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Abstract 

The native state fluorescence and CD spectra of the predominantly @-sheet cellular retinoic acid-binding protein I 
(CRABPI) include  contributions from its  three tryptophan residues and  are influenced by the positions of these 
residues in the three-dimensional structure. Using a  combination of spectroscopic approaches and single Trp- 
mutants of CRABPI, we have deconvoluted these spectra and uncovered several features that have aided in our 
analysis of the development of structure in the folding  pathway  of CRABPI.  The emission spectrum of native 
CRABPI is dominated by Trp 7. Trp 109  is fluorescence-silent due  to its interaction with the  guanidino  group of 
Arg 1  1  1. Although the far-UV CD spectrum of CRABPI is largely determined by the protein's secondary struc- 
ture,  aromatic clustering around  Trp 87 and  the aromatic-charge  interaction between Arg 11 1 and  Trp 109  give 
rise to a  characteristic  feature in the  CD  spectrum at 228 nm.  The near-UV CD bands of CRABPI arise largely 
from additive  contributions of the three tryptophan residues. Trp 7 and  Trp 87 give a negative CD band at 
275 nm. The near-UV CD band from  Trp 109  is positive and shifted to longer wavelengths (to 302 nm) due  to 
the charge-aromatic interaction between Arg 11 1 and  Trp 109. Our deconvolution of the equilibrium spectra have 
been used to interpret kinetic folding experiments monitored by stopped-flow fluorescence. These dynamic ex- 
periments suggest the early evolution of a  well-populated,  hydrophobically collapsed intermediate, which under- 
goes global rearrangement to  form the fully folded structure.  The results presented here suggest several additional 
strategies for dissecting the folding  pathway of CRABPI. 
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Our laboratory has used cellular retinoic acid binding protein I 
(CRABPI) as a model system to analyze  its  mechanism  of  ligand 
binding and also to explore the folding mechanisms of @-sheet 
proteins  (Zhang et al., 1992;  Liu  et al., 1994). CRABPI is a 
15.5-kDa, cytoplasmic, hydrophobic ligand-binding protein 
whose fold is dominated by two nearly orthogonal five-stranded 
@-sheets, which form a clamshell-like structure and  surround a 
central cavity (Fig. 1). Because this protein is made up largely 
of @-strands, it represents a class of proteins whose folding 
mechanism is not well understood.  Additionally, the presence 
of the central cavity in CRABPI  confounds the commonly held 
belief that protein folding is driven by formation of a hydropho- 
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bic core. In addition to these structural  features, CRABPI has 
several other  attributes that make it attractive for biophysical 
studies of protein folding: (1) It is one member of a large fam- 
ily  of proteins that bind small hydrophobic ligands. The se- 
quence homologies among family members vary from  as high 
as 81 (70 to as low as 15070,  yet the proteins have remarkably sim- 
ilar three-dimensional structures (for review,  see  Banaszak  et al., 
1994).  (2) Crystal  structures for several family members have 
been solved, including those for ligand-bound  CRABPI and 
CRABPII (Kleywegt et al., 1994).  (3) CRABPI has no disulfide 
bonds,  cofactors, or posttranslational modifications to compli- 
cate the folding process. 

CRABPI has three tryptophan residues, at positions 7, 87, 
and 109. As seen from the crystal structure of ligand-bound 
CRABPI, each of these tryptophans is surrounded by a  unique 
environment. Trp 7 is completely buried, located between the 
two @-sheets, and is protected from the solvent by the side chains 
of several nonpolar,  nonaromatic residues, as well as by the hy- 
drocarbon chain of Arg 135. Trp 87  is only 70% buried, and has 
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