the 38 kDa band to MBP-
sAnk129-155 and may in fact enhance it (compared to lanes 2 and 4).
The 31 kDa breakdown product of GST-Obsc6231-6345 T6328P does
not bind toMBP-sAnk129-155, however, consistentwith the effects of
this mutation on GST-Obsc6231-6260. Both individual sites, GST-
Obsc6316-6345 (lane 1) and GST-Obsc6231-6260 (lane 5), like panels A
and B bind MBP-sAnk1. This experiment was repeated five times,
with the same results.

http://pubs.acs.org/action/showImage?doi=10.1021/bi101165p&iName=master.img-003.jpg&w=132&h=156
http://pubs.acs.org/action/showImage?doi=10.1021/bi101165p&iName=master.img-004.jpg&w=202&h=342
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above the background levels of GST alone (Figure 5A,B, lane 1).
We introduced these same individual mutations from the 30-mer
obscurin fusion proteins into a larger construct containing both
sites to create Obsc6231-6345 T6328P and Obsc6231-6345 W6325A.
The W6325A mutation within the double construct (Figure 5C,
D, lane 4) significantly decreased binding to sAnk1 compared to
control (Figure 5C,D, lane 2), due to its ablation of binding of the
Obsc6316-6345 binding site to sAnk1 (Figure 5A,B, lane 2, and
Figure 5C,D, lane 1). By contrast, the T6328P mutation
(Figure 5C,D, lane 3) slightly increased binding of the
Obsc6231-6345 double construct. Binding to the breakdown product
of the latter at ∼32 kDa disappeared, consistent with complete
ablation of binding of sAnk1 to Obsc6231-6260 with the T6328P
mutation (Figure 5A,B, lane 5) compared to Obsc6231-6260

(Figure 5A,B, lane 4, and Figure 5C,D, lane 5) (6). These results
suggest that the more C-terminal site, Obsc6316-6345, is the
dominant binding region in the Obsc6231-6345 construct under
the conditions used.
Structural Studies.As both Obsc6316-6345 and Obsc6231-6260

associate withmany of the same residues on sAnk1 but bind with
different affinities, we predicted that they would differ in
secondary structure. In initial tests of possible structural differ-
ences, we studied each of the synthetic oligopeptides of obscurin
containing residues 6231-6260 or 6316-6345 by circular dichro-
ism (CD) spectroscopy. In the presence of 30% TFE, the
spectrum of the Obsc6316-6345 oligopeptide consistently showed
∼35% R-helicity (Figure 6A, closed triangles). Similar studies
of Obsc6231-6260 oligopeptide gave spectra indicating ∼17%
R-helicity (Figure 6A, open circles).We also examined the helicity
of both peptides at other concentrations of TFE (Figure 6B). The
R-helical content of residues 6316-6345 was consistently greater
than residues 6231-6260 over the entire range of concentra-
tions of TFE assayed, suggesting a significant difference in the
secondary structures of these two peptides.

We next analyzed the two oligopeptides with algorithms,
designed to predict their local disorder (24) and secondary struc-
ture (see below), and compared them with the results of our CD
studies. The disorder plot for the Obsc6231-6260 (Figure 7C)
indicated stability near the N-terminal residues, which in
conjunction with the CD data suggested the presence of an
R-helix followed by a more disordered C-terminal region. The
loops/coils algorithm (closed circles) also indicated that
the C-terminal region of Obsc6231-6360 is “random coil”. The
“Remark 465” algorithm (triangles) predicted that this C-terminal
sequence does not assume a fixed conformation. When we used
nine different algorithms designed to predict secondary structure
(see Experimental Procedures), only three predicted R-helical
content (average of 12% R-helicity) for Obsc6231-6260, with the
helix located near the N-terminus of this sequence. The results of
these three analyses, though not of the remaining six, suggest the
presence of a short, N-terminal R-helix, approximately four
residues in length, which is consistent with the CD data.

The disorder plot for Obsc6316-6345 (Figure 7A) showed more
stability in the central region of this sequence than at the ends.
The nine different algorithms designed to predict secondary
structure (see Experimental Procedures) each indicated signifi-
cant R-helical character in the central region of Obsc6316-6345

(average of 8.4 R-helical residues), with more random structures
at the ends. Taken together, these algorithms predict an average
of 28% R-helicity for Obsc6316-6345, with the helix located in the
center of the peptide, consistent with our CD analyses.

We compared these results with the .pdb file of the crystal
structure of RelA (1NFI) (25), known to bind to the ankyrin
repeats (ARs) of IκB, and found that the residueswithin it possess
similar secondary structural characteristics to those predicted for
Obsc6316-6345. Therefore, we used this structure to compose a
homology model of Obsc6316-6345 (Figure 7C). We also devel-
oped a model for our predictions of Obsc6231-6260 (Figure 7D).
These models are consistent with the results provided by the
algorithms we used to predict structure as well as our CD
measurements. If obscurin binds to the ALRs of sAnk1 in the
same way that RelA binds to the ARs of IκB, then at least four of
the residues identified by Borzok et al. (13) as important for
binding would contribute to this interaction.

DISCUSSION

The association of obscurin with the ankyrin-like repeats
(ALRs) of sAnk1 is likely to be essential for the SR to organize
in a stereotypical fashion around each sarcomere (6, 12, 13, 26).
Obscurin A has at least two binding sites for sAnk1, located
about 60 amino acids apart in its C-terminal region, but their
relative roles in binding and the nature of their binding to sAnk1
have not been examined. Using SPR and competition assays, we
show that the high-affinity binding site on obscurin for sAnk1 is
located between residues 6316 and 6345 and that the more
N-terminal site, located between residues 6231 and 6260, binds
to sAnk1 with an affinity that is about 3-fold lower. Qualitative
studies of the binding of fusion proteins suggest that residues
6316-6345 dominate binding when both sequences are present.
The difference in affinity of these two sequences for sAnk1 is
likely to be due in part to differences in conformation, whichmay
determine position-specific electrostatic interactions. This was
confirmed by CD spectroscopy and modeling of the secondary
structure, which suggested that the higher affinity C-terminal site
contains approximately twice as much R-helix as the lower

FIGURE 6: CD spectra of synthetic oligopeptides of Obsc6231-6260

and Obsc6316-6345. (A) The CD spectra of both peptides in the
presence of 30% TFE are represented by triangles (6316-6345)
and open circles (6231-6260). Obsc6316-6345 shows a greater degree
of R-helicity, with deeper minima at ∼220 and ∼208 nm. (B)
R-Helicity of the oligopeptides as a function of TFE concentration.
Arrows indicate R-helicity at 30% TFE. n = 4.
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affinity N-terminal site. This stability probably results in a
smaller entropic loss when binding occurs, which in turn would
yield a higher affinity interaction. Thus, our results indicate that,
although they bind to many of the same residues on sAnk1,
obscurin’s two binding sites for sAnk1 differ both in affinity and
in structure.

The A isoform of obscurin is a protein of 6620 amino acids,
with ∼60 domains that have been identified from their algorith-
mic homology to canonical domain sequences (27, 28). These
algorithmically predicted domains include Ig, IQ, FnIII, SH3,
RhoGEF, and PHdomains, all of which are found inmany other
eukaryotic proteins (29). The size of these domains ranges from
∼23 (IQ) to∼112 (SH3) amino acids. Ig domains, by far themost
common in this protein, range from 70 to 90 amino acids in size.
By definition, these domains fold in characteristic ways. The
C-terminal region of obscurin, which was previously thought to
be “nonmodular” (9), possesses two short, high-affinity sites for
sAnk1 between amino acids 6231 and 6345, which we have
characterized here. This region also binds to an unusual splice
form of AnkB (30), but the particular sequences involved have
not yet been identified. The binding regions we have studied
representmotifs that are considerably smaller in size, which could
serve as templates for other proteins that bind to ALRs.

The site we first identified as being present in an ∼12.7 kDa
C-terminal fragment of obscurin, containing residues 6316-
6436, binds to sAnk1 with an affinity between 35 (13) and
135 nM (12). These differences in measured affinities are likely
due to differences in the stability or folding of the fusion proteins
we use in our SPR assays (see Borzok et al. (13) for a discussion).
Here we show that only the first ∼30 amino acids of this large
fragment are needed to achieve binding to sAnk1 with a
comparable affinity. Although this sequence contains four glu-
tamate residues, another sequence that follows is also rich in
glutamates (residues 6408-6436) but shows no binding activity
by itself, suggesting that if electrostatic interactions are involved
in the binding of sAnk1 to obscurin, they must be specific.
The fact that the affinity for sAnk1 of a fusion protein of
Obsc6316-6345 is the same as that of a fusion protein containing
the entire 121 amino acid fragment, originally identified as the
binding region (9), suggests that those 30 residues alone are
responsible for all of the binding activity of this region of
obscurin to sAnk1. Even shorter sequences may be sufficient
for binding sAnk1, but we were unable to produce sufficient
quantities of these smaller fusion proteins to test this concept.

As reported first by Bagnato et al. (6), the nearby binding site
for sAnk1, Obsc6236-6260, located∼60 residues N-terminal to the
one our group has identified (12, 13), is also small. Their studies
were qualitative, however, and did not determine binding affi-
nities by kinetics. For the purposes of this study, we added five
additional residues from the previous exon (ENST00000284548,
exon 80), just N-terminal to the 25-mer studied by Bagnato
et al. (6), which significantly increased the binding of the GST
fusion construct. Work is under way in our laboratory to study
the role the addition five amino acids that we added, KTVII.
Preliminary observations, based on alanine mutants, suggest that
the three hydrophobic residues, VII, together provide hydro-
phobic characteristics necessary for binding to sAnk1.

Directmeasurements of binding of sAnk1 to the two sequences
of obscurin, determined by SPR of the fusion proteins and
oligopeptides in competition assays, consistently demonstrated
thatObsc6316-6345 has an affinity for sAnk1 that is∼3-fold higher
than that of Obsc6231-6260. The kinetic constants derived from

FIGURE 7: Disorder plots and structuralmodels ofObsc6231-6260 and
Obsc6316-6345. (A, C) Disorder plots: circles represent the predicted
mobility of R-carbons in the oligopeptide sequences of obscurin at
1000 K; triangles represent regions for which similar short oligopep-
tide sequences have never been experimentally solved; closed circles
represent predicted randomcoiled domains, a necessary but not suffi-
cient condition for disorder. (B,D) Homologymodel forObsc6316-6345

(based on RelA) and a representation of Obsc6231-6260, based on
relative R-helicity and overall similarity to known ankyrin binding
motifs such as CDK4, both in good agreement with CD data
(Figure 6) disorder plots (this figure) and secondary structure
prediction algorithms (not shown).
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analysis of the SPR curves suggest that this difference in affinity is
due to different rates of dissociation. While both sequences have
similar “on” rates for binding to sAnk1, the higher affinity site,
Obsc6316-6345, has a slower “off” rate. The difference in affinity
suggests that the two oligopeptides do not bind identically to
sAnk1. This conclusion is supported by our finding thatmutation
of R68 of sAnk1 to glutamate has a much larger effect on the
binding of GST-Obsc6316-6345 than of GST-Obsc6231-6260. The
participation of an additional electrostatic interaction, mediated
in part by R68, can account in part for the increased affinity of
sAnk1 for Obsc6316-6345, as it would provide additional stability
to the complex.We acknowledge that these data are derived from
studies performed in defined solutions in vitro, which are difficult
to extrapolate to the conditions in the small volumes present in
themyoplasmbetween the periphery of the contractile apparatus,
where the C-terminal region of obscurin is exposed (10), and the
surface of the network compartment of the SR, where sAnk1 is
concentrated (1). Nevertheless, if similar differences in binding
exist in situ, and if binding of each of the sequences is independent
of the other, then residues 6316-6345 of obscurin are ∼3-fold
more likely to be bound to sAnk1 at any given time than themore
N-terminal site.

We cannot rule out the possibility that both sequences may be
capable of binding simultaneously, if they can span the distances
between the ALRs of neighboring sAnk1 molecules in the
disulfide-linked dimers and larger oligomers likely to be present
in situ (11). This could also be true if sAnk1 molecules are
positioned very close to one another in the SR membrane.
However, modeling of the ∼60-residue sequence that separates
residues 6231-6260 from 6316-6345 suggests that it contains
significant β-sheet content and is therefore likely to be compact
(not shown). This would make it difficult to position two sets of
ALRs, present on two independent sAnk1 molecules, close
enough to bind both sequences simultaneously.

Since the original sAnk1 structurewe proposedwas a homology
model, we have begun to test the stability of the ALRs using
molecular dynamics simulations. Preliminary calculations show
that the ALRs stay intact in the presence of computer-applied
force fields. Additional calculations suggest that the center of the
high-affinity site of obscurin docks on the surface of the refined
ALRs via direct electrostatic and hydrophobic contacts (Busby
et al., manuscript in preparation). If both sequences do not
bind simultaneously, our results suggest that the higher affinity
C-terminal site dominates binding, at least in vitro.Our results there-
fore suggest that the contribution of residues 6231-6260 to binding
sAnk1 in vitro is less significant when both sequences are present.

The differences in binding affinity between Obsc6231-6260 and
Obsc6316-6345 are likely due both to the differences in their primary
sequences and to the secondary structures they assume. Although
both are electronegative, the latter has two additional negative
charges, while the former has four threonine residues that may
play a role in binding (6). It is likely that ionic or ion-dipole
interactions mediate binding of these sequences to sAnk1, as
mutation of three of the threonines in Obsc6231-6260 to proline
inhibits binding (6), whereas mutation of each of the glutamate
residues of Obsc6316-6345 partially inhibits binding, and mutation
of several eliminates binding completely (Busby et al., manuscript
in preparation). Although the molecular masses of residues
6316-6345 and 6231-6260 are identical (both are 3.3 kDa, and
both are linked to GST), GST-Obsc6231-6260 consistently runs
at a lower apparent molecular mass. As sequence differences can
alter mobility, the differences in apparent molecular masses that

we measure for the mutants may be expected. In particular,
Obsc6316-6345 W6325A migrates more slowly than the WT con-
struct, probably because tryptophan residues are more effective in
promoting binding of SDS than alanines, consistent with an
earlier report (31).

Our evidence further suggests that Obsc6316-6345 and
Obsc6231-6260 differ significantly in secondary structure, with
Obsc6316-6345 having twice theR-helical content of Obsc6231-6260.
Algorithmic predictions and modeling indicate that the location
of the helices within these oligopeptides also differs. In
Obsc6316-6345, the helix is predicted to be localized centrally
and flanked by short stretches of less ordered residues. Ourmodel
suggests that at least three of the glutamate residues in this region
are exposed on the same face of the helix, where they could
interact simultaneously with the lysine and arginine residues
of the ALRs of sAnk1 that mediate binding to this region of
obscurin (13). By contrast, our model of the shorter helix of
Obsc6231-6260 shows it to be located near itsN-terminus, followed
by a disordered region. With so little stable structure predicted, it
is perhaps remarkable that Obsc6231-6260 binds to sAnk1 with an
affinity as high as∼350 nM. This high affinity may be promoted
by the organization of several of its electronegative residues on
one face of the predicted R-helix, where they could interact with
many of the same lysine and arginine residues of sAnk1 that
mediate binding toObsc6316-6345. This result would be consistent
with the results of our assays of binding to site-directed mutants
of sAnk1 (Figure 4; see above).

The distinct structures that we have predicted for obscurin’s
two binding sites for sAnk1 are consistent with the results of
studies of the structures of the complexes formed by other AR
proteins and their ligands, includingRelA and IκB,whichwehave
used for comparison. In particular, the Obsc6316-6345 region
appears to share some structural homologywithRelA290-319 (25).
Similarly, the Obsc6231-6260 region may share some structural
homology with CDK492-111 (32, 33). In agreement with our
results, the sequences of these proteins that bind to ARs are only
20-30 amino acids in length and contain either short (33) or
longer (25) R-helical regions. This suggests that many proteins
that interact with ankyrin or ankyrin-like repeats have short
sequences that form at least two distinct kinds of structural
domains that mediate binding. Work is in progress in our
laboratory to test this idea.
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