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Structure and dynamics of the human muscle LIM protein
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The family of cysteine rich proteins (CRP) comprises three closely homologous members that have
been reported to interact with a-actinin. Muscular LIM protein (MLP/CRP3), the skeletal muscle var-
iant, was originally discovered as a positive regulator of myogenesis and is suggested to be part of
the stretch sensor of the myofibril through its interaction with telethonin (T-Cap). We determined
the structure of both LIM domains of human MLP by nuclear magnetic resonance spectroscopy. We
confirm by 15N relaxation measurements that both LIM domains act as independent units and that
the adjacent linker regions are fully flexible. With the published structures of CRP1 and CRP2, the
complete family has now been structurally characterized.
� 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
1. Introduction

The LIM domain motif contains two Zn binding modules or fin-
gers that are closely associated via hydrophobic interactions. It is
defined by the consensus sequence CX2CX16–23HX2CX2CX2CX16–21

CX2–3(C/H/D). The cysteine rich proteins CRP1, CRP2, and CRP3 or
muscular LIM protein (MLP) are composed of two LIM domains
separated by a long intervening sequence of more than 50 residues
[1] and glycine rich regions adjacent to both LIM motifs. The
expression pattern of the CRP protein family is specific for each
member [2]. CRP1 is mostly found in smooth muscle tissue, CRP2
in arteries and fibroblasts, and MLP (CRP3) is dominant in striated
muscle (cardiac and skeletal), where it is mainly located in the
Z-disc, which constitutes the lateral boundary between adjacent
sarcomeres, the contractile units of the muscle cell [3–5]. CRP
proteins seem to shuttle between the cytoskeleton and the nucleus
and thus are postulated to be involved in cell proliferation regula-
tion [6–8]. The nuclear form of MLP was shown to regulate the
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muscle MyoD transcription factor family [9] and act as a positive
regulator of myogenesis [6].

In the sarcomer, MLP is involved in interactions to both a-acti-
nin [10] and bI-spectrin [11], a costameric protein in striated
muscle cells, which attributes to MLP a linking role between the
contractile apparatus and the plasma membrane. A recent report
links MLP to the calcineurin-NFAT signaling pathway [12]. Among
other results it was shown that MLP and calcineurin could be coim-
munoprecipitated in an apparent dosage dependent way. A central
role may play telethonin, a ligand of titin’s first two Ig domains
Z1Z2, that interacts with MLP and with calsarcin1, another hypoth-
esized member of that pathway [13]. Thus, MLP emerges as a key
player linking the contractile apparatus to the plasma membrane
and signal transduction pathways in response to mechanical stress.

The structures of the LIM domains of CRP1 and CRP2 have been
determined by NMR [14–17]. Here, we present the structural
characterization of the third member of this group, MLP.

2. Materials and methods

2.1. Cloning, expression and purification of MLP, N-terminal LIM
domain of MLP (LIM1), C-terminal LIM domain of MLP (LIM2)

All constructs for human MLP, LIM1 and LIM2 were cloned into
a modified pET-21d vector (Novagen) that contains an N-terminal
His6-tag fused to thioredoxin removable through cleavage with
TEV protease. Several constructs spanning the first (LIM1) or
lsevier B.V. All rights reserved.
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second (LIM2) LIM domain with adjacent linker sequences were
subcloned from the MLP vector by PCR. The LIM1 construct em-
ployed for NMR studies started with the native sequence, in which
the second codon encoding for P was replaced by A for cloning rea-
sons, and stopped at position 85 for LIM1. LIM2 comprised residues
109–194. Details about the cloning and purification have been
published elsewhere [18].

2.2. NMR experiments

Spectra were acquired at 22 �C in 20 mM potassium phosphate
buffer pH 6.8, 150 mM KCl (LIM1, MLP) or 20 mM Tris buffer, pH
7.2, 150 mM KCl (MLP, LIM2). Details about the assignment have
been published elsewhere [18]. For structure determination of
LIM1 and LIM2, 15N-heteronuclear single quantum coherence
(HSQC)–nuclear overhauser enhancement spectroscopy (NOESY)
and 13C-HMQC-NOESY spectra with 80 ms mixing times were re-
corded on a BRUKER DRX500 spectrometer equipped with a cryo-
probe. Data were processed with NMRPIPE [19] and analyzed using
NMRVIEW [20].

2.3. Structure calculation

Structures were calculated with ARIA1.2/CNS [21] on the basis
of the experimentally derived Nuclear Overhauser Effect (NOE) re-
straints. Additional dihedral restraints derived from TALOS [22]
analysis of the chemical shifts and hydrogen bonds identified on
Table 1
Structural statistics of LIM1 and LIM2.

hSA-LIM1ia

(A) Number of structural restraints
All NOE (unambiguous/ambigious) 1277/0
Intraresidual 517
Sequential (|i � j| = 1) 218
Medium-range (1 < |i � j|| 6 4) 117
Long-range (|i � j|| > 4) 425
Dihedral angles /u 34/34
Hbonds 15

(B) RMSD (Å) from experimental restraintsc

All distance restraints 0.008 ± 0.001
Dihedral anglesd 0.65 ± 0.07

(C) Coordinate precision (Å)e

N, Ca, C0 0.46 ± 0.17
All heavy atoms 1.11 ± 0.16

(D) Structural qualityf

Bad contacts 1.2 ± 1.2
Ramachandran plot
Residues in most favored region (%) 69.8 ± 2.0
Residues in additionally allowed region (%) 24.9 ± 2.2

RMSD (Å) (N, Ca ,C
0
)

MLP vs qCRP1
MLP vs cCRP2
cCRP1 vs qCRP2
MLP vs ALP-LIM
MLP vs CLP36-LIM

a hSA-LIM1i is an ensemble of 20 lowest-energy solution structures (out of 200 calcu
LIM1i ensemble after refinement in a shell of water [18]. The CNS Erepel function was used
using ‘‘PROLSQ” van der Waals radii; RMSD for bond length, bond angles and improper di
0.0055 (±0.0002) Å, 0.782 (±0.043)� and 2.15 (±0.21)� after water refinement. 1 kcal = 4.

b hSA-LIM2i is an ensemble of 20 lowest-energy solution structures (out of 200 calcu
LIM2i ensemble after refinement in a shell of water [18]. RMSD for bond length, bond an
(±0.015)� before and 0.0055 (±0.0002) Å, 0.782 (±0.043)� and 2.15 (±0.21)� after water r

c Distance restraints were employed with a soft square-well potential using an ener
restraints per domain were applied as described in materials and methods. No distance

d Dihedral angle restraints derived from TALOS [19] were applied to /, w backbone a
e Coordinate precision is given as the Cartesian coordinate r.m.s. deviation of the 20 low

residue 7–66 hSA-LIM1i and residue 119–176 hSA-LIM2i.
f Structural quality was analyzed using PROCHECK [21].
the basis of characteristic NOE patterns (Table 1) were added. Ini-
tial rounds of refinements revealed the general fold and the zinc
coordination, yet NOE data alone were not sufficient to define
the tetrahedral zinc coordination geometry. In the final refinement,
distance restraints were added for the Zn–Sc (1.8–2.8 Å) and Zn–
Nd1 (1.5–2.5 Å) bonds as well as between the Sc and Sc atoms or
Sc and Nd1 atoms. Experimental distance restraints were not vio-
lated through this procedure. In the last iteration 200 structures
were generated of which 100 were further refined in a shell of
water [23]. For the water refinement, the artificial distance re-
straints were omitted. Instead, the Zn coordination geometry was
defined by bonds (Zn–Sc 2.3 Å; Zn–Nd1 2.0 Å) and angles (109.5�
for Sc–Zn–Sc, Nd1–Zn–Sc, Zn–Sc–Cb and 120� for Zn–Nd1–Cb angles,
respectively). The water-refined structures were examined with
PROCHECK [24]. Figures were prepared with MOLMOL [25].

2.4. 15N relaxation

Longitudinal and transverse relaxation times as well as hetero-
nuclear NOE were measured at 500 MHz at 20 �C. Protein concen-
trations were 0.4 mM for LIM1, 0.35 mM for LIM2 and 0.2 mM for
MLP. Relaxation delays for T1 were varied between 10.8 ms and
1155.6 ms [26]. T2 of backbone amide 15N was obtained from T1q
[27] measurements where a spinlock field strength of 2000 Hz
was applied. The T1q decay was sampled at relaxation delays be-
tween 10 ms and 350 ms with one duplicate point to test for insta-
bilities. The heteronuclear NOE was determined as the signal
hSAwatrefLIM1ia hSA-LIM2ib hSAwatrefLIM2ib

916/0
430
178
74
234
26/26
14

0.015 ± 0.001 0.007 ± 0.002 0.019 ± 0.002
0.48 ± 0.1 0.28 ± 0.08 0.5 ± 0.2

0.75 ± 0.15 0.88 ± 0.2 1.06 ± 0.23
1.40 ± 0.19 1.75 ± 0.27 1.92 ± 0.30

0.0 ± 0.0 0.75 ± 1.07 0.0 ± 0.0

80.5 ± 2.9 75.3 ± 3.9 80.7 ± 3.4
14.7 ± 3.2 22.8 ± 4.2 16.4 ± 3.3

2.43 1.92
3.08 3.69
3.29 2.58
2.72 3.10
1.88 2.71

lated) of the MLP-LIM1 domain before water refinement, hSAwatrefLIM1i is the hSA-
to simulate van der Waals interactions with an energy constant of 25 kcal mol�1 Å�4

hedral angles are 0.0023 (±0.0001) Å, 0.426 (±0.012)� and 0.365 (±0.015)� before and
18 kJ.
lated) of the MLP-LIM2 domain before water refinement, hSAwatrefLIM2i is the hSA-
gles and improper dihedral angles are 0.0023 (±0.0001) Å, 0.426 (±0.012)� and 0.365
efinement. 1 kcal = 4.18 kJ.
gy constant of 50 kcal mol�1 Å�2. For restraining the zinc coordination 20 distance
restraint in the hSA-LIM1ia and hSA-LIM2ib was violated by more than 0.2 Å.

ngles using energy constants of 200 kcal mol�1 rad�2.
est-energy structures in the NMR ensemble with respect to their mean structure for
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intensity ratio of the HN/N crosspeaks with and without 1H satura-
tion. All experiments were recorded in an interleaved manner [28].
The water signal was suppressed with a combination of the water-
flip-back and the WATERGATE scheme in all cases. The model-free
analysis was carried out with the program Tensor2 [29] for LIM1
and LIM2.
3. Results

3.1. Structure determination of LIM1 and LIM2

The superposition of 1H15N HSQC spectra of full-length human
MLP with those of the isolated domains, LIM1 and LIM2, shows
that corresponding peaks match each other perfectly well, except
for residues at the C-terminus of LIM1 which sense the different
chemical environment if the C-terminus is elongated (Supplemen-
tary Fig. S1). The remaining peaks in the spectrum of MLP mostly
resonate in the central unresolved region, which is characteristic
for residues in non-structured parts. We had problems to stably ex-
press large quantities of full-length MLP, which was prone to deg-
radation and subsequent precipitation in our hands. Thus, we
decided to concentrate for structural work on the LIM domains.
Trimming of the C-terminal linker to just the glycine rich region al-
tered the position of several peaks in the spectrum in comparison
to full-length MLP. Therefore, we decided to use a construct cover-
ing the entire C-terminus of MLP for LIM2 and a comparable se-
quence range for LIM1 because their peak positions corresponded
to those of full-length MLP. We used the native N-terminus for
LIM1 and residue 109 as the start for LIM2.

Complete chemical shift assignment was achieved for LIM1 and
for almost 90% of LIM2. Resonances of residues 1–6, 113–118, as
well as those of several residues in the first and second glycine rich
region and the adjacent linker (AA72–83, 179–187) were line-
broadened but could be assigned in the triple resonance experi-
ments. Residues 109–112, 183–184 and some residues within the
structured part of LIM2 were broadened beyond detection (AA
136,137,143,156,163). Torsion backbone angles derived from the
chemical shifts predicted all parts of the inter-domain linker
including the glycine rich region, the N-terminus and the C-termi-
nal 20 residues to be unstructured, a fact which was corroborated
Fig. 1. (A and C) Ensemble of the twenty lowest-energy structures (out of 200 calculated
Secondary structure elements are colored in red and blue for a-helices and b-strand
representation of the MLP–LIM1 and LIM2 domains. Side-chain residues coordinating the
of the Zn fingers are depicted in magenta.
by the lack of NOEs for these residues. A comparison with triple
resonance experiments of MLP revealed that those spectra essen-
tially superimposed as was already shown for the 15N HSQC spec-
tra confirming that the two LIM domains are structurally
unrelated.

The solution structures of LIM1 and LIM2 (Fig. 1; experimental
restraints and structural statistics are summarized in Table 1) both
show the canonical LIM domain fold of two Zn fingers. The struc-
tured parts terminate with a-helices just before the start of the
immediate adjacent unstructured glycine rich regions. The similar-
ity of the LIM domains is reflected by the pairwise root mean
square deviation (RMSD) (N,Ca,C

0
) of 2.82 Å over the structured

region.

3.2. Dynamics

15N relaxation data, sensitive reporters of molecular motion,
were obtained for LIM1, LIM2 and compared with those of MLP
(Fig. 2). Residues of the unassigned linker were omitted from the
analysis of the full-length MLP. All non-structured parts encom-
passing the glycine rich regions show lower than average R2 values,
reduced or negative heteronuclear NOE (hetNOE) values and low
Lipari-Szabo order parameters S2 (S2 describes the angular motion
for each residue) confirming the high flexibility of these regions in
all three constructs. Data obtained for the isolated domains corre-
spond to the values measured for the domains within the full-
length protein and corroborate the notion that the two domains
act as independent units. The average R1 value of LIM1 (1.9 Hz) is
lower than in LIM2 (2.3 Hz), whereas the average R2 value
(9.8 Hz) of LIM1 is higher than in LIM2 (8.9 Hz) in the isolated do-
mains as well as the full-length protein. The global correlation
time, fitted from a set of rigid residues for each domain assuming
isotropic tumbling was slightly higher for LIM1 (7.2 ns) than for
LIM2 (6.2 ns). This suggests that LIM2 is more flexible as is also re-
flected by the average hetNOE value of 0.63 (LIM2) vs 0.72 (LIM1).
Taking into account all data simultaneously, we fitted a correlation
time of 6.9 ns for MLP, which is just the average of the isolated do-
main values, whereas a rigid protein of 21 kDa would yield a cor-
relation time of �14 ns. The correlation time is likewise
incompatible with dimer formation, because this would manifest
itself by a higher sc and a higher degree of anisotropy. Together
) of the (A) LIM1 domain (residues 6–67) and (C) LIM2 domain (residues 119–176).
s, respectively. The zinc atoms are shown as green spheres. (B and D) Ribbon

zinc atoms are shown in black. Hydrophobic residues that determine the orientation



Fig. 2. 15N relaxation data (R1, R2 and hetNOE) for MLP, LIM1 and LIM2. The values of MLP are given as bars. The values of LIM1 and LIM2 are superimposed as red and green
circles. Below, the order parameters S2 derived from Lipari-Szabo model free analysis are illustrated for LIM1 and LIM2. The extension of the LIM domains and the glycine rich
domains are shown above the diagram.
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with the lack of anisotropy this suggests that the three constructs
are tumbling on a similar timescale in spite of the size difference.
This demonstrates that the LIM domains do not interact with each
other, but are independent domains, as the good agreement be-
tween the spectra of the individual LIM domains and that of full-
length MLP already suggested.

3.3. Comparison with CRP1 and CRP2

A pairwise comparison of LIM1 and LIM2 with the correspond-
ing LIM domains of chicken CRP1 [15] (1B8T) and quail CRP2
[16,17,30] (1IBI) reveals that despite the well-characterized struc-
tures of each LIM domain and the high sequence homology within
the LIM1 domains and the LIM2 domains, the RMSDs within one
group are of the same order of magnitude as the one obtained be-
tween LIM1 and LIM2 domains (Table 1). Moreover, sequentially
unrelated LIM domains like the fourth LIM domain from ALP2
(1WIG) and the LIM domain of the PDZ-LIM protein CLP36
(1x62) have comparable RMSDs to LIM1 or LIM2 despite their
low sequence homology (Table 1, Supplementary Fig. S2). The large
RMSD value for the LIM domains arises mainly from the different
relative orientations of the two Zn fingers (Fig. 3A–C).

These are connected through a network of hydrophobic interac-
tions, which is well-defined within each domain. The arrangement
of the motifs apparently depends on subtle changes (Fig. 3D).
Mainly, a conserved isoleucine or leucine of the second finger
(LIM1: Ile56; LIM2: Leu166) can interact with either of two aro-
matic residues (LIM1: Phe30 and Phe35; LIM2: Trp140 and Phe
145) in the first finger leading to a corresponding rotation of the
second Zn finger. This structural variation cannot be attributed to
ambiguous or lack of relevant distance restraints because these
amino acids are quite well-defined (Table 1).
4. Discussion

In this study we have determined the structure and dynamics
of human MLP. With the previously determined structures of
chicken CRP1 [15] and quail CRP2 [16,17,30], structures of all three
members of the CRP family are thus available and now can be
compared.

In the studies on chicken CRP1 and quail CRP2 or their isolated
LIM domains structural information could only be retrieved for the
folded part of the domains. Residues at the N- and C-termini out-
side the canonical LIM domain region of CRP1 and CRP2 could
not be assigned probably due to exchange phenomena that cause
line-broadening beyond detection. Even though some residues
experienced a similar phenomenon in the present study, most of
the residues of MLP could be assigned [18]. The deviant behavior
of MLP in this respect could not have been predicted a priori, as se-
quence identity is high among the members of the CRP family [2]
and would have suggested almost identical structural features.

A possible explanation may be that differences in the extent of
the various domain assignments reflect rather the intrinsic confor-
mational plasticity of the LIM domains than real structural differ-
ences [30–32]. Konrat and coworkers were able to identify
correlated motions between the Zn fingers of qCRP2-LIM2 [30]
demonstrating that LIM domains are indeed flexible entities. The
superposition of the available structures of LIM domains reveals
that the highest variability lies in the mutual orientation of the
Zn fingers (Fig. 3). Thus, subtle changes in the amino acid compo-
sition of the interface and more or less extended interfaces be-
tween Zn fingers 1 and 2 appear to lead to various degrees of
flexibility. Into this line fits the fact that we find some residues
within LIM2 to be exchange-broadened which is generally inter-
preted as a sign of mobility.



Fig. 3. Structural comparison. The LIM domains are superimposed onto the first Zn finger. b-sheets and a-helices are depicted for clarity. (A) LIM1 of MLP (cyan), chicken
CRP1 (light blue) and quail CRP2 (dark blue); (B) LIM2 of MLP (cyan), chicken CRP1 (light blue) and quail CRP2 (dark blue); (C) MLP-LIM1, MLP-LIM2 (both cyan) and ALP (red)
and CLP36-LIM (magenta). (D) Details of the interface between the first and the second Zn finger of LIM1. Coloring as in (A).
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CRP proteins have been reported to interact with a-actinin 2 [10]
and MLP was shown to additionally bind to telethonin [4]. Our
attempts to study the interaction of MLP with telethonin or various
constructs derived from a-actinin 2, however, did not yield conclu-
sive results. 15N chemical shift perturbation experiments did not
show any signs of interaction to telethonin or telethonin in complex
with Z1Z2, the first two Ig domains of titin. The addition of the spec-
trin-like repeats 1–4 of a-actinin 2 induced disappearance of reso-
nances that belong to the structured part and the adjacent glycine
rich regions of either MLP, LIM1 or LIM2 in the 1H15N HSQC spec-
trum (Supplementary Fig. S3). This is a common phenomenon
observed in NMR spectroscopy when a protein binds to a large
slowly tumbling molecule, like the a-actinin rod (112 kDa). How-
ever, it also occurs upon unspecific binding and without further
experiments it cannot be judged whether the interaction is specific.

Through solid phase binding assays, however, we identified
weak interactions to both the immediate N-terminus of a-actinin
2 and the spectrin-like repeats 1–4 of a-actinin (Supplementary
Fig. S4A and B).
Thus we presumed that we observed mainly unspecific binding
events mediated through complementary electrostatic charges as
both the spectrin-like repeats 1–4 and the N-terminus of a-actinin
2 are negatively charged whereas MLP is a basic protein.

Until recently, interactions lower than micromolar affinities
have been regarded as physiologically insignificant. However, the
local enrichment of proteins in localized dense sub-compartments
of the cell or in multisubunit complexes may drive such equilib-
rium to complexation even for KD values that are lower than
10�4 M [33]. MLP was reported to be linked to the first two Ig do-
mains of titin Z1Z2 via the common binding partner telethonin [4]
although again we failed to prove the binary interaction by NMR
(data not shown). Titin on the other hand interacts with the a-ac-
tinin CaM domain through its Z-repeats, which are C-terminally
upstream of the Z1Z2 [34,35]. Maybe the close vicinity of the pro-
teins leads to higher order complexes where such low affinities
could become important.

PDB Accession Numbers: Coordinates have been deposited with
the pdb data bank under the Accession Numbers: 2O10 (LIM1) and
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2O13 (LIM2). BMRB Accession Number (chemical shift assign-
ment): 15059.
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