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Abstract

Myosins play essential roles in migration, cytokinesis, endocytosis, and adhesion. They are composed of
a large N-terminal motor domain with ATPase and actin binding sites and C-terminal neck and tail
regions, whose functional roles and structural context in the protein are less well characterized. The tail
regions of myosins I, IV, VII, XII, and XV each contain a putative SH3 domain that may be involved in
protein–protein interactions. SH3 domains are reported to bind proline-rich motifs, especially ‘‘PxxP’’
sequences, and such interactions serve regulatory functions. The activity of Src, PI3, and Itk kinases, for
example, is regulated by intramolecular interactions between their SH3 domain and internal proline-rich
sequences. Here, we use NMR spectroscopy to reveal the structure of a protein construct from
Dictyostelium myosin VII (DdM7) spanning A1620–T1706, which contains its SH3 domain and
adjacent proline-rich region. The SH3 domain forms the signature b-barrel architecture found in other
SH3 domains, with conserved tryptophan and tyrosine residues forming a hydrophobic pocket known to
bind ‘‘PxxP’’ motifs. In addition, acidic residues in the RT or n–Src loops are available to interact with
the basic anchoring residues that are typically found in ligands or proteins that bind SH3 domains. The
DdM7 SH3 differs in the hydrophobicity of the second pocket formed by the 310 helix and following
b-strand, which contains polar rather than hydrophobic side chains. Most unusual, however, is that this
domain binds its adjacent proline-rich region at a surface remote from the region previously identified
to bind ‘‘PxxP’’ motifs. The interaction may affect the orientation of the tail without sacrificing the
availability of the canonical ‘‘PxxP’’-binding surface.
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Myosins are a superfamily of over 20 distinct actin-based
motor proteins (each given a numerical designation) that
participate in a range of cellular functions such as
migration, cytokinesis, endocytosis, and adhesion (Kieke
and Titus 2003; Krendel and Mooseker 2005). They are
typically comprised of an N-terminal motor domain that
harbors both ATPase and actin binding sites and a
C-terminal tail region that specifies their intracellular
localization and cargo for transport. Much progress has
been made in characterizing the structural and enzymatic
properties of several myosin motor domains and analysis
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of myosin tail sequences has revealed the presence of
several well-characterized domains such as SH3 (M1,
M4, M7, M15) and FERM (M4, M7, M10, M15) domains
(Fig. 1A). However, a clear understanding of the func-
tional and structural features of myosin tail regions is
lacking.

The SH3 domains of amoeboid M1s have recently been
demonstrated to play a role in recruiting the Arp2/3 actin
polymerization machinery to the plasma membrane in
yeasts and Dictyostelium (Evangelista et al. 2000;
Lechler et al. 2000; Lee et al. 2000; Jung et al. 2001).
Cryoelectron microscopy and sedimentation analysis
suggests that the M1 SH3 domain of Acanthamoeba
M1B or M1C interacts with adjacent proline-rich regions
of the GPA domain, as the tail forms a compact structure
(Lee et al. 1999; Ishikawa et al. 2004). Binding of the
SH3 domain to adjacent sites on the tail could provide a
mechanism for promoting or regulating either the struc-
ture of the M1 tail or its interaction with binding
partners.

The tail region of DdM7 is comprised of a tandem
repeat of two MyTH/FERM domains that are preceded at
the N terminus by a proline-rich region and separated by
an SH3 domain and a second proline-rich region. M7 is
important for cell adhesion, an integral step in phagocy-
tosis and cell motility in Dictyostelium (Maniak 2001;
Tuxworth et al. 2001). By using NMR spectroscopy, we
have determined the structure of the DdM7 SH3 domain
and found that it interacts with its C-terminal proline-rich
region. Interestingly, the binding does not involve the
hydrophobic surface previously identified to bind proline-
rich regions.

Results

Residues in the M7 SH3 domain interact with its
C-terminal proline-rich region

With the exception of S1632, we were able to obtain
complete chemical shift assignments for residues A1620–
T1691, which encompasses the SH3 domain and first 15
residues of the adjacent proline-rich region. We expect
that this is the only region within this fragment with
higher order structure, as all of the spin systems that
exhibited NOE cross-peaks in 15N- or 13C-dispersed
NOESY spectra were assigned to these residues. We were
unable to confidently identify any resonances from
residues C-terminal to T1691. This inability was due to
their absence in triple resonance experiments and lack of
NOE cross-peaks in NOESY spectra.

Following the SH3 domain of DdM7 are sequences that
contain ‘‘PxxP’’ motifs (Fig. 1A), to which other SH3
domains are reported to bind (Feng et al. 1994; Lim et al.
1994). Therefore, we hypothesized that intramolecular

interactions exist between these regions. To test this, we
produced protein fragments that contain the SH3 domain
alone (A1620–V1680) and with varying lengths of the
adjacent proline-rich sequence (A1620–H1687 and A1620–
T1706). We compared the [1H, 15N] HSQC spectrum of
each of these constructs to determine how the presence of
the proline-rich region impacts resonances of the SH3
domain (Fig. 1B,C). The comparison is useful because
the chemical shift value at which an atom resonates is
sensitive to its chemical environment (Wüthrich 1986),
making this analysis a powerful method for identifying
residues at contact surfaces (Walters et al. 2001; Kang et al.
2006) or for identifying structural changes (Walters et al.
2003; Wang et al. 2003; Liu et al. 2006a). Strikingly, we
observed distinct amide chemical shift perturbations in the
SH3 domain of the two longer constructs compared to that
of the SH3 domain alone. The data were quantified
according to Equation 1

Ddavg ¼ (0:2 3 Dd2
N þ Dd2

H)1=2 (1)

where DdN and DdH represent the chemical shift pertur-
bation value of the amide nitrogen and proton, respec-
tively (Fig. 1D). Significant perturbations (>0.08 ppm)
were identified for residues N1642–I1644, D1651,
V1670, I1675, and L1676. This result was unexpected
as these residues are not predicted to be part of the SH3
domain surface previously identified to bind ‘‘PxxP’’
motifs (Feng et al. 1994; Lim et al. 1994).

The region spanning P1682–P1685 forms close contacts
with the SH3 domain.

In addition to the chemical shift perturbation data, we
identified 11 NOE interactions between the SH3 domain
and residues P1682, Q1684, and P1685 of the proline-rich
region (Fig. 2A,B). ‘‘PxxP’’ motifs that bind SH3 domains
are generally flanked by an arginine or lysine basic residue,
which is positioned in an acidic pocket proximal to the two
hydrophobic ones (Feng et al. 1994; Lim et al. 1994). The
proline-rich region resembles such a motif but with a
smaller, less basic histidine residue substituted for arginine
or lysine, 1682PPQPVH1687 (Fig. 1A). The assignment of
these NOEs was confirmed by two approaches. First, the
[1H, 15N] HSQC spectrum of the shorter construct demon-
strated the same chemical shift perturbations as the longer
one (Fig. 1B,C). This finding indicates that residues P1681–
H1687 are sufficient for SH3 domain interaction and that
no additional interactions occur with P1688–T1706. Sec-
ond, a comparison of 15N-dispersed NOESY experiments
recorded on the SH3 domain with and without the adjacent
proline-rich region aided in distinguishing interactions
within the SH3 domain from those involving the proline-
rich sequence (V1680–T1706). Figure 2A illustrates this
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Figure 1. The DdM7 SH3 domain interacts with an adjacent proline-rich region. (A) Architecture of DdM7 with the SH3 domain

highlighted in yellow. The sequence immediately following the SH3 domain spanning residues V1680–T1706 is also displayed with

the interacting residues in red. (B) Superimposed [1H,15N] HSQC spectrum of the construct containing only the SH3 domain (A1620–

V1680) (black) with that of a longer construct containing the adjacent proline-rich region (A1620–T1706) (red). This comparison

reveals that certain resonance cross-peaks in the SH3 domain shift due to the presence of the proline-rich extension. (C) Superimposed

[1H,15N] HSQC spectra of A1620–T1706 (red) and A1620–H1687 (black) reveal that P1681–H1687 contains the residues responsible

for the chemical shift perturbations observed in the SH3 domain. (D) Amide chemical shift perturbation analysis reveals the residues of

the SH3 domain most affected by the presence of the adjacent C-terminal region. For this analysis, Equation 1 was used to compare the

amide chemical shift values of the SH3 in the shorter construct spanning A1620–V1680 with those in the construct spanning A1620–

T1706. Asterisks represent residues lacking chemical shift assignments.

M7 SH3 interacts with adjacent proline-rich region

www.proteinscience.org 191

JOBNAME: PROSCI 16#2 2007 PAGE: 3 OUTPUT: Wednesday January 3 12:39:21 2007

csh/PROSCI/127809/PS0624968

Fig. 1 live 4/C



approach for I1644. This residue’s amide proton interacts
with Q1684 He and P1685 Hd atoms, and the correspond-
ing NOEs are absent in the spectrum recorded on the SH3
domain alone. These interactions are also verified by those
observed in the 13C-dispersed NOESY spectrum (Fig. 2B).
It is worth noting that it is challenging to assign the
backbone of the C-terminal proline-rich sequence in
A1620–T1706 by using the standard triple resonance
experiments we employed, as prolines lack the amide
protons necessary for such experiments. Although addi-
tional methods are available to assign proline-rich regions
(Kanelis et al. 2000), we found it unnecessary to implement
these for the present study because the shorter construct
A1620–H1687, which contains only four prolines in the
C-terminal tail, exhibited similar chemical shift perturba-
tions compared to the longer one (Fig. 1B,C). In addition,
the 13C dispersed NOESY aided the assignment of these
prolines in the tail that interacts with the SH3 domain.

It is worth noting that two amide resonance cross-peaks
are observed in [1H, 15N] HSQC spectra for I1644 in the
constructs that include the proline-rich region; the weaker
of which overlaps with that of I1644 from the construct
containing only the SH3 domain (Fig. 1B). We expect it to

correspond to a minor population in the sample that does
not interact with the proline-rich region. This hypothesis
was confirmed in the 15N-dispered NOESY spectrum of
A1620–T1706. In this spectrum, the set of resonances
with the same amide chemical shift values of I1644 in
shorter fragment lacks the NOE interactions with Q1684
and P1685 (Fig. 2C). This finding suggests that the sample
contains protein in which the SH3 domain is bound to its
C-terminal extension as well as protein that lacks this
interaction. Based on the difference in their resonance
volumes, the bound state is more populated.

SH3 domain interaction with the C-terminal proline-rich
region is intra- rather than intermolecular

For the final stage of purification, the M7 protein frag-
ments are subjected to size exclusion chromatography on
an FPLC system. In all cases, the purified protein eluted
in fractions expected for a monomer of the corresponding
molecular weight. However, to provide further evidence
that the observed interaction between the SH3 domain
and its C-terminal proline-rich region is intra- rather than
intermolecular, we mixed an M7 fragment containing the

Figure 2. NOE interactions confirm that the DdM7 SH3 domain interacts with the adjacent proline-rich region. (A) NOE interactions

are displayed between the amide proton of I1644 and P1685 Hd and Q1684 He atoms. As expected, these NOEs are absent in the

shorter construct spanning A1620–V1680 (A) and supported by NOEs involving neighboring atoms in the 13C dispersed NOESY

spectrum (B). (C) Two sets of resonances are observed for I1644, one of which lacks the NOE interactions with P1685 and Q1684. This

set has similar amide chemical shift values compared to I1644 of the shorter construct (Fig. 1B).
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SH3 domain only (A1620–D1679) with one containing
the C-terminal proline-rich region in addition (A1620–
T1738) and subjected the mixture to FPLC size exclusion
chromatography. Were the longer fragment forming dimers,
a population would be expected in which these two
constructs interact to elute in fractions between dimeric
A1620–T1738 protein and monomeric A1620–D1679 pro-
tein. No such population was observed in either the UV
spectrogram or by gel electrophoresis and Coomassie
staining. The spectrogram revealed the presence of two
peaks centered on fractions 37 and 50 (Fig. 3) and
subsequent gel electrophoresis and Coomassie staining of
protein in these fractions confirmed the first to contain only
DdM7 A1620–T1738, which is 13.6 kDa, and the second to
contain only DdM7 A1620–D1679, which is 6.9 kDa (data
not shown). A small peak was observed in the spectrogram
at fraction 24; however, no protein was revealed by gel
electrophoresis and Coomassie staining in the fractions
spanning 20–31 (Fig. 3). Although it is possible that the
interactions between the SH3 domain and its proximal
proline-rich region are intermolecular at high protein con-
centrations, we conclude that the DdM7 constructs contain-
ing the SH3 domain and adjacent proline-rich regions are
largely monomeric at the concentrations used in this study.

M7 contains a canonical SH3 domain that binds its
C-terminal proline-rich region in an unexpected manner

The structure of A1620–A1690 was determined by using
the experimental parameters of Table 1. We determined
the DdM7 SH3 domain contains five antiparallel b-strands
spanning residues Y1622–A1625, D1643–K1650, W1656–
L1661, K1664–P1669, and V1673–L1676 and a 310 helix

spanning residues V1670–H1672 (Fig. 4A). Its fold resem-
bles that of other SH3 domains reported in the literature
(Musacchio et al. 1992; Yu et al. 1992; Noble et al. 1993),
with a b-barrel architecture and two prominent loops, termed
the n-Src and RT loops. W1656 and Y1629 form a conserved
hydrophobic pocket common to SH3 domains that bind
‘‘PxxP’’ motifs. Anchoring basic residues at either end of
the motif often engage in salt bridges with acidic residues of
the n-Src or RT loops (Weng et al. 1995). D1651 and E1653,
of the n-Src loop, or D1633, of the RT loop, are suitably
positioned to serve such a role. A second hydrophobic pocket
exists in other SH3 domains, and is formed by residues in the
310 helix and following b-strand. This region contains highly
conserved P1669, but is less hydrophobic than other reported
SH3 domains (Musacchio et al. 1992; Noble et al. 1993) due
to the presence of D1671 and H1672 (Fig. 4B).

Most unique to the DdM7 SH3 domain is its interaction
with the adjacent C-terminal proline-rich region (Fig.
4B). The surface used to interact with this region is
opposite the hydrophobic surface previously identified to
bind ‘‘PxxP’’ motifs. Interestingly, no interaction was
observed between the SH3 domain and the PxxP sequence
spanning P1695–P1698. In addition, we acquired a [1H,
15N] HSQC spectrum on a longer construct containing
many more prolines, namely that spanning A1620–
T1738. The SH3 domain resonances of this HSQC
spectrum overlap with those of the construct spanning
A1620–T1706 (see Supplemental Fig. 1). An 15N-dispersed

Figure 3. The DdM7 SH3 domain binds the C-terminal proline-rich

regions in an intramolecular fashion. Equimolar quantities of constructs

containing the SH3 domain alone (A1620–D1679) or with the adjacent

proline-rich region (A1620–T1738) were incubated overnight and the

resulting components separated according to their molecular weight by

using an FPLC system equipped with a Superdex 75 column (Pharmacia).

The UV spectrogram revealed two peaks centered on fractions 37 and 50,

which is the expected position for molecular weights of 6.9 kDa (that of

A1620–D1679) and 13.6 kDa (that of A1620–T1738), respectively. Gel

electrophoresis and Coomassie staining confirmed this prediction, and

although a small peak was recorded in the spectrogram at fraction 24, no

protein was detected in fractions 20–31 by Coomassie staining.

Table 1. Structural statistics for the NMR structure of DdM7
A1620–A1690, which includes its SH3 domain

NOE distance restraints (total) 1204

Inter-residue 719

Medium-range 75

i,i + 2 49

i,i + 3 21

i,i + 4 5

Long-range (|i-j| > 4) 380

Hydrogen bonds 42

Dihedral angle restraints (°) 52

f [C9 (i-1)-Ni-Cai-C9i] 28

u [Ni-Cai-C9i-N (i+ 1)] 24

Ramachandran plot (%)

Most favorable region 57.0

Additionally allowed region 37.0

Generously allowed region 4.6

Disallowed region 1.4

RMSD for distance restraints (Å) 0.016760.0023

RMSD for dihedral restraints (°) 0.27060.166

RMSD from ideal covalent geometry

Bonds (Å) 0.002360.00015

Angles (°) 0.58260.018

Improper angles (°) 0.40260.020

RMSD of backbone atoms (Å)a 0.700

RMSD of all heavy atoms (Å)a 1.241

a Superimposing DdM7 Y1622–L1676.
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NOESY spectrum recorded on this construct retains the
interactions between the SH3 domain and P1682–P1685,
and no new NOE interactions are observed for residues in
the SH3 domain (data not shown).

Discussion

The DdM7 SH3 domain is structurally similar to other
SH3 domains. The protein’s fold consists of perpendicu-
lar b-sheets and a hydrophobic surface contains the
conserved residues of Y1629, W1656, and P1669. Anal-
ogous residues in Src, Fyn, and Grb2 are positioned in a
similar orientation and interact with ‘‘PxxP’’ motifs (Lim
et al. 1994; Agrawal and Kishan 2002). We expect that
these residues in DdM7 form similar interactions with
‘‘PxxP’’ motifs in other proteins. To our surprise, how-
ever, residues at the opposite side of the SH3 domain
interact with an adjacent ‘‘PxxP’’ motif. In particular, the
sequence C-terminal to the SH3 domain bends to enable

I1644, D1643, L1661, and L1676 of the SH3 domain to
interact with P1682, Q1684, and P1685.

Intramolecular interactions involving SH3 domains
occur in Src, PI3, and Itk kinases (Koch et al. 1991;
Kapeller et al. 1994; Andreotti et al. 1997). In these
proteins, however, the interactions perform an autoregu-
latory role as polyproline motifs bind to residues in the
hydrophobic binding pockets to inactivate these kinases.
We demonstrate here that the binding of the proline-rich
sequence immediately following the SH3 domain of
DdM7 does not preclude binding to the surface typically
used to bind ‘‘PxxP’’ motifs. The interaction we observe
may perform a structural role in orienting the confor-
mation of the region following the SH3 domain. There
is precedent for myosins assuming a folded conforma-
tion. For example, the tail of M5 has recently been found
to be capable of folding over and interacting with the
motor domain, an interaction that is thought to regulate
the activity of this motor protein (Liu et al. 2006b;

Figure 4. The DdM7 SH3 domain interacts with an adjacent ‘‘PxxP’’ motif through an unexpected surface. (A) A stereoview of the

20 structures with no NOE violations above 0.5 Å are displayed with b-strands in red and the helix in blue. The region that has

NOE interactions with the SH3 domain is highlighted in yellow, whereas the RT and n-Src loops are displayed in black and cyan,

respectively. (B) Representative ribbon diagram of the residues A1620–H1687. The side chain atoms of residues in the region

previously identified for binding ‘‘PxxP’’ motifs are included in cyan. Interacting residues of the SH3 domain or proline-rich region are

displayed in red or yellow, respectively.
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Thirumurugan et al. 2006). It is tempting to speculate that
intramolecular interactions in the DdM7 tail, perhaps
promoted by binding of the SH3 domain with its nearby
proline-rich region either plays a similar role in regulat-
ing the motor activity of this myosin or is required for
interaction of DdM7 with its binding partners. Ongoing
efforts to identify DdM7 SH3 domain binding partners
through a combination of affinity and yeast two hybrid
approaches, and testing of the requirement for the SH3
domain and adjacent Pro-rich sequence for DdM7 func-
tion using a complementation approach should provide
insight into the functional contribution of the SH3 and
proline domains.

Materials and methods

Cloning and production of M7 SH3 domains

A standard PCR-based approach was used to generate a fusion
protein between GST and the DdM7 SH3 domain plus a segment
of the adjacent proline-rich region. The regions of the gene
encoding amino acids A1620–T1738, A1620–T1706, A1620–
H1687, A1620–V1680, and A1620–D1679 of the DdM7 tail
region were amplified using primers with restriction enzyme
sites for directional cloning. The products were digested and
ligated to the pGEX-6P-1 or pGEX-2TK (Amersham Bioscien-
ces) vector. Clones were identified by PCR and verified by
automated DNA sequencing. The expression plasmid of interest
was transformed into BL21(DE3) cells (Invitrogen). A 5-mL
overnight culture was used to inoculate 1 L of LB growth media
or M9 minimal media containing 15NH4Cl and/or 13C-labeled
glucose to isotopically label samples. Protein expression was
induced with 0.5 mM IPTG at 37°C for 4 h. Cells were harvested
by centrifugation (5000g 3 20 min.), frozen overnight at –80°C,
lysed by sonication in PBS buffer (pH 7.5), and then centrifuged
(15,000 3 g for 30 min.). Cells were sonicated and centrifuged a
second time for maximum protein yield in the case of 13C/15N
single- and double-labeled samples. Glutathione-Sepharose resin
(Amersham Biosciences) was added to the supernatant and the
mixture incubated with gentle agitation at room temperature
for 45 min in the presence of Complete Protease Inhibitor (Roche).
The resin was then washed five times with PBS at 4°C and the
fusion protein was cleaved by incubation with PreScission
protease (Amersham Biosciences) at 4°C for 15 h. Cleaved
products were purified on a Superdex 75 column (Pharmacia)
equilibrated in 20 mM NaPO4, 100 mM NaCl (pH 6.4), and
concentrated for NMR studies. 2D and 13C edited NOESY
experiments as well as 2D TOCSY and DQ-COSY experiments
required lyophilizing the sample to remove water followed by
dissolving in D2O.

FPLC experiments to test for the presence of
intermolecular interactions between the SH3 domain
and its C-terminal proline-rich region

DdM7 A1620–D1679 and DdM7 A1620–T1738 were incubated
together overnight at 0.3 mM protein concentration and 25°C
in 20 mM NaPO4 and 100 mM NaCl, pH 6.4. The protein
components of the mixture were then separated according to
their molecular weight by using an FPLC system equipped with

a Superdex 75 column (Pharmacia) in a buffer containing 20 mM
NaPO4 and 100 mM NaCl (pH 6.4). Fractions were collected
every 2 mL and analyzed for the presence of protein using gel
electrophoresis and FPLC UV detection.

NMR Spectroscopy

All experiments were performed on Varian INOVA 600 or 800
MHz spectrometers equipped with HCN triple resonance probes
and at 25°C with samples dissolved in 20 mM NaPO4, 100 mM
NaCl at pH 6.4. Experimental data were processed by
NMRPIPE (Delaglio et al. 1995) and the resulting spectra
visualized in XEASY (Bartels et al. 1995) on Octane2 Silicon
Graphics workstations. To assign chemical shift values for the
backbone atoms of the A1620–T1706 fragment, a series of three
heteronuclear NMR experiments were performed, including
[1H,15N,13C] HNCA, [1H,15N,13C] HN(CO)CA, [1H,15N,13C]
HNCO experiments. An 15N-edited TOCSY was used for side
chain assignments. Two-dimensional homonuclear as well as
15N- and 13C-dispersed NOESY experiments were recorded on
the fragment spanning A1620–T1706. The 15N- and 13C-dis-
persed NOESY experiments were recorded with mixing times of
120 and 80 msec, respectively. In addition, 15N-dispersed
NOESY spectra were recorded on the fragments spanning
A1620–D1679 and A1620–T1738.

Structure calculations

NOESY experiments were used to generate distance constraints.
NOE restraints were grouped into four distance ranges (2.5, 3.5,
4.5, and 6.0 Å) based on peak intensity. The 15N-dispersed
NOESY spectrum was calibrated by setting the average integrated
value for NOE interactions V1673 Ha to E1674 HN and I1675 Ha
to L1676 HN to 2.5 Å, whereas the intraresidue Ha to Hb cross-
peaks for L1661 and L1637 was set to 2.5 Å to calibrate the
13C-dispersed NOESY spectrum. Hydrogen bonds were identified
by 1HN–1HN and 1Ha–1Ha NOEs in regions of predicted
antiparallel b-strands. In addition, the program TALOS was used
to predict the f and c dihedral angle constraints (Cornilescu et al.
1999). The NOE-derived distance constraints, hydrogen bonds,
and dihedral angle constraints (Table 1) were used in XPLOR
version 3.851 (Brünger 1993) to determine the structure of a
DdM7 fragment spanning A1620–A1690, which includes the SH3
domain. Of the 21 structures calculated, only one had NOE or
dihedral angle violations >0.5 Å or 5°, respectively. The 20
structures with no violations are available through the Protein
Data Bank (PDB ID code 2I0N).
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