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ABSTRACT. Members of the cysteine and glycine-rich protein (CRP) family (CRP1, CRP2, and CRP3)
contain two zinc-binding LIM domains, LIM1 and LIM2, and are implicated in diverse cellular processes
linked to differentiation, growth control and pathogenesis. The solution structure of an 81-amino acid
recombinant peptide encompassing the amino-terminal LIM1 domain of quail CRP2 has been determined
by 2D and 3D homo- and heteronuclear NMR spectroscopy. The LIM1 domain consists of two zinc
binding sites of the CCHC and the CCCC type, respectively, which both contain two orthogonally arranged
antiparallel3-sheets and which are packed together by a hydrophobic core composed of residues from
the zinc finger loop regions. The CCCC zinc finger is followed by a stidrelical stretch. The structural
analysis revealed that the global fold of LIM1 closely resembles the recently determined solution structures
of the carboxyl-terminal LIM2 domains of quail CRP2 and chicken CRP1, and that LIM1 and LIM2 are
independently folded structural and presumably functional domains of CRP proteins. To explore the
dynamical properties of CRP proteins, we have udsidelaxation valuesT, T,, and nuclear Overhauser
effect (NOE) to describe the dynamical behavior of a LIM domain. A model-free analysis revealed local
variations in mobility along the backbone of the quail CRP2 LIM1 motif. Slow motions are evident in
turn regions located between the various antiparglieheets or between their strands. By use of an
extended motional model, fast backbone motions were detected for backbone amide NH groups of
hydrophobic residues located in the core region of the LIM1 domain. These findings point to a flexible
hydrophobic core in the LIM1 domain allowing residual relative mobility of the two zinc fingers, which
might be important to optimize the LIM1 interface for interaction with its physiological target molecule(s)
and to compensate enthalpically for the entropy loss upon binding.

Cysteine- and glycine-rich proteins (CRR¥e encoded CRP protein products7{. The CRP1, CRP2, and CRP3
by a gene family CSRHP that so far includes three distinct proteins contain 192194 amino acid residues and display
but closely related genes: th€SRP1gene originally  two LIM motifs in their amino acid sequences. The LIM
identified in human 1), the CSRP2gene first isolated from  motif is defined by two cysteine-rich zinc finger structures
quail (2), and theCSRP3gene originally cloned from rat  separated by a two amino acid spacer and conforms to the
and.chickenfﬁ). CSRPJhomoIogues from chicken, rat, and general consensus sequenceCXs 2sHX,CXo.CXoCXi6 21-
quail (4—7), the chicken and humaBSRPzhomologuest, CX3(C/H/D) (12). It has been identified in many proteins
8), and the humatSRP3nhomologue 9, 10 were subse- ¢ yiyerse regulatory functions, either alone (in single or

quently |solated._ The definition of tI’@SRPgene family is multiple copies) or in combination with defined functional
based on the unique structural properties shared between the, . . . _ .
domains, like homeodomains or protein kinase domdigs (
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specific double zinc finger domain; LIM1 and LIM2, amino- and ~ carcinogens3), and the suppression GiSRP2yene expres-
carboxyl-terminal zinc finger domains of cysteine- and glycine-rich gjon was directly linked to the transformed phenotype of

protein; CSRP gene encoding cysteine- and glycine-rich protein; X, - -
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The only defined sequence motifs found in CRP proteins
are the two LIM domains linked to short glycine-rich regions
(7). Each CRP LIM motif contains two tetrahedral Zn(ll)-
coordinating sites of the CCHC and CCCC type, respectively
(18—20). The three-dimensional structures of the carboxyl-
terminal LIM2 domains of chicken CRP1 and quail CRP2

Kontaxis et al.

the published GSRP2cDNA sequence?) with nucleotide
substitutions (underlined) at its &nd introducing a novel
Stu site (AGGCCT). The 3 primer corresponds to the
sequence complementary to nucleotides 2335 of the
gCSRP2 cDNA sequence with nucleotide substitutions
(underlined) at its 5end introducing a novekEcadRl site

were determined by nuclear magnetic resonance spectroscopyG'AATTC). The PCR product was digested wistd and

(21, 22, and the protein fold of the CCCC subdomain
was found to be strikingly similar to that observed for the
DNA-interactive CCCC zinc fingers of the GATA-1 and
steroid hormone receptor DNA binding domair23 24.
CRP LIM domains are involved in specific proteiprotein
interactions, presumably mediated by LHMIM contacts
(25—-27), and a molecular dissection of the zyxin LIM1

EcadRl, and theEcaRI overhangs were filled in with Klenow
DNA polymerase. The blunt-ended 241-nucleotide fragment
was ligated into expression plasmid pET3@&)(that had been
cut by Ncd (C'CATGG) andBanHI (G'GATCC) and then
blunt-ended by filling in overhangs with Klenow DNA
polymerase. In the course of this cloning strategy, the codon
for Pro2 was changed from CCG to CCT and the codon for

domain by mutagenesis revealed that the amino-terminal Asn81 was changed from AAC to AAT, the ATG start codon

CCHC zinc finger of this LIM domain is essential for the
interaction with CRP148). Also, protein-protein interac-
tions involving LIM domains and other protein interaction

was provided by the pET3d vector, and a TGA stop codon
was generated at thé Bisert-vector junction. To rule out
PCR-induced mutations and to verify the integrity of the

domains have been described, like the interaction betWGenCSRPZ:()ding region' the entire nucleotide sequence of the

the LIM protein Enigma and tyrosine-containing motifs
within the endocytic code of the insulin recept@9( 30,

the interaction of LIM protein ENH with protein kinase C
(31, the interactions of LIM-only (LMO) proteins or LIM
homeodomain proteins with the LIM domain binding factor
Ldb1/NLI (32, 33, or the interactions of the LIM protein
LMO2(RBTN2) with the basic helixloop—helix domain
(bHLH) of transcription factor TAL134, 39. Intriguingly,

it was recently demonstrated that LMOZ2 and the LIM binding
factor Ldb1l/NLI are components of an erythroid DNA-
binding complex containing the DNA-contacting transcrip-
tion factors TAL1-E47 and GATA-136). Also, specific
interactions of the LIM1 domain of CRP3/MLP with the
bHLH domain of myogenic transcriptional regulator MyoD
were reported to enhance the DNA-binding activity of the
MyoD—EA47 transcription factor complex3?), and LIM
domain-mediated proteitprotein interactions are implicated
in transcriptional synergism between homeodomain and
bHLH proteins 88, 39. Although most of the available
evidence points to a function of LIM domains in protein
protein interactions both in the cytoplasm and in the nucleus,
direct interactions with nucleic acids cannot be ruled out
(40).

Three-dimensional structures of LIM domains have been
determined for the carboxyl-terminal LIM2 domains of
chicken CRP141) and quail CRP232), for the single LIM
domain of the cysteine-rich intestinal protein (CRIRBYL)
and for the CCHC subdomain of the single LIM domain from
Lasp-1 @2). Here, we have determined the solution structure
of the amino-terminal LIM1 domain of quail CRP2, com-
pared it to the structure of the carboxyl-terminal LIM2
domain in the same protein, and analyzed its dynamic
properties.

EXPERIMENTAL PROCEDURES

Construction of a pET Expression Plasmid Encoding
Recombinant Quail CRP2(LIM1).A polymerase chain
reaction (PCR) was performed with DNA from plasmid clone
W15 containing quailCSRP2(qCSRP2 cDNA (2) as a
template and the oligonucleotides-&(CTAAAGGC-
CTAACTGGGGAGGTGGCAAC)-3and 3-d(CTTGAAT-
TCAGCGTGCCCGCCCC)“&s 5 and 3 primers, respec-
tively. The 5 primer corresponds to nucleotides &1 of

inserted PCR fragment was determined by the dideoxynucle-
otide chain-termination method using a T7 sequencing kit
(Pharmacia, Vienna, Austria) and pET-specific primers. The
expression plasmid pET3d-qCRP2(LIM1) encodes an 81
amino acid peptide encompassing amino acigs81 of
gCRP2 including the amino-terminal LIM domain (LIM1)
2, 7.

Purification of Recombinant Quail CRP2(LIM1)The
bacterial expression and purification’él-labeled qCRP2-
(LIM1) protein was performed essentially as described for
recombinant protein gqCRP2(LIM222), except that buffer
A was modified to contain 50 mM sodium phosphate, pH
5.6, 10 mM NaCl, and 0.1% (v/vj-mercaptoethanol, and
that a gel-filtration step was included. Pooled qCRP2-
(LIM1)-containing fractions of the CM-52 eluate were
dialyzed against buffer @2@) and concentrated by centrifu-
gation through Centriprep 3 ultrafiltration filters (Amicon,
Witten, Germany), and 1.8-ml portions of concentrated
protein solutions containing approximately 8 mg of recom-
binant qCRP2(LIM1) were subsequently subjected to Su-
perdex 75 HiLoad 16/60 prep grade (Pharmacia, Vienna,
Austria) gel-filtration chromatography in buffer C at a flow
rate of 0.25 mL/min. Protein containing fractions of the
eluate were analyzed by a photometric ass¥) énd by
SDS—polyacrylamide (17% wi/v) gel electrophoresis to
determine protein concentration and purity. The final yield
of homogeneous qCRP2(LIM1) was approximately 10 mg/L
of bacterial culture. The structural integrity and purity of
the protein preparation was verified by amino-terminal
sequencing (F. Lottspeich, Max Planck Institute of Biochem-
istry, Martinsried, Germany). For NMR analysis, protein
samples were concentrated by centrifugation through Cen-
triprep 3 ultrafiltration filters.

NMR MeasurementsAll NMR experiments were per-
formed on a Varian Unity Plus 500 MHz spectrometer
equipped with a pulsed field gradient (PFG) unit using a
triple-resonance probe with actively shieldegradients. The
sample contained 1.5 mM qCRP2(LIM1), 20 mM potassium
phosphate, pH 7.2, 50 mM potassium chloride, and 0.5 mM
dithiothreitol in 90% HO/10% DO. All spectra were
recorded at 26C. Spectra recorded for sequential assign-
ment include 2D TOCSY, 2D NOESY, 2D X-filtered
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NOESY @5, 46, 2D >N HSQC, 3D**N TOCSY-HSQC,
and >N NOESY—HSQC @7). lIsotropic mixing was per-
formed with DIPSI-2 48). Water suppression was achieved
by using either a WATERGATE4QO) spin—echo or shifted
laminar pulsesH0). Heteronuclear spectra were acquired
as described elsewher&l( 52 with N GARP (3)
decoupling during acquisition. The 3D TOCSY and
NOESY—HSQC spectra were performed including a water
flipback pulse $4, 55. The measurement of the amide
attenuation factors are described in ref 22. A 3D HNHA
experiment was performed to meastilig. (56). All NMR
spectra were processed and analyzed using NMRBipe (
ANSIG (58, 59, and FELIX software (60). For 3D spectra
the number of data points was doubled by mirror image linear
prediction (LP) 61) in the indirect dimensions prior to zero-
filling and Fourier transformation.

Structure Calculations.Three-dimensional structures were

generated according to standard distance geometry/simulated

annealing/refinement and energy minimization protocols
using X-PLOR softwareg2) running on a cluster of Silicon
Graphics workstations. NOE distance constraints were
derived from 3D NOESY-HSQC, 2D NOESY, and 2D
X-filtered NOESY spectra and classified as strong {1.8
2.7 A), medium (1.83.3 A), weak (1.85 A), and very
weak (1.8-6 A). 3Junho coupling constants were derived
from the 3D HNHA experiment56). Dihedral restraints
for the backbone dihedral anglecould be extracted from
the 3D HNHA experiment by use of the appropriate Karplus
relation 3, 64. The structures were generated from a
covalent template with randomized dihedral angles by use
of a distance geometry protocol followed by restrained
simulated annealing6f), the zinc ions were covalently

attached to the coordinating residues using standard force
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Ficure 1: Amino acid sequence and zinc-binding sites of recom-
binant protein qCRP2(LIM1) containing the amino-terminal LIM
domain (LIM1) of quail CRP2. (A) Alignment of the amino acid
sequences of recombinant protein qCRP2(LIM1) and of recombi-
nant protein qCRP2(LIM2) containing the carboxyl-terminal LIM
domain (LIM2) of quail CRP2Z2). The numbering in both proteins
(1—-81 and 82-194, respectively) corresponds to amino acid
positions in the native quail CRP2 protel ). Identical residues
are indicated by bars, chemically similar residues by dots. Similarity
groups were Ala, Ser, and Thr; Asp and Glu; Asn and GlIn; Arg

field parametersdg), and the resulting structures were finally  and Lys; Ile, Leu, Met, and Val; and Phe, Tyr, and Trp. The zinc-
minimized until convergence by use of the CHARMM force coordinating residues of the LIM domains in both sequences are

field (67). The sense of chirality of the zinc centers could shown in reversed type. (B) Schematic diagram of the CCHC and

unambiguously be determined, as only these structures

exhibited minimal energies and resulted in the fewest
constraint violations, in which the peptide chain winds itself

CCCC zinc-binding sites of the LIM double zinc finger motif in
qCRP2(LIM1). The zinc-coordinating residues are shown in
reversed type.

around both zinc ions in the same sense as found in all earlierRESULTS AND DISCUSSION

work on LIM proteins, and resulting in A topology 68)

for both zinc-binding sites of qCRP2(LIM1). However,
following the stereochemical nomenclature proposed by Berg
(69), the configuration of the two zinc centers can be assigned
as S for the CCCC subdomain and & for the CCHC
subdomain.

15N Backbone Relaxation Dynamic information was
obtained from measuringN T; and T,, and heteronuclear
IH—1N NOE, using proton-detected sensitivity-enhanced
pulse schemes’(). To interpret the dynamic information
contained in thé®N relaxation rates, either the model-free
approach 11, 79 or the extended treatment including an
additional Lorentzian term for the expression of the spectral
density function 73, 79 was employed. To determine the
overall correlation time (), a grid search inr, was
performed while optimizing the order paramet&l) @nd the
effective correlation timez) for each residue. With this
optimum 7, as a starting point, the correlation time was
refined in an iterative manner by accounting for more
sophisticated motional models and exchange terRag, (
respectively.

Preparation of Recombinant qCRP2(LIM1)A con-
structed derivative of the pET3d expression vector directed
the synthesis of an 81-amino acid peptide with a calculated
M, of 8824 and an estimated isoelectric point of 8.22,
encompassing amino acids &1 of quail CRP2 comprising
the amino-terminal LIM domain (LIM1). The highly soluble
recombinant protein was purified to homogeneity in a two-
step strategy. An alignment of the amino acid sequence of
the qCRP2(LIM1) peptide used in this study with the
sequence of the qCRP2(LIM2) peptid2?), corresponding
to amino acids 82194 of quail CRP2 including the
carboxyl-terminal LIM domain (LIM2), and a schematic
topology of the quail CRP2 LIM1 motif are shown in Figure
1. The sequence identity between the LIM1 (residues 10
61) and the LIM2 (residues 12€171) domains is 46.2%,
and 17.3% of the residues in equivalent positions are
chemically similar. The zinc coordinating residues within
the LIM1 and LIM2 domains and the spacing between them
are absolutely conserved. Remarkably, the sequence identi-
ties between the LIM1 and LIM2 domains of any given CRP
protein range from 46% to 56% and hence are far less
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s Table 1: Distance Geometry and Structural Statistics of the Final
o o 15 Structures of qCRP2(LIM1)
SO G63 <
css 2 parameter value
distance restraints (total) 468
o ce7 I intraresidue 158
: L3 interresidue sequentidi (— j| = 1) 143
e ocu 0T = interresidue medium-range & |i — j| < 4) 55
interresidue long-rangéi(— j| > 4) 112
S ‘o ° hydrogen bonds 20
o oo SO orn -9 dihedral angle restraints 42
orm o m" 520 oo o - average m;\s deviation from idealized covalent geometry
o 0 i o @vss gy = gg&dess ((d)eg) Oéo?}f
e Ess"y‘;%“z;;%“” ouwom | g & impropers (deg) 237
ovo 8 S E._# (kcal/mol) 314
Ocas - QL | L—J
QA2 © O A
o ‘oot o atomic rms deviation (A)
g onz_ o 8 backbong all atoms$
o oo @ v residues 9-67 1.30+0.27 2.02+0.31
O residues 9-35 0.72+0.13 1.78+0.26
—— 1 e — residues 3667 0.83+0.21 1.78+ 0.30
100 95 s0 &5 80 75 70 aE__,is the Lennard Jones van der Waals energy calculated with
H (ppm) X-PLOR using the CHARMM force field parametefsPairwise rms
FiGURE 2: 1N—1H HSQC of qCRP2(LIM1). Cross-peaks have been deviations calculated from the superposition of backbone heavy atoms
labeled with their sequential assignments. (C, C?3 and N) of the 15 X-PLOR structure%Pairwise rms deviations

calculated from the superposition of all non-hydrogen atoms of the 15

: " X-PLOR structuresd Numbering of residues is as in Figure 1. Residues
()}
pronounced than the 784% sequence identities observed 9-35 and 36-67 encompass the CCHC and CCCC zinc finger

when either the LIM1 or the LIM2 domains of different g, pqomains, respectively, and residue$® represent the entire LIM1
members of the CRP protein family from a single species domain.
are aligned 1, 8).
NMR Analyses.From the!>N—'H HSQC analysis shown
in Figure 2 it can be inferred that qCRP2(LIM1) adopts a
well-defined structure in aqueous solution. However, pre-
sumably due to rapid proton exchange with the bulk solvent
and/or rapid conformational exchange, only 55 out of 81
backbone amide NH groups can be observed under the
current experimental conditions. Sequential signal assign-
ment could be carried out by following well-established
strategies 15). Spin systems were identified in the 3D
TOCSY—-HSQC spectrum and sequentially assigned by A B c
combining this information with the 2D NOESY or the 3D Fgyge 3: Solution structure of qCRP2(LIM1) (residues-67)
NOESY—HSQC spectrum. Regions with defined secondary depicted as a backbone overlay of the best 15 X-PLOR structures.
structure were identified primarily by their characteristic (A) The whole structured region including both zinc fingers was
sequential NOESY cross-peak pattern. Hydrogen bonds;nnactgg]epdés(ghg)rg;gﬁfeast_egg?ﬁzege‘;og?eag‘sgggt‘i%‘l’;o zinc gpegers
betyveen thqﬁ’-strands_ could be identified on _th_e .baS|S of esidual mobility between the two zinc finger subdomains.
amide proton attenuation factors and characteristic mterstrandI
NOE patterns. This Secondary structure information is overlaid Separate|y, y|e|d|ng rms deviations of 0Z2.13
supported by secondary’tshifts. Thef-strands generally  and 0.83+ 0.21 A for the first (residues-935) (Figure 3B)
exhibit a characteristic downfield shift, whereas the helical and second (residues 367) (Figure 3C) zinc finger
region is clearly shifted toward higher field®). Amide subdomains, respectively. Figure 4 shows a schematic ribbon
proton attenuation factors support the identification of regions drawing of the tertiary structure of gCRP2(LIM1) (residues
with defined Secondary structure. Residues located in |OOp 9—67) Containing rather short regions of regu|ar secondary
regions or regions with weakly defined secondary structures structure connected by flexible loop regions. Both zinc-
show low attenuation factors due to easy exchange with bulk coordinating subdomains display a similar fold containing
solvent. two antiparallej3-sheets. The two zinc fingers pack together,
Tertiary Structure of qCRP2(LIM1) and Structural Rela- forming a hydrophobic core region. The CCHC zinc finger
tionship between LIM1 and LIM2The structural statistics  starts out with a loosely defined antiparaljeisheet (-
of 15 final structures of qCRP2(LIM1) are summarized in strands 1 and 2; residues Lys@ys10 and Thr16Tyr18)
Table 1, and an overlay of the 15 calculated X-PLOR connected by a rubredoxin-type tuifvf that accommodates
structures is shown in Figure 3. The average rms deviationthe two coordinating residues Cys10 and Cys13 of this zinc
is 1.30+ 0.27 A for the backbone atoms (N*QC') of the finger. Hydrogen bonds are observed between the amide
structured region (residues-87) of qCRP2(LIM1) (Figure NH groups of Alal2 or Argl5 and Cys10 $r Cys13 3,
3A). Better matches within the zinc binding units were respectively, a characteristic feature of the CCHC site in LIM
obtained when the CCHC and CCCC zinc fingers are domains 21, 29. A second antiparallgs-sheet §-strands
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Ficure 4: Ribbon drawing of qCRP2(LIM1) (residues-87). A

representative structure selected from the calculated set shown in

Figure 3 is depicted in two different views, including the zinc ions
(magenta), the coordinating Cys side chains (yellow), the coordinat-
ing His side chain (green), and the side chains of the hydrophobic
core residues (brown). The plot was generated by the program
MolMol (82).

3 and 4; residues Val23Cys25 and Arg28His31) extends

to the zinc-coordinating His31. It is connected at an
orthogonal angle to the firgi-sheet by a flexible and highly
dynamic loop region. A turn accommodating the coordinat-
ing Cys34 terminates the CCHC zinc finger subdom#iix.
relaxation data (see below) and protection factors indicate
that the seconds-sheet is significantly more rigid and
therefore better defined than the figsisheet.

The CCCC zinc finger displays a tertiary structure similar
to that of the CCHC zinc finger. The two strands of a third,
again loosely defined, antiparall8tsheet g-strands 5 and
6; Phe35-Cys37 and Lys42Leu44) are also connected by
a rubredoxin-type turn that includes the zinc-coordinating
Cys40. Again, the characteristic hydrogen-bonding pattern
can be observed between Val39 NH and Cys37a8d
between Lys42 NH and Cys40'.S A fourth antiparallel
[-sheet g-strands 7 and 8; Ala56His52 and Glu55-Cys58)
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FiIGure 5: Characteristics of the gqCRP2(LIM1) backbone dynamics
as determined by the analysis'&N relaxation measurements,(

T,, TH—1N NOE) of the amide nitrogens. (A) Order parameters
&, (B) correlation timesze or 75 for internal mobility (in
nanoseconds), and (C) exchange contributions (in reciprocal
seconds) are plotted as a function of the residue position. For
residues whose relaxation could not be measured accurately (due
to signal overlap), no values are shown in the diagrams. Residues
with 7, out of the range of the scale in panel B have high
uncertainties irre but have nevertheless a significant contribution
of slow internal motion.
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between the zinc finger subdomains are observed in qCRP2-

is oriented orthogonal to the third one and connected to it (LIM1). In particular, the hydrophobic core region involving
by a highly dynamic loop region, as indicated BSN the side chains of Val23, Phe30, Phe35, Leu44, Val49, lle51,
relaxation (see below) and protection factors. Again, this and Val56 appears to be less tightly packed in qCRP2(LIM1)
pB-sheet is better defined and more rigid than the precedingthan the corresponding region in qCRP2(LIM2). The relative
one. Following the fourthp-sheet, a helical stretch starts orientation of the two zinc fingers is less rigid in LIM1 than
out at the coordinating Cys61 and extends to Gly67, with a in LIM2, apparently a consequence of weaker packing
kink between Lys64 and Lys65. Interresidue NOEs suggestinteractions in the hydrophobic core. In addition, the
an H-bond between’®f Cys61 and the side chain of Lys64, hydrogen-bonding and electrostatic interactions between
and there is evidence that 8f Cys58 is hydrogen-bonded Glul55 and Argl22 are missing in LIM1, where Alal2
to the side-chain amino group of Lys42. Such an extended corresponds to the H-bonding Arg122 in qCRP2(LIM2) (cf.
hydrogen-bonding pattern defining a bispheric coordinative Figure 1).

structuring of the zinc-binding sites was also found for
gCRP2(LIM2) (unpublished data).

In general, the overall tertiary structure of the amino-
terminal LIM1 domain of quail CRP2 is very similar to that
of the carboxyl-terminal LIM2 domains of chicken CRP1
(22) and quail CRP232) or to the single LIM motif of CRIP
(42). Despite this highly similar global fold, there are distinct
structural and in particular dynamic differences between the
LIM1 and the LIM2 domains of qCRP2. In general, the

15N Backbone Relaxation >N relaxation data were
analyzed in terms of the so-called model-free appro@éh (
72) and extensions theredfd, 74. From the 55 cross-peaks
detected and assigned in the 2M-HSQC spectra out of
59 residues encompassing the structured part of qCRP2-
(LIM1), 43 cross-peaks have been analyzed. The results of
the 1N relaxation measurements are illustrated in Figure 5,
in which order parameterss{), the effective internal cor-
relation time (either. in the Lipari-Szabo model ot in

structure of qCRP2(LIM1) appears to be less compact thanthe extended LipariSzabo model), and exchange contribu-

that of gCRP2(LIM2). Fewer and weaker NOE contacts

tions (Rex) are plotted as a function of residue position. An



7132 Biochemistry, Vol. 37, No. 20, 1998 Kontaxis et al.

overall correlation time, of 5.6 ns was determined by fitting
data from residues witff1/T, ratios less than 1 standard
deviation from the mean value. The various residues could
be divided into three classes, according to the time scales of
their internal mobilities. The first class comprises residues
described by the classical Lipatszabo model showing order
parameters (averadg® ~ 0.8) and internal correlation times
(averager. 50 ps) typical for residues found in a secondary
structure element (Figure 5). The second class of residues
display motions on a millisecond-to-microsecond time scale.
These residues are located at the beginningg-sfrands
(Thrlé, Glu55), at the end ¢f-strands (Arg32), or in turn
regions connecting-strands (Gly27, Asp45, and Thr47
Val49). Note that the backbone amide NH groups of His19,
Asp26, Ser46, and Asp53 for which the correlation peaks
could not be observed are adjacent to residues located in
flexible loop regions, which provides additional evidence for
these slow conformational exchange processes. SimilarFicure6: Surface structure of gCRP2(LIM1) showing the distribu-
mobility can be detected for Lys9, which appears to be the tion of hydrophobic residues and of the electrostatic potential near
first structured residue in qCRP2(LIM1), and, notably, the the surface of the molecule. In the surface structure and in the
zinc-coordinating Cys34. This was also found for the corresponding ribbon drawing, hydrophobic residues are shown in

. i ; L white, positively charged residues in blue, and negatively charged
corresponding residue Cys144 in qCRP2(LIM22)( Simi- residues in red. The electrostatic surface potential was calculated
lar observations were also made for the residues involvedby the program MolMol §2).
in zinc binding within the zinc finger DNA binding domain
of Xfin (66) and some of the ligand binding cysteines of intramolecular mobilities in the free form and get structured
Escherichia coliAda (78). The third class comprises by induced fit upon binding to their respective nucleic acid
residues that cannot be described by the conventional Lipari targets {9). Biochemical studies have convincingly shown
Szabo model. These residues show significant internalthat LIM domains play a role also in proteiprotein
mobility in the nanosecond time range, superimposed on interactions 25—39). In many of these studies, it was
small angle fluctuations in the picosecond time scale. unequivocally shown, that a solitary LIM domain defines a
Residues of this class are Glyll, Vall7, GluZys25, discrete functional unit that mediates proteprotein inter-
Ser29, Phe30, Leu36, Val39, Arg4l, Lys42, Ala50, His52, actions. Analogously, our structural data and those from
Val56, Cys58, and Ser66Gly63. Interestingly, most of  others demonstrate that a solitary LIM domain also defines
these residues are located within well-defined secondaryan autonomously folding structural unit, and the uniformity
structure elements, where typically higher order parametersof the protein fold based on the consensus amino acid
are found. Significantly, these local backbone motions are sequence suggests that the protein binding activity may be
found for residues involved in the formation of the hydro- a general feature of the LIM domain. Nevertheless, indi-
phobic core, most likely reflecting the time-dependent vidual LIM domains can show distinct protein partner
orientation of the two zinc-binding sites. This is consistent preferences. For instance, only one of the three LIM
with the fact that NOE connectivities within the hydrophobic domains in zyxin is necessary and sufficient to bind to CRP1
core are sparse and confirms that the hydrophobic packing(26, 2§. The finding that a single LIM domain acts as a
interactions between the zinc fingers are less pronounced inspecific and distinct protein-binding interface suggests that
gCRP2(LIM1) than in qCRP2(LIM2). proteins with multiple LIM domains may function as adaptor

Functional Aspects of LIM Domain Structure and Dynam-
ics. Does the intramolecular long-range mobility in qCRP2-
(LIM1) have any functional impact? Although the precise
biochemical and physiological functions of CRP proteins are
unknown, there is experimental evidence that the LIM
domain provides a multifunctional binding interface, capable
of interacting with both nucleic acids and proteins. Interac-
tions of LIM domains with nucleic acids have been dem-
onstrated 40), and striking structural similarities between
the CCCC zinc fingers within the LIM2 domains of chicken
CRP1 and quail CRP2 and the DNA-interacting CCCC zinc
fingers within the glucocorticoid receptor and the GATA-1
transcription factor have been reportétll ( 22. Confor-
mational flexibility in the loop regions connecting the third
and fourthB-sheets in LIM1 or LIM2 domains [Ser46T'hr48
in qCRP2(LIM1) and Serl56Thrl58 in qCRP2(LIM2)
(22)] may be relevant for the optimization of the binding
interface interacting with a putative DNA target. It is well
demonstrated that DNA-binding proteins display analogous

molecules, arranging two or more protein constituents into
a macromolecular complex in a manner analogous to Src
homology domains (SH2 and SHBQ]. The NMR structure
(81) of an SH2 domain of phospholipaseyd-complexed
with a high-affinity binding peptide revealed details about
the binding or interaction mode between an SH2 domain and
its partner(s). It was found that ligand specificity is
determined not only by H-bond or salt bridge interactions
to the phosphotyrosine moiety (pTyr) but mainly due to side-
chain interactions between residues in the hydrophobic
binding interface of the SH2 domain and predominantly
hydrophobic residues carboxyl-terminal of pTyr. Surface
potential maps (Figure 6) show that qCRP2(LIM1) contains
a continuous hydrophobic patch surrounded by clusters of
positively or negatively charged residues. It is formed by
residues Val23, Val49, Ala50, and lle51 and by hydrophobic
residues in the core region of qCRP2(LIM1) that are partly
solvent-accessible (Phe35, Leu44, and Val56). Hence, a
putative protein-protein interaction site could encompass
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part of the hydrophobic core region of the LIM domain. In
this case, the intramodular flexibility would also contribute
to the optimal embedding of the interaction site of the protein
partner into the hydrophobic binding site and may compen-

sate entropy losses due to decreased conformational entropy,s.
by favorable energetic interactions. From the structural and
dynamical data presented here, it can be concluded that

despite the well-defined global fold, the LIM domain

nevertheless presents a hydrophobic core with inherent

conformational flexibility. This conformational variability
of the LIM domain may be of relevance for its physiological
function, mediating associations with appropriate protein
partners and/or nucleic acids.
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