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ABSTRACT: Interphotoreceptor retinoid-binding protein (IRBP) is a 140-kDa glycolipoprotein which 
constitutes about 70% of the soluble protein of the retinal interphotoreceptor matrix. Much is known 
concerning its role in the transport of retinoids between photoreceptor cells and pigment epithelium but 
little is known about its interactions with lipids. Here we have examined the physicochemical characteristics 
of a fatty acid binding site of IRBP using a set of fluorescent fatty acid analogs with an anthracene moiety 
attached at different positions along the hydrocarbon chain. The results show that fatty acids are bound 
in a hydrophobic environment as indicated by a blue shift in fluorescence maxima and by a increase in 
quantum yield of the bound ligand. There is a single specific fatty acid binding site for each molecule of 
IRBP with an apparent Kd = 3.6 X M. There is a nonradiative energy transfer from tryptophan 
residues to bound ligand. The interactions of IRBP and bound fatty acid are sensitive to denaturation by 
increasing concentrations of urea as judged by changes in nonradiative energy transfer efficiency and the 
quantum yield of bound probe. Quantum yields of bound fatty acid analogs varied with position of the 
fluorophore along the hydrocarbon chain and had the lowest values for the fluorophore located at  the 
midpoint. Probing of the microenvironment of bound fluorophore with a quencher indicated a highly 
structured binding site. 

The interphotoreceptor matrix (IPM)' is a layer of extra- 
cellular, protein-rich, and highly-organized material between 
the retinal photoreceptor neurons and the pigment epithelial 
cell layer. In the visual cycle, retinoids travel across this matrix 
in response to cycles of light and dark (Dowling, 1960). 
Interphotoreceptor retinoid-binding protein (IRBP) is an 
extracellular, retinoid-binding protein that mediates transport 
of retinoids in the IPM (Okajima et al., 1989, 1990; Carlson 
& Bok, 1992) as well as protecting the retinoids from 
isomerization and oxidative damage (Crouch et al., 1992). 

In addition to facilitation of retinoid transit, IRBP has been 
shown to bind up to 90% of the fatty acids in monkey IPM 
(Bazan et al., 1985). The endogenous fatty acid composition 
of purified IRBP is very high (6.5 mol/mol of IRBP) and is 
different from that of intracellular proteins involved in lipid 
transport or metabolism (Bazan et al., 1985). It is not clear 
whether IRBP simply aids solubilization of hydrophobic 
ligands or plays a regulatory role in intercellular metabolism. 
It is conceivable that fatty acids may have a modulatory effect 
on what is considered to be a major function of IRBP, i.e., 
retinoid binding and transport. It is not unique for a protein 
to be able to bind more than one hydrophobic ligand 
noncovalently (Glatz et al., 1990). Interference with the 
binding of another ligand by fatty acids has been reported for 
cellular retinoic acid-binding protein (CRABP) (Sani et al., 
1987),sexsteroid binding protein (SBP) (Martinet al., 1985), 
and rat liver glucocorticoid receptors (Vallette et al., 1991). 
On the other hand, IRBP's large size and its elongated shape 
(axial ratio of 8:l; Adler et al., 1985) may allow for the 
existence of independent fatty acid binding sites, providing it 
with an additional physiological role as an intercellular fatty 

I Abbreviations: IRBP, interphotoreceptor retinoid-binding protein; 
IPM, interphotoreceptor matrix; FABP, fatty acid-binding protein; AOffa, 
anthroyloxy free fatty acid; ffa, free fatty acid; PBS, phosphate-buffered 
saline; AS (anthroy1oxy)stearic acid; AP, (anthroy1oxy)palmitic acid; 
PE, pigment epithelium. 

acid carrier. Little information is available, however, re- 
garding the physical and chemical characteristics of fatty acid 
binding sites of IRBP or their possible interactions with a 
retinol binding sites. Binding sites of fatty acid binding proteins 
(FABPs) have been studied for some time using fluorescent 
fatty acid analogs (Storch et al., 1989; Storch, 1990; Wootan 
et al., 1990). In this report, fluorescent anthroyloxy analogs 
(AOffa) of stearic and palmitic acids were used to probe the 
fatty acid binding site of IRBP. These fatty acid analogs 
have the fluorescent moiety attached at different positions 
along the carbon chain; however, their intrinsic properties 
remain the same (Thulborn et al., 1987), allowing us not only 
to examine the general characteristics of fatty acid binding 
to IRBP but also to probe the microenvironment in different 
parts of the protein. 

EXPERIMENTAL PROCEDURES 
Materials. IRBP was purified from light-adapted bovine 

eyes using procedures described elsewhere (Pepperberg et al., 
1991). It is essentially retinoid-free under these conditions. 
The fluorescent probes of the (2-16 (palmitate) and (2-18 
(stearate) fatty acids as 2- and 16-(9-anthroyloxy)palmitic 
acid (2-AP and 16-AP) and 2-, 3-, 6-, 7-, 9-, lo-, and 12- 
(9-anthroy1oxy)stearic acid (2-AS, 3-AS, etc.) were obtained 
from Molecular Probes Inc. (Eugene, OR). 

Binding of AOffa to IRBP. Experiments were performed 
in 1- X 1-cm quartz cuvettes in phosphate-buffered saline 
(PBS), pH 7.2, at room temperatureunless otherwisespecified. 
IRBP solution (2.5 mL, approximately 0.6 pM) was titrated 
with small increments (5-10 pL) of the ligand in ethanol. The 
amount of ligand was chosen to cover the range of ligand: 
protein ratio up to about 3:l. Following each addition of 
ligand, the solution was mixed and allowed to equilibrate for 
5 min. Free AOffa can form a micellar structure (Cogan et 
al., 1976) which appears as a slow rise in background 
fluorescence. This effect is more pronounced at higher AOffa 
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concentrations; therefore, it is important to keep the time of 
equilibration constant. At the end of each titration experiment, 
the ethanol concentration did not exceed 3%. Fluorescence 
intensities were measured using a SLM Aminco SPF-5OOC 
spectrofluorometer (SLM Instruments, Inc., Urbana, IL). The 
SPF-5OOC spectrofluorometer operates in a ratio mode, using 
a xenon light source which is filtered through excitation and 
emission monochromators. Wavelengths of excitation and 
emission were 360 and 454 nm. Fluorescence intensities were 
corrected for the fluorescence contribution of free ligand and 
the number of binding sites and their affinities were calculated 
according to the method of Cogan et al. (1976). Using this 
method, the concentration of free ligand is not measured 
directly. Instead, the fraction of free binding sites (a) is 
calculated for every desired point according to the relationship 
a = (Fmax-F)/(Fmax- Fo), where Fis the fluorescenceintensity 
at a certain retinol concentration, Fmax is the fluorescence 
intensityupon saturation of a protein (PO) with a ligand (Ro) ,  
and FO is the initial fluorescence intensity. Concentration of 
a free ligand, R,  was estimated using the relationship R = Ro 
- nPo(1 - a), where n was assumed to equal 1. The 
corresponding fluorescence of a free ligand was subtracted 
from a recorded fluorescence intensity and the resulting curve 
was used to calculate new a values. By plotting POLV vs Rea/ 
(1 -a), theapparent dissociation constant (Kd) and thenumber 
of binding sites (n) are derived from the intercept of Kd/n and 
the slope of l /n.  

Steady-State Fluorescence Measurements. Fluorescence 
emission spectra were corrected for a blank containing all 
components except AOffa. Excitation and emission slits of 
4 nm were used unless otherwise stated. Excitation wave- 
lengths were 360 nm for AOffa, 295 nm for tryptophan, and 
352 nm for quinine sulfate. Quantum yields ( Q )  of bound 
AOffa were determined relative to quinine sulfate in 0.1 N 
sulfuric acid (Scott et al., 1970). 

The effect of increasing concentrations of urea on the 
AOffa-IRBP complex was followed by changes in fluorescence 
emission at 454 nm with excitation at  360 nm. Each sample 
contained 100 nmol of IRBP and 200 nmol of 16-AP in PBS 
buffer and increasing concentrations of urea, which was added 
from an 8 M stock solution in PBS. Fluorescence intensities 
were corrected for emission due to urea and free fluorophore. 

Nonradiative energy transfer from tryptophan residues to 
a bound AOffa was followed by the decrease in quantum yield 
of a donor (tryptophan) upon addition of acceptor (AOffa). 
Wavelengths of excitation and emission were 295 and 335 
nm. The efficiency of energy transfer (E) was calculated 
from its relation to the intensity of donor fluorescence in the 
absence ( F d )  and presence (Fd) of the acceptor: E = 1 - 
( F d / F d ) .  

Fluorescence Quenching by Acrylamide. Quenching ex- 
periments were conducted by the addition of small aliquots 
(10-30 ML) of stock acrylamide solution ( 5  M in PBS) to 2.5 
mL of protein solution. After thorough mixing and equili- 
bration for about 2 min, changes in emission fluorescence 
were recorded. Wavelengths of excitation and emission were 
360 and 454 nm. No corrections for an acrylamide inner 
effect were necessary at these wavelengths. After corrections 
for dilutions and for the blank, results were plotted according 
to the Stern-Volmer equation (Lakowicz, 1983): 

Z o / Z  = 1 + Ksv[Q1 
where Zo and Z are the fluorescence intensities in the absence 
and presence of quencher, [Q] is the concentration of a 
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FIGURE 1 : Titration of bovine IRBP with 16-(9-anthroyloxy)palmitic 
acid (A) or 9-(9-anthroyloxy)stearic acid (B) as followed by the 
increase in fluorescence intensity. Excitation and emission wave- 
lengths were 360 and 454 nm. Curve 1 ,  observed fluorescence 
intensity; curve 2, fluorescence intensity corrected for unbound AOffa; 
curve 3, fluorescence intensity of free OAffa in solution. 

quencher in molar, and KSV is the Stern-Volmer quenching 
constant. 

RESULTS 

Binding of AOffa to ZRBP. Fluorescence titration curves 
of IRBP with 16-AP and 9-AS are shown in Figure 1. The 
titration patterns are very similar for the two ligands, with the 
half-saturation point at about a 1:l ratio of protein to AOffa. 
Apparent saturation of binding occurs above a 2: 1 molar ratio. 
From the intercept and the slope of the straight lines (Figure 
2), the apparent dissociation constants of the AOffa/AOffa- 
protein complexes and the number of binding sites were 
calculated (Table I). The results indicate similar binding 
affinities of IRBP for 16-AP and 9-AS with an average value 
of 3.6 X lo-’ M and a single binding site. As can be seen from 
Figure 3, a t  much higher ligand concentrations the fluorescence 
titration curve appears to reach another plateau at a different 
ligand to protein ratio. Attempts to calculate the number of 
binding sites using the Cogan plot suggested a multiple ligand 
assembly around the IRBP molecule. It is probable that, at 
such high concentrations of free ligand, a micellar structure 
is formed in solution (Cogan et al., 1978) or around the protein 
molecule, making accurate calculations impossible due to 
deviations from the linear function of the Cogan plot. 
However, the overall quantum yield increase of the ligand 
suggests that IRBP facilitates the solubilization of hydrophobic 
ligands at more than one binding site at a high ligand to protein 
ratio. 

Binding of fluorescent fatty acids can be affected by the 
presence of docosahexanoic acid (22:6 fatty acid), which is 
a nonfluorescent fatty acid occurring naturally in the retina 
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FIGURE 2: Cogan linear least-squares plots for the titration of IRBP 
with 16-(9-anthroyloxy)palmitic acid (A) or 9-(9-anthroyloxy)stearic 
acid (B). 

Table I: Apparent Dissociation Constants and Apparent Molar 
Ratios of AOffa/IRBP at Saturation 

AOffa K~ ( ~ 1 0 7 )  n 
16-AP 
9-AS 

3.5s 
3.56 

0.80 
0.98 

[16-AP1 1M 
FIGURE 3: Titration of bovine IRBP (10 nM) with 16-AP as followed 
by the increase in fluorescence intensity. The curve demonstrates 
nonspecific binding at  higher concentrations of ligand. Excitation 
and emission wavelengths were 360 and 454 nm. Fluorescence 
intensities were corrected for emission due to a fluorescence of a free 
ligand in solution. 

(Figure 4). As can be seen from the emission spectra, the 
fluorescence intensity of bound 1 6-AP decreases approximately 
30% after addition of an equimolar amount of 22:6 fatty acid. 
In a parallel experiment, IRBP was incubated with 22:6 fatty 
acid (in a 1:2 molar ratio) prior to addition to 16-AP. The 
fluorescence intensity of bound 16-AP again was diminished 
in intensity by about 30%. Thus, competition between 16-AP 
and 22:6 fatty acid for a binding site or the close proximity 
of such sites could be a possible explanation for our observation. 
A more extensive analysis using different fatty acids would 
be necessary to quantify such a competition. 

Spectroscopic Properties of IRBP-Bound AOffa. The 
absorption and emission characteristics of different AOffas 
after binding to IRBP were generally similar. A difference, 
however, in the magnitude of a blue shift in emission maxima 
was observed. Typical absorption and emission spectra are 
shown for 2-AP in Figure 5 .  There is an approximately 3-fold 
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FIGURE 4: Effect of DHA (22:6) on relative fluorescence intensity 
of 16-AP. Emission spectra of 16-AP bound to IRBP ( l ) ,  16-AP 
bound to IRBP in the presence of DHA (2), free 16-AP (3), and 
IRBP in PBS buffer (4) are shown. Concentrations were as follows: 
IRBP, 0.6 pM; 16-AP, 1.2 pM; DHA, 1.2 pM. 
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FIGURE 5 :  Emission spectra of 2-AP bound to IRBP ( l ) ,  2-AP bound 
to IRBP in the presence of acrylamide (2), and 2-AP in PBS (3). 
Wavelengthof excitation was 360nm. Concentrationsof 2-AP, IRBP, 
and acrylamide were 400, 200, and 500 nM, respectively. Inset: 
absorption spectrum of 2-AP in PBS. 

increase in the fluorescence intensity of 2-AP upon binding 
to IRBP and the maximum of emission, i.e., the wavelength 
of maximal fluorescence is blue-shifted from 460 to 454 nm 
(curves 1 and 3, Figure 5 ) .  The blue shift is even more 
pronounced in the presence of a quencher (line 2, Figure 5 ) .  

The size of the blue shift varies with the position of the 
anthroyloxy moiety on the stearic acid analog and increases 
toward the midpoint of the carbon chain (Figure 6A). 
Variation of the quantum yield with the attachment site is 
also observed (Figure 6B). In general, thevalues for quantum 
yield indicate that AOffas are bound to IRBP in a hydrophobic 
environment. The most significant decrease in the quantum 
yield is observed around the C-10 region where it reaches the 
lowest value (Q = 0.05). Such a low quantum yield value 
could be due to a polar environment, e.g., the close proximity 
of a charged amino acid. 

Nonradiatiue Energy Transfer. Energy transfer from 
tryptophan residues to bound OAffa was monitored by the 
decrease in the intensity of tryptophan fluorescence. As can 
be seen from Figure 7, there is a decrease in tryptophan 
fluorescence (donor) with a corresponding increase in 16-AP 
fluorescence (acceptor) upon binding of this ligand. The 
efficiency of transfer was calculated to be E = 0.19. There 
are 1 1 tryptophan residues in bovine IRBP (Borst et al., 1889), 
which allows for multiple donor energy transfer. The 
calculated efficiency of transfer (Table 11) thus represents 
the average of efficiencies for all distances involved (Lakowicz, 
1983); no attempt was made to evaluate a possible distribution 
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FIGURE 6: Effect of position of anthroyloxy group on (A) maximum 
fluorescence emission of fluorescent fatty acid analogs bound to IRBP 
and (B) quantum yield of fluorescent fatty acid analogs bound to 
IRBP. Excitation wavelength was 30 nm. Open circles, data points 
for stearic acid derivatives; filled circles, data points for palmitic acid 
derivatives. 
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FIGURE 7: Emission spectra of tryptophan fluorescence in IRBP. 
Wavelength of excitation was 295 nm. The buffer used in all cases 
was PBS, pH 7.2. Curve 1, 100 nM IRBP alone; curve 2, 100 nM 
IRBP with 200 nM 16-AP; curve 3, 100 nM IRBP and 200 nM 
16-AP with 6.7 M urea; curve 4, buffer alone; curve 5, 6.7 M urea 
in buffer. Inset: Overlap of normalized emission spectrum of 
tryptophan (a) and absorption spectrum of 16-AP (b). 
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Table 11: Energy Transfer Efficiencies from Tryptophan Residues 
to Bound AOffa 

AOffa E AOffa E 
2-AS 0.07 9-AS 0.22 
2-AP 0.11 12-AS 0.10 
6-AS 0.20 16-AS 0.17 

of these distances. 
The efficiency of nonradiative energy transfer from tryp- 

tophan in IRBP to bound 16-AP is sensitive to conformational 
changes in the protein induced by urea. Curves 2 and 3 of 
Figure 7 present the emission spectra of tryptophan residues 
in IRBP with a bound ligand in the presence and the absence 
of urea. The emission maximum at 460 nm (curve 2) is due 
to energy transfer from tryptophan residues to bound fatty 
acid. On exposure to urea (curve 3), no emission at 460 nm 
could be observed. The maximum and quantum yield of 

Table 111: 
to Bound 16-AP in the Presence of Urea 

Energy Transfer Efficiencies from Tryptophan Residues 

[ureal (MI E 
0 0.17 
1.3 0.26 
2.7 0.14 
4 0.06 
6.7 0.07 

I I I I I I 
1 2 3 4 5 6 

[Ureal, M 

FIGURE 8: Effect of urea on the interaction of 16-AP with IRBP as 
assessed by fluorescence intensity of bound fluorophore. Wavelengths 
of excitation and emission were 360 and 454 nm, respectively. Data 
are corrected for emission due to urea and free fluorophore. 

tryptophan fluorescence are typical for a denatured protein 
(Lakowicz, 1983). Table I11 presents the efficiencies of energy 
transfer from tryptophan residues to a bound ligand at different 
urea concentrations. As can be seen, the efficiency of energy 
transfer is slightly increased at a low concentration of urea 
but progressively diminishes as the concentration of denaturant 
increases. 

Effect of Urea on Aoffa-IRBP Interactions. Fluorescence 
maxima of tryptophan residues in proteins reflect the degree 
of tryptophan exposure to a solvent (Lakowicz, 1983). 
Fluorescence maximum of tryptophan fluorescence in IRBP 
on exposure to urea is red-shifted (Figure 7), indicating the 
unfolding of protein by the denaturant. If ligand binding 
sites are dependent on specific constraints of secondary 
structure, urea disruption of IRBP conformation should 
decrease fatty acid binding. As seen in Figure 8, fluorescence 
intensity of bound AOffa, which is the indicator of protein- 
ligand interactions, decreases in the presence of increasing 
concentrations of denaturant. Corrections for the effect of 
urea on AOffa and IRBP fluorescence were applied. There 
is a small increase in fluorescence intensity with the addition 
of 1.3 M urea, but with further increases in concentration, a 
marked decline in fluorescence intensity is observed. AOffa- 
IRBP interactions are thus sensitive to the conformational 
changes induced by urea. 

Fluorescence Quenching. Acrylamide is a small neutral 
quenching molecule which can diffuse through the protein 
matrix. We examined the microenvironment of the fatty acid 
binding site by probing its accessibility to the acrylamide 
quencher molecule. The results are presented in Figure 9 and 
are plotted according to the Stern-Volmer equation (Lakowicz, 
1983). The Stern-Volmer equation describes the collisional 
mechanism of quenching due to diffusion of a quencher through 
the protein matrix. As is apparent from the family of curves, 
the anthroyloxy moieties of AOffa are in different microen- 
vironments within the binding site as judged by accessibility 
to the quencher. Values for quenching constants are presented 
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The apparent dissociation constants are of the same magnitude 
as for the FABPs of liver and heart as well as for serum albumin 
(Peeters et al., 1989). The dissociation constant for retinol 
binding to IRBP has been determined by Adler et al. (1985) 
to be 1.3 X 10-6 M; this is about 30-fold lower then the dissoci- 
ation constants for AOffa. Preliminary results of studies on 
competition between all-trans-retinol and palmitic acid 
(Hazard et al. 1991) suggest a possible interrelation between 
these ligands on binding to IRBP. Nonspecific binding to 
IRBP at high exogenous ligand concentrations was also 
observed for retinol (Adler et al., 1985). It is possible to 
speculate that IRBP binds ligands such as retinol and fatty 
acids at specific sites and also can facilitate solubilization of 
a number of fatty acids by nonspecific hydrophobic adsorption. 
This assumption is in agreement with our previous finding 
that purified bovine IRBP does, in fact, carry a number of 
free fatty acids (Bazan et al., 1985). 

The emission .&Aracteristics of AOffas change on binding 
to IRBP and their variations indicate a highly organized 
binding site. The position of emission maxima of AOffa 
fluorescence is sensitive to steric hindrance because the 
rotational constraint upon the anthracene ring prevents inner- 
system relaxation so that the resulting emission occurs from 
a higher energy state and is, therefore, blue-shifted (Matayoshi 
et al., 1981; Storch et al., 1989). The variations in quantum 
yield observed with the analogs differing in their anthroyloxy 
(AO) attachment site indicate differential polarity within the 
AOffa binding site (Thulborn et al., 1987). As can be seen 
from Figure 5 ,  bound 2-AP (curve 1) is characterized by about 
a 3-fold increase in fluorescence emission and a blue shift in 
emission maximum to 454 nm. As seen in the plot of quantum 
yield values as a function of A 0  attachment site, the values 
are highest for probes with the fluorophore attached close to 
the methyl end of the fatty acid; this indicates a nonpolar 
environment. Quantum yield values for A 0  moieties near 
the carboxyl end are much lower, indicating an environment 
of higher polarity. Deviation from this trend is pronounced 
near theC-loregionofthe fattyacidchain, wherethequantum 
yield of bound AOffa drops to its lowest value (Figure 6B). 
Since the emission maxima data show that there is considerable 
motional constraint at this part of the binding site (Figure 
6A), the very low quantum yield value would be indicative of 
a close proximity to charged amino acids rather than exmure  
to the aqueous phase. In any case, such fluctuations reflect 
fine structure within the IRBP binding site in terms of polarity 
gradients of the protein matrix. Fluorescence studies of 
quantum yield changes seen with AOffa binding to other 
FABPs also show considerable variation with A 0  attachment 
site (Wootan et al., 1990; Storch et al., 1989). 

Nonradiative energy transfer between two fluorophores 
occurs due to dipols-dipole interaction during the excited state, 
provided that the emission of one fluorophore overlaps the 
absorption of another (Lakowicz, 1983). Figure 7 demon- 
strates the overlap of the emission spectrum of tryptophan in 
IRBP and the absorption spectrum of 16-AP (inset) and also 
demons:rates a decrease in tryptophan fluor&cence (donor) 
in the presence of bound 16-AP (acceptor). The highest values 
for energy transfer are observed for the midportion of the 
AOffa carbon chain (Table 11). This is coniisftnt with other 
fluoreilcence characteristics, adding weight to our supposition 
that the midportion of AOffa is submerged deeper into the 
prdtein matrix than the carboxyl or methyl ends. Since there 
are multiple tryptophan residues in IRBP that can participate 
in energy transfer and since the Forster theory is only applicable 
to a single donor-acceptor pair, our observations reflect the 
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FIGURE 9: Stern-Volmer plots of fluorescence quenching of AOffa 
bound to IRBP by acrylamide. Probes used were 2-AS (A), 12-AS 
(X), 6-AS (O) ,  3-AS (A), 9-AS (O), 7-AP (e), and 16-AP (0). 
Values are from one of three replicate experiments. Wavelengths of 
excitation and emission were 360 and 454 nm. Lines represent least- 
squares fit. 

Table IV: Stern-Volmer Quenching Constantsa 

AOffa Ksv AOffa Ksv 
2-AS 0.599 9-AS 0.333 
3-AS 0.410 10-AS nd 
6- AS 0.500 12-AS 0.552 
7-AS 0.300 16-AP 0.272 

Constants (Ksv )  werecalculated from data in Figure 9 for thedifferent 
analogs. nd, not determined. 

in Table IV and indicate that the midportion of AOffa is less 
accessible to quencher molecules. This is consistent with the 
emission maxima data in that the more hindered residues also 
are less accessible to the diffusing acrylamide. The Stern- 
Volmer quenching constant could not be determined for the 
C-10 area due to the very low values of quantum yield of 
bound 10-AS. 

DISCUSSION 

Excellent use of analogs has been made in recent years to 
probe fatty acid binding site microenvironments in a number 
of fatty acid binding proteins (Storch, 1989; Storch et al., 
1990; Wootan et ai., 1990; Peeters et al., 1989). While it is 
not possible to rule out the potential influence of the fluorescent 
moiety on the absolute parameters of fatty acid-protein 
interactions, it is possible to use these probes for a comparative 
characterization. Importantly, the binding stoichiometry and 
affinities obtained for the AOffas are comparable to the values 
for native free fatty acids (Veerkamp et al., 1987). We have 
used a set of anthroyloxy fatty acid isomers and homologs as 
fluorescent probes to examine the fatty acid binding site(s) 
in IRBP. The intrinsic fluorescent properties of these probes 
are independent of the A 0  covalent attachment site (Thulborn 
et al., 1978; Huang et al., 1988). Therefore, by using a set 
of fatty acids with the fluorescent moiety attached at different 
positions along the carbon chain, it is possible to compare a 
microenvironment within a different parts of a binding site. 

The number of binding sites and apparent dissociation 
constants were evaluated for two AOffas: 16-AP and 9-AS. 
Analysis of binding data using a Cogan plot indicates that 
IRBP contains a single specific binding site with a stoichi- 
ometry of 1 : 1 and dissociation constant of about 3.6 X lo-’ M. 
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overall distribution of a number of distances. While it would 
be informative to be able to resolve single distances, these 
energy transfer data are viewed in terms of the relative 
comparison of changes in average distance distribution and 
not the specific distances involved. The usefulness of such an 
approach is illustrated with data from Table 111. At 
concentrationsof urea above 4 M there is a major redistribution 
of donor-acceptor distances. It is of interest to note that, at 
low denaturant concentrations (up to 1.3 M urea), there is an 
increase in efficiency of transfer which could be due to a local 
increase in hydrophobicity induced by the denaturant. Al- 
though we cannot quantitatively correlate these changes to 
the conformational changes induced by urea, these data, 
together with the data on tryptophan emission maxima, clearly 
indicate changes in the overall architecture of the protein 
molecule on exposure to increasing concentrations of urea. 
Do these changes affect the fatty acid binding site? Figure 
8 illustrates the effect of urea on AOffa-IRBP interaction. 
Fluorescence intensity of bound 16-AP decreases with an 
increase in urea concentration. But fluorescence intensity, 
Le., a quantum yield, is dependent on the local polarity within 
a binding site. In view of energy transfer and emission maxima 
data and the fact that urea itself is a neutral molecule, we 
conclude that the stoichiometry of the fatty acid binding site 
is affected by urea. 

Acrylamide is an effective quencher commonly used to probe 
the microenvironments of intrinsic and extrinsic fluorophores 
in proteins (Lakowicz, 1983). Quenching of fluorescence may 
occur by several mechanisms (Lakowicz, 1983). In the case 
of collisional quenching, fluorescence intensities are quenched 
in proportion to the quencher concentration and depend on 
the diffusion rate of the quencher through a protein matrix. 
Quenching of the fluorophore may also occur by a static process 
which results in an exponential increase in Z,/Zwith quencher 
concentration. We used a neutral quencher, acrylamide, to 
evaluate the location of the probe relative to the architecture 
of the IRBP binding site. In our studies, no significant 
exponential dependence was observed, and we have analyzed 
the quenching data determining the KSV using the Stern- 
Volmer equation for collisional quenching. A KSV value could 
not be calculated for 10-AS due to an extremely low quantum 
yield of this probe when bound to IRBP. All IRBP-bound 
AOffas we have tested are accessible to acrylamide. There 
is considerable variation in KSV with the positioning of the 
A 0  moiety, indicating that the binding site is a highly 
organized structure. As seen from Table IV, the least 
accessible probe is 16-AP; this correlates well with the fact 
that this probe demonstrates the highest quantum yield upon 
binding to IRBP. Lowest values were obtained for a 
fluorophore with attachment site at the midportion of the 
carbon chain (7-AS and 9-AS). Data on the emission maxima 
suggest that this part of the AOffa is under considerable steric 
hindrance, which could explain the poor accessibility to 
quencher. Fluorophores at the carboxyl end have much higher 
values of KSV. Quantum yield data together with emission 
maxima positions indicate that these residues are in a more 
polar and less constrained location; therefore, the rate of 
acrylamide diffusion, and hence its concentration and fre- 
quency of collision, would be higher for those residues. 
Quenching data for FABPs also demonstrate a highly 
structured binding site with a critical interaction possibly 
through the midportion of the carbon chain (Wootan et al., 
1989; Storch et al., 1989). Overall, the collected data point 
to a highly rigid architecture of both the IRBP and FABP 
binding sites that primarily involves the C-10 AOffa area. 
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One may speculate that such a binding site could accommodate 
a variety of free fatty acids of different lengths through specific 
interactions over a relatively short portion of thecarbon chain. 

In summary, we have shown that IRBP has a specific site 
to bind fatty acids with relatively high affinity that shows a 
structure similar to sites observed with other, well-known, 
fatty acid-binding proteins (Wootan et al., 1990; Storch et 
al., 1990). This is actually somewhat surprising since IRBP 
is so dissimilar in amino acid sequence to the FABPs and does 
not belong to the FABP gene family. Because of IRBP 
abundance, ease of purification, and the apparent similarity 
of its binding site to that of the FABPs, it thus offers a 
potentially excellent model for studying free fatty acid binding 
characteristics. Since photoreceptor membranes are highly 
enriched in specific fatty acids such as DHA, a protein carrier 
such as IRBP could be important in free fatty acid movement 
from pigment epithelial (PE) to visual cells. In the circadian 
process of disc shedding and subsequent phagocytosis by PE 
cells (La Vail, 1976), retrieval of important components such 
as fatty acids from the PE and recycling across the IPM back 
to the retina may require a protein carrier mediator. IRBP 
is thus ideally situated to facilitate two-way movement of free 
fatty acids across the extracellular space since it exhibits both 
a single, higher affinity binding site as well as a number of 
lower affinity sites that could facilitate bulk, relatively 
nonspecific flow. Finally, the extremely high concentration 
of IRBP in the IPM (Pfeffer et al., 1983) and its potential for 
binding multiple hydrophobic ligands could be of physiological 
importance in protecting free fatty acids in transit, much as 
has been proposed for retinoids (Crouch et al., 1992). 
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