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ABSTRACT: The solution structure of quail CRP2(LIM2) was significantly improved by using an increased
number of NOE constraints obtained from a13C,15N-labeled protein sample and by applying a recently
developed triple-resonance cross-correlated relaxation experiment for the determination of the backbone
dihedral angleψ. Additionally, the relative orientation of the15N(i)-1HN(i) dipole and the13CO(i) CSA
tensor, which is related to both backbone anglesæ andψ, was probed by nitrogen-carbonyl multiple-
quantum relaxation and used as an additional constraint for the refinement of the local geometry of the
metal-coordination sites in CRP2(LIM2). The backbone dynamics of residues located in the folded part
of CRP2(LIM2) have been characterized by proton-detected13C′(i-1)-15N(i) and15N(i)-1HN(i) multiple-
quantum relaxation, respectively. We show that regions having cross-correlated time modulation of
backbone isotropic chemical shifts on the millisecond to microsecond time scale correlate with residues
that are structurally altered in the mutant protein CRP2(LIM2)R122A (disruption of the CCHC zinc-
finger stabilizing side-chain hydrogen bond) and that these residues are part of an extended hydrogen-
bonding network connecting the two zinc-binding sites. This indicates the presence of long-range collective
motions in the two zinc-binding subdomains. The conformational plasticity of the LIM domain may be
of functional relevance for this important protein recognition motif.

The LIM1 domain is composed of a cysteine-rich motif
that was first observed in the protein products of three
regulatory genes (1, 2) and contains two closely spaced
tetrahedral Zn(II)-coordinating sites of the CCHC and CCCC
type, capable of binding two zinc ions (3-5). The LIM
domain proteins constitute a superfamily of proteins with
diverse biochemical functions. Members of the family are
LIM-homeodomain (LIM-HD), LIM-only proteins, or pro-
teins containing additional functional domains of various
types (e.g., kinase domains) (6-9). Most family members
are presumably involved in protein-protein interactions; for
example, LIM-HD proteins interact with the transcriptional
machinery (10).

The CSRPgenes encode a specific class of LIM-only
proteins, termed cysteine-rich proteins (CRP) comprising two
LIM domains (11). The CRP proteins characterized to date
are involved in the regulation of cell differentiation and
proliferation, particularly muscle differentiation (12, 13).
Biophysical studies have revealed that a single LIM domain

acts as a specific and distinct protein-binding interface (14-
17).

Three-dimensional structures of several LIM domains have
been determined (18-25). It was shown that all LIM
domains share a unique globular fold and consist of CCHC
and CCCC zinc-binding subdomains tightly packed via a
hydrophobic core region with distinct aliphatic and aromatic
side-chain interactions. Further insight into the structural
characteristics of a LIM domain was obtained from NMR
structural studies of point mutants of CRP2(LIM2), CRP2-
(LIM2)E155G (22) and CRP2(LIM2)R122A (24). One of
these studies provided further insight into the structural
determinants of the LIM domain fold and demonstrated the
importance of side-chain hydrogen bonds for the stabilization
of the metal coordinating “rubredoxin (Rd) knuckles” (22).
The disruption of this extended hydrogen-bonding network
in the mutant protein CRP2(LIM2)R122A causes a confor-
mational rearrangement of the zinc-binding site, which is
accompanied by an alteration of packing interactions in the
hydrophobic core region and a subsequent change in the
relative orientation of the two zinc fingers with a concomitant
change in the solvent accessibilities of hydrophobic residues
located at the interface of the two modules (24). The
structural and possible functional relevance of this residue
is indicated by the fact that Arg122 is conserved in all family
members of the CRP protein family.

Cross-correlated NMR spin relaxation can be used for
structure determination of biomolecules by providing unique
“projection constraints” without the need of an empirical
calibration (Karplus relation). Examples of protein applica-
tions include quantification of dipole-dipole (26-31) and
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CSA-CSA (32) relaxation interference through recording
of double- and zero-quantum coherences. Here we report the
application of recently developed CSA-dipole triple-
resonance cross-correlated relaxation experiments (29-31)
for the refinement of the solution structure of CRP2(LIM2)
(together with an increased number of NOE constraints
obtained from a13C,15N doubly labeled protein sample).

Conformational flexibility is an essential prerequisite for
protein function (33-37). For native proteins, internal
motions can be either structural fluctuations around local
conformational minima or transitions between nearly iso-
energetic microstates or conformational substates (36-40).
While bond librations occur on fast (picosecond to nano-
second) time scales, correlated displacement of extended
segments of the polypeptide chain (41) appears at longer time
scales. Over the last years, NMR methodology has been
developed to study backbone motions in the microsecond to
millisecond time scales (42-47), and the correlation between
protein function and structural fluctuations has been experi-
mentally demonstrated (48, 49). Most recently, these studies
have been extended to protein side chains (50). Here we use
differential 15N-1HN and13C′-15N multiple-quantum relax-
ation (51, 52) to identify residues in the wild-type protein
CRP2(LIM2) which experience cross-correlated conforma-
tional exchange processes. Significant cross-correlated time
modulation of backbone isotropic chemical shifts was
observed for residues which are connected via an extended
hydrogen-bonding network, indicating that CRP2(LIM2)
undergoes long-range concerted motions. The existence of
multiple conformational substates in a LIM domain indicates
that allosteric effects in the course of specific LIM domain-
protein interactions may be triggered by a shift in the
population of these microstates. The data provide a unique
correlation between protein dynamic fluctuations and struc-
tural reorientations upon modification of structurally relevant
hydrogen-bonding interactions.

EXPERIMENTAL PROCEDURES

Protein Preparation and NMR Spectroscopy. Uniformly
13C,15N-labeled quail (CRP2)LIM2 was obtained by over-
expression inEscherichia colistrain BL21(DE3)pLysS as
described previously (20, 24), except that 2 g of 13C-labeled
D-glucose (CIL, Andover, MA) was used per liter of culture
medium. All NMR experiments were performed on a Varian
UNITYPlus 500 MHz spectrometer equipped with a pulse
field gradient unit and a triple-resonance probe with actively
shieldedz gradients. All spectra were recorded at 26°C.
NMR spectra were processed and analyzed using NMRPipe
(53) and ANSIG (54, 55) software. The following spectra
were used in the present study for spin system identification
and sequential assignment: 2D15N HSQC (56), 3D HNCA
(57), 3D HNCACB (58), 3D HNCO (59), 3D CBCA(CO)-
NH (60), 3D HCCH-TOCSY (61), 3D CCH-TOCSY-NNH
(62), and two13C NOESY-HSQC (63) spectra (centered on
CR or methyl). The HCCH-TOCSY was acquired using
DIPSI-2 (64) for carbon isotropic mixing. All triple-
resonance spectra were performed by including a water flip-
back pulse to minimize the effects of radiation damping and
solvent (65, 66). Typical carrier positions employed in the
double- and triple-resonance experiments were 116 ppm for
15N, 178 ppm for13CO, 58 ppm for13CR, 43 ppm for13CR/
13Câ, and 4.68 ppm for1H. Quadrature detection in all of

the indirectly detected dimensions was achieved via States-
TPPI (67). For 3D spectra, the number of points was doubled
by linear predictions in the indirect dimensions. Cross-
correlated relaxation rates involving the CR-HR dipolar
interaction and the carbonyl (C′) chemical shift anisotropy
(ΓCR(i)HR(i),C′(i)) were measured to access the protein backbone
anglesψ according to the procedure described previously
(30). Projection constraints related to the backbone dihedral
anglesæ, ψ were obtained from15N(i)-1HN(i) dipole13CO-
(i) CSA relaxation interference (68). Experimental1H(i)-
15N(i)-13C′(i) dipole-CSA cross-correlation rates were ob-
tained using the sequence described elsewhere (68). However,
only one 3D data set was recorded, leading to an HNCO-
type cross-peak, centered at the intraresidue carbonyl fre-
quency and split by the one-bond15N-1HN scalar coupling.
Values foræ andψ for residues in the metal-coordinating
rubredoxin knuckles were extracted from a combination of
ΓN(i)H(i),C′(i) andΓCR(i)HR(i),C′(i) cross-correlation rates by mini-
mizing the difference between experimental and calculated
cross-correlation rates independently for each residue. For
the calculation ofΓN(i)H(i),C′(i) andΓCR(i)HR(i),C′(i), the coordinates
of the 15N solution structure of CRP2(LIM2) (20), standard
bond lengths and angles, planar peptide bond geometry, and
uniform values for both the components of the13C′ CSA
tensor and the orientation of the tensor with respect to the
molecular peptide frame were assumed (69). Differences
were determined within the (æ, ψ) interval (-180°, 180°).
From the set of minima, the nearest minimum to the (æ, ψ)
values of the15N solution structure (20) was taken. In cases
of residual ambiguity,3JHNHR values were used to define the
best solution (70). Side-chain dihedral anglesø1 were derived
from 2D quantitativeJ-spectroscopy experiments giving
access to3JCOCγ and3JNCγ (71). Cross-correlated conforma-
tional exchange processes were identified by recording
differential relaxationΓi,j of multiple-quantum coherences
as described recently (Γi,j ) RDQ - RZQ) (52, 71), wherei,j
denote15N,1HN or 13C′,15N, respectively. Large deviations
of the individual DQ/ZQ relaxation differencesΓi,j from the
average Γi,j values can be taken as measures for the
contribution due to cross-correlated time modulation of
isotropic chemical shifts (52).

Structure Calculation. Three-dimensional structures were
generated using experimentally derived NOE constraints
from 2D NOESY and 3D15N (20) and13C NOESY-HSQC
in a standard simulated annealing and energy minimization
protocol with the CNS (73) software on SGI and Linux
workstations. NOE constraints were classified as strong
(1.8-2.7 A), medium (1.8-3.3 Å), weak (2.2-5.0 Å) and
very weak (2.2-6.0 Å).

Backbone dihedral angle information was introduced as
27 dihedral angle constraints derived from3JHNHR for æ and
Karplus-like potentials applied to the cross-correlation rates
for ψ of the formΓCR(i)HR(i),C′(i) (ψ) (s-1) ) A cos2(ψ + D)
+ B cos(ψ + D) + C with the coefficientsA ) 25.5,B )
-4.27, C ) -19.1, andD ) -120 (32 constraints). The
Karplus coefficients were obtained on the basis of an overall
tumbling timeτC of 6.2 ns. Force constants forΓCR(i)HR(i),C′(i)
cross-correlation structural refinement were employed as
described elsewhere (74). The obtained (æ, ψ) angles
(obtained fromΓN(i)H(i),C′(i) cross-correlation rates) for residues
in the metal-coordinating sites were incorporated in the
minimization protocol by employing a force constant of 1.0
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kcal mol-1 rad-2 with a range of(20° around the restrained
angle. Rotational diffusion anisotropy was not incorporated
in the derivation of the Karplus coefficients.ω dihedral
angles were constrained to trans. Side-chain orientation was
constrained for nine residues byø1 constraints derived from
3JNCγ and3JCOCγ experiments, respectively.

The unstructured N- and C-terminal parts were not
considered in the simulations, which were restricted to the
central part, residues 117-175, containing the two zinc
knuckles. In an initial stage of the structure calculation 642
inter- and intra-NOE restraints were applied to a linearized
template structure with extended side chains, where zinc was
covalently attached to one of its ligands. Tetrahedral
coordination of zinc in the two zinc knuckles C120-C123-
H141-C144 and C147-C150-C168-C171 was introduced
by NOE constraints connecting the zinc ions to its ligands.
Then the zinc ions were covalently attached to the coordinat-
ing residues using standard force field parameters (75), and
a set of 100 structures was generated. The structures were
finally minimized in X-PLOR (76) until convergence by
use of the CHARMM force field (77). Structure analysis and
calculation of rms deviation values was made with
MOLMOL (78).

RESULTS AND DISCUSSION

NMR Signal Assignment and Structure Analysis. The
sensitivity-enhanced PFG two-dimensional15N HSQC spec-
trum of 13C,15N-labeled CRP2(LIM2) was identical to15N-
labeled CRP2(LIM2) (20) and again demonstrates that
CRP2(LIM2) adopts a well-defined structure in aqueous
solution. As was found for15N-labeled CRP2(LIM2), only
secondary backbone amides within the structured region
comprising residues Lys119-Gly177 are detectable in the
spectra. Again, for residues located in the flexible parts of
the polypeptide (residues 82-118 and 178-194) as well as
the elongated loop connectingâ-strands VI and VII (Glu155-
Thr158) (20), no NH connectivities were observed in the
15N-1H HSQC spectra. The availability of additional13C-
labeling allowed for almost complete assignment of both
backbone and side-chain nuclei within the well-structured
region of CRP2(LIM2). Secondary structure elements (Figure
1) were confirmed on the basis of characteristic cross-peak
patterns in three-dimensional15N,13C NOESY-HSQC and
two-dimensional NOESY spectra and corroborated by sec-
ondary13CR and13Câ shifts, respectively.

In addition to previously identified strong sequential,
intermediate, and long-range NOE connectivities (20),
extensive side-chain NOE data not only confirmed the

previously determined CRP2(LIM2) fold but also provided
additional important structural constraints. In the13C,15N
doubly labeled sample 642 distance constraints were applied
compared to 393 in the15N-labeled sample (20). The NOEs
are distributed throughout the entire structure, which suggests
an improved coverage of the essential structural features of
the CRP2(LIM2) fold by the extended NOE data set.

As it is now well established that cross-correlated spin
relaxation experiments can provide structural information
about proteins in solution (26-32, 74), cross-correlation rates
ΓCR(i)HR(i),C′(i) resulting from13CR-1HR dipolar/carbonyl chemi-
cal shift anisotropy relaxation mechanisms were used for the
refinement of the backbone dihedral angleψ (30). Repre-
sentative examples are shown in Figure 2. A correlation of
experimentally obtained cross-correlation ratesΓCR(i)HR(i),C′(i)
and calculated rates based on the final ensemble of NMR
structures are shown in Figure 3. Overall, there is a
reasonable agreement between experiment and theory. Only
residues in flexible loop or turn regions show some devia-
tions, due to local backbone fluctuations. Residue E163 is
located in a flexible turn region connecting the finalâ-strands
(âVII and âVIII; cf. Figure 1) in CRP2(LIM2). The
combined use of cross-correlation rates also leads to a
significant improvement of the geometry of the metal-binding
sites, especially at the terminating residues. The optimized
backbone dihedral angles for the residues in the zinc-binding
sites of qCRP2(LIM2) are now in better agreement with
corresponding residues of other zinc-finger proteins (79-
82). In general, only small angle changes were necessary to
account for the experimentalΓN(i)H(i),C′(i) and ΓCR(i)HR(i),C′(i)
dipole-CSA cross-correlation rates. A striking example is
the substantial change of backbone dihedral angles for Y172,
which was only loosely defined in the15N-labeled sample
due to a lack of characteristic long-range NOE connectivities.

Statistical Analysis and Description of Tertiary Structure.
The structural analysis of13C,15N-labeled CRP2(LIM2)
confirmed the global fold of the previously determined LIM
domain on the basis of the analysis of a15N-labeled protein
sample (20). Most importantly, the increased number of
NMR constraints (e.g., in particular constraints for the
backbone dihedral angleψ) leads to an improvement of the
quality of the obtained structures. Specifically, in the refined
set of structures, 81.7% of the residues (excluding the
conformationally flexible loop regions; see Table 1) are in
the most favored region of Ramachandran space, compared
to 72.5% in the best structure of the15N solution structure
(20). The CCHC and CCCC zinc-binding sites of CRP2-
(LIM2) in the resulting bundle of energy-minimized struc-
tures overlay to the corresponding fragments of the average
15N solution structure of CRP2(LIM2) (20) with backbone
rms deviations of 1.15( 0.13 Å (residues 117-141) and
1.20 ( 0.13 Å (residues 146-155 and 160-171), respec-
tively. The heavy atom rms deviations (CCHC, 1.88( 0.15
Å; CCCC, 2.34( 0.28 Å) indicate a substantial improvement
for the C-terminal CCCC subdomain fold, largely due to a
change in the orientation of the fold-terminatingR-helix (19.8
( 16.2°). In Table 1 and Figure 4, the structural statistics, a
schematic ribbon drawing, and a superposition of the 15 final
structures of quail CRP2(LIM2) are shown. A separate
superposition of either the CCHC or the CCCC zinc finger
instead of the whole LIM domain results in a decrease of
the rms deviation as has already been shown for other CRP

FIGURE 1: Amino acid sequence and alignment of secondary
structure elements of CRP2(LIM2). The topology was deduced from
the15N solution structure of CRP2(LIM2) (20). The zinc-coordinat-
ing residues of the CCHC and CCCC zinc-binding sites are shown
in reversed type.
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LIM domains (20, 23, 24) and provided evidence for
conformational flexibility at the interface of the two zinc-
binding modules. The LIM domain fold contains two zinc-
finger subdomains terminated by a shortR-helix encom-
passing residues Cys171-Lys174. The two zinc fingers
contain two antiparallelâ-sheets connected via flexible loop
or turn regions and a rubredoxin-type turn (18) with
characteristic hydrogen-bonding pattern (18-24). The ad-
ditional structural constraints obtained from the doubly
labeled CRP2(LIM2) sample allowed for a substantial
refinement of the backbone dihedral angles. Specifically, the
availability ofψ angle constraints significantly improved the
quality of the derived structure (Table 1 and Figures 3 and
4). From structural analysis of different LIM domains it is
evident that side-chain interactions do play a pivotal role in
stabilizing the LIM domain fold (18-24). Both hydrophobic
interactions within the core region (18-20) and side-chain
hydrogen bonding were shown to contribute to the definition
of the structure (22, 24). The two zinc-binding modules are
packed together via a hydrophobic core which comprises
residues Val133, Trp140, Phe145, Leu154, Leu159, and
Ile166 (20). Most importantly, the introduction of the13C-
label allowed for the extraction of additional, structurally
important long-range NOEs for Leu154, which was only
loosely defined in the previous structure obtained from a15N-
labeled sample (20).

Structural Comparison with CRP2(LIM2)R122A. A com-
parison of the tertiary structures of wild-type CRP2(LIM2)
and mutant CRP2(LIM2)R122A, in which the hydrogen bond
between the side chain of R122 and the zinc-coordinating

FIGURE 2: ExperimentalΓCR(i)HR(i),C′(i) data for CRP2(LIM2). Cross sections andF1 slices through Ala130, Ile166, and Tyr172 illustrating
experimentally observed differential line broadening for the multiplet components of residues located inâ-strand (Ile166),R-helical (Tyr172),
and turn (Ala130) regions in CRP2(LIM2), respectively, are shown.

FIGURE 3: Correlation between calculated and experimental values
of ΓCR(i)HR(i),C′(i) for non-glycine residues in CRP2(LIM2). Values
of 244, 178, and 90 ppm were used forσxx, σyy, andσzz (69).

Table 1: Structural Statistics of CRP2(LIM2)a

(A) Experimental Restraints
distance restraints (total) 642

intraresidue 294
interresidue sequential

(|i - j| ) 1)
161

interresidue medium range
(1 < |i - j| < )4)

46

interresidue long range
(|i - j| > 4)

141

torsion angle restraints (ω) 28 (57)
hydrogen bond restraints 15

(B) Average rms Deviations from Experimental Restraints
distance restraints (Å) 0.014( 0.0021
dihedral restraints (deg) 0.30( 0.035

(C) Average rms Deviations from Idealized Covalent Geometry
bonds (Å) 0.01( 0.0001
angles (deg) 1.98( 0.125
impropers (deg) 2.05( 0.383

(D) X-PLOR Energiesb

averageEL-J (kcal/mol-1) -259.3( 12.07

(E) PROCHECK Summary (Ramachandran Plot)c

% residues in allowed/additionally
allowed/ generously allowed/
disallowed regions

all residues 72.5/23.2/4.0/0.3
loop regions excludedd 81.7/14.8/3.5/0.0

(F) Atomic rms Deviation (Å)e(Backbone, Heavy Atoms)
residues 117-175 1.24( 0.27, 1.95( 0.25
residues 117-141 0.90( 0.25, 1.59( 0.25
residues 146-155, 160-171 0.72( 0.16, 1.74( 0.35

a Structural statistics over an ensemble of 15 simulated annealing
NMR structures of CRP2(LIM2), calculated with the incorporation of
NOE and dihedral angle and H-bond constraints. The NMR structures
were calculated for a truncated CRP2(LIM2) sequence, comprising only
the structured central LIM domain, residues 117-175. b EL-J is the
Lennard-Jones van der Waals energy calculated with X-PLOR using
CHARMM force field parameters.c Structural quality was checked with
PROCHECK (91). In the Ramachandran plot Pro and Gly residues are
excluded.d The loop regions residues 129-131, 142-144, and 156-
159 are excluded.e Residues 117-141 and 146-175 encompass the
CCHC and CCCC zinc-finger subdomains, respectively, and residues
117-175 represent the entire LIM2 domain of CRP2(LIM2).
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thiolate of Cys144 was disrupted, showed significant struc-
tural differences not confined to the site of mutation (24).
The solution structure of the point mutant CRP2(LIM2)-
R122A demonstrated that packing interactions in the hydro-
phobic core and the relative orientation of the two CCHC
and CCCC subdomains in an intact LIM domain are not
intrinsic rigid features of the domain but can be modified
by, for example, the formation or breakage of hydrogen
bonds and/or salt bridges, with possible functional implica-
tions (e.g., the modulation of LIM domain-homeodomain
association, the assembly of a transcription complex, or, in
the case of LIM-only proteins, the reversible association with
diverse protein binding partners) (24).

To delineate the structural differences between wild-type
CRP2(LIM2) and the mutant CRP2(LIM2)R122A and to
identify the necessary low-energy conformational changes
for this structural reorientation, we have performed an
analysis using the program DynDom (83). This program
determines clusters of rotation vectors before determining
interdomain screw axes and interdomain bending regions and
allows to identify structural motifs involved in controlling
interdomain motions. Figure 5 shows the results obtained
from an analysis using a representative structure of CRP2-
(LIM2)R122A and the individual structures of the NMR
ensemble of doubly labeled CRP2(LIM2). This analysis also
demonstrates that the two zinc fingers in the LIM domain
constitute to a large extent rigid substructures and that the
relative orientation of the two subdomains defines a signifi-
cant conformational degree of freedom. Interestingly,15N
relaxation data also indicate a conformational flexibility for
the linker region connecting the two rigid substructures
(Asn143-Arg146) (20, 24).

Cross-Correlated Conformational Exchange in CRP2-
(LIM2). Cross-correlated conformational exchange processes
were identified by recording differential relaxation of15N-
(i)-1HN(i), ΓN,H, and 13C′(i-1)-15N(i), ΓC′,N, multiple-
quantum coherences as described recently (52, 72). The
average DQ/ZQ relaxation difference values were as fol-

lows: 15N(i)-1HN(i), 2.96 ( 1.24 s-1; 13C′(i-1)-15N(i),
-2.5 ( 1.4 s-1. In the calculation of the average DQ/ZQ
relaxation difference values, the extreme outliers of Figure
6 have been neglected. The observed variations depend on
variations of13C′ and 15N tensor components (84) and on
both fast (picosecond to nanosecond) (72) and slow (micro-
second to millisecond) (51, 52) internal motions. Although
it is not possible at the moment to unambiguously dissect
the structural and dynamical contributions to the differential
relaxation of DQ/ZQ, we assume in agreement with theoreti-

FIGURE 4: Refined solution structure of CRP2(LIM2). Ribbon diagram (A) of a selected representative structure from the calculated set for
CRP2(LIM2) (residues 118-174). Separate matches for each of the two zinc-binding sites encompassing residues 120-145 (B) or residues
159-173 (C), respectively, indicate residual mobility between the two zinc-finger subdomains. The diagrams were produced using the
program MOLMOL (78).

FIGURE 5: Dynamic domain motion in CRP2(LIM2). The results
of the domain decomposition (83) derived from a comparison of
the ensemble of NMR solution structures of wild-type CRP2(LIM2)
and a representative structure of mutant CRP2(LIM2)R122A (24)
illustrate the hinge motion responsible for the change of zinc-finger
orientation in CRP2(LIM2). Residues shown in blue, red, and green
represent fixed-domain, moving-domain, and bending residues,
respectively. Zinc ions are shown as yellow spheres. The orientation
of the average interdomain screw axis is shown. The picture was
created with the programs DynDom (83) and MOLMOL (78).
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cal calculations employing a Gaussian distribution of rota-
tional states (72) that the observed variations are predomi-
nantly caused by dynamical processes occurring on picosecond
to nanosecond time scales. Large deviations from average
values, however, are found for residues which undergo
conformational exchange processes and display cross-cor-
related time modulations of the isotropic chemical shifts (51,
52). Note that the fluctuations of the isotropic chemical shifts
can be either correlated or anticorrelated, leading to an
increase or decrease of the differential line broadening,
respectively (52). Figure 6 shows a residue plot ofΓN,H

(middle) andΓC′,N (bottom) vs residue number. Significant
deviations from averageΓi,j values were found for the
following residues:ΓN,H, S121, V133, K142, C147, A148,
G151, L154, T158, L159, E161, I166, Y167, K169, C171,
and Y172;ΓC′,N, S121, S126, V127, I134, K142, C147, K152,
L154, T158, L159, E161, C171, and Y172. The experimental
finding that significant deviations from average line broaden-
ing of both 15N(i)-1HN(i) and 13C′(i-1)-15N(i) multiple-
quantum coherences are observed for similar residues
indicates the presence of cross-correlated conformational
exchange processes at these sites of the polypeptide chain.

The largestΓN,H values were found for T158 and L159. These
residues are part of an extended loop connecting two
â-strands, and they have been identified as conformationally
flexible (20, 52). There is also evidence for conformational
flexibility in the two zinc-binding sites. Residues S121, K142
(N-terminal CCHC), C147, A148, G151, K152, and K169
(C-terminal CCCC) showΓC′,N andΓN,H values significantly
different from average values. Independent evidence for
conformational exchange of residues K142, N143, C144, and
C147 was provided by15N relaxation (20). Similar observa-
tions have been made for the zinc-finger DNA binding
domain of Xfin (85) and some of the ligand-binding cysteines
of E. coli Ada (86). Residues C171 and Y172 are located in
the N-terminus of the fold-terminatingR-helix and presum-
ably undergo conformational reorientations reminiscent of
helical fraying. Figure 6 (top) also shows chemical shift
differences of the backbone signals1HN and 15N between
wild-type CRP2(LIM2) and mutant CRP2(LIM2)R122A
(24). It can be seen that the shift changes (and structural
changes) are not confined to the position of the mutation
site (R122A) but distributed over the entire protein backbone.
It was shown (24) that the disruption of the hydrogen bond
between the guanidinium side chain of R122 and the zinc-
coordinating thiolate Sγ(C144) leads not only to a confor-
mational rearrangement of the zinc-binding site but also to
a change of the packing interactions of the hydrophobic core
region and the relative orientation of the two zinc-binding
CCHC and CCCC subdomains, respectively. Of particular
interest is thus the correlation between the dynamic properties
and the structural changes that occur upon disruption of the
arginine thiolate side-chain hydrogen bond in CRP2(LIM2)-
R122A. Particularly striking is the overlap between the
regions of wild-type CRP2(LIM2) exhibiting significant

FIGURE 6: Structural changes between CRP2(LIM2) and CRP2-
(LIM2)R122A and intramolecular dynamics in CRP2(LIM2).
Chemical shift differences between wild-type CRP2(LIM2) and the
mutant protein CRP2(LIM2)R122A (24) (∆ω ) |∆ω(1HN)| +
|∆ω(15N)|, top) and differential multiple-quantum relaxation (ΓN,H,
middle;ΓC′,N, bottom) are plotted as a function of residue number.
Significant deviations from average differential multiple-quantum
relaxation (ΓN,H, 2.96( 1.24 s-1; ΓC′,N, -2.5 ( 1.4 s-1) indicate
contributions from cross-correlated conformational exchange pro-
cesses.

FIGURE 7: Ribbon drawing showing the correlation between cross-
correlated millisecond to microsecond time scale motions in CRP2-
(LIM2) and structural changes caused by the disruption of the zinc-
finger hydrogen bond in CRP2(LIM2)R122A. (A) Residues for
which significant cross-correlated millisecond to microsecond time
scale motions were observed in wild-type CRP2(LIM2) are
displayed on a ribbon representation of a representative structure
taken from the ensemble of energy-minimized NMR structures of
13C,15N-labeled CRP2(LIM2). (B) Location of chemical shift
changes introduced by the point mutation R122A. The sum of15N
and 1HN chemical shift changes [CRP2(LIM2)-CRP2(LIM2)-
R122A] were used (24). The side chains of residues located in the
hydrophobic core of CRP2(LIM2) (V133, W140, F145, L154, T157,
L159, and I166) are shown in blue.
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conformational exchange (e.g., significantly larger than
averageΓi,j values) and those which exhibit local structure
changes in the mutant protein CRP2(LIM2)R122A (V133,
C147, A148, G151, L154, E161, I166, and Y167). Figure 7
shows the location of residues which displayed significantly
larger than average DQ/ZQ relaxation differences,ΓC′,N and
ΓN,H (Figure 7A), and significant chemical shift and local
structural changes introduced by the point mutation R122A
(Figure 7B). The flexibility of these residues and their
structural role in determining the global fold of the LIM
domain suggest that they are important in the conformational
change that occurs in CRP2(LIM2) upon disruption of the
hydrogen bond in the mutant protein CRP2(LIM2)R122A
(24). In addition, the conformational plasticity (together with
the increased structural resolution provided by the13C,15N-
labeled sample) also provides an explanation of how the local
structural adaptions in the mutant protein are transmitted
through the entire protein. In wild-type CRP2(LIM2) there
was evidence for interstrand hydrogen bonding between
F145-L154, C147-K152, T160-Y167, and A148-I166.
Figure 8 shows that these residues are part of an extended
hydrogen-bonding network. It thus seems plausible that in
wild-type CRP2(LIM2) these residues undergo a long-range
concerted motion (on the millisecond to microsecond time
scale) involving largeâ-strand segments of the polypeptide
chain. The packing of the side chains (V133, W140, F145,
L154, T157, L159, and I166) in the hydrophobic core is also
illustrated in Figure 7. The tight packing of the hydrophobic
core is also reflected in13C T1 and T2 relaxation times of
the methyl groups. For residues which are buried in the
hydrophobic core, rather largeT1/T2 ratios were observed
(e.g., L154Cδ2, 11.1; T157Cγ, 7.4; I166Cδ, 11.2). Leu159
and V133 are located at the edge of the hydrophobic core
and thus appear to be more mobile, which is also indicated
by smallerT1/T2 ratios (L159Cδ1,2, 3.8, 3.4; V133Cγ1,2, 1.7,
2.2). The significant DQ/ZQ differential relaxation observed
for V133 (Figure 6) is thus presumably due to the fact that
V133 is linked to W140 via a hydrogen bond between
oppositeâ-strands (âIII and âIV; cf. Figure 1). Residues
which are conformationally more flexible typically display

significantly smallerT1/T2 ratios (e.g., T160Cγ, 1.8; V127Cγ1,2,
2.7, 2.5). The change in the packing interactions of the
hydrophobic interface in the mutant protein CRP2(LIM2)-
R122A was accompanied by significant1H chemical shift
changes of side-chain protons of residues in the hydrophobic
core (24). For example,1Hδ(I166) shifted from-0.8 ppm
in wild-type CRP2(LIM2) to-0.2 ppm in the mutant protein
CRP2(LIM2)R122A. The increasedT1/T2 ratio of the methyl
carbons of Leu154 and I166 is thus very likely due to
exchange contributions to13C transverse relaxation. The
underlying conformational reorientation is presumably a
dynamic reordering of the entire hydrophobic core (involving
the side chains of W140, F145, L154, and I166) and points
to a conformational rearrangement mechanism in CRP2-
(LIM2) involving backbone and side-chain nuclei. The
correlated reordering of both the hydrogen-bonding network
and the hydrophobic core can thus be regarded as a
significant degree of freedom for CRP2(LIM2) and presum-
ably considered as the reaction coordinate along which the
structural reorientation of the mutant protein CRP2(LIM2)-
R122A takes place.

Conclusions.The structural analysis of the mutant protein
CRP2(LIM2)R122A revealed that the relative orientation of
the two CCHC and CCCC subdomains in an intact LIM
domain is not a rigid feature of the domain but can be altered
by the formation and/or breakage of hydrogen bonds (24).
The finding that the conformational change between wild-
type CRP2(LIM2) and the mutant protein CRP2(LIM2)-
R122A is brought about by a collective motion of residues
linked together via an extended hydrogen bond network
suggests the existence of conformational substates for LIM
domains governed by a funnel-like free energy surface (37,
87, 88).

The functional hallmark of LIM domains is the intermo-
lecular interaction with diverse protein-binding partners (7,
10). Specific interactions between LIM domains and proteins
involved in the transcriptional machinery have been dem-
onstrated (89-92). The synergistic or allosteric control of
these functionally important binding events (93, 94) implies
the existence of conformational plasticity in LIM domain

FIGURE 8: Hydrogen-bonding network in CRP2(LIM2). Hydrogen bonds are indicated by dashed lines. Two orthogonal views (A, B) are
shown. The hydrogen bond acceptors and donors are labeled according to their residue position. The zinc ions are shown as blue spheres.
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mediated protein recognition reminiscent of Koshland’s
classical “induced fit” model (95). Alternatively, conforma-
tional changes upon ligand or protein binding can be
described as a shift in the energy landscape of the folding
funnel, leading to a shift in the populations of the substates
(96, 97). The present study demonstrates that the predomi-
nantly populated conformational substates of an intact LIM
domain represent an ensemble of states with different zinc-
finger orientations and surface exposure of residues located
in the hydrophobic core region, which might be of relevance
(19) for the allosteric or synergistic regulation of LIM domain
association along physiologically important protein-binding
cascades.
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