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SUMMARY 

Sequence-specific assignments for the ‘H and 15N backbone resonances of cellular retinoic acid-binding 
protein (CRABP), with and without the bound ligand, have been obtained. Most of the side-chain resonanc- 
es of both apo- and holo-CRABP have also been assigned. The assignments have been obtained using 
two-dimensional homonuclear and heteronuclear NMR data, and three-dimensional ‘H-15N TOCSY- 
HMQC and NOESY-HMQC experiments. The secondary structure, deduced from nuclear Overhauser 
effects, amide H/D exchange rates and H” chemical shifts, is analogous in both forms of the protein and is 
completely consistent with a model of CRABP that had been constructed by homology with the crystal 
structure of myelin P2 protein [Zhang et al. (1992) Protein Struct. Funct. Genet., 13, 87-991. This model 
comprises two five-stranded B-sheets that form a sandwich or p-clam structure, and a short N-terminal 
helix-turn-helix motif that closes the binding cavity between the two sheets. Comparison of the data 
obtained for apo- and holo-CRABP indicates that a region around the C-terminus of the second helix is 
much more flexible in the apo-protein. Our data provide experimental evidence for the hypothesis that the 
ligand-binding mechanism of CRABP, and of other homologous proteins that bind hydrophobic ligands in 
the cytoplasm, involves opening of a portal to allow entry of the ligand into the cavity. 

INTRODUCTION 

Cellular retinoic acid-binding protein (CRABP) (136 residues, 15.5 kDa) is a member of a 
family of small intracellular proteins that bind hydrophobic ligands such as fatty acids, lipids and 
retinoids (for reviews, see Chytil and Ong, 1987; Sweetser et al., 1987; Banaszak et al., 1994). 
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Retinoic acid (RA), the endogenous ligand of CRABP, is an active metabolite of vitamin A 
(retinol) that mediates many vitamin A-dependent processes (Napoli et al., 1991). RA has pro- 
found effects on growth, morphogenesis and differentiation of both normal cells and different 
types of tumor cells (Willhite et al., 1989; Hoffman, 1990; Amos and Lotan, 1991; Maden, 1994). 
RA and other retinoids have been shown to inhibit tumorigenesis in experimental animals (Moon 
et al., 1983). The action of RA is exerted through nuclear receptors (De Luca, 1991; Lotan and 
Clifford, 1991), which act as transcriptional regulators. CRABP and other retinoid-binding pro- 
teins are believed to solubilize and stabilize their ligands, to transport them to the nucleus and to 
make them nontoxic to cells (Wolf, 1991). Although the role of CRABP in cell differentiation is 
still not clear, the differential distribution of the protein in developing chick limb buds has led to 
the proposal that CRABP and the isoform known as CRABPII may act by regulating the 
effective concentration of RA for appropriate spatial modulation of gene transcription (Maden 
et al., 1988; Blomhoff et al., 1990). 

The family of intracellular hydrophobic ligand-binding proteins related to CRABP includes 16 
additional members, with homologies ranging from 15% to 81% (Banaszak et al., 1994). The 
crystal structures of eight of these proteins, including those of cellular retinol-binding protein 
(CRBP) (Cowan et al., 1993) and CRBPII (Winter et al., 1993), have been determined by X-ray 
diffraction. All the structures determined have analogous P-barrel architectures, consisting of two 
five-stranded P-sheets and a short N-terminal helix-turn-helix motif. The two P-sheets are dis- 
posed face to face, forming a sandwich structure commonly referred to as a p-clam. The conserva- 
tion of the backbone structure is very remarkable, with rms deviations between the positions of 
the a-carbons ranging from 0.63 to 2.38 A for proteins with homologies between 17% and 67% 
(Banaszak et al., 1994). Ligand binding occurs in a large cavity in the protein interior and has a 
very small effect on the structure of the proteins. The solution structure of heart fatty acid-binding 
protein has been solved by NMR spectroscopy and is very similar to the corresponding crystal 
structure, but some differences were observed in a flexible region where the ligand presumably 
enters the binding pocket (Lassen et al., 1993). The p-clam fold observed in the family of proteins 
referred to above may occur more widely in nature, since the sequence of the N-methyl-p- 
aspartate receptor contains a domain homologous to these proteins (Petrou et al., 1993). 

The structures of CRABP and CRABPII in crystals or in solution have not yet been deter- 
mined. Based on the crystal structure of myelin P2 protein (43% homologous to CRABP), we 
constructed a 3D model of CRABP to rationalize mutagenesis studies on the contribution of 
specific amino acid residues to the interaction with RA (Zhang et al., 1992). Mutation of Arg”’ 
or Arg13’ or both to glutamine (the residue found in the homologous positions of CRBP and 
CRBPII) resulted in a substantially lower affinity for RA, but no binding of retinol was observed. 
In analogous experiments, mutation of Glnlo9 or Glnlz9 to arginine in CRBPII produced a 
decrease in affinity for retinol, but no increased binding of RA was observed (Cheng et al., 1991). 
These results show that, although the arginine (glutamine) residues in positions 111 and 131 (109 

Abbreviutions: CRABP, cellular retinoic acid-binding protein; CRBP, cellular retinol-binding protein; 2D, 3D, two-, 
three-dimensional; DQF-COSY, double-quantum filtered COSY; FID, free induction decay; HMQC, heteronuclear 
multiple-quantum coherence; HSQC, heteronuclear single-quantum coherence; NOESY, nuclear Overhauser enhance- 
ment spectroscopy; RA, retinoic acid; Rms, root mean square; TOCSY, total correlation spectroscopy; Tris, 
tris(hydroxymethyl)aminomethane. 
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and 129) of CRABP (CRBPII) are important for ligand-binding specificity, the specificity 
depends also on additional structural factors. 

In order to elucidate the structural details that determine the binding specificity of CRABP for 
RA, we have undertaken the determination of the solution structure of CRABP, with and without 
bound ligand, using multidimensional NMR methods. These studies are also aimed at comparing 
the dynamic properties of the apo- and holo-forms of CRABP to understand the mechanisms of 
ligand binding and release, which may depend critically on the flexibility of part of the structure. 
Understanding the binding interaction between CRABP and its ligand will aid in the design of 
analogs of RA with altered relative affinities for CRABP and the RA nuclear receptors. Such ana- 
logs may help to clarify the function of CRABP and could have clinical applications in the re- 
gulation of RA-dependent processes. CRABP is also a very interesting model to study the folding 
mechanism of single-domain proteins containing mostly P-sheet structure (Liu et al., 1994). 

Here we describe the assignment of the ‘H and “N backbone resonances, as well as the 
secondary structure, of the apo- and holo-forms of CRABP. Assignments were also obtained for 
most side-chain protons of both forms. The secondary structure is analogous in both forms and 
corresponds to that observed in the crystal and solution structures of other proteins of the family 
(see above). A preliminary comparison between the NMR data and the conformational model of 
CRABP built from the crystal structure of myelin P2 shows that the only observed inconsistencies 
correspond to residues that were substituted or inserted in the modeling process. The most 
significant differences between the NMR data of apo- and holo-CRABP are observed in a region 
near the C-terminus of the second helix, which appears to be more flexible in the ligand-free form 
of the protein and may act as a hinge to allow ligand entry into the binding cavity. 

MATERIALS AND METHODS 

Sample preparation 
All deuterated or “N-labeled compounds were purchased from Cambridge Isotope Laborato- 

ries. Recombinant CRABP (with or without uniform “N-labeling) was obtained as described 
previously, by overexpression in Escherichia coli strain BL21(DE3) in LB-CB or in M9 minimal 
medium containing “NH&l, followed by purification from inclusion bodies (Liu et al., 1994). 
Typical yields of either labeled or unlabeled protein were 15 mg/l cell culture. Selectively labeled 
samples of CRABP were obtained by growing 1 1 of cells in M9 minimal medium with NH&l as 
the sole nitrogen source, and adding either 140 mg of [‘5N]leucine, 110 mg of [“Njlysine or 80 mg 
of [“N]D,L-threonine before induction with isopropyl-P-o-thiogalactopyranoside. The sample 
with reverse selective labeling of arginine residues was prepared in an analogous manner, but 
using “NH&l and 150 mg of nonlabeled arginine. 

Samples for NMR spectroscopy contained 1.5-2.5 mM protein in 0.6 ml of the appropriate 
buffer, except for the selectively labeled samples, which contained 0.5-1.0 mM protein. All 
samples were prepared at 4 “C and the buffers contained 0.02% sodium azide. For experiments 
in water without RA, the protein was dialyzed against 12 mM Tris-d, i at pH 7.5 and concentrated 
by ultracentrifugation to 0.54 ml, after which 0.06 ml of D,O were added. Samples with RA were 
prepared in 40 mM acetic acid-d, at pH 3.8, and contained 1.5 mole of RA per mole of protein. 
To prepare such samples, RA dissolved in dimethylsulfoxide-d, or acetone-d, was added to a 
diluted (ca. 30 pM) protein solution in 12 mM Tris-d,, at pH 7.5, keeping the final volume of 
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organic solvent below 1%; the pH was then brought to 3.8 by fast addition of 200 mM acetic 
acid-d,, and the protein solution was concentrated. For experiments in D,O, protein solutions 
were dialyzed against water, concentrated to ca. 0.5 mM, lyophilized and redissolved in 0.6 ml of 
either 12 mM Tris-d,,/D,O at pD 7.5 (uncorrected) or 40 mM acetic acid-d,/D,O at pD 3.8 
(uncorrected); for samples of holo-CRABP, RA was added before concentrating the protein 
solution. Samples to measure the protection of amide protons against deuterium exchange were 
prepared freshly before starting acquisition of the data, with the exception that the pD was 
adjusted to 6.4 (uncorrected) in the experiment without RA. 

NMR spectroscopy 
All NMR spectra were recorded on a Varian VXR-500s spectrometer, operating at a proton 

frequency of 500 MHz and a 15N frequency of 50.65 MHz. Data processing was performed on a 
Silicon Graphics 4Dl25 Personal Iris workstation using the program Felix (Biosym Technologies, 
Inc.). All data were obtained at 25 “C, except for the experiments to measure deuterium exchange 
rates in apo-CRABP, which were performed at 5 “C. Proton chemical shifts were referenced to 
the position of the water signal at 4.76 ppm with respect to 3-(trimethylsilyl)propionic acid (at 
25 “C). A 200 mM solution of “NH&l in 1 M HCl was used as external reference (24.93 ppm) for 
nitrogen chemical shifts. 

All 2D and 3D experiments were acquired in the phase-sensitive mode, with quadrature detec- 
tion achieved by the hypercomplex method (States et al., 1982). A 1 s relaxation delay was used 
in all cases. Two-dimensional DQF-COSY (Rance et al., 1983), TOCSY (Davis and Bax, 1985) 
and NOESY (Jeener et al., 1979; Kumar et al., 1981) spectra were acquired with 6000 or 6800 Hz 
spectral widths in both dimensions, using low-power presaturation for suppression of the water 
resonance. The mixing times ranged from 30 to 70 ms in TOCSY experiments and from 100 to 150 
ms in NOESY experiments. A WALTZ17 mixing sequence (Bax, 1989) was used for TOCSY 
experiments, with delays before and after the 180” pulses to compensate for the development of 
negative ROE cross peaks (CLEAN-TOCSY; Griesinger et al., 1988); the delays were set to twice 
the length of a 90” pulse. In general, 2 x 256 FIDs of 1024 complex points each (64 scans per FID) 
were acquired. Data sets were apodized using Gaussian or sine-bell (shifted by 10-70”) functions. 
A zero-order baseline correction was applied after Fourier transformation in the t, dimension, 
and linear prediction of the first point of each FID along the t, dimension (Marion and Bax, 1989) 
was used to obtain flat baseplanes. Zero-filling and Fourier transformation along the t, dimen- 
sion yielded matrices of 1024 x 1024 real points for TOCSY and NOESY, or 4096 x 1024 real 
points for DQF-COSY. 

‘H-“N HSQC experiments (Bodenhausen and Ruben, 1980) were recorded with spectral 
widths of 7600 Hz in the proton dimension and 1360-1800 Hz (apo-CRABP) or 1414-1800 Hz 
(holo-CRABP) in the nitrogen dimension. A 2 ms spin-lock purge pulse was used to suppress the 
water resonance (Messerle et al., 1989), which was further removed after data acquisition with a 
low-frequency filter in the time domain (Marion et al., 1989a). Data sets obtained in water 
consisted of 2 x 150 FIDs of 768 complex points each (32 scans per FID), and were processed in 
a similar manner to that described above to obtain matrices of 5 12 x 5 12 real points after discard- 
ing the aliphatic part of the data in the o2 dimension. To measure deuterium exchange rates of the 
amide protons, a series of HSQC spectra was acquired using analogous parameters, except that 
2 x 100 FIDs were obtained. For the first HSQC spectrum after sample preparation, 16 scans per 
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FID were averaged (total acquisition time 1 h); ensuing HSQC spectra were acquired with 32 
scans per FID (total acquisition time 2 h). 

Three-dimensional ‘H-“N TOCSY-HMQC and NOESY-HMQC data (Marion et al., 1989b,c; 
Zuiderweg and Fesik, 1989) were acquired for both apo- and holo-CRABP, using pulse sequences 
adapted for solvent suppression with two spin-lock purge pulses (of 0.5 and 2 ms duration) 
(Messerle et al., 1989). The spectral widths along the 03, o, and o, dimensions were 6300, 1360 
and 6300 Hz, respectively, for apo-CRABP, and 6800, 1414 and 6300 Hz, respectively, for 
holo-CRABP. In all cases, 768 complex t3, 29 complex t, and 110 complex tl data points were 
obtained, with 16 scans per FID (64 scans per hypercomplex t,& increment), for a total acquisi- 
tion time of ca. 3 days. The mixing times used were 40 and 130 ms for the TOCSY-HMQC and 
NOESY-HMQC spectra, respectively. Isotropic mixing in the TOCSY-HMQC experiments was 
achieved as described above. A low-frequency filter (Marion et al., 1989a) was applied before 
data processing. The apodization functions used were a Gaussian for the t, domain, a 45” -shifted 
sine bell added to a 100 Hz line-broadening exponential for the t, domain (Fesik and Zuiderweg, 
1990) and a 70”-shifted sine bell for the t, domain. Zero-order baseline corrections were applied 
after Fourier transformation along the t, and t, dimensions, and the first point of each FID along 
the t2 and tl domains was calculated by linear prediction (Marion and Bax, 1989). Zero-filling and 
removal of the aliphatic part of the spectrum in the wj dimension yielded matrices consisting of 
512 x 64 x 512 real points. We also acquired 2D TOCSY-HMQC and NOESY-HMQC data sets 
to obtain the positions of intraresidue and sequential HN/Ha connectivities with higher precision. 
For these experiments, 2 x 256 FIDs (64 scans per FID) were obtained, and zero-filling was used 
to yield matrices of 512 x 1024 real points. 

RESULTS AND DISCUSSION 

Experimental conditions for NMR experiments 
Acquisition of high-quality NMR data for both apo- and holo-CRABP is hindered by the 

tendency of both forms to self-associate. Our initial efforts to perform structural characterization 
by NMR were directed to the apo-protein. The isoelectric point of apo-CRABP is 4.76 (Fiorella 
and Napoli, 1991), and thus the protein has a high tendency to aggregate in solutions with pH 
near this value. The protein denatures below pH 3.5 (Liu et al., 1994) and the denaturation 
temperature is ca. 30 “C at pH 3.8. At pH 3.8-4.0,0.5 mM protein concentrations can be reached, 
but aggregation occurs at temperatures above 5 “C, and the NMR data obtained at this tempera- 
ture and protein concentration had poor sensitivity. Above the isoelectric point, millimolar 
solutions of apo-CRABP are only stable at 25 “C if the pH is 7.5 or higher. Increasing the ionic 
strength or raising the temperature favored the aggregation of the protein at all pH values tested. 
Addition of an organic solvent, such as acetonitrile-d, up to 15% (v/v), did not improve the 
quality of the NMR data. Based on these observations, we chose to perform the NMR analysis 
of apo-CRABP in 12 mM Tris-d,, at pH 7.5 and 25 “C. No aggregation was observed for several 
weeks under these conditions, although the observed linewidths suggest that a small degree of 
self-association may still occur. An expansion of the aliphatic region of a TOCSY spectrum 
obtained in D,O under analogous conditions is shown in Fig. 1. Although cross peaks were found 
for most side chains, no connectivities were observed for several residues, all of which correspond 
to central parts of the molecule according to the structural model described below. In TOCSY 
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Fig. 1. Expansion ofa 2D TOCSY spectrum of apo-CRABP in D,O (2 mM protein, 12 mM Tris-d,,, pD 7.5 (uncorrected), 
25 “C, 50 ms mixing time). 

spectra obtained in H,O, relayed connectivities between amide and side-chain protons were only 
observed for the more mobile parts of the molecule. The pH used (7.5) also caused broadening of 
some amide proton resonances due to exchange with the solvent, and a few amide signals were 
completely absent from the spectrum. As described below, these problems hampered the sequen- 
tial assignment of the NMR spectrum of apo-CRABP, and complete assignment could only be 
obtained with the help of selectively “N-labeled samples of apo-CRABP and by comparison with 
the assignments obtained for holo-CRABP. 

Binding of RA to CRABP stabilizes the structure of the protein, and holo-CRABP has a 
denaturation temperature 17 “C higher than apo-CRABP at pH 7.0 (Zhang et al., 1992). Addi- 
tion of the ligand did not improve the behavior of the protein at pH values above the isoelectric 
point. However, 1.5 mM solutions of holo-CRABP are stable for weeks at pH 3.8 and 25 “C, due 
to the stabilization produced by the ligand. We chose these conditions for NMR analysis of 
holo-CRABP, since the linewidths are slightly narrower than at pH 7.5, and there is no broaden- 
ing or loss of amide resonances due to exchange with the solvent. 

Resonance assignment 
Assignment of ‘H and 15N resonances was perforemd in an analogous way for apo- and 

holo-CRABP. We will present the data obtained for the holo-protein, and will point out particu- 
larities of the assignment of apo-CRABP and problems encountered due to the fast exchange of 
some amide protons with the solvent. The process followed to obtain the assignments is similar 
to that described for other proteins with relatively large resonance linewidths (see, for instance, 
Marion et al., 1989~; Driscoll et al., 1990; Stockman et al., 1992). We used primarily 2D TOCSY 
and NOESY data obtained in D,O on nonlabeled protein samples, and ‘H-“N 2D HSQC, 3D 
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Fig. 2. Amide region of a 2D ‘H-15N HSQC spectrum of holo-CRABP in 90% H,O/lO% D,O (1.5 mM protein, 40 mM 
acetic acid-d.,, pH 3.8, 25 “C). The assignments of all cross peaks corresponding to backbone amide protons and to 
asparagine, glutamine and tryptophan side chains are indicated (note that the cross peak corresponding to the Trplo9 side 
chain falls outside the region shown). Arginine side-chain cross peaks have been labeled Rsc. 

TOCSY-HMQC and 3D NOESY-HMQC data obtained in H,O on uniformly “N-labeled sam- 
ples. The use of spin-lock purge pulses for solvent suppression in the heteronuclear experiments 
(Messerle et al., 1989) was extremely useful to avoid bleaching of cross peaks with chemical shifts 
near that of the water resonance, and to minimize saturation of amide protons in fast exchange 
with the solvent. A complete count of N”/HN cross peaks in the HSQC data (Fig. 2), and of HN/Ha 
cross peaks in the 3D TOCSY-HMQC data, was obtained for holo-CRABP. For apo-CRABP, 
126 cross peaks corresponding to backbone amide groups could be identified in the HSCQ data 
(the protein contains 132 non-proline residues); HN/H” cross peaks were identified for 120 resi- 
dues in the 3D TOCSY-HMQC data, and 3D NOESY-HMQC data were observed for 124 
residues, although these data were of poor quality for about 1.5 residues. 

The assignment was initiated by identifying as many spin systems as possible in the 2D and 3D 
TOCSY data. Since the 3D data have poor digital resolution, the chemical shifts of the cross 
peaks were determined whenever possible from the corresponding cross peaks in 2D TOCSY- 
HMQC data. Although relayed connectivities between the amide and the side-chain protons were 
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only observed for about 60% and 40% of the residues of holo-CRABP and apo-CRABP, respec- 
tively, assignment of additional side-chain protons to their corresponding amide resonances 
could be obtained by comparison of the H* chemical shifts of HN/H” cross peaks in the 3D 
TOCSY-HMQC data with those of Ha/side-chain cross peaks in the 2D TOCSY data. Intrare- 
sidue HN/side-chain NOES in the 3D NOESY data were helpful to solve ambiguities due to 
degeneracies in the H* chemical shifts. Spin systems for many residues with short side chains were 
identified in this way, but very little information was obtained for residues with long side chains 
(lysine, arginine, leucine, isoleucine). 

In order to obtain sequential assignments of backbone ‘H and “N resonances, a list of NOES 
extracted from the 3D NOESY-HMQC data was compiled for each amide proton (identified as 
a cross peak in the HSQC data), and 2D (o~,o~) strips along the o, dimension, taken at the 
chemical shift of the corresponding “N in q, were reorganized according to the amino acid 
sequence as the assignment progressed. Two a-helical regions in holo-CRABP, comprising resi- 
dues Phe’5-Gly23 and Ala26-Ala36, were easily assigned due to the presence of strong sequential 
d,,(i,i+l) connectivities, and because consecutive amide protons in these regions had many 
NOES in common. Selected strips of the 3D NOESY-HMQC data, illustrating the assignment of 
the second helix, are shown in Fig. 3A. The same helical regions could be assigned for the apo- 
protein, but, due to fast exchange of amide protons with the solvent (see below), the data were of 
very poor quality at the edges of the helices (Phe’5-Glu17, Met27 and Ala35-Ala36; no Ala26 Na/HN 
cross peak was observed in the HSQC data). 

The frequent presence in turns and loops of d,,(i,i+ 1) and dpN(i,i+l) connectivities, in addition 
to d,,(i,i+l) NOES, facilitated also the assignment of resonances corresponding to these regions 
and to contiguous residues at the edges of B-strands. Residues Gly47-Phe50, Asn@--Phe71, Thr7’- 
Gly7’, Thr86-Lysg2, Leu’00-Gly’04 and Gly’23-Va1’2s were thus easily assigned for both forms of 
CRABP. Residues Thrs6-Thr6’ and Ala”4-Glu117 of holo-CRABP were also easily assigned, but 
could not be identified initially for apo-CRABP due to the presence of fast-exchanging amide 
protons in these regions. 

The NOE patterns observed for more than 50% of the amide protons of CRABP are character- 
istic of B-sheets, with strong d,,(i,i+l) interactions, weak or absent intraresidue d,, connectivi- 
ties, and few NOES common to consecutive amide protons. Despite the good dispersion of H* 
chemical shifts observed in the spectra of CRABP (see, for instance, Fig. l), there is still consider- 
able chemical-shift degeneracy, which is compounded by the low digital resolution of the 
3D NOESY-HMQC data. Assignment was also hindered by the lack of residue-type information 
from the TOCSY data for many of the amide protons in P-sheet residues, in particular for 
apo-CRABP. These problems were solved by recording HSQC spectra on selectively lSN-labeled 
CRABP samples. 

Fig. 3. Composite of (o,,o~) strips from a 3D ‘H-“N NOESY-HMQC spectrum of holo-CRABP, illustrating the assign- 
ment of (A) the second helix; and (B) the two C-terminal S-strands (conditions as in Fig. 2; 130 ms mixing time). The strips 
were taken at the W, chemical shift of the “Na atom of the corresponding residue. Boxes indicate cross peaks that were also 
observed in the 3D TOCSY-HMQC data, and dashed boxes indicate cross peaks that were not observed in the 3D ‘H-15N 
TOCSY-HMQC data, but could be identified as intraresidue NOES. Arrows point from intraresidue NOES to sequential 
k&,i+ 1) and dsidnhalnN(iri+ 1) connectivities. Lines connect diagonal cross peaks to sequential d,,(i,i+l) and dNN(i,i-I) 
NOES. 
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Fig. 4. Superposition of 2D ‘H-15N HSQC spectra corresponding to holo-CRABP (single contours) and holo-CRABP 
with reverse selective labeling of arginine residues (multiple contours) (conditions as in Fig. 2). The sample with reverse 
selective labeling was obtained by growing cells in the presence of 15NH,Cl and nonlabeled arginine. 

Considering which residues were more abundant in the P-sheets, we chose to prepare three 
selectively labeled samples, growing cells in the presence of “N-lysine, “N-o,L-threonine or 
“N-1eucine. With the prototrophic cell line used, full scrambling of threonine to glycine occurs; 
leucine scrambles fully to valine and isoleucine, and partially to alanine (Muchmore et al., 1989). 
We also prepared a sample with ‘reverse selective labeling’ of arginine residues, i.e., the cells were 
grown in the presence of “NH&l and nonlabeled arginine so that all residues were 15N-labeled, 
except for arginine. We recorded HSQC spectra in the absence of RA for the four samples, and 
in the presence of RA for the samples obtained with “N-o,L-threonine and with arginine. In Fig. 
4, the HSQC spectrum obtained for ‘reverse arginine-labeled’ holo-CRABP (multiple contours) 
is shown superimposed with that of uniformly 15N-labeled holo-CRABP (single contours). The 
‘reverse selective-labeling’ method yields basically the same information as that obtained by 
selectively labeling an amino acid residue, and is particularly useful when the “N-labeled amino 
acid is expensive or difficult to obtain commercially. 

With the information obtained from the selective-labeling experiments and that compiled 
earlier from the TOCSY data, it was straightforward to obtain complete assignments for the 
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TABLE 1 
CHEMICAL SHIFTS FOR ASSIGNED ‘H AND 15N RESONANCES OF THE RETINOIC ACID-BOUND FORM 
OF CRABP @‘PM) 

Residue N” HN H” Ha Others 

Pro’ 
Asn2 
Phe’ 
Ala4 
Gly’ 
Thr6 
Trp’ 

LysS 
Met’ 
Arg”’ 
Ser” 
Ser” 
Glu13 
Asn14 
Phe” 
AspI 
Glu” 
Leu” 
Leu” 
Ly? 
Ala” 
Let?’ 
Gly”’ 
Valz4 
Asn” 
Ala26 
Met” 
Let? 
Arg” 
Lys3” 
Va13’ 
Ala3’ 
Val” 
Alaj4 
Ala” 
Ala36 
Ser” 
Ly? 
Pro39 
His40 
Va?’ 
Glu4’ 
Ile43 
Arg’@ 
Gin“’ 

123.39 8.82 
123.77 9.58 
121.23 7.93 
111.83 9.03 
118.03 8.06 
128.69 9.37 

125.52 10.07 
128.69 9.37 
131.80 9.91 
114.65 7.69 
118.26 8.38 
131.50 8.82 
122.43 9.30 
125.00 8.57 
121.34 8.55 
121.32 8.63 
126.28 7.93 
118.72 7.57 
124.15 8.51 
128.03 8.04 
119.37 7.38 
110.17 7.72 
125.57 7.70 
131.20 8.67 
124.56 8.66 
121.39 8.23 
123.42 8.05 
122.57 8.75 
119.97 7.33 
121.81 6.87 
126.39 8.55 
120.39 9.16 
123.66 7.08 
124.95 8.05 
121.23 8.84 
116.98 7.42 
123.12 7.07 

121.01 8.76 
130.65 8.24 
131.83 9.16 
126.75 9.40 
131.66 9.55 
127.71 8.42 

4.40 
5.04 
4.40 
4.05 
4.33.3.89 
5.30 
5.28 

5.20 
3.86 
4.53 
4.72 
5.07 
4.90 
5.00 
4.49 
3.88 
3.67 
3.71 
3.58 
3.82 
4.08 
3.98 
4.06,3.62 
3.83 
4.39 
3.74 
4.16 
4.13 
3.62 
3.92 
3.70 
3.90 
3.54 
4.20 
4.30 
4.02 
4.25 
4.83 
5.17 
5.27 
5.38 
5.29 
5.53 
4.82 
4.70 

2.51,2.27 
3.09,3.06 
3.34,3.18 
1.66 

4.05 
2.96,2.66 

1.95.1.72 
2.05 
1.67 
3.86,3.70 
3.85,3.61 
2.18,2.05 
3.38,3.33 
2.88,2.81 
2.66,2.54 
1.93.1.78 
2.08 
1.66 
1.88 
1.50 
1.62 

1.46 
3.18,2.84 
1.43 
2.15,2.07 
1.71 
1.82 
1.93,1.70 
2.17 
1.17 
2.14 
1.52 
1.58 
0.96 
4.04* 
1.99,1.67 

3.39,3.21 
1.77 
2.29,2.09 
2.32 
1.82 

HY 2.08*; HS 3.50,3.40 
HY 7.56,6.89; N6 114.10 
Hs 7.38; H’ 7.21; Hs 7.36 

HY 1.25 
Hs’ 6.78; Hsz 7.13; H”* 7.03; Hc3 6.74; HE3 7.19; 
HE’ 9.36. N” 129.62 
HY 1.40 ’ 

HY 1.38; Hs 3.15* 

HY 2.47,2.44 
Hs 7.38,6.96; NS 113.45 
H6 7.19; H’ 6.59; Hr 6.74 

HY 2.57,2.39 

HS 0.98,0.72 
HY 1.36; Hs 1.57; H’ 2.87* 

HY 0.94,0.89 
H6 7.59,6.86; NS 116.43 

HY 2.66,2.54 
H” 0.96,0.86 

HY 1.43*; HS 1.61*; HE 2.98* 
HY 1.10,0.95 

HY 1.10.0.98 

HY 1.46,1.38 

HY0.80,0.56 
HY 2.35* 
H” 0.84; H” 0.53 

HY 1.73; HE 7.63,7.26; NE 110.26 
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TABLE 1 (continued) 

Residue N” HN Hrn Hs Others 

Asp& 
Gly4’ 
Asp4’ 
Gin@ 
Phe”’ 
Tyr” 
Ile5’ 
Lys53 
Thr” 
Ser55 
Thr56 
Thr5’ 
Val’* 
Arg” 
Thre’ 
Thr6’ 
G1i.fj2 
Ile63 
AsnM 
Phe65 
Lys@ 
Va16’ 
Gly6* 
GIlf9 
Gly”’ 
Phe” 
Glu’* 
G~u’~ 
G~u’~ 
Thr75 
VaY6 
Asp” 
Gly’* 
Arg79 
LysSO 
CyP 
Arg** 
Ser*’ 
Letis 
Pros5 
Thrs6 
Tip87 

130.49 8.66 
120.00 9.21 
129.56 8.76 
124.10 8.02 
128.71 9.24 
125.77 8.55 
126.34 8.41 
137.19 9.30 
128.88 8.96 
127.10 9.64 
116.53 7.69 
113.94 8.85 
112.74 6.80 
124.15 7.08 
133.60 9.30 
119.98 8.76 
125.68 8.76 
119.84 8.23 
123.32 8.07 
120.44 8.37 
127.10 9.64 
128.12 8.85 
118.91 8.61 
124.56 8.66 
114.16 8.79 
122.92 9.03 
123.80 8.85 
124.97 8.33 
121.20 7.68 
114.92 9.30 
125.77 9.03 
114.10 8.53 
110.42 7.83 
123.31 7.79 
125.68 8.76 
121.83 9.00 
123.60 8.87 
129.59 9.18 
126.06 8.03 

4.76 
4.04,3.64 
5.12 
4.74 
4.72 
5.37 
4.71 
5.23 
4.87 
5.36 
4.93 
4.05 
4.49 
4.48 
5.37 
4.71 
4.97 
5.07 
5.65 
4.70 
5.20 
3.12 
4.54,3.64 
4.79 
4.90,3.77 
5.13 
5.09 
4.82 
5.39 
4.18 
3.71 
4.45 
4.00,3.59 
4.44 
4.41 
5.16 
4.69 
5.10 
5.03 
5.03 
4.50 
5.23 

2.75,2.50 

3.25,2.94 
2.03 

3.04,2.65 

1.89 
3.92 
3.87* 
4.37 
4.27 
2.21 
1.49 
3.96 
4.08 
2.14,1.97 
1.96 
2.63,2.55 

2.05,1.65 
1.75 

2.35,2.15 HY 2.45* 

3.73,3.32 H” 7.29 
2.17,2.06 HY 2.51,2.37 

2.01,1.70 
4.59 
1.49 
2.77* 

1.85,1.69 HY 1.53,1.34 

2.67,2.16 
1.72,1.59 
2.85,1.87 
1.87 

118.01 9.22 
124.46 8.69 

4.07 
3.25,3.08 

Glu** 133.14 9.33 4.30 1.96,1.80 
Asns9 115.82 8.69 4.61 3.19,3.09 
Gluw 119.57 8.78 3.79 1.98,1.91 
Asn” 115.82 8.69 5.22 3.45,2.89 
Lys92 124.13 7.96 5.65 1.82 

HY2.19; H’7.29,6.77; NE 115.16 
H* 6.74; HE 6.97; HC 6.59 
He 6.95; H’ 6.59 

HY 0.98 

HY 1.27 
HY 1.36 
HY0.89,0.86 
HY 1.18* 
HY 1.12 
HY 1.02 

HY’ 1.24 
H6 7.62,6.92; Ns 116.77 
HS 6.22; HE 6.45; Hc 6.12 
HY 1.29,1.22 
HY 0.53,-0.15 

HY 2.11 
HY 1.07 
HY 0.56,0.42 

Hs 1.18 

HY 1.04 
H” 7.28; Hr2 8.08; H@ 7.03; HrS 7.39; HE” 7.67; 
HE’ 10.28; NE’ 132.68 
HY2.31* 
HS 7.75,6.85; Ns 118.26 
HY2.31* 
Ha 7.56,6.84; NS 117.10 
HY 1.65 
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TABLE 1 (continued) 

Residue N” HN H” Ha Others 

1le93 
His” 
cys= 
Thr96 
Gln9’ 
Thr9* 
LeS 
LeulN 
Glul”’ 
Gly”* 
Asplo 
Gly’04 
Pro”’ 
Lys’O6 
Thr’07 
Tyr”’ 
Tsp’O9 

132.10 9.39 
129.01 9.39 
131.99 8.61 
126.80 7.35 
126.31 7.63 
122.54 9.10 
131.86 9.06 
124.56 7.73 
119.94 8.00 
112.19 8.26 
120.93 8.27 
111.81 8.17 

125.68 8.50 
121.21 8.88 
116.95 7.47 
119.62 8.48 

4.63 
4.65 
4.73 
4.19 
5.03 
4.56 
4.06 
4.18 
4.52 
4.09,3.73 
4.95 
4.13,3.97 
4.59 
4.59 
5.38 
4.98 
5.76 

Thr”’ 114.29 9.55 5.45 
Arg”’ 123.86 8.97 5.36 
Glu”’ 127.84 9.11 5.77 
Leu”’ 131.23 8.42 5.00 
Alall 134.34 8.98 4.60 
AsnIl 125.30 9.24 4.24 
Aspn6 119.57 8.78 4.59 
GIU1” 120.71 8.05 5.27 
Leu”’ 128.36 8.76 4.94 
Ile’19 129.92 9.62 4.53 
Leti”’ 140.99 9.85 5.38 
Thr12’ 123.86 8.97 5.68 
Phe”’ 123.15 9.09 5.20 
Glylz3 109.73 7.39 5.22,2.88 
Ala’24 127.57 8.24 4.76 
Asp’= 126.12 9.47 4.32 
AsplZ6 125.68 8.66 4.73 
VaS2’ 126.86 8.45 3.98 
Val”* 130.49 8.60 4.76 
CyP 132.54 9.50 5.28 
Thr”’ 127.87 7.98 5.12 
Arg”’ 135.08 10.20 5.12 
Be”’ 126.58 8.66 4.85 
Tyr”’ 132.21 9.94 5.50 
Va1’34 116.45 9.80 5.40 
Arg’35 127.43 8.73 3.71 
G~u”~ 129.62 8.00 4.02 

1.37 Hr’ 0.25; H” -0.25; Hal-O.36 

4.08 

3.87 
1.60 
1.57,1.46 
2.08,1.91 

HY 1.23 
WY 2.60; HE 7.42,6.90; N’ 117.88 
HY 1.21 
Ha 0.74 
Ha 0.81* 
HY2.31* 

2.74,2.66 

2.12.1.96 
4.56 
3.08,2.65 
3.27,3.10 

4.19 
1.71 
2.07* 
1.40,0.98 
1.23 
3.00,2.87 
3.07,2.87 
2.29,2.09 

Hr 1.48; H6 1.69 
HY 1.16 
HS 6.57; H’ 6.73 
H6’ 7.15; Hr2 6.60; Hq* 6.73; Hr3 6.96; HE3 6.91; 
H”’ 12.00; N”’ 143.09 
HY 1.20 
HY 1.39 
HY 2.24* 
Hs 0.52,0.49 

Ha 7.55,6.92; NS 116.77 

HY 2.61* 

1.86 H” 1.57; H” 0.78 

4.21 
3.33,2.52 

HY 1.16 
Ha 7.18; H” 7.05; Hr 7.27 

1.02 
2.95* 
2.83* 
2.18 
1.87 
3.12,2.69 
3.86 
1.75 
1.81 
3.20,3.08 
2.50 
1.37,1.23 
1.88,1.78 

Hr 0.99,0.73 
HY 0.86* 

HY 1.09 

H” 0.82 
HS 6.82; H’ 6.50 
Hr 1.09,0.90 
H’O.80,0.17; H” 2.82 
H’ 2.27* 

a Data obtained at 25 “C and pH 3.8. The accuracy is + 0.02 ppm for proton chemical shifts and ?r 0.1 ppm for nitrogen 
chemical shifts. In cases where only one resonance has been identified for diastereotopic protons in methylene groups or 
diastereotopic methyl groups in isopropyl groups, an asterisk indicates certainty that the diastereotopic protons or 
methyl groups have identical chemical shifts. 
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backbone ‘H and lSN resonances of the P-sheet residues of both holo- and apo-CRABP. Strips 
from the 3D NOESY-HMQC data, illustrating the sequential assignment of the two C-terminal 
P-strands of holo-CRABP, are shown in Fig. 3B. After assigning the B-sheet residues, comparison 
with the data obtained for holo-CRABP helped obtain assignments for some of the residues in the 
Th?-Thr61 and Ala114-Glu117 loops of apo-CRABP. No Nn/HN cross peak is observed for the 
amide groups of Thr57, Thrm and Asn”’ in the HSQC data obtained at pH 7.5 and 25 “C, but 
cross peaks for Thr6’ and Asn”’ could be observed in the data obtained at pH 3.8 and 5 “C on 0.5 
mM apo-CRABP (see above). 

The resonances of many side chains were identified during the sequential assignment process. 
Additional assignments were obtained a posteriori by revising all the data acquired, in particular 
the 2D data obtained in D,O. Intraresidue NOE connectivities were used to assign ‘H and 15N 
resonances corresponding to the side chains of asparagine, glutamine and aromatic residues. 
Complete assignment of most aromatic side chains was obtained from TOCSY and NOESY data. 
DQF-COSY data were of poor quality due to the large resonance linewidths, but helped solving 
ambiguities in the assignment of aromatic and long side chains. 

The process summarized above yielded assignments for all ‘H and 15N backbone resonances of 
holo-CRABP, as well as full ‘H assignments for 69% of the side chains and partial ‘H assignments 
for 23% of the side chains (Table 1). For apo-CRABP, we obtained assignments of all ‘H and “N 
backbone resonances except for four amide groups and two H* protons; 69% of the side chains 
were fully assigned and 19% partially (Supplementary material). 

Secondary structure 
The sequential and short-range (Ii-j1 I 4) NOES involving HN, H* and Hs protons observed in 

the 3D NOESY-HMQC data corresponding to holo-CRABP are summarized in Fig. 5. The 
observation of consecutive d&i,i+l) and of numerous (i,i+3) and (i,i+4) connectivities in the 
segments Phe1S-Gly23 and Ala26-Ala36 of holo-CRABP shows that these segments adopt an 
a-helical conformation. The NOE patterns indicate that the rest of the molecule consists mostly 
of turns and P-strands. A total of 93 interstrand NOES (summarized in Fig. 6) were observed in 
the 2D NOESY and 3D NOESY-HMQC data of holo-CRABP. These data show unequivocally 
the presence of 10 strands of antiparallel B-sheet (one of them with a P-bulge), connected by 
reverse turns or by loops. The assignment and nomenclature used to identify the strands is indi- 
cated in Fig. 5 and their relative topology is shown in Fig. 6. Further characterization of the sec- 
ondary structure of holo-CRABP was obtained from amide deuterium exchange rates, measured 
from the evolution of cross-peak intensities in a series of ‘H-“N HSQC spectra obtained in D20, 
and from Wishart indexes, calculated from the upfield or downfield shifts of H* protons with 
respect to random-coil values (Wishart et al., 1992) (Fig. 5). The deuterium exchange rates and 
the Wishart indexes are fully consistent with the secondary structure deduced from the NOE data. 
We also recorded an HMQC-J spectrum (Kay and Bax, 1990) to obtain 3JnNa coupling constants. 
The low sensitivity of the data when processed with strong resolution enhancement did not allow 
accurate measurements, but the data were completely consistent with the secondary structure 
assignment (small couplings for residues in a-helices and large couplings for P-sheet residues). 

The patterns of Wishart indexes and of sequential and short-range NOES observed for apo- 
CRABP (not shown) are very similar to those of the holo-form. Similar patterns of interstrand 
interactions were also observed; differences between the two forms correspond to weak HN/HU 
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Fig. 5. Summary of sequential and short-range (Ii-j] 5 4) NOES involving HN, H” and Ha protons, amide H/D exchange 
data, Wishart indexes (A&H” index) and secondary structure of holo-CRABP. Amide H/D exchange data for apo-CRABP 
are also shown. The size of the boxes for the sequential NOES reflects the intensities of the corresponding cross peaks. 
Open boxes indicate NOES whose presence could not be ascertained due to resonance degeneracy. All (i,i+2),(i,i+3)and 
(i,i+4) NOES are weak, and those whose presence cannot be ascertained because of overlap with sequential connectivities 
are indicated by broken lines. The H/D exchange data for holo-CRABP were acquired at pD 3.8 (uncorrected) and 25 “C; 
solid circles indicate amide groups that remain partially protonated after 25 h of exchange, and open circles indicate amide 
protons that remain partially protonated after 2 h of exchange, but are fully deuterated after 25 h. For apo-CRABP, we 
measured H/D exchange rates at pD 6.4 (uncorrected) and 5 “C; solid circles indicate amide groups with exchange rates 
smaller than 10m6 min-’ and open circles indicate amide groups with exchange rates between lo-* and 10m6 min-‘. Wishart 
indexes (Wishart et al., 1992) are indicated by solid boxes (above the central line for index +l, and below the line for 
index -1). 

interstrand NOES and are not concentrated in any particular region (this is illustrated in Fig. 6, 
where dotted arrows correspond to interactions observed in apo-CRABP that were not detected 
in holo-CRABP). Thus, such differences must be attributed to the low signal-to-noise ratios of 
these NOES, rather than to real structural differences. The most significant differences in the 
NOE data of the apo-form correspond to the two helical segments, where fewer (i,i+3) and (i,i+4) 
interactions are observed, particularly at the termini. These observations are indicative of helix 
fraying at these termini. 

To study the protection of amide protons in apo-CRABP, we performed deuterium exchange 
experiments at pD 6.4 and 5 “C, monitored by HSQC spectra (most HSQC cross peaks observed 
under these conditions can be assigned by correlation to the assignments obtained at pH 7.5 and 
25 “C). In Fig. 5, the protection patterns are compared with those observed for the holo-protein 
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Fig. 6. Schematic representation of the relative topology of the P-strands in apo- and holo-CRABP. Interstrand NOES 
observed for the holo-protein are indicated by solid arrows. Arrows with dotted lines indicate interstrand NOES observed 
for apo-CRABP that were not observed for holo-CRABP. Most amide protons in the P-strands have slow H/D exchange 
rates in both forms of the protein and are presumably hydrogen bonded (hydrogen bonds are not indicated). 

at pD 3.8 and 25 “C. The patterns are very similar in both forms of the protein, with the exception 
of that observed for helix a2. The low or absent protection of amide protons in this helix observed 
for apo-CRABP indicates that the helix has a significantly lower stability than in the holo- 
protein. Helix al also appears to be somewhat less stable in apo-CRABP. Such helix instability 
caused the low quality of the 3D NMR data observed for residues at the edges of the helices in 
apo-CRABP (see above), and is also reflected in the chemical shifts of the H* protons of both 
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helices, which have smaller upfield shifts in apo-CRABP than in holo-CRABP (see Fig. 7; note 
that the upfield shifts of Ha protons with respect to random-coil values can be used as a measure 
of a-helicity (Rizo et al., 1993)). The correlation of these observations with ligand binding is 
discussed below. 

Three-dimensional structural model of CRABP 
Figure 8 shows a ribbon diagram, representing the 3D model of the structure of CRABP that 

we constructed based on the crystal structure of myelin P2 protein (Zhang et al., 1992). The NMR 
data described above show that the basic architecture predicted by the model is correct. There is 
a complete coincidence between the model and the elements of secondary structure deduced from 
the NMR data (Fig. 5). In addition, most interstrand interactions and amide protection patterns 
observed (Figs. 5 and 6) are consistent with the model. Thus, we can conclude that the structure 
of CRABP is analogous to those of other homologous hydrophobic ligand-binding proteins 
(Banaszak et al., 1994). The bulk of this structure is formed by two P-sheets, containing five 
strands each, all disposed in an antiparallel arrangement. The two sheets form a sandwich or 
p-clam structure, with the strands of each sheet oriented in perpendicular directions (Fig. 8). In 
addition, the structure contains an N-terminal helix-turn-helix motif that seals the binding cavity 
between the two sheets. 

Hydrogen bonding is maximized in most of the CRABP structure, with the two sheets forming 
indeed a continuum of hydrogen-bonding interactions. Out of 132 backbone amide protons, 94 
are weakly or strongly protected from the solvent in the holo-form (Fig. 5). The most N-terminal 
strand, Bl, is mainly part of the N-terminal sheet, but forms a bulge in residue 10 so that the last 
residues of the strand (labeled j31 b in Figs. 5 and 8) are part of the C-terminal sheet. Note that 
there are interstrand interactions between the C-terminal strand and residues Trp7 to Asn14 (Fig. 
6). The hydrogen-bonding network is only interrupted between strands p4 and B5 of the N- 
terminal sheet, which are somewhat distant from each other as in all other homologous structures 
studied so far (Banaszak et al., 1994). Only one NOE between backbone protons of these strands 
is observed (Fig. 6) and the amide protons in the interface of the two strands (G~L?~, Asn64, Lys@‘, 
Gly7’, G1u72 and GAUGE) have weak or no protection from the solvent (Fig. 5). On the other side, 
strand l35 forms hydrogen bonds and has several NOE interactions with the N-terminal resi- 
dues of the first strand of the C-terminal sheet, strand j36 (See Figs. 6 and 8). Thus, residues 
Arg79-Arg82 can be considered part of the N-terminal sheet, much in the same way that residues 
Ser1’-Asn’4 are part of the C-terminal sheet. The latter sheet does not have any gap between 
strands and, in the model, has a more standard antiparallel P-sheet geometry than the N-terminal 
sheet. 

All inconsistencies between the NMR data and the structural model of CRABP detected so far 
correspond to residues that were inserted or to side chains that were replaced in the modeling 
process. For instance, the loop formed by the segment Leu99-Lys’06, which contains three more 
residues than the corresponding sequence in myelin P2 protein, protrudes outwards in the model, 
but the NMR data suggest that this loop is somewhat folded over the loop formed by residues 
Ala124-Va1’27. Several NOES involving aromatic protons also reveal the presence of side chains 
with wrong orientation in the model. Thus, a detailed analysis of the binding mechanism of RA 
to CRABP and of the interactions that define binding specificity will only be possible upon 
determination of the full solution structure of apo- and holo-CRABP, which is underway in our 
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Fig. 8. Ribbon diagram representing the structural 
model of CRABP built by homology with the crystal 

Fig. 7. Bar diagrams representing differences in the chemical structure of myelin P2 protein (Zhang et al., 1992). The 
shifts of HN (above) and Ha (below) protons between apo- and positions of the N- and C-termini, as well as the CL- 
holo-CRABP (AS = G(apo) - G(holo)). helices and P-strands, are indicated. 

laboratory. However, comparison of the data described above for the apo- and holo-forms al- 
ready gives interesting clues on dynamic factors that may be crucial for ligand binding (see below). 

The structures of the apo- and holo-forms have only been determined for three proteins 
homologous to CRABP, all in the crystal state (Banaszak et al., 1994). Ligand binding produces 
very few changes in the structure of these proteins and occurs in a large cavity between the two 
helices and strands B2-p5 and p7-010, which is almost sealed from the exterior of the protein. 
Ligand entry probably occurs through a small opening between the two helices and the loops 
joining strands p3-p4 and B5-B6. Based on calculations of the electrostatic potential of the model 
structure of CRABP, we proposed that entry of RA into the binding cavity may be guided by a 
positive potential, extending from the cavity to the entry site (Zhang et al., 1992). 

Although comparison of the NMR data obtained for apo- and holo-CRABP is hindered by the 
fact that the data for the two forms were obtained under different conditions, the similarity be- 
tween the NMR parameters observed for most of the residues in both forms of the molecule indi- 
cates that the distinctions observed may be meaningful, in particular if there are numerous differ- 
ences in several types of NMR parameters concentrated in a region of the molecule. The NOE 
data observed for apo- and holo-CRABP indicate that the overall architecture and the secondary 
structure of the protein do not change upon ligand binding. As explained above, the NOE data, 
the deuterium exchange rates and the H” chemical shifts indicate that the two helices, in particular 
012, are less stable in the apo-protein than in the holo-protein. Significant differences in deuterium 
exchange rates are also observed in the loop connecting strands B3 and B4 (residues Th&Thr61), 
where better protection of the amide protons is observed for the holo-protein (Fig. 5). Compari- 



759 

son of the chemical shifts of the HN and H* protons (Fig. 7) shows that the major differences 
correspond, in addition to the helical residues, to the segments Arg’“-Asn’4 (strand Bib), Ser37- 
Va14’ (loop connecting a2 and p2) and Thrs6-Glu@ (loop B3-j34). These residues are all located 
in the same region of the protein (Fig. 8), i.e., in the upper part of the ligand-binding cavity. Most 
of the amide protons that have weak or absent cross peaks in the ‘H-“N HSQC spectrum of 
apo-CRABP at pH 7.5 and 25 “C, due to fast exchange with the solvent, belong to this region of 
the molecule. All these results suggest strongly that this region is more flexible in apo-CRABP 
than in holo-CRABP. The observation that limited digestion with chymotrypsin cleaves primarily 
at the C-terminus of helix a2 in apo-CRABP, but that no cleavage is observed in holo-CRABP 
under the same conditions (Liu, 1993), also agrees with this conclusion. Based on the observation 
that the denaturation temperature of apo-CRABP is 17 “C lower than that of holo-CRABP, we 
suggested that flexibility in the apo-protein may be necessary to allow ligand entry into the cavity 
(Zhang et al., 1992), and crystallographic data on proteins homologous to CRABP have led to the 
proposal that a small portal opens to allow ligand entry into the binding cavity. Our NMR data 
provide experimental support for these hypotheses and suggest that the region around the C- 
terminus of helix a2 may act as a flexible hinge to facilitate opening of the portal. 

CONCLUSIONS 

We have assigned most of the ‘H and 15N resonances, as well as the secondary structure, of 
apo-and holo-CRABP. Both forms of CRABP have a p-clam structure analogous to other 
homologous intracellular hydrophobic ligand-binding proteins. To the best of our knowledge, 
this is the first time that the structures in solution of both the apo- and holo-forms of a protein of 
this family have been studied by multidimensional NMR methods. The analysis of both forms of 
CRABP in solution is particularly important because, in addition to the structural information 
that can be obtained at atomic resolution, dynamic effects that may be critical for the mechanism 
of ligand binding can be investigated. The most significant differences in the data obtained for 
apo- and holo-CRABP are found in the two helices and in the region surrounding the C-terminus 
of the second helix. The data suggest that this region may be flexible in the apo-protein to 
facilitate access of RA to the binding cavity. 

We are currently using the NMR data described above to obtain the complete 3D structure in 
solution of both forms of CRABP. Since the NMR data for the holo-form were obtained at pH 
3.8 to facilitate the complete assignment of amide resonances, in the future we will also obtain 
data on holo-CRABP at pH 7.5 to assure that differences with the data observed for the apo-form 
are only due to ligand binding. Heteronuclear NMR methods will be used to study the interaction 
with the ligand and the dynamics of apo- and holo-CRABP. The fact that a high percentage of 
amide protons are protected from the solvent in the structure of CRABP makes it a very good 
model to study the folding of predominantly P-sheet proteins, and we are currently studying its 
folding mechanism using pulsed-labeling H/D exchange experiments. 
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