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Abstract

IH(i)-15N(i)-13C (i) dipole-chemical shift anisotropy (CSA) relaxation interference was quantified faf@EN

labeled zinc-finger protein qCRP2(LIM2). The cross-correlation rates obtained for residues located in the metal
coordination sites of qCRP2(LIM2) show a high degree of correlation with the peptide plane torsion @ngles
and taken from the solution structurg(i)-1oN(i)-13C (i) as well ast3Ca(i)-Ha(i)-13C (i) dipole-CSA cross-
correlation rates were subsequently used to improve the geometry of the metal binding site. The optimized dihedral
angles of the two zinc-binding sites in qCRP2(LIM2) are in better agreement with values obtained from crystal
structures of other zinc-finger proteins and thus establish the utility of this approach to improve the metal-binding
site geometry of zinc-finger proteins studied by NMR spectroscopy in solution.

Introduction The LIM domain is composed of a cysteine-rich

motif that was first observed in the protein products of
Zinc fingers are among the most abundant protein three regulatory genes (Dawid et al., 1998) and con-
domains. For example, in the genomeG#enorhab- tains two tetrahedral Zn(ll)-coordinating sites of the
ditis elegans more than 1000 zinc-binding domains CCHC and CCCC type, capable of binding two zinc
were identified (Clarke and Berg, 1998). These au- ions (Michelsen et al., 1993,1994; Kosa et al., 1994).
tonomously folding and functional protein domains or The CSRPgenes encode a specific class of LIM-
‘fingers’ constitute an important protein family and only proteins, termed cysteine-rich proteins (CRP)
play an important role in gene regulation and tran- and comprising two LIM domains (Weiskirchen et al.,
scriptional control due to their DNA-binding capacity 1995). The family members found to date are involved
(Schwabe and Klug, 1994; Berg and Shi, 1996). in the regulation of cell differentiation and prolifera-
The DNA-binding selectivity of zinc-finger proteinsis  tion, particularly muscle differentiation (Arber et al.,
greatly enhanced by the fact that they can be presentin1994; Louis et al., 1997). To date a large number of
proteins as sequential arrays of variable length (Berg three-dimensional structures of LIM domains has been
and Shi, 1996). In addition to their importance as a determined (Pérez-Alvarado et al., 1994, 1996; Konrat
DNA-binding motif, recent reports suggest that zinc- et al., 1997, 1998a,b; Kontaxis et al., 1998; Kloiber
finger proteins can also serve as a protein—protein et al., 1999; Yao et al., 1999). From these studies it
interaction scaffold (Mackay and Crossley, 1998; Hata followed that all LIM domains share a unique globu-
et al., 2000). lar fold and consist of CCHC and CCCC zinc-binding
subdomains tightly packed via a hydrophobic core re-
gion with distinct aliphatic and aromatic side-chain
interactions.

*To whom correspondence should be addressed. E-mail:
robert.konrat@uibk.ac.at
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It is now well established that cross-correlated
NMR spin relaxation provides unique structural
and dynamical information which can be benefi-
cially applied to solution structural studies of pro-
teins. The methods rely on quantification of cross-
correlated fluctuations of different dipolar couplings
(Reif et al., 1997, 1998, 2000; Carlomagno et al.,
1999; Chiarparin et al., 1999; Pelupessy et al., 1999;
Junker et al., 2000), dipolar couplings and anisotropic
chemical shifts (Yang et al., 1997, 1998; Yang and
Kay, 1998; Blommers et al., 1999; Kloiber and
Konrat, 2000a,b; Sprangers et al., 2000) or differ-
ent chemical shift tensors (Skrynnikov et al., 2000).
In a recent paper (KI(_)iber a_md Ko_nrat_, 2000b), we CRP2(LIM2).  Cross
showed that large'H(i)-*>N(i)-13C'(i) dipole-CSA residues located in the N-terminal CCHC zinc-binding
cross-correlation rates are observed for residues out-site (C120: Tngi) Hy.c/a) -670 s1 and G124
side a-helical or p-sheet regions of Ramachandran T na) c = +4.30 5% are illustrated.
space and proposed this relaxation interference as a

simple criterion to discriminate between type | and ] .
type Il B-turns in proteins. Here we demonstrate that Konrat, 2000b). Constraints for the protein backbone

this relaxation interference can also be applied to the dihedral anglely were obtained from &i)-H*(i)-C'(i)

refinement of the geometry of metal coordinating sites diP0I&/CSA cross-correlation rates according to the
in zinc-finger proteins. procedure described by Kay and co-workers (Yang

et al., 1998).

The precision limits of the experimentaH(i)-
I5N(i)-13C'(i) and C(i)-H%(i)-C(i) dipole-CSA cross-
correlation rates were derived from Monte Carlo sim-
Uniformly 13C15N-labeled carboxyl-terminal LIM ulations of the distributions of the experimental differ-

domain qCRP2(LIM2) of quail cysteine- and glycine- enf[ial peak intensi_ties. The root-mean-square baseline
rich protein CRP2 was prepared and purified as de- NOiS€ in the experiment was taken as a measure of the
scribed previously (Konrat et al., 1997). Signal as- standard dewa’uons of the.peak heights in the cross-
signment and structural data of qCRP2(LIM2) have correlated relaxa_tlon experiment. Data were proces;ed
already been published (Konrat et al., 1997). and analyzed using the programs NMRPipe (Delaglio
All NMR experiments were performed on a Var- et al., 1995) and PIPP/CAPP (Garrett et al., 1991).
ian UNITY Plus 500 MHz spectrometer equipped  Values forg andy were extracted from a com-
with a pulsed field gradient (PFG) unit using a triple Pination of I'ngyHc).cii) and CeuyHad,ci) Cross-
resonance probe with actively shielded z gradients. COrrelation rates by employing a ‘Z-surface’ approach

T T T T T
178.0 177.5 173.0 172.5 172.0

C' (ppm)

_FN(i),H(i),C/(i) ) data
sections and 1 F slices through
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Figure 1. Experimental for

Materials and methods

The sample contained 1.5 mM dfC°N-labeled
gCRP2(LIM2), as well as 20 mM potassium phos-

(Le et al., 1995) and by maximizing the function

_ 2 2
phate buffer at pH 7.2, 50 mM KCI and 0.5 mM z = exp( XFl) exp( XFZ)
dithiothreitol in 90% H0O/10% 0. All spectra were 2 (Fca!c o _rew )2/02
recorded at 26C. ExperimentaltH(i)-15N(i)-13C' (i) A = UINOHG.CH ™ F NDH.Ch)) /00

dipole-CSA cross-correlation rates were obtained us- 2 (Fca'c- o _rem )2/02

ing the sequence described elsewhere (Kloiber and A = ! CaHa().C0) ™ CalhHa().C0) ®
Konrat, 2000b). However, in contrast to the published independently for each residue i, wheog, de-
version, only one 3D data set was recorded. This leadsnotes the experimental error of the cross-correlation
to an HNCO-type cross peak (see Figure 1), centeredrates. For the calculation of'NGiH().cqy and

at the intra-residue carbonyl frequency and split by the Tca(iyHat).c), Standard bond lengths and angles,
one-bond>N-*HN scalar coupling. In case of spectral planar peptide bond geometry, and uniform values
overlap, the resolution can be increased twofold by for both the components of th&C' CSA tensor
recording two 3D data sets as described (Kloiber and and the orientation of the tensor with respect to the
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Table 1. Comparison betweeg/}s values from thé>N-solution structure (Konrat et al., 1997) (NMR), cross-correlation refined
(refined) and X-ray values obtained for residues of the metal-binding turns in the zinc-finger proteins rubredoRiyrércmncus
furiosus(Day et al., 1992), Tramtrack (Fairall et al., 1993), GATA-1 DNA-binding domain (DBD) (Omichinski et al., 1993) and
Gal4 (Marmorstein et al., 1992)

Position CCHG cccd Rubredoxin ~ Tramtrack GATA-1 Gald
NMR® Refined NMRC Refined

C (i) —90/102 —69/106  —58/145 —105/121 —75/107 —66/116 —52/113  -75/162
X(+2) —106~64 —109/-44 n.a. n.a. —87/-50 —69/-48 —98/-29 —-77/-49
C (i+3) —80/-46  —109/-5 —85/-3 —124/-3 —-111/-18 —126/15 —142/17 —63/-31
X (i+4) 120/24 119/0 THT2 58~19 103~4 66/—6 52/16 —61/-55
H/C (i) —67/169 —113/136 —130/153 —72/170 —63/131 —63/138 —49/134  —-70/157
X (i+1) n.a. n.a. —69/-27 —41/-26 —68/-16 —62/—32 —37/-46  —41/-52
C (i+3) —88/26 -120/2 —95/—86 —-81/-28 —116/-1 —76/-11 —65/-43 —69/-41
X (i+4) —66/103  —101/75 —134/37 —58/-26 80/7 61/29 —63/-37 —54/-60

aN-terminal  zinc-binding site  CCHC QXXCX;7HXXCX) comprising the residues C120-S121-R122-C123-
G124 X1 H141-K142-N143-C144-F145. No cross-correlation rates are available for S121, K142 and N143.
bC-terminal zinc-binding site CCCCCKXXCX17CXXCX) comprising the residues C147-A148-K149-C150-G153g X
C168-K169-G170-C171-Y172. No cross-correlation rates are available for A148, K149 and G170.

€l values from thé>N-solution structure of CRP2(LIM2) (Konrat et al., 1997).

dRefined e/ values obtained from simultaneous minimizationIQfi)Hi), /iy and I'cuiyHa(y, /) Cross-correlation rates,
respectively (see text).

molecular peptide frame were assumed (Teng et al., culatedI'nyH),c/) Cross-correlation rates obtained
1992).x2 was determined within thep( V) interval for residues located in the zinc-coordinating turns
[-180°,18C°’]. From the set of minima, the nearest of qCRP2(LIM2). The agreement between experi-
minimum to the ¢, ¥) values of the solution structure  mental and theoreticdln)H(),c/i) Cross-correlation
was taken. In cases of a residual ambiguftiunHa rates is worse compared to data obtained on ubiqui-
values were used to define the best solution. Dynamic tin (Kloiber and Konrat, 2000b). Significant devia-
information was obtained from publishéﬁ\l T1 and tions occur for residues C120, C123, G124, H141,
To relaxation (Konrat et al., 1997). For an estimation F145, C147, C150, G151, C168, K169, C171,

of the overall correlation timegc, a grid search inc and Y172. We have also measur&d,iHa(i),c)
was performed while optimizing the order parameter cross-correlation rates (Yang et al., 1998) and com-
($?) (Lipari and Szabo, 1982a,b) for each residue. pared these to calculated values based on the solu-

tion structure of qCRP2(LIM2) (Figure 2B). Again,

the agreement between experimental and calculated
Results and discussion values is, although better thal)H),c/i) Cross-

correlation rates, significantly worse compared to
Figure 1 shows cross sections angddfices through other proteins which have been investigated by cross-
residues located in the N-terminal CCHC zinc-binding correlated NMR relaxation (Yang et al., 1997, 1998;
site (C120 and G124). A detailed description of the Chiarparin et al., 1999; Pelupessy et al., 1999; Kloiber
sequence and experimental parameters can be foundand Konrat, 2000a). The data thus suggests a pos-
elsewhere (Kloiber and Konrat, 2000b). The desired sible improvement in the accuracy and precision of
INeyHG),cy Cross-correlation rate can be obtained the structural data of gCRP2(LIM2) when employ-
from the intensity ratios of the downfieldyf) and up- ing these cross-correlation rates for structural refine-
field (1) multiplet components, respectively (Kloiber ment. Based on these findings, we set out to test
and Konrat, 2000b). ExtractetH(i)-1°N(i)-13C'(i) whether the local backbone geometry of the zinc-
dipole-CSA cross-correlation rat&H), i) were binding site of qCRP2(LIM2) can be optimized using
compared with calculated values based on the solu- intra-residueH(i)-1°N(i)-13C/(i) dipole-CSA cross-
tion structure of qCRP2(LIM2) (Konrat et al., 1997) correlation rates. It is important to note that the de-
and using an isotropicc value of 6.2 ns. Figure 2A  pendence of'N¢H),c) on the backbone dihedral
shows the correlation between experimental and cal- anglesp and is rather complex and many ) val-
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Figure 2. Correlation between experimental and calculated values
of rN(i),H(i),C/(i) (A) and rCO((i),HOL(i),C/(i) (B) for qCRPZ(L'MZ)
before (open diamonds) and after (filled circles) dihedral angle op-
timization. Calculated values before optimization (open diamonds)
were obtained from backbone dihedral angles taken from the solu-
tion structure of\5N-labeled qCRP2(LIM2) (Konrat et al., 1997).
Dihedral angles were determined by simultaneous minimization
of I'NiyHG), ¢y @A T coiyHa(),C/() Cross-correlation rate differ-
ences. Values of 244, 178 and 90 ppm were usedfey oyy and
ozz (Teng et al., 1992). An overall correlation timg of 6.2 ns was
used.
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Figure 3. T\eiyH(y, /¢y @s a function of the intervening dihedral
angles ¢ and . (A) Typical metal-binding geometriese i)

of zinc-finger proteins, illustrated by turns from the classical
zinc-finger Tramtrack (Fairall et al., 1993), rubredoxin from
Pyrococcus furiosugDay et al., 1992), GATA-1 DNA-binding
domain (DBD) (Omichinski et al., 1993), and Gal4 (Mar-
morstein et al., 1992). Residues in the zinc-coordinating turns
C(i)/H(1)-X(i +1)-X(i4+-2)-C(i+-3)-X(i+4) (X is a variable amino
acid) are depicted as filled squares, open squares, open diamonds,
filled circles, and open circles. (B) lllustration of thg,{) dihedral
angle changes in the two zinc-binding sites of qCRP2(LIM2)

ues are consistent with a single cross-correlation rate obtained from simultaneous optimization By .’y and

(Figure 3). We thus decided to simultaneously mini-

mize differences between experimental and calculated

INeyHa). ¢y andT cogiyHad), i) Cross-correlation rate

differences (see Materials and methods), as the com-

T'caiy, Ha(i),C/(y Cross-correlation rate differencese,§) pairs

for the CCHC and CCCC zinc-binding sites of qCRP2(LIM2)
before (gray circles) and after (open squares with residue number)
cross-correlation rate refinement are connected by dotted arrows.
Only residues of qCRP2(LIM2) are shown for which both

bined use of both cross-correlation rates considerably I'ngy.Ha).c/q) @ Feagy, Hagy, ') Cross-correlation rates were

reduces the possiblepfy) areas. At this point, we
only demonstrate the possibility to obtain more ac-
curate (,/) angles. A more detailed description of
the refined solution structure and the intramolecular
dynamics of3C,'®N-labeled qCRP2(LIM2) obtained
from cross-correlated NMR spin relaxation will be

observed. The residues of the consensus sequence C/H-X-X-C-X
are as follows: CCHC: C120-S121-R122-C123-G124 and
H141-K142-N143-C144-F145;CCCC C147-A148-K149-C150-
G151 and C168-K169-G170-C171-Y172. The gray circle labeled
with ?? denotes the,{s location of residue Y172 in the solution
structure, for which a substantial change of the backbone dihedral
angles was observed. For the calculation of the surface, CSA and
tc parameters were as in Figure 2.
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published elsewhere. Interestingly, on average only  We also compared the experimentalHq,c )
small dihedral angle changes were necessary to min-cross-correlation rates with calculatétynq,c/)
imize the differences between experimental and cal- data based on the crystal structures of zinc finger pro-
culated cross-correlation rates (see below). This is teins with similar local folding and NH-S hydrogen
due to the fact that there is a very steep dependencebonding patterns to the coordinating cysteine thiolates
of I'ngyH(y.cy on both backbone dihedral angles  (Figure 3A). The metal-binding turns in these zinc-
and | (Kloiber and Konrat, 2000b), as well as of finger proteins contained either the so-called rubre-
I'cudiyHady, i) ON the protein backbone dihedral angle doxin full *knuckle’ (Day et al., 1992; Fairall et al.,
¥ (Yang et al., 1997, 1998). A comparison between 1993; Omichinski et al., 1993) or half ‘knuckle’ (Mar-
dihedral angles from thé®N-solution structure of  morstein et al., 1992). The full ‘knuckle’ requires
gCRP2(LIM2) (Konrat et al., 1997) and the refined that the backbone displays an extended conformation
¢, values is given in Table 1. The largesthanges before and after the zinc-binding site, whereas the
occur for residues C123, H141, C144, F145, C147, half ‘knuckle’ is realized in cases where the zinc-
C150, C168, and Y172. Specifically, the angle binding site is followed by, for example, anrhelix.
changes observed for residues C123, C144 and C150From Figure 3A it can be seen that the turn residues
are in good agreement with the largEHYH®) values  (C(i)/H(i)-X(i +1)-X(i+2)-C(i+3)-X(i+4)) of the var-
observed in the HMQC-J experiment (Konrat et al., ious zinc-finger proteins cluster in well-defined re-
1997). Theg changes towards a mosehelical con- gions of ¢,»-Ramachandran space. Specifically, the
formation for residues C168 and Y172 are consistent first three coordinating residues of the metal-binding
with the experimental fact that only smal(HVH®) site occupy well-defined areas: (C(i)/H(i}:80° <
values were observed for these residues (Konratetal.,¢ < —40°/ 100< ¢ < 170C (filled squares);
1997). The agreement between refingdalues and X(i+1): —60° < ¢ < =3C°/-60° < ¢y =< O°
3J(HNH®) coupling constants is worse for residues (open squares); X4i2): —100° < ¢ < —50°/—80°<
H141, F145and C147, presumably due tothe presenceyy < —30° (open diamonds). Using thec value
of conformational flexibility in the two zinc-binding (6.2 ns) of qCRP2(LIM2), the corresponding theoreti-
sites (Konrat et al., 1997). For example, residues K142 cal I'n¢yH), (i) Cross-correlation rates are: C(i)/H(i):
and C147 show differential multiple-quantum relax- —9.0 to —5.0 s! (the only exception being Gal4
ation, I'c.ny and I'y.H, significantly different from IN@Hey.ci ~ 0.0 s1); X(i+1): —4.0t0o+5.0s;
average values, and thus suggesting the presence oX(i+2): —1.5 to+1.5 s'X. The last two coordinating
conformational exchange on the mss-time scale at  residues, however, fall into two classes depending on
these sites (Kloiber and Konrat, 2000c). To rule out the structure of the knuckle. A ‘full’ knuckle appears
that internal dynamics may compromise the reliability to occur in rubredoxin (Day et al., 1992), Tramtrack
of the derived angles, we analyzEW relaxation data  (Fairall et al., 1993) and the first turn of GATA-1
(Konrat et al., 1997) in terms of the model-free ap- (Omichinski et al., 1993), whereas a ‘half’ knuckle
proach (Lipari and Szabo, 1982a,b). The average orderstructure is observed in the second turn of GATA-
parameter was determined to b&-S 0.826+ 0.056. 1 (Omichinski et al., 1993) and in both turns of
For the residues in the metal-binding sites, the fol- Gal4 (Marmorstein et al., 1992). In case of a ‘full’
lowing order parameters were observed: C120: 0.829, knuckle, the turn-terminating residues are as follows:
R122:0.833,C123:0.852, G124:0.870, H141:0.864, C(i+3): —15C° < ¢ < —110°/-30° < ¢ < 20°
C144:0.827, F145: 0.794, C147: 0.870, C150: 0.799, (filled circles); Ingymcy.ciy ~ +1.5 to +6.5 s1;
G151:0.893, C168: 0.876, K169: 0.859, C171: 0.762, (the second knuckle in Tramtracl (~ —75°, ¢ ~
Y172:0.890. Apart from residue C171, no indications —15°) is slightly different and showEniyH).cd) =~
for internal dynamics were observed (C150 and F145 +6.0 s'1); X(i+4): 50 < ¢ < 100°/—10°< ¢} < 30°
are still within one standard deviation). Finally, due to (open circles)IngHay.ci) ~ +1.5t0+9.0 1. In
the steep dependenceBfi)H),ci) on the dihedral contrast, a ‘half’ knuckle is characterized by: €8):
angles¢ and s anisotropic rotational diffusion was —70° < ¢ < —60°/—6C° < ¢ < —30C (filled cir-
not taken into account. Figures 2A and 2B show that cles); Ingyna).ciy ~ +0.0 to +1.5 s1; X(i+4):
the agreements between theoretical rates and exper—60° < ¢ < —30°/—60° < ¢ < —30° (open cir-
imental values for both cross-correlations have been cles); IngHay.ci) ~ —2.0 to —1.0 s'L. Figure 3A
significantly improved. thus indicates thdtniyHqy,c/iy cross-correlation rates
observed for successive residues (C/HXXCX) can be
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Figure 4. Cross-correlation optimized zinc-binding site geometry in qCRP2(LIM2). Best-fit superposition of the backbone atoms located in
the N-terminal CCHC (left) and C-terminal CCCC (right) before and after dihedral angle optimization. The N-terminal (top) and C-terminal
(bottom) knuckles of the two zinc-binding sites are shown as separate overlays. The residues at the beginning and at the end of the turns are
labeled. The'5N-labeled solution structure (Konrat et al., 1997) is shown in light gray, the optimized backbone structure is shown in black.

used to distinguish between the two knuckle confor-
mations of metal-binding sites in zinc-finger proteins.
For a ‘full’ knuckle, I'nGi+3)Hi+3),ci+3)/Tc (NS) ~
0.25 to 1.0 51 and ING+4)H+4),c+4)/tc (NS) ~
0.25to 1.5 51 are observed for residues @) and
X(i+4). In contrast, in the case of a ‘half’ knuckle
values on the order of 0.0 to 0.25 st and~ —0.5

to 0.0 s°* are obtained foF i1 3)Hi+3).c/i+3)/tc (NS)
andT'nG+4)H(+4),ci+4)/tc (nS), respectively.

Figure 3B shows the changes inp,{) di-
hedral angles obtained from the combined use
of I'N¢iyHd),cd) and CegiyHa),c/) Cross-correlation
rates for qCRP2(LIM2). Significant angle changes
(Ag or Ay > 30°) were observed for residues C123,
H141, C144, F145, C147, C150, G151, C168, C171
and, in particular, for Y172. In general, the optimized
backbone dihedral angles for all of the residues in
the zinc-binding sites of qCRP2(LIM2) are in bet-
ter agreement with corresponding residues of other
zinc-finger proteins (Figure 3A), which additionally
corroborates the reliability of the approach and allows
for an unambiguous assignment of the knuckle type
for the zinc-binding sites. In the first turns of the N-
terminal CCHC (C120 to G124) and the C-terminal

CCCC zinc finger (C147 to ©61) only minor struc-
tural changes occur and the geometry is very similar
to a typical rubredoxin full ‘knuckle’ (Konrat et al.,
1997). In both cases the protein backbone adjacent
to the zinc-binding site displays an extended confor-
mation, which is the prerequisite for a full ‘knuckle’
structure. The geometries of the second turns in both
zinc-binding sites are, however, considerably differ-
ent. The second turn of the C-terminal CCCC zinc-
binding module is part of the LIM domain terminating
a-helix which precludes the formation of an extended
structure at the end of the turn (Konrat et al., 1997).
This zinc-binding site is thus structurally comparable
to a half ‘knuckle’. In contrast, the second turn of the
N-terminal CCHC zinc-binding site does not resemble
any of the two canonical knuckle types. This may be
due to the specific steric demands of the two-residue
linker between the two zinc-coordinating residues
C144 (CCHC) and C147 CCCC). Most importantly,
the dihedral angles for F145 are very different com-
pared to a classical knuckle structure (Figures 3A and
3B). This may be due to the fact that the side chain of
F145 is involved in specific hydrophobic interactions
which stabilize the global fold of the LIM domain
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and determine the relative orientation of the two zinc- the cross-correlation rates on the backbone dihedral
binding sites (Konrat et al., 1997). The importance of anglesg ands allows for a very high accuracy. The
this interaction is evidenced by the fact that aromatic improved structural resolution may provide important
or hydrophobic residues are conserved at this position insights into the factors which control the stability
in the family of LIM domain proteins (Weiskirchen and geometry of the metal-binding sites in zinc-finger
et al.,, 1995). It is also important to note that K142, proteins.

N143 and C144 show conformational flexibility on

the ms tops time scale, presumably as a result of

the steric strain caused by the specific local fold of Acknowledgements
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