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CHAPTER I 

INTRODUCTION AND STATEMENT OF PROBLEM 

Introduction 

3-Lactoglobulin-retinol complexes do not occur in nature 

and consequently have no biological significance per se. 

3-Lactoglobulin is a milk protein categorized as a globular 

protein (1), which has been heavily utilized for numerous 

biochemical and biophysical studies including various ther-

modynamic (2), hydrodynamic (3), optical (4) and ultra-

centrifugation experiments (5). A molecule that has seen 

such extensive experimentation as mentioned above might 

reasonably be assumed to have a functionality, but to date 

none has been identified for 3-lactoglobulin (6). Retinol 

is the alcohol derivative of the visual chromophore retinal 

(aldehyde). 

OH 

trans-Retinol 

There is a protein in humans that transports retinol from 

the liver to site of opsin binding (7), called retinol bind-

ing protein, but there does not seem to be any relationship 

between the two and even the binding sites are quite different 

as will be shown later. 

Why then, does one study rhe 3-lactoglobulin-retinol 

complex? The answer lies partly in the first reported com-

plex of this nature formed (8), which, very interestingly 
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showed some structural resolution in the absorption spectrum 

of retinol in the complex which does not appear even under 

low temperature (77K) conditions for the chromophore itself. 

This was confirmed (9,10) and further investigated using nano-

second emission techniques, in an effort to determine the 

mechanism of the structure observed. 

Also the possibility exists that retinol might serve as 

a probe for various interactions in other proteins. Its 

utility as a membrane probe has already been demonstrated 

(11) as a fatty acid analog, as have other polyenes, most 

recently parinaric acid (12,13). Since the anomalous 

spectroscopic properties of polyenes have not been fully 

elucidated, these molecules are severely limited as to their 

potential as probes of membranes or proteins, however. 

Statement of the Problem 

The complete lack of structure in the absorption spectriim 

of retinol even at low temperature and the appearance of 

structure upon binding to 3-lactoglobulin suggests that this 

system might be valuable in the analysis of the excited 

states of retinol. These molecules are to date rather poorly 

characterized, due to this lack of structure. The importance 

of the problem stems from the central role played by retinyl 

polyenes in vision and various other photobiological functions 

of other cartenoids. The primary photoprocess and subsequent 

photochemistry cannot be understood until the electronic 

' N 



excited states of polyenes are better defined. The utility 

of retinol and polyenes in probe applications for the eval-

uation of various microenvironmental properties of proteins 

(13) and membranes (11) is also severely hampered by an 

incomplete understanding of their electronic excited states. 

Since binding of retinol to 3-lactoglobulin has not 

been characterized to date this also became a major problem 

in this dissertation. Binding causes not only structure in 

the absorption spectrum, but an increase in the fluorescense 

quant̂ om yield (< >p,) and lifetime (T„) . Thus, another goal 

was to identify this site, and to characterize its mode 

of binding and determine the binding parameters. 

Finally, this system appears to be an ideal choice for 

a test of various techniques of determining the hydrodynamic 

properties of proteins in general. This is based on n\imer-

ous considerations, including the specificity and number of 

sites for retinol, the relatively well characterized protein 

molecule and the lifetime of retinol when bound, as will be 

discussed later. 

During the course of this wo.rk, it became apparent that 

under certain conditions, retinol was chemically modified to 

a compound that displaced retinol in the protein and exhibited 

even more structure than the retinol-3-lactoglobulin complex. 

This complex was examined and the chemical identity determined 

through various techniques. 



CHAPTER II 

REVIEW OF LITERATURE 

Since the literature relating directly to the retinol-

3-lactoglobulin complex consists of only a few papers and 

this dissertation deals not only with the complex, but with 

excited states of retinol and the hydrodynamics of the 

protein, all three areas shall be discussed in this section. 

A. Retinylic Polyenes 

This section will confine itself mainly to retinol; 

however when pertinent information from other polyenes is 

available it will be included. This is by no means an 

exhaustive review of the polyene literature; for reviews of 

earlier works, see (14,15,16,17). For more recent reviews, 

see (18,19,20,21,22,36). As mentioned earlier, retinol and 

retinylic polyenes show a broad, structureless absorption 

spectrum at room temperature and 77K. This is characteristic 

of retinyl polyenes with the normal 3-ionone ring structure 

(see Figure 1) and is usually considered to be due to the 

change in the torsional potential between the ground and 

excited states (20,23), although other reasons such as 

vibronic interactions also play an important role. 

The lowest energy main absorption band in retinol occurs 

at ~ 325 nm and is a highly allowed transition corresponding 

to the B ^ A transition, in group symmetry (Ĉ , ) nota-u g ^n 

tion. A higher energy band is also observed for polyenes, 





Figure 1. Structures of various retinyl derivatives. Retinals 

are shown in the 6-s-cis conformation, while Anhydrovitamin A 

is shown as all trans. At the bottom of the figure is shown 

retro-retinyl acetate, a derivative of retinyl acetate. 



trans-Retinal 

11-cis-Retinal 

all trans-Anhydrovitamin A 

retro-Retinyl Acetatc 



the so-called cis-band, corresponding to a forbidden 

A -í- A transition for all trans- and becoming allowed for 
o o 

the cis-polyenes. This is all quite satisfactory theoreti-

cally, and in fact was counted as one of the first successes 

of various ir-electron theories (17) . 

The excited state properties are not nearly so neat, 

however. In fact, the excited state of polyenes are con-

sidered anomalous with respect to the expected results 

(24,25,26). These discrepancies include the intrinsic 

fluorescence lifetime being much longer than expected from 

the integrated absorption spectrum (for example, for retinol 

the intrinsic lifetime is 235 nsec while integrating the 

absorption spectrum yields only 2.7 nsec (24), the very 

large Stokes' shift (24), lack of mirror-image symmetry in 

the absorption and emission spectra for some polyenes, sol-

vent shift behavior, and for retinal at least, a wavelength 

dependence of the quantum yield of fluorescence (26,27,28,29, 

30). In what was probably the first definitive paper on 

retinyl polyene excited states, Thomson (31) interpreted the 

large Stokes' shift and lifetime discrepancy in terms of 

severe Franck-Condon forbiddenness due to bond alternation 

in the ground state leading to gross changes in the nuclear 

geometry upon excitation and steric hindrance due to the 

polyene chain methyl groups affecting the vibrational envelope 

Recently another explanation for the observed discre-

pancies has been advanced specifically for a ,a)-diphenyl-

í 
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octatetraene, but generalized to all polyenes, based on 

experimental (32), and theoretical (33), considerations. 

Based on PPP (SCF-MO-CI) calculations in which all doubly 

and singly excited configurations are included, Schulten and 

Karplus (33) conclude that for octatetraene and its aldehyde 

the B^ state is not the lowest singlet excited state, but 

a singlet state of A symmetry is the lowest. Thus, the 
o 

lowest singlet state transition is predicted to be the for-

bidden A -«- A transition (the "minus" being added to the 
o o 

group ŝ mimetry notation as a result of the doubly excited 

configuration interaction calculation. This is due to per-

fect pairing between bonding and antibonding MO's, which 

gives rise to degenerate conf igurations (i^j') and (j-̂ -i') 
•k * 

which interact {(i^j ) ± (ĵ i )} to form the plus-minus con-
figurations {34}. It should also be noted that in this 

1 + 1 -
notation, the cis-band now corresponds to the A ^ A 

transition, which is allowed for the cis conformations). 

This contention is also experimentally supported (30,32,35), 

but not without disagreement (25,26,37). The idea that 

a highly forbidden A~ ^ A" transition is the lowest 
o o 

singlet excited state in polyenes is very attractive, as it 

explains many of the observed anomalies quite nicely. 

Objections to this assignment are based upon fluorescence 

polarization and mirror-image relationships in retinol and 

diphenyloctatetraene, respectively (29). Hudson and Kohler 

(38) disagree with this interpretation also however. 



The time-resolved emission spectrum of trans-retinal broadens 

with time (37) and has been interpreted as a relaxation 

process resulting from rotation about the C-, double bond. 

This idea is in agreement with Song et̂  al. (25) . 

When oxygen is substituted for the terminal carbon in 

the chain, the A -<- A transition becomes weakly allowed, 
o o 

which induces mixing of the A" and B states, resulting in 
o 

a state polarized essentially the same direction (parallel 

to the long axis) as the B state. Birks (39) also agrees 

with this and, in fact, considers this "mixed state" as B . 
' * u 

Birks also questions the assignment because it does not 

account for the mirror-image relationship holding for DPO at 

low temperature (i£. rigid media) but not in fluid solution, 

nor does the assignment account for the viscosity effect in 

stilbenes and tetraphenylbutadiene, which implies that the 

long-lived fluorescent state has a substantially different 

molecular configuration than the initially excited Franck-

Condon state (40,41). Hochstrasser et al. (42), in a pico-

second absorption study of retinal suggests that the Franck-

Condon excited state relaxes int.o two or more different 

excited states; the partitioning being strongly wavelength 

dependent. They further suggest that these states are 

different for the different single bond conformers. 

Is should be remembered however, that retinal has an n,7T* 

state that makes it somewhat more complex than retinol or 

other diphenylpolyenes. The n̂ iT* state has in fact been 

â 
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suggested as the cause of the wavelength dependence of the 

quantum yield (27,28). 

To date then, the evidence supporting A~ as the lowest 
o 

excited singlet state is somewhat indirect, but it does 

reconcile most of the observed discrepancies rather nicely. 

Convential (one-photon) spectroscopic techniques have no 

way of unambiguously detecting the forbidden •'"A" -^ "̂ A" 
g g 

transition, but with two-photon techniques (43), the transi-
tion becomes allowed and thus observable. A" -^ A~ transi-

g g 

tions have been reported (44) for diphenylhexatriene and 

diphenyloctatetraene beginning at about the same energy as 

the one-photon spectriim. Other workers (45) have examined 

the two-photon absorption spectrum of 1,3,5 hexatriene by 

thermal blooming techniques, however and found no A" 
o 

state. They further studied the problem by evaluating the 

two-photon absorption cross sections and found that the 

cross section is very small. They consequently question 

reports of observation of the two-photon absorption spectrum 

of polyenes. 

Finally, retinol has recently been examined by two-

photon spectroscopy (46). The authors report a two-photon 

excitation maximum 1600 cm~ to the red of the one 

photon maximum in EPA at 77K. The authors also state that 
-49 4 -1 

this is a strongly allowed (2 x 10 cm -sec-photon 

molecule~ ) two-photon transition. 

As mentioned previously, this is by no means a compre-
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hensive review of polyene spectroscopy. Only the most 

salient features with respect to this dissertation were 

included. 

B. 3-Lactoglobulin 

3-Lactoglobulin was isolated in 1934 by Palmer (47) 

from milk and was one of the first crystalline proteins. It 

has been extensively studied as a result of its ease of 

crystallization and its interesting interactions (for reviews, 

1,6,48). 

3-Lactoglobulin is not a homogeneous protein, but a 

family of proteins, consisting of (at least) three genetic 

variants (49) that have been shown to be due to autosomal 

alleles without dominance (50). These variants are denoted 

3A, 3B, and 3C (51). 3A and 3B are by far the most widely 

studied, and will comprise the rest of this section. Table 

1 lists various molecular parameters of 3-lactoglobulin A 

and B along with the amino acid substitution responsible 

for their genetic variation. 

Green and Aschaffenburg (52) have determined that both 

crystalline 3-lactoglobulin A and B can be best described 
o 

as a structure made up of two 17.9 A radius spheres, re-

lated through a dyad axis of symmetry. At their mutual 

surface of contact, they impinge on each other by about 
o ° 

2.3 A, giving a center to center distance of 33.5 A. 

3-Lactoglobulin has received much attention, due to 

its subunit interactions. They are briefly described below. 
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As the pH is lowered below 3.5, the 36,000 D particle 

dissociates into two (18,000 D) identical subunits (53, 

54,55). This interaction has been attributed to the in-

creasing non-specific electrostatic repulsion as pH is 

decreased, the total free energy for the process being 

AG ~ 9.8 kcal • mol . This process is rapidly reversible 

and highly specific (56) in that when dissociated 3-lactoglo-

bulin A and B are mixed together, no hybrids form, denoting 

a structural specificity at the site of dimerization. 

Timasheff (48) considers the dimerization interaction to be 

driven by a hydrophobic effect; the dimerization reaction 

equivalent to the removal of 15-20 methylenes (~ 700 cal • 

mol • methylene {2}) from the solvent interface sufficient 

for stabilization of the dimer i£. 7-8 amino acid residues 

are involved. 

Between pH 3.7 and 5.1 at temperatures less than ~20°C, 

the 3-lactoglobulin A dimer aggregates into a tetramer 

(144,000 D molecular weight) (55,57,58,59,60,61). This 

equiblibrium seems to be monomer ̂  tetramer exclusively. 

3B and 3C do not seem to undergo. this reaction to any great 

extent. The tetramerization is maximal at pH 4.65 with 

AG = -15.6 kcal • mol~"'" for 3B and AG = -10.6 kcal • mol~"'" 

for 3B. Since these proteins are different by one aspartate 

(ie. carboxyl group), the absence of one carboxyl out of a 

cluster of 3-4 would account for the differences in free 

energy observed. Nozake et̂  al̂ . (62) have suggested just such 



TABLE 1 13 

Molecular Parameters of 3-Lactoglobulin A and B 

Isoelectric point pH 5.1-5.3 

Molecular weight 36,000 D 

Hydration 35-40% 

S20,w 2.89 S 

Axial Ratio 2:1 (Prolate ellipsoid) 

Radius of gyration 21.7 Å 

3A 3B 

Polar Substitution 

Genetic Code 

Non Polar Substitution 

Asp 

GUA 

Val 

UGU 

Gly 

GUG 

Ala 

UGG 

From (48) 
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a cluster of carboxyl groups, based on K binding studies. 

Timasheff (48) proposes a model whereby the carboxyl groups 

become appropriately titrated and form strong hydrogen 

bonds. This mechanism is also supported by the negative 

enthalpy of tetramerization (~-55 kcal • mol" ). 

All of these protein subunit interactions have also 

been evaluated by examining each multimer polarized 

fluorescence decay curve (63), utilizing the fluorescent 

probe dimethylamino-l-sulfonyl-5-naphthalene. The monomer, 

dimer and tetramer were measured at pH 2.0, 4.6 and 5.5 

respectively. The mean relaxation times reported were 31, 

67, and 195 nsec for the three species. 

More relevant to this dissertation is the work on 

3-lactoglobulin that deals with protein-small molecule 

interactions. 3-Lactoglobulin seems to bind a wide variety 

of organic compounds. Early work includes studies on the 

binding of various anionic detergents and their correla-

tion with the total positive charge on 3-lactoglobulin 

(64,65). 

Methyl orange has also been reported to show a slight 

affinity for 3-lactoglobulin (161). Octylbenzene-£-sulfonate 

binds to 3-lactoglobulin (66). 

Bromophenol Blue has also been shown to bind to dena-

tured 3-lactoglobulin almost independently of pH while the 

native form shows some pH dependence (67). 
35 More recently, a 2:1 sodium dodecyl { S} sulfate-3-
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lactoglobulin complex has been examined (68) and the author 

reports that neither S-carboxy-methylation, tryptophan 

alkylation nor removal of the penultimate histidine residue 

affects the binding. Photooxidation with methylene blue, 

which destroys histidine does abolish the complexing 

ability. Kresheck et al. (69) have also studied SDS binding, 

utilizing a thermometric titration technique. These authors 

delineate "strong" and "weak" binding sites, with the strong 

site binding one mole of SDS per mole of monomer with a 

AH° of -10 kcal • mole" and the weak site binding 0.9 ± 0.1 

g SDS per gram of protein (roughly 112:1 binding ratio) and 

AH of ~ 1 kcal • mole" . Finally, they state that 0.5 M 

NaCl has no effect on the strong site but it significantly 

affects the weak site. All of this simply says that the 

above cited work (68) has been confirmed; that there ±s_ a 

specific site and that there is also a nonspecific complex-

ation. The strong site has been suggested to be similar to 

salt formation in a hydrophobic pocket. 

Wishnia and coworkers (70,71,72) have also extensively 

studied hydrophobic interactions. in 3-lactoglobulin. Their 

initial effort centered around alkane binding at "a few 

discrete sites" in 3-lactoglobulin A and B. They found no 

differences in the binding to monomers, dimers or octamers 

for butane, pentane and iodobutane. Each monomer bound one 

butane with dissociation constant (mol fraction) of ~ 1 x 

10"^ and AG° = 6.44 kcal, AH° = 1.1 kcal and AS° = -17.8 



16 

cal • deg and similarly for the other molecules. They 

attribute the binding to a single hydrophobic region near 

the protein surface of each monomer, which can accommodate 

> 200 but < 230 m£ • mol" of nonpolar substance. 

Robillard and Wishnia (71) have also examined binding of 

toluene, a,a,a-trifluorotoluene and hexafluorobenzene to 

3-lactoglobulin and report two distinct sites, also desig-

nated "strong" and "weak". The strong site corresponds very 

well to that for alkane binding, both with respect to volume 

and binding parameters, and is also blocked by one mole of 

SDS, leaving the weaker "sites" fully functional which the 

authors consider "competitive inhibition". Robillard and 

Wishnia have also studied the kinetics of this association 

by F NMR (72) and found a rate constant of 1.6 x 10 M" 

s" at 27°C. From chemical shift data, they conclude that 

the weak site has an environment similar to that of water, 

while the strong site is considerably less polar. 

3-Lactoglobulin is also known to form complexes with 

larger (protein) molecules, such as casein (73) and y-

lactalbumin (74). Most recently it has been reported that 

3-lactoglobulin binds cytochrome c (75) in alkaline solutions 

of low ionic strength. At pH > 8, 3-lactoglobulin caused 

reduction of cyt c -^ cyt c . From probe studies a 

sulfhydryl group of 3-lactoglobulin has been shown to be 

the electron donor. 
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C. Retinol-Protein Complexes 

Retinol (Vitamin A alcohol) has been shown to bind to 

numerous proteins, both in vivo and in vitro. The best known 

example of this binding is that of rhodopsin, the visual 

pigment, in which the protein opsin binds 11 cis-retinal 

(Vitamin A aldehyde) (76). This is the chromoprotein loca-

ted in rod outer segments of the eye and responsible for the 

first step in the visual response (76). 

Another protein of photobiological interest that utilizes 

retinal as the light-absorbing chromophore in energy trans-

duction is bacteriorhodopsin, the predominant protein from 

the purple membrane of the bacteri\jm Halobacterium halobium 

(77,78). This interesting protein functions as a light 

driven proton pump, which allows the s^mthesis of ATP via 

a nonphotosynthetic mechanism utilizing solar energy, allows 

the cell to actively accumulate metabolites and also affects 

phototaxis of the organism (79). 

Retinol is also known to circulate in the blood of mam-

mals (80) bound to a specific protein. In most mammals, the 

protein is complexed to prealbumin. This protein is called 

retinol binding protein (RBP) and has been isolated from 

hijman serum (79) , retina cells and pigment epithelium of 

numerous species (8,81). More recently, a cellular retinol 

binding protein has been isolated and characterized from rat 

liver (82) which also exhibits a somewhat structured absorp-

tion spectrum in the chromophore region and binds retinol 
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very tightly, with K^ = 1.6 x 10~^ M. 

The human RBP binds only retinol and shows an unstruc-

tured absorption spectrum (7). Various studies have been 

initiated in an effort to gain further information on the 

interaction between RPB and retinol (83,84,85). 

It has been shown that reductive alkylation of the di-

sulfide bond but not iodination (presumably tyrosyl residues) 

affects the binding of retinol to RBP (85) . These authors 

also report that 6 M urea does not disrupt the retinol-RBP 

complex. Horwitz and Heller (83) modified the tryptophan 

residues with 2-hydroxy-5-nitrobenzyl bromide and found that 

the ability to bind retinol was not diminished. These same 

authors (84) also modified RBP lysyl and tryosyl residues by 

acetylation and again found that there was no effect on 

retinol binding. Retinol binding protein has also been 

shown (8) to enhance the fluorescence of retinol relative to 

that in petroleum ether ~ 9 fold on binding. The RBP complex 

was also considerably more resistant to oxidation either by 

air (on standing) or by liver alcohol dehydrogenase system, 

indicating a stronger binding to RBP than other proteins 

examined (3-lactoglobulin and bovine serum albumin). 

A protein that binds 11-cis-retinal (86) has recently 

been isolated from bovine retina, which does not bind retinol 

or retinoic acid, and binds other retinal isomers much less 

effectively. 

It should be noted that none of the above-mentioned pro-
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teins exhibit any enzymatic activity toward the respective 

retinyl polyene; in fact quite the reverse may be true; 

these proteins may serve a protective function for their 

chromophore as it is transported throughout the organism. 

The first study of the binding of retinol to 3-lacto-

globulin was of a comparative nature, along with bovine 

ser\im albumin, to evaluate the RBP complex (8). These 

authors reported that retinol bound to 3-lactoglobulin and 

that it was approximately three times more fluorescent than 

free retinol in petroleum ether. They also examined its 

enẑ nnatic oxidation by an alcohol dehydrogenase system and 

found that it was oxidized to retinal, while the natural 

carrier (RBP) completely protected the retinol from oxida-

tion. They attributed this to a higher binding affinity for 

retinol to RBP than to 3-lactoglobulin. 

Finally, Georghiou and Churchich (9,10) reported on 

nanosecond spectroscopy of retinol when bound to RBP and to 

3-lactoglobulin. Their results are summarized in Table 2. 

They were the first to notice the appearance of structure in 

the absorption spectriom of the retinol-lactoglobulin complex. 

These authors attribute the enhanced decay time of retinol 

when bound to protein to be due to a change in its geometry. 



TABLE 2 20 

Results of Nanosecond Spectroscopy of Retinol ^̂ ^ 

Abs Em .,. ,, . 
Sample Solvent Xmax Xmax TT;,(nsec) r̂  '̂  (^y^ 

(nm) (nm) 
•p(nsec) r^ *(nsec) 

retinol hexane 326 470 4.2 0.02 

retinol glycerol 330 470 2.3 0.33 

ĵ gp phosphate 330 470 8.0 0.29 7.2 
buffer 

HSA^^^ pH 7.4 330 465 6.1 0.33 

3-lactoglobulin 330,345 475 7.8 0.24 6.9 

a) From Georghiou, S. and J. E. Churchich (1975) Intl. J. 

Quantum Chem. : Quantum Biol. Symp. _2, 331. 

b) r is anisotropy and (}> is the rotational correlation 

time 

c) Human Serum Albumin 



CHAPTER III 

METHODS AND PROCEDURES 

A. Chemicals and Biochemicals 

All chemicals were obtained from Sigma unless otherwise 

noted. 

Retinal was purified by silica gel thin-layer chroma-

tography in hexane:ethyl acetate (Fisher reagent grade) 9:1. 

Retinol was prepared by the reduction of retinal with potas-

sium borohydride (Ventron) in ethanol at room temperature 

in the dark. 

III. 1 

The mechanism is briefly outlined above, utilizing 

tritium as it will become useful later (87). 

B. Separation of A and B genetic variants of g-Lactoglobulin 

3-Lactoglobulin (200 mg) was dissolved in 4m£ of 0.05 M 

potassium phosphate buffer at pH 5.8 and dialyzed 18 hours 

at 4 C against four changes of 4£ each of the same buffer, 

according to the procedure of Piez (88). The dialysate was 

applied to a 1.8 x 13 cm DEAE cellulose (Sigma) chromatogra-

phic column that had been previously pre-cycled and equili-

brated according to the procedure described in the Whatman 

lon-Exchange manual. The column was equilibrated with 0.05 

M phosphate buffer, pH 5.8. 

21 
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The A and B genetic variants were eluted with a linear 

gradient of sodiijm chloride from 0 to 0.08 M in 0.05 M 

phosphate buffer, pH 5.8. The elution profile and gradient 

are shown in Figure 2. The gradient slope was calculated 

volumetrically from the elution pattern. 

The two fractions were pooled, as indicated by the heavy 

lines in Figure 2 and dialyzed overnight against four changes 

of Ul each of H^O at 4°C, with the last change being double 

distilled water. The samples were lyophilized and stored 

at -20°C. 

C. 3-Lactoglobulin Modifications 

Removal of Histidine 159 

The modification of 3-lactoglobulin by removing the C-

terminal isoleucine and the penultimate histidine with 

carboxypeptidase A has been reported to occur much more 

rapidly than hydrolysis at other sites (89,90). Consequently, 

under controlled conditions, this enzymatic reaction can be 

used to eliminate one histidine and thereby evaluate its 

effect on retinol binding. 

3-Lactoglobulin was dissolved in 0.2 M NaCl unbuffered 

at pH 8.0 and 2500u carboxypetidase A (Sigma) were added and 

allowed to react for three hours at 37°C. The reaction 

mixture was centrifuged at 3000x^ for ten minutes. The 

supernatant was then adjusted to pH 5.6 with 1 M HCl, and the 

crystalline suspension which immediately formed dialyzed 

overnight at 4°C. This procedure was carried out twice more. 
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resulting each time in crystalline 3-lactoglobulin. The 

purified material was finally dissolved in 0.1 M potassium 

phosphate pH 7.5 and stored at 4°C. The number of histi-

dines remaining was evaluated by selective carbethoxylation 
3 

using diethylpyrocarbonate (91). Approximately 10 excess 

diethylpyrocarbonate was added to the protein and allowed to 

react at pH 6 in 0.1 M acetate buffer for two hours. The 

sample was then exhaustively dialyzed at 4 C. Protein con-

centration was determined from the absorbance (4) at 280 nm 

(̂ 0.1% ̂  0.97, corresponding to e = 33,950 M̂"'- • cm"""- for 

the dimer). The number of histidines reacting was calculated 

using a Ae of 3200 M~ • cm~ (91,92) per imidazole and 

measuring the absorbance decrease at 242 nm. 

Tryptophan modification 

2-Hydroxy -5- nitrobenzyl bromide (HNBB) reacts specifi-

cally with tryptophan under neutral or acidic conditions (93) 

adding across the 0̂ -0« double bond of tryptophan, forming 

an ether ring. 

This reaction was carried out at pH 2.0 in 0.4 M NaCl. 

0.1 m£ of 0.2 M HNBB in ethanol .added to 5 m£ of 4 mg-mí," 

3-lactoglobulin. The reaction is immediate and the half-

life of HNBB in water is approximately one minute (94). This 

mixture was exhaustively dialyzed through eight changes of 

M each of 0.1 M phosphate buffer at pH 7.5 at 4°C in the 

dark. To quantitate the number of modified residues, the 

dialysate was diluted 15 times and made to pH > 10 by adding 
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Figure 2. Resolution of 3-lactoglobulins A and B on a 

DEAE-cellulose chromatographic column, 0.05 M potassium phos-

phate buffer, pH 5.8. The left ordinate scale is O.D. at 280 

nm, while the right ordinate represents the molarity of the 

NaCl gradient, in Molar. The dark bars under each peak repre-

sent the fractions collected for that particular peak. The 

first peak is 3-lactoglobulin B and the second peak is the A 

genetic variant. 
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1 M NaOH. The solution turns bright yellow. An extinction 

coefficient of 1.8 x lO^ M""̂  • cm""̂  at 410 nm has been 

reported (95) and was utilized to calculate the number of 

tryptophans modified. Figure 3 shows the absorption spec-

trum of the HNBB derivative of 3-lactoglobulin. 

D. Preparation of Anhydrovitamin A 

Anhydrovitamin A was prepared by the method of Shantz 

et al. (96) as described by Christensen and Kohler (97). 

All-trans retinol (~0.2g) was dissolved in 50 m£ of CHCl^, 

and 1 m£ of CHC1« that had been saturated with HCl by 

bubbling N^ through a HCl solution was added dropwise while 

stirring. This mixture was stirred in the dark for 15 

minutes, then washed with water three times to stop the 

reaction. The resulting organic layer was dried with Na«SO, 

and evaporated to dryness with a Rotavap. This was then 

taken up in a 5% ( /v) solution of diethyl ether : n- hexane 

and chromatographed on Woelm basic Alumina (Waters Associates) 

Super Activity grade I that was neutralized to grade III by 

the addition of 67o water. Fractions were eluted in the 

same solvent. The first (major ~ 70%) fraction contained 

the trans-isomer. Its absorption spectrum which agrees with 

those in the literature (97,98) is shown in Figure 4. The 

yield of trans-anhydrovitamin A was less than 10%. Improv-

ing the yield was not attempted. 
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Figure 3. The absorption spectriom of the HNBB modified 

3-lactoglobulin at pH > 10, such that the extent of modifi-

cation could be calculated as described in the text. 
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Figure 4. The absorption spectrum of trans-anhydrovitamin 

A in ethanol at room temperature. 
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E. Retroretinyl Acetate Preparation 

Retroretinyl acetate was s^mthesized by the method of 

Beutel et̂  al_. (99). trans-Vitamin A acetate (0.5g) was 

dissolved in 20 m£ of CH^Cl^ and cooled in an ice bath. 

One mi of ice-cold hydrobromic acid was added and the 

mixture shaken in a separatory funnel for 30 seconds. The 

organic layer was washed with 5% ( /v) bicarbonate (three 

times) and then once in water. The CH^Cl^ solution was 

then dried over anhydrous MgSO,, filtered and evaporated 

to dryness at room temperature. The resultant orange oil 

was dissolved in 30° -60° petroleum ether, and then 

chromatographed over alumina, similar to the procedure 

described for anhydrovitimin A except that the eluant was 

1:9 (̂ /v) ether:petroleum ether. Numerous fractions came 

off the column, the third fraction being the one that agreed 

with the literature absorption spectrum (99), and shown in 

Figure 5. This fraction was evaporated, giving a 10% of a 

yellow oil. 

F. Stoichiometry Determination 

Stoichiometry was determined by fluorescence titration 

and radioisotope labelling. Circular dichroism was also used 

as a third independent method. The methods are described 

in the section that follows. 

Retinol was labelled by reducing retinal with KBT^ as 

outlined in III.1 yielding 3H(15-C) all-trans-retinol which 

subsequently purified by TLC as previously described. The 
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Figure 5. The absorption spectriim of trans-retinyl acetate 

( ) and retro retinyl acetate ( ). The concentration for 

the former was 24.5 yM and for the latter 21.7 uM, corresponding 

to extinction coefficients of 51,000 and 56,800 M • cm , 

respectively. The solvent in both cases was ethanol. 

• > 
^ÚÊÊLj^^^L 
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final material had a specific activity of 3.4 yCi/yM. This 

was added to 3-lactoglobulin and then separated on Sephadex 

G-100 and 0.1 mí of each fraction counted in 10 mi of liquid 

scintillation cocktail containing 0.3% PPO, 25% Triton X-114 

and 0.2 gil POPOP in xylene (100) on a Beckman Liquid 

Scintillation counter. Corresponding protein concentrations 

were determined by the method of Bradford (101) as commer-

cially available from Bio-Rad (Richmond, CA). 

The O.D. was corrected for an artifact introduced by the 

retinol, using the graph shown in Figure 6. In the standard 

assay, to 0.1 ml of protein was added 5.0 ml of a 4:1 (Water: 

Reagent) dilution of the reagent. This method is good from 

~1 to 4 mg.m£" . A microassay was also used, adding 0.2 mÅ 

of concentrated reagent to 0.8 m£ protein. After 15 minutes, 

the O.D. at 590 nm was read against a blank made up with 

reagent and the appropriate buffer. The fluorescence titra-

tion was done on an Aminco-Bowman spectrofluorometer at 

room temperature. Retinol in ethanol was added 1 or 2 X at 

a time to 2.0 mi of 3-lactoglobulin containing 228 nmol 

3-lactoglobulin in 0.1 M phosphate, pH 7.5 and the intensity 

recorded. The fluorescence of the free retinol amounted to 

only 2-3% of the complex fluorescence, but was nonetheless 

corrected for in the analysis. The analysis was essentially 

that of Cogan et al. (102), described herein. 

From mass law considerations, 
„ ^ nPxR 111.2 
^d PR 
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Figure 6. The standard curve for the Bio-Rad protein 

assay, using 3-lactoglobulin as the standard protein. The 

solid line represents the standard assay, using 0.1 m£ of 

sample and 5 m£ of dilute reagent. The dashed ( ) line 

is the micro-assay, as decribed in the text. For protein 

concentrations in this assay, the abscissa should be read 

as yg • m£~ . The other line (-.-.-.) shows the error in-

troduced into the assay by having retinol in the assay 

solution. The numbers under the line are the molar ratios 

of retinol to protein, with the protein concentration con-

stant (4.3 mg • m£" ). At a 2.7 fold excess of retinol, 

there is a 16% increase in the observed value of the protein 

concentration. 
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where n is the number of sites, P and R are the concentra-

tions of free protein and retinol, respectively, and PR 

is the concentration of bound complex. Now if F is denoted 

as the fraction of free binding sites and P and R the 
° o o 

total protein and total retinol concentrations, respectively 

then R may be expressed as 
R = R -PR = R -n P (1-F) III.3 

and the preceding equation for the dissociation constant may 

be written 

which can be transformed to linearity to give 

V V = ± Q d 

ô"̂  n(r^) " n III. 5 

Plotting P̂ F vs. R^F/(1-F) gives a straight line with a 

1 -K 
slope equal to /n and an intercept of /n. By proper 

zeroing of the instrument, 

j max j 

F = -^ ^—^ III. 6 
j max 
F̂ 

max where I„ was the intensity value at saturation and I^ 

was the intensity at a particular R. The data are dis-

cussed and analyzed more fully in the Results and Discus-

sion section. 

G. General Instrumentation 

Centrifugation was carried out using either a Beckman 

J-3 of a Sorvall RC-5 refrigerated centrifuge. All absorp-

tion measurements were recorded on a Cary 118C unless other-
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wise noted. Circular dichroism was recorded on a modified 

JASCO J 20 instrument described previously (103). Basi-

cally the modification consists of replacement of the 

Pockels cell with a photoelastic modulator and lock-in 

amplifier, resulting in a better baseline and increased 

sensitivity (104). 

Corrected excitation and emission spectra were recorded 

on a Perkin-Elmer MPF-3. This instrument corrects emission 

spectra electronically with respect to photomultiplier tube 

spectral sensitivity, monochromator, and optical character-

istics. The excitation spectra are corrected ratiometri-

cally utilizing Rhodamine•B as a quantum counter to correct 

for variations in the Xenon lamp intensity and instrumental-

optical characteristics. 

H. Phase Fluorometer 

Fluorescence polarization was measured on an SLM Model 

480 Phase-Modulation fluorometer in the polarization mode. 

Polarization was evaluated from 

P = í ^ III.7 

II + ̂  
By rotating the excitation polarizer 90 the complete 

measurement is made. Since the measurement is made in the 

"T" or "double-ended" configuration, polarization bias due 

to instrumental artifacts are cancelled (105). The polar-

ization is directly read out from the Hewlett-Packarad 9810 

calculator interfaced to the instrument. Additionally, 
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the anisotropy, related to polarization by 

2P 
A = 33^ III.8 

is printed out on the calculator. 

J. Fluorescence Lifetimes 

Fluorescence lifetimes can be measured on the SLM 480, 

in the lifetime mode. 

Before the specific measurement is considered however, 

a more general explanation is in order. Consider the pro-

duction of the excited state M. 

f(t) a-
M V ^ M" III. 9 

where f (t) is some time dependent exciting function. Now 
•k 

the time dependence of {M } may be represented by the 

differential equation 

d̂ M̂ }̂ = -kíM^} + f(t) III. 10 
dt 

When the exciting function is a delta function, then the 

differential equation has the familiar solution, 

{M"^} = I e"^^ III. 11 
o-

where I^ is the intensity of fluorescence at t=0, and 
o •' 

l = x ° III.12 

the fluorescence lifetime in the absence of competing 

processes, usually denoted as the radiative fluorescence 

lifetime. Since competing processes usually occur, the 

measured lifetime, Xp is 
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Tp = 5:(kj,)'-̂  III.13 

the two being related by 

= T„ III. 14 
T F 

^F ^ 

where ^^ is the fluorescence quantum yield. 

For sinusoidal excitation as is utilized in the SLM 

phase fluorometer, the situation becomes slightly more 

complex. In this case, 

f(t) = A + B sinwt III.15 

where A and B denote constants of the dc and ac components 

of the excitation per second. The solution of the differ-

ential equation with sinusoidal excitation has been ade-

quately discussed previously (106,107) and will not be 

further elaborated on here, except to give the final form 

of the solution, expressed in terms of the modulated emis-

sion, E(t) 

E(t) = a + b sin (wt + 6) III.16 

where 6 is the phase lag due to fluorescence and w is the 

circular frequency (2Trf) where f is the frequency of modu-

lation. Consequently, 
tan 6 = 2TrfTp III. 17 

and expressed in terms of the demodulation M, 

^ Modulation of Fluorescence -j-̂-j- -^Q 
Modulation of Excitation 

= COS ô = (1 + ^TT^f^Tp) ^ 
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These two quantities are plotted vs. log wTp in Figure 7. 

Since the SLM is capable of measurements at two frequen-

cies (10 and 30 MHz) and in two modes the heterogeneous 

case can be solved for two components. 

K. SLM Phase Fluorometer 

Figure 8 shows the optical layout for the SLM phase 

fluorometer. The various components are labelled in the 

legend. Basically, the instrument consists of a continuous 

light source and monochromator, Debeye-Sears type ultra-

sonic light modulator, beam splitter, sample turret and 

photomultiplier tube. The reference channel is also shown 

in the Figure. 

Electronically, the measurement is somewhat complex and 

is only briefly outlined here. For further details, see 

Spencer (107) or Spencer and Weber, (108), or Birks and 

Munro (109). Birks and Little (110) were the first to 

accomplish a heterodyning technique that not only preserves 

the phase, but also the modulation, thus enabling lifetimes 

to be determined by both phase and modulation. This is 

accomplished by modulating the photomultiplier tube response 

by directly applying a mixing frequency to the dynode of the 

phototube, resulting in a phototube response R(t) of the 

form 

R(t) = a + b cos (27Tft - 9) III. 19 

where 6 is the known phase difference between E(t) and the 

mixing frequency. The cross-correlation product R(t)^E(t) 
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•V-v •^jr"" 

Figure 7. A plot of the degree of demodulation (M, ) 

and phase shift (ô, ) versus log (WT) where w is the 

circular frequency and T is the radiative lifetime. Note that 

the maximum change is in the region denoted by the shaded 

region between -1 and +1, denoting the region where the accur-

acy of the lifetime measured is the greatest. 
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Figure 8. The SLM Model 480 phase-modulation fluorometer 

block diagram. Components are as follows: 

1) IKW Xenon light source 

2) Monochromator 

3) Debeye-Sears Modulator and RF power unit 

4) Thermostatted sample chamber 

5) Optical module 

A) Photomultiplier tube and associated circutry 

B) When reference PMT is here, this is the "T" configur-

ation used for polarization and AT measurements 

C) The "standard" instrument configuration used for 

lifetime measurements. 

s) Shutter 

p) Polarizer 

Adapted from the SLM 480 series instrument manual. 
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is then photocurrent response integrated over one period 

(2f). In the SLM, this is translated to a lower frequency, 

Af, (10 or 30 Hz) by varying 4) linearly with time, such 

that 

(j) = 2TrAft III. 20 

This low frequency response not only preserves the phase 

and modulation, but allows a greater signal-to-noise ratio 

and allows the phase difference to be directly determined by 

a time-interval counter. The time interval (msec) is re-

lated to 6 (eqn. III.18) by the following two equations, 

which also serve to illustrate the mechanics of the measure-

ment 

time i n t e r v a l ô inO T T T O I Y = ?5—c X 360 I I I .z l ' 27rf 

and 

<5 = YT̂ -I - Yo ..*. III.22 

"Fluorescence 'Scatter 

The measurement then, consists of first measuring the 

phase of light scattered by a glycogen solution, then measur-

ing the fluorescent sample. From the above discussion, the 

lifetime by phase can readily be calculated. The glycogen 

scatterer serves to correct for anomalous phase shift intro-

duced by the electronics and/or optics, ie_. this serves to 

define a zero for the measurement. 
The degree of modulation is measured utilizing the ratio 

digital voltmer. From both the scattering solution and 

AC 
fluorescent sample, the ratio /DC is derived, and the 

modulation M determined, from 
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M = Ratio Fluorescence ,,, «« 
Ratio scatter iii./iJ 

The corresponding lifetime is calculated from 

^F = <2-f)"' ^ ( V M > 2 . 1 III.24 

Further, the instriiment is capable of averaging either 

10 or 100 measurements for increasing the accuracy of the 

measurement. 

As mentioned previously, the instrument is interfaced 

to Hewlett-Packard 9810 calculator for data reduction, allow-

ing direct readout and averaging of the fluorescence life-

times. 

L. Rotational Relaxation Time 

The SLM can also be used for measurement of the time-

dependent fluorescence depolarization of molecules in 

solution. Relaxation spectroscopy, dynamic depolarization, 

time-dependent fluorescence anisotropy and rotational diffu-

sion all have reference to the same phenomena of molecules 

in solution. Namely when these particles undergo Brownian 

rotational motion during the lifetime of emission the 

original anisotropic distribution of the emission vectors is 

randomized as time increases. By measuring the polarized 

components of emission, this randomization can be directly 

observed, yielding the rotational diffusion time of the 

fluorescent molecules. 

Einstein (111) first showed 
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kT 

<^il> = fLL_ 5t III.25 
3nV 

2 
Where <¥> is the square of the average angular displace-
ment during ôt, k is Boltzmann constant, T is the temper-

ature, n is the viscosity and V is the hydrated volxome, 

V = i^t il III.26 

where M is the molecular weight, v is the specific volume 
3 - 1 "̂  

(in cm g ), h is the hydration (in cm of H^O per g of 

molecule) and N is Avogadro's number. The previous equation 

relates the Brownian rotational motion of molecules in 

solution to their more fundamental molecular properties. 

The sensitivity of rotational diffusion to conformation 

changes is caused by its dependence on the molecular volume, 

in contrast to translational Browian motion where the diffu-

sion constant reflects the molecular radius which is less 

sensitive to conformational changes (the molecular volume 
of a sphere is given by V = ^ TT r^) . Later Perrin (112) 
showed 

r(t) = r^e^''^^^ III.27 

where r = r(t) at t = o and 6 = rotational correlation o 

time. This describes the fluorescence depolarization for 

spherical particles. 

Also p, the rotational relaxation time is used in the 

literature. p and (^ are related by 

4) = f = (6D)'^ 
^ III.28 

P = (2D)"^ 
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where D is the rotational diffusion coefficient. 

Jablonski (113) first applied the theory of Brownian 

rotations to apparent changes in the lifetime of the excited 

state measured in solution. 

To fully comprehend the theory of Brownian rotations a 

digression to discuss polarization and anisotropy are in 

order. The degree of polarization is dependent on two 

different types of parameters: 1) torsional vibrations of 

molecules, which are instantaneous and time-independent. 

This is usually expressed as the limiting polarization 

P = III. 29 

and 2) extrinsic depolarization factors such as Brownian 

rotation or energy transfer. These are time-dependent 

phenomena, expressed as 

(I||(t) - Î (t)) 
P(t) = III.30 

(I||(t) + Iĵ (t)) 

where 

lim P(t) = 0 III.31 
t ->• oo 

Now the limiting anisotropy is defined as 

r o 

2 
= 0.4(3cos i|;-l) III. 32 

and r(t) is related to r by 

r(t) = r e ^ ^ o 
-t/ø III.33 
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For an instantaneous light pulse if the molecule does 

not rotate during T^, then 

F(t) = F̂ e'̂ /'̂ F III.34 

but if the molecule rotates then 

F(t) = r (t)e"^/'^F III.35 

where r (t) characterizes the rotational motion. 

Decay for the delta pumping function, curves F (t) 

and F (t) (z and x denoting laboratory coordinate axes 

corresponding to parallel and perpendicular polarized light) 

are experimentally obtained which allow the determination of 

S(t) = F^(t) + 2F^(t) III.36 

where S(t) is the sum function and is independent of rota-

tional motion and 

F (t) - F (t) 

^<^) = ' S(t) "" ^^^'^^ 

which is dependent only on rotational motion. For a rigid 

sphere 

S(t) = S e'̂ /'̂ F III.38 

and 

r(t) = A e'̂ /'̂ F III.39 
o 

or more generally 
3 

r(t) = r E f.e"^/^i III.40 

° i=l ^ 

and similarly for S(t). (^^ Are related to the diffusion 

coefficients D^. Practically, plots of ^ /r^ vs. /̂cj) are 
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compared to theoretical plots to obtain the desired para-

meters. 

Weber and Spencer have described rotational depolariza-

tion as a system of rate equations describing the transport 

of oscillators from one orthogonal direction to another (114) 

The rate equations are: 

dF 
X = _(;^ ^ 4ĵ )p + 2F K + 2F K + F p, III. 41 
dt ^ ^ X y z xO 

dF 
•^ = 2F^K - (X + 4K)F^ + 2F^K + F^Q III.42 

dF. 
= 2F K + 2F K - (X + 4K)F^ + F^n III.43 

dt X y '̂  z zO 

where F r^, F ^, F ^ are the rate of excitation to the 
xO yO zO 

respective vectors, K is the rate constant of transport and 

X is the rate of emission. Since F = F due to symmetry 
y z 

dF dF dF, 
—1=—^=-^ III.44 
dt dt dt 

and 

dF dF,| 
X ^ Jl III.45 

^t dt 

there are only 2 independent equations. Setting 

dF 11 dF, 
j 11 = —rL= 0 and solving gives 

o 



52 

where 

P = Pn = III.47 

^11+^i ^iio + ^ lo 

which is identical to the Perrin equation (112). 

(1 + ̂ ) = (1 + ̂ F) = (1 + | 1F) = (1 + ̂ F ) 
^ P \ ^o"^ III. 48 

where V_ is the molar volume and V is the molecular volume m o 

For sinusoidally modulated light the pumping functions are 

F^Q(t) = F||Q(t) = aii + b sin wt III.49 

and 

FyQ(t) = F^Q(t) = Fj^Q(t) = a + b sin wt III.50 

The phase delay (tan ô) can be written as 

III.51 

. 0) (X + 6K)^ + oj^ - 2K(2-x) (2X + 6K) ^ 
tan 0 — T- n 7^ ^ 

^ (X + 6^)"^ + 03 - 2K(2-x) (X + 6K) - f 

From this equation and the identity 

tan (5II - tan ôi 
tan A = 

1 + tan ôii tan 6^ III. 52 

one can obtain the relation (115) 

9 9 
(1 + Oi^T^^) c,2 + 2 a . ^ _ |_o 1 ) ^ F '^ Q 3̂--̂  33 

1-P ^ tan A ^ 1 - P^ o o 
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Tp (3-P ) 

where a = ^^^ and m = 2_ -̂-j-j ̂^ 

where o) = 2TT times the modulation frequency. The usable 

form of this equation is obtained by dividing by m resulting 

in 

III.55 

'2 . 2a' ., I o I . . ?. „ 2 

which can be solved readily for a' where 

a' = -^ III.56 

The instrument measures AT which is related to tan A by 

tan A = 27rfATp III. 57 

Tp is the lifetime (unpolarized) of the species under con-

sideration. 

The complexities of this measurement are multiple and 

vary with each situation. Discussion of all possible cases 

is impossible, but mentioning of some may be helpful. 

Heterogenity of binding sites should be considered. Also the 

presence of free dye should be considered. Scattered light 

is critical in this measurement so adequate filtering is 

a must. 

The lifetime of the fluorescent label determines the 

range of relaxation times available for study. Tao has given 
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an approximate formula for the calculation of the rotational 

relaxation times of globular proteins (116): 

p = (̂ D)"-"- = (M/3.69) X 10"^ nsec III.58 

Where M is the molecular weight of the macromolecule. The 

lifetime of the fluorophor utilized for the rotational re-

laxation time calculation should be neither too long nor too 

short, as this will affect the interpretation of the data. 

For example, consider three cases: (1) local rotation, (2) 

rotation of large fragment and (3) rotation of the entire 

macromolecule. For the first case the use of tryptophan 

fluorescence (T„ = 2 ~ 5nsec) gives only an indication of 

its environment due to its short Tp. With longer life-

times (e.g. 10-20 nsec), local rotations from macromolecular 

rotations can be distinguished. So for very large proteins, 

probes with long T^ are required to ascertain p for the 

entire protein. Finally, p should be measured as a function 

of X in order to see the complete "picture", because some 
exc 

rotatory motions do not lead to depolarizing effects. This 

is because the position of the emission oscillator is fixed, 

while the absorption oscillator changes with respect to 

X (117). 

M. Pulse Fluorometer 

Nanosecond fluorescence measurements were also carried 

out on an instrument of the pulse variety constructed in this 
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laboratory. A similar instrument has been described in the 

literature (118) and the author thanks Professor Solon 

Georghiou of the Department of Physics University of Ten-

nessee, Knoxville, for his kind hospitality and help during 

a visit to his lab and subsequently during the construction 

of the instrument in this laboratory. 

A schematic diagram of the instrument is shown in Figure 

9. The heart of the instrument is the Princeton Applied 

Research Model 162 boxcar averager, fitted with two model 

163 sampled integrators which are both equipped with Tek-

tronics type S-2 sampling heads, with 75 ps aperture duration. 

The boxcar averager is also equipped with the digital storage 

option (162/99), providing essentially infinite holding time 

for the analog integrators, A/|B| option (162/97) for dual 

channel measurements and a digital panel meter option (162/98) 

which not only supplies a convenient visual display, but is 

the source of the BCD output required for interfacing to 

the computer for subsequent data reduction. Table 3 lists 

the controls, connections and indicators on the boxcar 

averager along with either a brief description of the ad-

justable parameter or the setting for the particular control. 

Figure 10 shows a simplified block diagram of the boxcar 

averager so that the interrelationships between the various 

components and their functionality are more clear. Figure 

11 shows the various timing relationships involved in the 

boxcar averager. With this information in mind, a brief 
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^Ê^I^gÊÊy. 



Figure 9. Schematic diagram of the time-resolved fluoro-

meter utilizing a boxcar averager. Electrical connections 

are denoted by solid lines while the dashed line represents 

the light path. The heavy dotted line marked 3 marks the 

optical unit. Other components are as follows : 

1. Lamp power supply 

2. Optitron NR-11 pulse lamp 

3. Optical unit, filters and sample holder 

4. Pulse stretcher 

5. EMI 9817 Photomultiplier tube and housing 

6. EMI 3000 PMT power supply 

7. Delay line (80 nsec) 

8. PAR Model 162 Boxcar Averager 

9. Hewlett-Packard Model 7045AX-Y Recorder 

The signal out is also seen to go to the homemade interface 

and TI Model 733 terminal, which interacts with the computer 

via an acoustic coupler. 
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Table 3. Boxcar Averager Front Panel Settings 

Model 163 Integrator Function or setting 

Input Range 

Samples Averaged 

O.L. 

Zero 

Clear 

Baseline Sampling 

Sensitivity 

10"̂  

Overload Light-on if too much 
signal 

Establish Zero 

Resets Integrators 

Outer Knob-fully clockwise 
Inner Knob-in 

Sampling Head 

Only Sampling Head plug 

Signal Input 

in here. 

Mainframe 

Aperture Delay 

% Initial A or B 

Range 

Aperture Duration 

Scan time 

Signal Processing 

Function 

Time Constant 

Trigger Mode 

Input 

Mode 

Scan Select 

Reset 

Hold 

Outputs 

f(t) 

f(t) 

Determines pulse position 

0.2ysec 
No effect with 163 integrators 

Outer Knob-scan at IK, For 
set up 100 (or 10) 
Inner Knob-approximately 
"3 o'clock"; determines WHALF 

Outer Knob usually A 
Inner Knob usually off 

1 second 

to Pulse stretcher/amplifier 

EXT. 

Usually A 
Resets scan to 7o initial 
Aperture 
Stops Aperture advance 

Usually used 

Pseudo first derivative 
output 
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Figure 10. Block Diagram of the PAR Model 162 boxcar 

averager equipped with a 163 integrator and S2 Tektronics 

sampling head, adapted from the manual. The signal is input 

at S2 integrated, amplified and goes to F the function gener-

ator. At the lower right is the trigger input, going to the 

aperture delay range time base (ADR TB), which is evaluated 

at each comparator with respect to both baseline sampling and 

the aperture scan time base (AS-TB). 



M 
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Figure 11. This figure interrelates the various timing 

relationships that occur in the boxcar averager. In the top 

figure, line a corresponds to the scan ramp, b is the aper-

ture delay range time base and c denotes the relationship 

between the time the aperture delay range triggers and the 

aperture opens. The middle graph corresponds to the main-

frame triggering, line d being the trigger signal itself, the 

double headed arrow under it corresponding to approximately 

30 nsec which is the trigger delay before selected aperture 

delay range, e, begins. Line f shows the actual aperture 

opening, with an additional delay due to aperture delay. The 

arrow under this line is approximately 75 nsec in time, which 

is the minimum delay between the trigger and aperture opening. 

The bottom graph corresponds to the timing in the sampled 

integrator. Line g is again the trigger and h is the aperture 

delay range. Lines j denote the signal sampling (top) and 

baseline sampling (bottom) aperture. Note that the top one 

is scanned while the bottom one is fixed for the duration of 

the measurement, but can be positioned anywhere within the 

aperture delay range. 
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description of the boxcar averager as it functions in the 

instrument is now in order. For a more complete descrip-

tion see (119,120,121). 

From the schematic diagram it is seen that the boxcar 

actually gets two signals ultimately from the light source; 

the signal itself and a trigger signal. The signal is 

applied to the S2 sampling head after a delay of 80 nsec, 

while the trigger is applied to the external trigger input. 

This signal causes the aperture delay range time-base gener-

ator (see Figure lla,b) scan ramp (Figure lla) and sent to 

the comparator. Figure llc shows the aperture opening 

slightly later on the aperture delay range interval. This 

process requires ~ 75 nsec and thus the reason for delaying 

the signal relative to the trigger. The signal from the 

PMT is a repetitive waveform of which only a small portion 

is actually "seen" by the boxcar at any one time. In this 

case the aperture duration is (delay jitter) limited to 

100 psec (ie. the width of the repetitive waveform sampled). 

This signal is then averaged by the integrator according to 
3 the number of samples averaged (usually 10 ). This signal 

is then amplified, filtered and applied to whatever function 

module has been selected for output. 

To avoid a distorted reproduction of the replicated 

waveform and also to complete the measurement in the shortest 

time period, the minimum scan time (MST) should be calcula-

ted. This is a function of the effective time constant (ETC) 
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and the ratio of the time base (TB) to the resolution 

element (RE) : 

MST = 5ETC X "̂ /̂RE III. 59 

Now RE = 100 psec, the rise time of the sampling head and 

TB = 0.2ysec, the aperture delay range. ETC is the number 
3 

of samples averaged (SA) (10 ) divided by two times the 

repetition rate (rr) in Hz {- 5 kHz in this case plus the 

main frame time constant (TC)}. 

ETC = {(f—:)^ + (TC)^}^ III. 60 

This gives, then for the MST 

MST = 5 {(f^)^ + (TC)^}^ X H III. 61 

3 

or approximately 2 x 10 s full scale. 

Figure 12 shows the lamp decay normal and the curve displaced 

20nsec in time. Each scan took <9 minutes, and is not 

further improved by slowing the scan rate further. Also 

shown is the time scale from the X-Y recorder plot. The 

pulse width is also shown as ~ T. 9nsec for this particular 

situation. The Optitron NR-11 lamp pulsewidth is variable, 

and controlled by changing the anode capacitance, as the 

pulswidth is determined by the product of the anode capaci-

tance and the resistance of the conducting plasma. 

The pulse repetition frequency (PRF) is determined by 

the anode capacitance charging time and (inversely propor-
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Figure 12. The lamp decay profile as observed through 

the time-resolved fluorometer described in the text. The curve 

to the right of the figure has been delayed 20.0 nsec with a 

delay line, for calibration purposes. This is an intensity 

versus time plot, with the time axis shown in channel numbers, 

coinciding with the data aquisition system. One channel cor-

responds to 0.2894 nsec. One nanosecond in time and the full-

width-half-maximum of 1.9 nsec is also shown for the delay 

profile. 
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tional to) the electrode spearation. Specifically, 

PRF = i\C^)''^ III. 62 

where R^ is the resistance of the timing resistor and C 

is the anode capacitance. 

The lamp, when filled to 150 psi N^ gas pressure and 

20,000 V into 500 m yields ~ 0.5 KW power with ~ 2nsec 

FWHM at 5 KHz. The N^ exhibits a pressure broadened spec-

trxim, shown in Figure 13. The spectrum when scanned at 

longer times relative to the lamp peak shows a slight red-

shift. 

The trigger signal is also derived from the lamp. A 

1" coil of 16 gauge coated copper wire (3 rounds) is glued 

(Elmer's Glue-all) to the quartz window and fitted to a 

BNC for transmission of the pulse to the pulse stretcher. 

This cable connects to a Tektronics Risetime limiter which is 

connected directly to a pulse stretcher. A schematic diagram 

is included in Appendix A. The function here is to amplify 

and broaden the trigger signal, such that it is optimized 

for the boxcar trigger circutry. These two devices allow 

the lamp pulse of ca 1.5nsec duration to be stretched to 

output 50nsec at 1.5 V, with a propogation delay of ca. 10 

nsec. 

The excitation beam is filtered and focussed on the 

sample through a quartz lens. The sample holder is from an 

Aminco-Bowman Spectrofluorometer, and any of its accessories 
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Figure 13. The spectral output of the flash lamp, re-

corded at the peak of the lamp pulse (t=0) . Instead of 

scanning as a function time, time is held constant and the 

instrument is scanned as a function of emission wavelength. 

The spectrum as recorded here was at a N^ gas pressure of 

150 psi, 20,000 VDC applied voltage with a FWHM of 1.9 nsec 

at 5 kHz. The nitrogen spectrum is seen to be highly pres-

sure broadened. It should be noted that the spectrum red-

shifts slightly as time increases. This spectrum is not 

corrected for the monochromator or photomultiplier response 

and thus represents the instrumental response. 

^ 
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are also useable in this instrument, such as polarizers. 
2 

When the 1 cm cell holder is completely removed, the pedes-

tal it rests on is the correct height for utilizing the low 

temperature helium cryostat (useable to about 12K) for low 

temperature measurements. The light from the emissive 

sample is collected through a biconvex glass lens and then 

focussed either on the monochromator slit or directly as a 

small spot (5mm) on the PMT photocathode (no monochromator) 

with a glass planoconvex lens. 

The photomultiplier tube is an EMI end-on 9817B tube 

with a glass window and S-20 photoresponse. This tube ex-

hibits a gain of 10 and a fast risetime of <2nsec. It 

is powered by an EMI Model 3000R DC power supply. The tube 

voltage should never exceed 2800 VDC and runs optimally 

at 2400 VDC under these conditions. The PMT is mounted in 

an EMI RF and magnetically shielded housing. The dynode 

chain has been specially wired for fluorescence lifetime 

measurements utilizing a boxcar averager. This signal is 

then input to the sampling head via 85 nsec of delay cable, 

so as to be synchronous with the trigger signal. 

The output from the boxcar is graphed on a Hewlett-

Packard Model 7045A X-Y Recorder, the Y-axis being the signal 

and the X-axis either being derived from the scan ramp of the 

boxcar or from the time-base on the recorder. 

Since the boxcar is equipped with the digital panel 

meter, BCD output is also available for interfacing to a 
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computer. This has been done by modifying an interface 

originally designed at the U. of Tennessee and constructed 

at Texas Tech for 100 baud, 20 ma current loop operation 

to 300 baud, EIA RS-232 operation compatible with the 

Texas Instruments Model 733 terminal. 

The interface controls the boxcar under normal data 

acquisition conditions, however the interface can be dis-

abled by a switch for set up or other reasons. The inter-

face interrogates the boxcar at a preselected time inter-

val (normally every 7 sec) until a specified number of 

samplings (referred to as "channels") have been made, then 

the interface resets and zeroes the boxcar, ready for 

another run. The interface converts the BCD number to 

ASCII, which is in turn recorded on the tape cassette at 

300 baud by the TI Model 733 off-line. When the lamp decay 

profile as recorded using a scatterer and sample decay 

curve have been recorded off line, the data are processed 

with the computer via a Comdata acoustic coupler. 

N. Data Reduction for the Pulse Fluorometer 

The data are treated on the computer such that the 

effects of the lamp flash on the sample decay curve are 

effectively "subtracted out" of the decay curve, leaving 

only the true decay curve. 

The method utilized with this system is the Phase-Plane 

method of Demas and Adamson (122), follows. If the true 
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decay function d(t) is a simple exponential as depicted by 

eqn. III.11 then the response of the system to a fluorescent 

sample d(t) may be written as 

D(t) = Ke'̂ /'̂ F/̂  F(x) ê /'̂ F III.63 
o 

where F(x) is the response of the instrument at t = x in 

the absence of a sample and K is a proportionality constant. 

While this equation is not linear, it may be transformed to 

linearity quite simply (122), yielding 

Z(t) = -TpW(t) + KTp III.64 

where 

fl D(y) dy 
Z(t) = -^ III.65 

/í F(y) dy 

and 

W(t) = , ^^^^ 111.66 
/Q F(y)dy 

The above integrals are readily evaluated by the trape-

zoidal rule. Attributes of this method include extreme 

simplicity and short CPU time for data processing. Drawbacks 

include the fact that the model assumes only a single expo-

nential function and also for the situation where F(t) ap-

proaches D(t), T^ becomes somewhat uncertain. 
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0. Computer Program Usage 

Even though a detailed description of the program is 

somewhat less than general, it is included here as an 

operational aid to those members of my (former) laboratory 

that succeed me. The original program was generously 

supplied by Professor S. Georghiou and substantially 

modified at TTU. The program is listed in Appendix A. 

After the data have been recorded off-line and the 

operator has logged on, 

EXEC (DEMAS) 

should be entered to start program execution. The terminal 

then responds with 

ENTER WHALF 

which is the halfwidth in time per channel, and should be 

entered as a four-decimal place number (iê . 0.1447). This 

is a critical value that corresponds to the integration 

step size. It is evaluated by listing on the terminal a 

lamp decay profile, then running it again, but with an 

additional 20 nsec delay line, as depicted in Figure 12. 

Now 20 nsec divided by the difference in channels divided 

by 2 gives WHALF. The ideal value varies with the experi-

ment, but under normal conditions, around 0.1500 nsec/% 

channel is suitable. When the return key is pressed the 

terminal responds 

ENTER PERTINENT INF0--1X, 68 CHAR MAX 

indicating a description of the experiment in progress (up 
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to 68 characters in length) should follow one blank space 

(IX). This can be sample identification, excitation and 

emission wavelengths, etc. When the return key is pressed 

the terminal responds 

ENTER N-13-NUMBER DATA POINTS FOR EX(N) 

asking for the number of data points, or channels as 

previously selected on the interface, in three digits (13); 

for example 90 channels would be entered as 

090 

with the leading zero required. The computer then responds 

ENTER 90 values for EX 16 

requesting that the data for the scattering "reference" 

be input, with each number six digits (16) long. These 

should be entered from the cassette tape one block (10 

niombers at a time, or alternatively, from the keyboard. 

After the final value has been input and return key pressed 

ENTER 90 VALUES FOR EM 16 

is printed, requesting the fluorescent sample data, input 

analogous to the EX data. After these data are placed in 

the computer, pressing the return key next prompts 

ENTER K--I2 

asking if more than one set of emission data are to be 

analyzed with respect to the same lamp curve. If so, input 

01 

otherwise, press return. Next, 

ENTER L--I2 
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asking if another complete set of data is to be run. If 

so, enter 

01 

if not, press return. An actual sample of this process is 

shown in Figure 14. Figure 15 shows the data output, and 

another prompting statement, 

LIST W(T),Z(T)?- - WRITE 01 IF YES, 00 IF NO 

with the results of the deconvolution following. When 

this is complete, the terminal prompts, 

DO YOU WANT A PLOT? - 1 NO, 0 LINE, 1 CALCOMP 

The line (0) plot, done on the terminal is shown in Figure 

16. The Cal Comp plot (1) must be picked up at the com-

puter center and takes quite a while to run. 

P. Rotational Relaxation by Pulse Fluorometry 

As shown earlier, the rotational relaxation time of 

a molecule may also be evaluated by pulse fluorometry. 

Jablonski (123) has shown that for a spherical molecule 

with a single exponential decay time, the following equation 

is valid 

I||(t) - I_L(t) = lj,(0) r (0) exp {(-i - i)t} III.67 

where c}) is the rotational correlation time and previously 

defined, and all other parameters as before. Solving for <p, 

T T 

d, = -i—i- III.68 
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Figure 14. The terminal printout for the data entry 

section of the program. 
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EXEC -'DEMRS;' 
EMTER PEPTINEMT INFD—1X>6:3 CHftR MRX 
PETIHDL-LG EX=:-:491 EM=5000 RT 

EMTER N-I:3-HUr'1BER DFiTft PDINTS FDR EX vN> 
O'? 0 
ENTER 90 VflLUES FDR EX 16 

000016 000030 OOOOo;" 000055 000071 00007:3 0000:37 0000'?2 0000:36 000077 

000065 000050 000039 000 025 000020 00001:5 000019 0 00022 000021 000023 

0 0 01J 2 6 0 0 0 0 21 0 0 0 019 0 0 0 01:3 0 0 0 0 0:5 0 0 0 0 0 6 0 0 0 0 0:5 0 0 0 0 0 2 0 0 0 0 0 2 0 0 0 0 0 3 

0000 02 0000 04 00 00 04 0 0 0003 0000 05 0 000 02 0 0 0001 000004 0 0 000 0 000001 

000001 0000 01 000 0 01 00 0001 00000 0 0 00001 0 00 003 00 000 0 0 000 0 0 000000 

0 0 0 0 01 0 0 0 0 01 0 0 0 01j 2 0 0 01J 0 0 0 0 0 0 01 iJ 0 0 0 01 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 2 

0 0 0 0 01 0 0 0 0 0 2 0 0 0 0 0 2 0 0 0 0 Ci 2 0 0 0 0 0 2 0 0 0 0 0 2 0 0 0 0 0 3 0 0 0 0 0 3 0 0 0 0 0 5 0 0 0 0 0 4 

000 003 0000 03 0000 04 000 0 04 000003 0 00002 0 00 0 03 00 0003 0 0 0002 000002 

00 0004 0000 03 00 00 03 0 00 004 00 0004 0 00003 00 0 003 0 00002 0 00003 000 0 02 

EMTER 9 0 VRLUE FDR £M 16 

000 0 06 00 0 0 09 000014 000021 00 0 02"3 0 00 039 00 0 049 00 0 06 0 00 0 067 0 0 0075 

00 0087 0 0 0090 000094 000096 000091 0000:59 000092 0000:59 0000:53 000037 

0 0 0 0 5 5 0 0 0 0 9 0 0 0 0 0:5 9 0 0 0 0 9 2 0 0 0 0 3 9 0 0 0 3 6 01j 0 0 S 6 0 0 0 0:5 5 0 0 0 0:5 2 0 0 01j 3 2 

0 0007 5 000075 0 00 073 00 0077 00 0 074 00 0 073 0 00 070 0 0 0069 00006:5 000 066 

0 00 064 00 0 065 0 00061 0 0 006^- 00 0 06 0 0 00060 000061 00 0 056 00 0 055 00 0 057 

0 00 054 000051 00 005 0 00 0 052 0 00050 00004:5 0 00049 0 00 043 000045 00 0 047 

0 00044 00 0042 0 00044 000042 00 0059 0 00040 000041 0 0 004 0 000 03:5 000 04 0 

00 0037 00 00 5:5 0 00 0 56 00 0 035 0 0 0035 000 052 000033 0 0 0032 000 031 00 0 034 

000030 0000 51 0 000 5 0 00 0 027 000026 00002:5 00 0 027 00 0026 000024 0 0 0025 
Er^TER K ~ I 2 
0 0 
E'iTEP L ~ I 2 
0 0 
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Figure 15. The terminal printout of Z(t) and W(t) as a 

function of the channel number. Note the bottom line, promp' 

ting the operator with respect to the plotting subroutine. 
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Figure 16. The terminal printout of the results of de-

convolution, and a graph of the date. The top line is the 

"PERTINENT INFO", followed by a correlation coefficient (or 

goodness of fit), which is negative, due to the slope, but 

should be read as positive. Next is the intercept and stan-

dard deviation, followed by the slope, which corresponds to 

-T„. This lifetime would be 10.07 ± 0.1 nsec. Two prompting 

statements follow, then the line plot. Note that another 

prompting statement follows the plot, asking again if a plot 

is desired. Only -1 ends this loop; if 0 or 1 are entered, 

the terminal will always ask again. This should be rememberd 

especially in the Cal Comp plot case, as one plot will be 

generated every time 1 is entered. 

^ 
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Where T^ is obtained from the I||(t) - I^(t) versus time 

plots and TJ, is the polarization unbiased fluorescence 

lifetime. 

Q. Nanosecond Time-Resolved Fluorometrv 

Time-resolved emission spectroscopy is the observation 

of the fluorescence emission spectrum not only as a function 

of wavelength, but also as a function of time (124). Where 

emission spectroscopy is 

Ip = f(X) III.69 

and decay fluorometry is 

Ip, = f(t) III.70 

time-resolved emission spectroscopy can be represented as 

Ip = f(X,t) III.71 

This technique is a very valuable tool for the examination 

of various photophysical properties of excited state inter-

actions and relaxation processes. For example, the tech-

nique has been utilized in the examination of spectral 

shifts due to solvent-excited solute relaxation (125), 

proton transfer (126), calculation of intersystem crossing 

rates (127), collisional processes in benzene (128) photo-

automerism (129) and numerous biophysical interactions such 

as lipid probe interactions (130), protein-dye complexes 
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(131) and other protein relaxation phenomena. 

The pulse fluorometer described herein is ideally 

suited for time-resolved emission spectroscopy when fitted 

with a monochromator in the emission light path. A high-

intensity Bausch and Lomb UV-Visible (Model 33-86-79) 

grating monochromator, useable from 200-800 nm and blazed 

at 300 nm has been installed for this purpose. It is 

fitted with variable slits, continuously adjustable from 

0 to 6mm, and a wavelength drive with 20 nm'mirT , scan 

speed. The grating has 1350 lines per mm with a reciprocal 

dispersion of 6.4 nm«mm , giving a bandpass range of 

0.64 to 38.4 nm. This unit has an extremely high blaze 

efficiency of ~ 50%, which is highly desirable on weakly 

fluorescent samples. 

In conventional pulse fluorometers, the measurement is 

made by generating the emission decay curves at various 

wavelengths and then constructing the emission spectra (each 

at a constant time) from the normalized decay curves. With 

the boxcar averager, the decay curves can be scanned as a 

function of wavelength at constant time simply by utilizing 

the hold button on the boxcar averager, thereby causing the 

instrument to view a fixed time only. What the instrument 

"sees" is then, the emission spectrum of the sample at some 

fixed time, t. In practice, t is referenced to the lamp 

peak, with this point being t = 0. Then from a lamp curve 

run with a delay line, the nijmber of nanoseconds per divi-
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sion on the chart paper can be established. Operationally 

then, the instrument is advanced by releasing the hold button 

until the desired time with respect to the lamp is reached, 

the hold button depressed and then the spectrum scanned and 

recorded. Thus the entire emission spectrum is generated at 

constant time. 



CHAPTER IV 

RESULTS AND DISCUSSION 

A. The Retinol B-Lactoglobulin Complex 

Normal conditions for the observation of the retinol 

3-lactoglobulin complex are in 0.1 M phosphate buffer, pH 

7.5. The stock protein concentration was 4mg«m£" (114 yM) 

and a retinol concentration of 9.74 yM. Figure 17 shows 

the absorption spectrum of trans-retinol in ethanol (blue-

shifted spectrum) and the 3-lactoglobulin complex. The 

absorption spectrum of the complex shows vibrational 

structure which is absent in retinol even under low temper-

ature (77K) conditions. The extinction coefficient relative 

to that in ethanol is also decreased (see Table 4). The 

small red shift in the absorption spectrum of retinol when 

boimd to 3-lactoglobulin implies a reasonably hydrophobic 

binding site.. The resolved vibrational structure can be 

attributed to the chromophore binding to the protein. As 

has been previously discussed, when the 3-ionone ring is 

torsionally free the spectrum is quite diffuse while when 

the 3-ionone ring is fixed with respect to the chain, vi-

brational structure appears (see, for example the absorp-

tion spectra of anhydrovitamin A and retroretinyl acetate, 

Figures 4 and 5, where the ring is fixed by virtue of the 

double bond at C^-Cy). Thus it may be assumed that the 

binding site fixes (or at least somewhat restricts torsional 

motion about the C^-Cy single bond in retinol. 

85 
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Figure 17. The absorption spectrum of all trans-retinol 

in ethanol (blue-shifted spectrum) and retinol-3-lactoglobulin 

complex in 0.1 M potassium phosphate buffer, pH 7.5, 298 K. 

Concentration of retinol in ethanol is 9,74 yM, and in the 

3-lactoglobulin complex is 1.29 yM. Protein concentration is 

114 yM. For retinol, ethanol was the reference and for the 

complex, the same concentration of protein. 
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TABLE 4 

Extinction Coefficients for All-Trans-Retinol 
in Organic Solvents and its Complex 

Solvent X^^^(nm) ê M'-̂ -'cm"-̂ ) 
max 

ethanol 324 45,709 

phosphate ~ 325 8,362 
buffer 

3-lactoglobulin 345 34,830 
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Figure 18 shows the circular dichroism spectrum of 

3-lactoglobulin and the complex. The structure in the chro-

mophore region (300-400nm) corresponds very well to that in 

the absorption spectrum. No new bands appear at the red 

edge of the CD spectrum, as would be expected, if the A" 
o 

assignment were correct in analogy to a-parinaric acid (12) 

where the CD spectrum exhibits a pronounced band of opposite 

sign at the low energy edge of the spectrum. The vibrational 

structure below 300nm is due to tryptophan (132) in the 

protein and for the complex, the signal is slightly larger 

as it is superimposed on the tail of the retinol absorption. 

The far UV region of the spectra exactly overlap, indicating 

that on complexation there are no major (gross) conformational 

changes that occur in the protein helical or unordered regions 

At pH 2(3-lactoglobulin monomer), the absorption spec-

trum is slightly more resolved than at 7.5 (dimer), and there 

is a fairly well-defined peak at 400 nm (Figure 19) that was 

not observable in the CD of the dimer complex. 

Figure 20 shows the CD spectriim of the retinol binding 

protein complex. The most obvio.us difference from the 3-lacto-

globulin complex is that the ellipticity changes sign. There 

is also essentially no structure in the spectrum. 

The induced CD of the retinyl chromophore could con-

ceivably derive its origin from optical activity induced in 

retinol upon binding to the protein and twisting of the 

chromophore about its C^-C^ and C-ĵ -̂Ĉ ^ bonds, thereby 
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Figure 18. The circular dichroism spectrum of 3-lacto-

globulin and the retinol complex, run at 114 yM and lOOx 

diluted for the far UV region. 
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Figure 19. The CD spectriim of the complex at pH 2 
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Figure 20. The CD spectrum of the trans-retinol-retinol 

binding protein complex. 
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creating an assymetric center (133,134,135,136). Another 

(more popular) mechanism is that the chromophore be attached 

at an assymetric site on the protein, with optical activity 

arising from a Kirkwood-type coupled oscillator mechanism 

(137) . This could be envisioned as the retinol oscillator 

coupling with tryptophan(s) oscillator in the protein, thus 

accounting for the strong CD signal from the complex. The 

rotational strength of the k , band R, can be evaluated from 

.o 

R^ = 0.046 X 10"-̂ ^ • Ae • ^ IV.1 

where A? = bandwidth at ' o. and X^ is the wavelength maximum 

in nm. The complex shows a rotational strength of -3.22 x 

10" which is quite a strong induced CD signal. This idea 

is also consistent with other data which will be discussed 

more fully later. 

The stoichiometry of the complex was examined by absorp-

tion spectral techniques repeatedly in an effort to evaluate 

binding parameters, but the method never met with success. 

This forced the use of other methods, as described in Chapter 

III. ^H-retinol was prepared by the reduction of retinal 

by KBT, resulting in a labelled compound with a specific 

activity of 3.4̂ Cî mol'-̂ . After purification, this was mixed 

with the protein and separated on a G-100 column. Figure 

21 shows the elution profile from the column. Only one 

protein band is observed. The implications of this will be 

more fully discussed later in a more appropriate section. By 
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Figure 21. The elution profile of H-retinol-3-lacto-

globulin from the G-100 column. The dotted line represents 

protein concentration (O.D.590) as assayed by the BioRad 

assay and the solid line cpm. 
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Figure 22. The titration curve for trans-retinol binding 

to the 3-lactoglobulin dimer. Protein concentration was 1.14 

yM in 0.1 M phosphate buffer, pH 7.5; conditions where the 

dimeric form predominates. 
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Figure 23. The linearized plot of the data from the 

preceeding figure for the 3-lactoglobulin dimer. The slope 
-8 corresponds to n = 2 with K, = 2 x 10" M. 

.jmM 
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Figure 24. The titration curve for trans-retinol binding 

to the 3-lactoglobulin monomer. Protein concentration was 

2.28 uM (monomer) in 0.1 M NaCl-HCl, pH 2.0; conditions that 

favor predominantly monomer formation. 
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Figure 25. The linearized plot of the 3-lactoglobulin 

monomer data from the preceeding figure. The slope has pre-

-K viously been shown to be d/n, which is seen to be -0.02, 
-8 -1 

corresponding to K, of 2 x 10" M. The slope is n , which 

corresponds to an n = 1 for this case. The inset is the 

Scatchard plot for the CD data, with the slope being K,̂  and 

the x-axis intercept being n. 
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TABLE 5 

Binding Parameters for Retinol to 3-Lactoglobulin 

Protein pH n K^(M) 

Monomer 

Dimer 

2.0 

7.5 

1 

2 

2 X 10 

2 X 10 

-8 

-8 

Dimer 

From CD 

7.5 2 2 X 10 -6 

From H-Retinol 

Dimer 7.5 
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the CD. When the molar ratio equals the number of moles 

bound, then the CD signal stops increasing as the retinol 

concentration is increased. The data may be plotted accord-

ing to Schatchard (163) yielding the dissociation constant. 

This was done and two moles of retinol are bound per mole 

of 3-lactoglobulin dimer, with a K^ = 2 x 10"^ M. The 

discrepancy in binding constants from this method to that 

previously described is not immediately obvious, however 

it is most likely due to ass\imptions inherent in both methods 

and the fact that each method requires an extrapolation to 

obtain either n (163) or K^ (102). 

Figure 26 shows the excitation and emission spectra of 

3-lactoglobulin (dashed line) and the retinol complex. A 

large spectral overlap can be seen to exist between the 

protein fluorescence and the retinol excitation spectrum. 

The excitation spectrum is vibrationally resolved and is in 

excellent agreement with the absorption spectrum. The 

emission spectr\im is broad and structureless, however. 

Figure 27 is the excitation and emission of retinol (blue-

shifted excitation) and the 3-lactoglobulin complex. The 

emission spectra are identical except for the quantum yield. 

Table 6 lists the absorption, excitation, emission and CD 

maxima for trans-and 13 cis-retinol in ethanol and complexed. 

13-cis-retinol bears a remarkable resemblance to all trans-

with the exception of the emission maximum, which is red 

shifted 2045 cm" ( ~ 6 kcal«mol" more stable). 
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Figure 26. The fluorescence excitation and emission 

spectra of the 3-lactoglobulin dimer (- - -) in 0.1 M phos-

phate buffer pH = 7.5 and with retinol added (-). 3-Lacto-

globulin concentration of 2 yM, 1:1 retinol complex. Band-

pass = 2nm, 298 K. Arrows indicate respective excitation 

and emission wavelength for excitation and observation. 
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Figure 27. Corrected room temperature excitation and 

emission spectra of trans-retinol and 3-lactoglobulin complex. 

Concentration of retinol was 2.19 yM in ethanol and 3-lacto-

globulin concentration was 5.04 yM in 0.1 M phosphate buffer, 

pH 7.5. Spectral bandpass was 2 nm for all spectra. Excita-

tion and emission wavelengths are denoted by the arrows. The 

emission spectra are identical, except for their quantum yield. 

Only one is shown here for clarity. 
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Comparison of Absorption, ( 
of all-trans- and 13 < 

Compound 

all-trans Retino 

+Protein 

13-cis Retinol 

+Protein 

s = shoulder 

Abs. 

1 325 

360s, 342 
330, 317s 

325, 315s 

365s, 345 

TABLE 6 

:D, 
2ÍS-

Emission and 
-retinol, Free 

X (nm) max» ^ 

CD 

— 

362s, 343, 
330 

— 

363s -340 

Excitation Maxima 
and Bound. 

Emiss. 

490 

490 

-520 

522 
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Figure 28 shows the fluorescence excitation polarization 

run at 250K in 2:1 glycerol: buffer. The polarization 

value is high and at the long wavelength edge, approaches the 

limiting value of 0.5. This was run under the conditions 

such that depolarizing effects due to Brownian rotation and 

energy transfer are minimized. The angle between the 

absorption and emission oscillators can be calculated from 

P = ^̂  ^Q^^Q - >̂ IV.2 
° (coŝ ^ e + 3) 

where P is the polarization and 6 is the angle in degrees. 

Utilizing this formula it can be shown that there is less 

than 10° between the absorption and emission oscillators. 

The consistently high positive value is indicative of a 

single electronic transition for the long wavelength band. 

At the blue edge of the spectrum the polarization starts 

to decrease, due to the start of another transition (164) 

(ie. the cis band in this case). 

Energy transfer has been alluded to several times in 

earlier discussion. Figure 27, showing the excitation 

spectrtim of retinol and the complex, has a shoulder on 

the blue edge of the chromophore excitation spectrum. Com-

parison with Figure 26 shows that this shoulder is due to 

the tryptophans in 3-lactoglobulin, and shows up due to 

energy transfer. Figure 29 shows the overlap between the 

tryptophan emission in 3-lactoglobulin (energy donor) and 
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Figure 28. This figure is the fluorescence excitation 

polarization of the complex plotted as a function of exciting 

wavelength. The solvent was 2:1 glycerol: 0.1 M phosphate 

buffer, pH 7.5. Polarization was measured on a single photon 

counting fluorometer at 250 K (glass) utilizing a cryostat. 

"X 
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Figure 29. A plot of the fluorescence emission of 3-

lactoglobulin (energy donor) and the absorption spectrum of 

the bound retinol (energy acceptor) plotted vs. cm" , to 

demonstrate the spectral overlap. The emission spectrum is 

not drawn to scale for clarity. The absorption spectrum is 

plotted as the decadic molar extinction coefficient. 
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and the complex chromophore absorption (energy acceptor). 

From Fôrster theory (138) the rate of energy transfer k̂ . 

can be calculated by 

k^^ = 8.7 X 10^^ J ^n''\R"^(sec"^) IV.3 

where J is the spectral overlap integral, evaluated by 

f Fj^(A)e^(X)X^dA 

^ = / Fp(A) dX ^V-^ 

where F̂ . (A) is the fluorescence intensity at A and e. (A) 

is the decadic molar extinction coefficient of the energy 
2 

acceptor. is the orientation factor, n is the refractive 

index, k is the rate of donor emission in the absence of e 

acceptor and R is the distance in Å between the centers of 

the transition moments of the donor (D) and acceptor (A). 

In practice, k̂ j. is usually evaluated by other means, and the 

distance determined. The rate of energy transfer can be 

evaluated from the fluorescence lifetime of the donor in the 

absence (T°) and presence (T-.) of the acceptor by the re-

lationship (139) 

k = -L = i IV. 5 
^DA T o 

The rate of the donor emission can be calculated from 

k = $°T° IV.6 
e ^D^D 

where $-. is the donor quantum yield in the absence of 
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acceptor. 

The parameters and results of this calculation are 

shown in Table 7. Energy transfer from tryptophan to 

retinol is observed, and a rate constant of k^. = 3.14 x 

8 -1 
10 s calculated from fluorescence lifetime data. The 

efficiency of energy transfer is ~447o. An apparent 

distance of -36 Á has been calculated, assuming =é. 
2 

Attempts at narrowing the range of (140) were not en-

tirely successful, as the polarization of tryptophan 

changed only very slightly in the presence of retinol (from 

0.30 to 0.24) possibly indicating that retinol is bound at 

tryptophan, completely quenching the fluorescence of one 

and only weakly interacting with the remaining tryptophan 

residue. 

The fluorescence lifetimes of retinol, 3-lactoglobulin 

and the complex have been measured and are shown in Table 8. 

A dramatic increase in the fluorescence lifetime of retinol 

when bound to the protein is observed, in agreement with 

previous reports (9,10). This is most likely due to the 

rigidity of binding. The same pattern is observed for 13-

cis retinol also. The decrease in tryptophan lifetime has 

already been attributed to quenching due to energy transfer. 

Figures 30 and 31 show the decay profile of retinol in 

ethanol and the complex, respectively. Comparing the two 

figures indicated a dramatic increase in the decay time for 

the complex. Figure 32 shows the deconvolved data of Figure 
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TABLE 7 

Parameters Used in the Calculation of Energy Transfer 
in the Retinol-3-Lactoglobulin Complex 

Parameter Value 

T^ 1.4 nsec 

Tj. 0.87 nsec 

$°^^) 0.080 

j 1.35 X lO^ cm"̂ m̂m"-̂  

2 2 

k 1.12 X 10"-̂ ^ sec 
e 

n 1.3598 cp 

k 3.14 X lO^ s"-̂  
'̂ DA 

R 36 A 

Efficiency ^̂ *̂ 

(a) From Longworth, J. W. (1971). in Excited States of Proteins 
and Nucleic Acids p. 434 (R.F. Steiner and I. Wemryb, 
eds.) Pleniim, N. Y. 
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TABLE 8 

Fluorescence Lifetimes of Retinol, 3-Lactoglobulin and the 
Complex, Measured on the SLM Phase Fluorometer 

Sample 

3-lactoglobulin 

trans-Retinol 
Complex (Retinol) 

Complex (trp) 

13-cis retinol 
Complex (Retinol) 
Complex (trp) 

Conditions 

(pH 2 and 7.5) 

ethanol 
pH 2 
pH 7.5 
pH 7.5 

ethanol 

^F 

1.40 

2.81 
17.0 
10.5 
0.87 

2.0 
9.0 
0.93 

(nsec) 

±0.17 

± 0.73 
± 1.4 
± 0.79 
±0.44 

±0.47 
± 1.2 
± 0.32 
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Figure 30. The lamp and fluorescence decay curve for trans-

retinol in ethanol at room temperature as measured on the pulse 

instrument. Sample concentration was 1.96 yM (Abs. - 0.09). 
o o 

Exciting wavelength was 3491 A (100 A bp) and emission was ob-

served at 490 nm (34 nm bp). 
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Figure 31. The decay curve for the trans-retinol 3-lacto-

globulin complex in 0.1 M phosphate buffer, pH 7.5 at room 

temperature. Exciting wavelength was 3491 A (100 Â bp) and 

emission was observed via the monochromator at 500 nm (34 nm 

bp). The deconvoluted data are shown in the following figure. 
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Figure 32. The Phase-Plane plot as described in eqns. 

III.63 to III.65. This is the deconvoluted data for the 
o 

retinol 3-lactoglobulin complex, exciting at 3491 A and 

emission >450 nm at room temperature. The lifetime is 10.07 

± 0.1 nsec. As can be seen, the line is quite linear, with 

a correlation coefficient of 0.9964 for the best line through 

the points. 
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31. The lifetime agrees very well with that measured by 

the phase technique with T̂ , = 10.07 ± 0.1 nsec. The 

correlation coefficient fits a straight line very well, as 

predicted by eqn. III.64, with a correlation coefficient 

of 0.9964. These data all support the contention that 

there is a very specific, tight, homogeneous binding site for 

retinol on the protein, that binds one retinol per 3-lacto-

globulin monomer. 

The quantum yield of fluorescence for the complex was 

calculated from 

O.D.p„„ npr̂ T̂  (Area)S 
*S = *REF ^ ÔTDTf^ - ^ - (Area)j^^ IV.7 

where n is the refractive index and the areas were evaluated 

graphically after plotting the corrected emission spectra in 

cm . The reference was trans-retinol ($„ = 0.008) (25) and 

the refractive indices were measured on an Abbe refractometer, 

The calculated $„ was 0.033 for the complex which is a 4 fold 

increase over free retinol. 

The radiative lifetimes were calculated from the inte-

grated absorption spectrum and the Strickler-Berg (141) 

equation 

i = 2.880 X 10"^ n^ <v; >I, g/edlnv IV.8 T r av ° 

-3 -1 where <v-r, > is the mean frequency of the emission spectrum jr av 

and g is a degeneracy factor, equal to one in this case. The 
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mean frequency can be calculated from 

,^-3,-1 . /f(v) dv ^^_g 

^ ^^ /f(v)v -̂ dv 

where f(v) is the fluorescence spectrum expressed in cm' . 

The results of this calculation are listed in Table 9. As 

is obvious, there is a tremendous discrepancy (- 100 fold) 

between the two values of T„. This has been discussed by 

numerous authors (24,25,31,142,162) in an attempt to explain 

the phenomenal difference observed. Thomson (31) has 

attributed this to large changes in the geometry of the 

molecule in the excited state, with the distortion leading to 

a much less allowed transition, in agreement with his in-

terpretation of the emission spectra. Dalle and Rosenberg 

(162) find a strong correlation between this discrepancy 

and the Stokes shift for polyenes. They attribute the 

discrepancy to the fact that only the lowest vibrorotational 

sublevels have a reasonable transition probability. They also 

suggest the obvious conclusion that the Strickler-Berg formula 

(IV.8) may not be valid for the A vitamins due to their 

extreme flexibility. This is also in substantial agreement 

with Song et al. (25) who also find that retinol exhibits no 

external heavy-atom effect, in contrast to that generally 

observed for the more widely studied aromatic systems. 

Another explanation for this discrepancy is that the 

wrong absorption band was integrated in eqn. IV.8 (24) leading 

to an erroneous theoretical lifetime calculation. This, of 
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TABLE 9 

Radiative Fluorescence Lifetimes of Retinol and the Complex 

Sample T„(nsec) $„ T° ^ ^ ^ ^ ^ L ^ o(theoretical) 
^ F ^ F F (nsec) F (nsec) 

Retinol 2.8 0.008 350 2.6 

Complex 10 0.033 303 2.5 

(a) From equation III.14 
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course, fits very nicely with the A -^ A~ transition 

which has been observed (32) under high resolution conditions. 

The calculated oscillator strength for this transition is 

0.06 as compared to f = 1.5 for the allowed B ^ A" transi-

tion. The ratio of oscillator strengths 

''A- ^ Â-
S S_ IV. 10 
B̂ ^ V 
u g 

is 25; in approximate agreement with the discrepancy between 

the experimental and theoretical radiative lifetimes (24) of 

21. 

Birks and Birch (142) have also examined this problem and 

conclude that the A" state must lie near the B„ state, its 
g u 

exact location being determined by the angle between the end 

group and the rest of the polyene chain, with the two states 

strongly coupled. 

Probably the most revealing comments were made by Strickler 

and Berg in their original communication (141) wherein they 

enumerated the limitations of their formula. The principal 

assumption they made was that only the zeroth-order term in 

the Herzberg-Teller expansion of the transition moment in-

tegral was significant. This requires first that the transi-

tion be relatively strong (e~8000) and that there not be too 

large a change in the configuration of the excited state. 

They further state that when higher order terms are included, 

it becomes "almost impossible to make any definite statements" 

ÉtáiíÉ^. 
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regarding the relationship described in IV.8. Thus, the 

Strickler-Berg formula is most likely not valid for polyenes. 

L ^ A 
g g 

not be valid for reasons discussed above. Furthermore, if 

If the A~ ^ A" transition is correct, then the formula may 

a large change in the nuclear configurations occurs as has 

been proposed (25,31) for polyenes, then the equation again 

is invalid. This is also consistent with an increase in 

fluorescence quantumyield as the temperature is lowered (eg. 

$p = 0.454 at 77K) (25). Strickler and Berg go on to state 

that "if the molecule is distorted in the excited state, this 

could make the transition allowed and the lifetime much 

shorter than calculated" from IV.8. This could very well be 

the case for retinol. 

B. The Nature of the Binding Site 

Numerous protein modifications were made in an effort to 

assess the nature of the binding site. From data already 

presented, the site is known to bind one retinol per monomer 

very tightly (Figures 22-25). It has also been shown that 

the binding is not pH dependent in the range 2 to 7.5. From 

the redshift in the absorption spectrum, it can be inferred 

that the site is rather hydrophobic. 

Removal of the penultimate histidine had no observable 

effect on the binding of retinol to 3-lactoglobulin, as 

judged by the polarization value (P = 0.234 ± 0.012) and 

lifetime (T^ - 10 nsec). 

There are four tryptophans per 3-lactoglobulin dimer 



136 

and the modification was shown previously (Figure 3) to 

alter all four (3.82) residues. Retinol is still tightly 

bound, as evidenced by the fluorescence polarization (P = 

0.175 ± 0.019). As is seen in Figure 33, the vibrational 

structure is gone and the absorption maximum of the complex 

is blue shifted to 325 nm, essentially that of free retinol. 

Thus modification of the tryptophan(s) destroys the unique 

feature of 3-lactoglobulin to induce structure in retinol. 

This can be explained either by a direct retinol-tryptophan 

interaction being disrupted or possibly a conformational 

change in the protein caused by the tryptophan modification. 

That this structure is unique is seen from binding of 

retinol to bovine seriim albumin, human seriim albumin (9) and 

the various retinol binding proteins (81,82,83,84,85,86) all 

of which exhibit no vibrationally resolved structure. 

The fluorescence lifetime becomes rather heterogeneous, 

however (at 30MHz T O ) = 7.76 ± 1.07, T (M) = 10.79 ± 0.61 

nsec) . This is rather difficult to explain, since the unmodi-

fied complex has an essentially homogeneous T-̂  and all four 

tryptophans are modified. To a .first approximation, this 

would lead one to expect a rather homogeneous protein prepara-

tion and consequently homogeneous binding. Two reasons for 

this discrepancy are immediately obvious. One is that all 

of the proteins in solution may not have reacted equally, or 

to yield the same product(s). Under the conditions of the 

reaction, only tryptophan is expected to react, although 

é 
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Figure 33. The HNBB modified protein-retinol complex ab-

sorption spectrum (solid line) and protein only Cdashed line). 

Protein concentration was 114 yM and retinol concentration was 

15.8 yM. The dashed line was ten times diluted. The reference 

for example for the complex was the same concentration of HNBB 

modified 3-lactoglobulin. 
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cysteine is slightly reactive (less than -r that of trypto-

phan). The reaction of N-acetyltryptophan with HNBB yields 

three products, one of which is disubstituted (95,143). 

Also its reaction to yield more than one product on reaction 

with a protein is not unprecedented (144), so this is a 

distinct possiblity. The other possibility is that the 

protein may have become denatured to a slight extent during 

the reaction. 

The emission maximum is also slightly redshifted to 

-510 nm. These data thus indicate that tryptophan is in-

volved in the retinol binding site, possibly in the role 

of fixing the 3-ionone ring specifically with respect to the 

rest of the polyene chain. 

The HNBB protein modification was also run under the 

same conditions, except that retinol was complexed to see 

if retinol "protected" tryptophan against modifications by 

blocking the HNBB's access to tryptophan. That this is a 

stable complex has already been demonstrated (Figure 25). 

Retinol does not protect the protein from modification; by 

a procedure identical to that in Figure 3, 3.79 residues 

were calculated to be modified, yielding the same spectrum 

as Figure 33. There seems to be no reaction of retinol with 

HNBB, so the rationale of this is not obvious. From other 

studies (145) it has been shown that the tryptophans are -

50% buried and have little to do with the association of the 

subunits or conformational changes in the protein. The 
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authors did not conclude as to whether this meant both trps 

are in similar environments or one exposed and the other 

buried. More recent work utilizing fluorescence techniques 

(146) concludes that both trps are in a hydrophobic environ-

ment, and that at least one is somewhat affected by the state 

of association. This work indicates from the fluorescence 

lifetime data (see Table 8) that the tryptophans occupy 

similar environments and at least for the dimer -^ 

monomer (pH 2 to 7.5) association, tryptophan is not sig-

nificantly affected. 

The binding of retinol to 3-lactoglobulin under denatur-

ing conditions was also investigated. In 8 M urea, pH 7.24 

retinol still binds (P = 0.279 ± 0.021) to the protein. The 

absorption spectrum is shown in Figure 34. Again, the vibra-

tional structure is lost, and the absorption maximtam is 

blue-shifted to - 325 nm. Denaturation with sodium dodecyl 

sulfate (SDS) also has the same effect. This is surprising 

as it has been postulated that 3-lactoglobulin under these 

conditions exists as a random coil (147,148). This is also 

consistent with the data for RBP., which still binds retinol 

in 6 M urea (85). This could be due either to incomplete 

denaturation or failure of the denaturant to disrupt the 

binding site. In the case of SDS the possibility also exists 

that retinol is significantly absorbed by SDS micelles, 

although the measured polarization value (P = 0.233 ± 0.011) 

is quite low if this be the case. One would expect a polari-
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Figure 34. The absorption spectrum of the complex in 8 

M urea, pH 7.24 run at room temperature. 
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zation value > 0.35 if this were the cause of the increased 

polarization (149). 

C. The Resolved Complex 

Initial efforts at stoichiometry determination consisted 

of applying the complex with excess retinol (10-30 fold) to 

a 1 X 90 cm Sephadex G-100 coliimn, the idea being that the 

complex would be eluted and from the absorption spectr-om the 

stoichiometry could be evaluated. Figure 35 shows the 

elution profile (O.D.^OQ VS . fraction niomber) . Surprisingly, 

three peaks, not one were eluted, as is the case when only 

3-lactoglobulin (which comes out at fraction 10-11) is passed 

through the column. To evaluate this further, molecular 

weight standards (BSA, 3-lactoglobulin and lysozyme) were run 

and plotted as log (molecular weight) vs. fraction number, 

yielding Figure 36. Comparing the 3-lactoglobulin complex 

results, the three peaks labelled T, D and M (now for histor-

ical reasons) correspond to molecular weights of ~ 133,000, 

37,000 and 19,000 daltons; essentially that of 3-lactoglobulin 

Tetramer, Dimer and Monomer, respectively. This seemed quite 

reasonable if one considers the retinol binding site and 

the dimeric association site as the same site, and a previous-

ly proposed model (48) that the dimers are held together 

through H-bonding. Retinol would disrupt the H-bonding, one 

pair per mole bound and would bind two moles. When the third 

mole of retinol tried to bind, the dimeric aggregate would be 

disrupted, and with the dimer association site blocked, the 
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Figure 35. All trans-retinol-3-lactoglobulin complex 

resolved on a Sephadex G-100 column, 1 x 90 cm at room tem-

perature. 3-Lactoglobulin at a concentration of 4 mg'm£ 

in 0.1 M phosphate buffer, pH 7.5 was placed on the column 

after adding retinol to an approximately 20x excess. Total 

ethanol concentration (retinol solvent) was less than 3?o. 

M, D and T stand for monomer, dimer and tetramer, respectiv-

ly. The dotted line shows 3-lactoglobulin only, run under 

the same conditions. 

^ 
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Figure 36. A semilogarithmic plot of molecular weight 

versus fraction number for the G-100 coliimn, 1 x 90 cm. 

Molecular weight standards are BSA, 3-lactoglobulin and 

lysoẑ mie, denoted by "o". The corresponding 3-lactoglobu-

lin-retinol complexes are denoted by "x". 
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monomer ^ tetramer equilibrium would predominate. This 

nicely explains the initial problem of stoichiometry deter-

mination and the observed G-100 elution profile (Figure 35). 

This was also especially attractive, due to the highly re-

solved absorption spectrijm (Figure 37) that the "dimer" band 

revealed. The circular dichroism spectrum of the "resolved 

complex" is shown in Figure 38 and corresponds very well to 

the absorption spectrum. The fluorescence lifetimes of this 

complex also seemed quite reasonable (T„ ~ 10 nsec). The 

polarization of each fraction also fit what would be expected 

for their supposed molecular weights very well with the 

tetramer: dimer: monomer fluorescence polarization values 

being 0.388: 0.256: 0.198 (with the highest standard 

deviation being ± 0.016 for the monomer) which is linear 

with respect to molecular weight, as expected. 

Attempts at measuring trp fluorescence lifetimes (or 

even emission) and CD spectra for the monomer and tetramer 

all met with failure, however. Also the attempted stoichio-

metry determination showed an unbelievable large niimber of 

retinols bound per mole of protein. The final blow was 

dealt to this theory when the "resolved dimer" was extracted 

with n-hexane and instead of the expected trans-retinol 

absorption spectrum, Figure 39 was obtained! The highly 

resolved structure had nothing to do with the protein, but 

was some retinyl derivative, formed either via the column or 

through some catalytic activity of the protein. What, then 
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Figure 37. The absorption spectrum of the all-trans-

retinol 3-lactoglobulin resolved dimer in 0.1 M phosphate 

buffer, pH 7.5 298 K. retinol concentration is 10.6 yM. 
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Figure 38. The CD spectrum of the "resolved 3-lacto-

globulin dimer". 
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Figure 39. The absorption spectrum of the n-hexane extract 

of the resolved 3-lactoglobulin dimer from the G-100 coltmm. 
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is the identity of "M" and "T" in Figure 35? 

Blue dextran (2 x 10 mol wt.) was run through the same 

column, to determine its void volume, which corresponded 

very nicely with the "T" peak, indicating that its molecular 

weight was most likely much in excess of the original estimate 

Running retinol only over the column gave "T" and "M" peaks, 

but no D as would be expected in the absence of protein. 

"T" therefore corresponds to micellar retinol, which has been 

shown (149) to form under similar conditions with even yM 

concentrations of retinol in aqueous media. The spectral 

characteristics (T„, P) are essentially identical for "T" 

and the previously reported retinol micelle. This leaves 

for M then, "free" retinol. Also the absorption spectrum 

observed in Figure 39 could be extracted from the column 

eluant in the absence of protein, indicating that the compound 

was formed due to the Sephadex, and not due to any protein 

catalytic activity. 

Thus, to summarize this section so far, there are no 

monomer, dimer, tetramer equilibria effected by retinol, but 

merely two variously aggregated forms of retinol and some 

retinyl derivative that evidently displaces retinol in the 

protein binding site on the column by binding even more 

tightly than retinol itself. 

Table 10 lists the flourescence lifetimes of the n-hexane 

extract both free and bound, showing that its lifetime is 

significantly lengthened on binding to 3-lactoglobulin. 

Figure 40 shows the excitation and emission spectra of the 
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TABLE 10 

Fluorescence Lifetimes (in nsec) of n-hexane Extract of 
Resolved Dimer as Measured on the Phase Fluorometer, 

Exciting with the 365 Hg Line and Observing 
Emission Through a 3-144 and 3-70 Filter 

TQ(30) = 1.353 ± 0.237 

T^(30) = 2.012 ± 0.350 

+3-Lactoglobulin 

T^(IO) = 10.202 ± 0.304 

T^(IO) = 10.265 ± 0.197 

T^(30) = 9.214 ± 0.178 

T^(30) = 9.948 ± 0.412 
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Figure 40. The fluorescence excitation and emission 

spectra of the n-hexane extract from the resolved 3-lacto-

globulin dimer. T = 296 K; emission slit = 10 nm and exci-

tation slit = 3 nm for excitation, visa versa for emission. 

The excitation and emission wavelengths are denoted by their 

respective arrows in the figure. 
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n-hexane extract, showing a structured excitation that 

closely resembles the absorption spectrum and an essentially 

broad, structureless emission spectrum (A = 545 nm) 
^ ^ max ^ ' 

with a large Stokes shift, characteristic of polyenes in 

general. 

The problem remains then, what is the structure of this 

retinyl derivative? Following the initial discovery of 

the highly structured absorption spectrum from this lab it 

was proposed that the observed structure was due to Anhydro-

vitamin A. The absorption spectrum of anhydrovitamin A 

has already been shown (Figure 4) and its excitation and 

emission spectra are shown in Figure 41. This was examined 

by synthesizing anhydrovitamin A as described in section 

III.D and complexing it to the protein. The absorption 

spectrijm of the anhydro complex and the retinyl complex are 

shown in Figure 42 for comparison. The anhydro is redshifted 

~ 20 nm with respect to the retinyl complex, as would be 

expected for one additional double bond. Even more telling 

is the decrease of fluorescence lifetime from 2.5 to 1.5 nsec 

on binding to the protein. Also. as can be seen from Figure 

43 the emission spectrum is substantially redshifted (~ 17 nm) 

relative to the "3-lactoglobulin resolved dimer". The 

unknown retinyl derivative is most likely a retro derivative 
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Figure 41. The corrected fluorescence excitation and 

emission spectra of anhydrovitamin A in ethanol at room 

temperature. Bandpass was 4 nm for each spectrum. The 

arrows denote the excitation and observation wavelengths 

absorbance at 370 ~ 0.05. 

" % 
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Figure 42. The absorption spectrum of the resolved 

3-lactoglobulin complex (—) and the anhydrovitamin A-3-lacto-

globulin ( ) complex. Wavelength maxima are indicated in 

the figure. Both samples are identical with respect to pro-

tein concentration and polyene concentration, 0.1 M phosphate 

buffer, pH 7.5. 
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Figure 43. The corrected fluorescence excitation and 

emission spectra for the anhydrovitamin A complex and the 

"resolved" complex (dashed line). Absorbance was < 0.15 

throughout the region scanned. Bandpass was 4 nm for all 

spectra shown. 

X 
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however, rather than the normal 3-ionone ring structure (see 

Figure 1), based on its highly vibrationally resolved absorp-

tion spectr\im. 

There is another easily prepared retro derivative, retro-

retinyl acetate, prepared as described in III.E. Before this 

was synthesized however, retinyl acetate was checked for bind-

ing, to see if the acetyl group would inhibit binding. No 

structure was observed in the absorption spectriom, but the 

polarization value (P = 0.32 ± 0.009) indicated that it was 

bound. The lifetime also increased ~ 5 fold; consistent with 

earlier data with retinol. These data and other derivatives 

are reported in Table 11. The absorption spectrum of retro-

retinyl acetate is shown in Figure 5, and its excitation and 

emission in Figure 44. When bound to 3-lactoglobulin the com-

plex has an absorption spectrum shown in Figure 45, as compared 

to the "resolved" complex". Figure 46 shows the comparative 

emission spectra. The absorption and excitation spectra agree 

very well as compared to the anhydro complex, which shows 

large shifts in the absorption, excitation and emission spectra 

when compared to the "resolved complex". 

To summarize, the "resolved 3-lactoglobulin dimer" is not 

resolved at all, but a retinyl derivative that is formed on 

the Sephadex G-100 column during elution, that displaces retinol 

from the binding site in 3-lactoglobulin. The unknown retinyl 

derivative most likely has the retro ring structure, with five 

double bonds (due to its absorption maximum) . Also from life-
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TABLE 11 

The Emission Properties of Various Retinyl Derivatives 

Derivative Tp (nsec) 

Anhydrovitamin A 2.51 ± .419 

+3-lactoglobulin 1.56 ± .086 .234 ± .01 

Retinyl Acetate 1.53 ± .915 

+3-lactoglobulin 8.33 ± .603 .328 ± .009 

Retroretinyl Acetate 0.28 ± .10 

+3-lactoglobulin 12.33 ± .683 

n-hexane extract 1.68 ± .140 0.006 ± .010 

+3-lactoglobulin 10.01 ± .423 0.301 ± .009 

.^^^JÊr 
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Figure 44. The corrected fluorescence excitation and 

emission spectra of retroretinyl acetate in ethanol at room 

temperature. Arrows denote excitation and observation wave-

lengths. The maximum absorbance was ~ 0.11. Bandpass = 4 nm. 
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Figure 45. The absorption spectrum of the retroretinyl 

acetate 3-lactoglobulin (dashed line) and retinol 3-lacto-

globulin complex (solid line) at room temperature, showing 

their close agreement. 
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Figure 46. The corrected fluorescence excitation and 

emission spectra of the retroretinyl acetate 3-lactoglobulin 

(solid line) complex and the retinol complex, for comparative 

purposes. Absorbance was < 0.15 at the maximum, with a band-

pass of 4 nm. 
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time studies, it may be inferred that there exists a func-

tionality on the end of the polyene chain, that allows the 

chromophore to be held more rigidly, increasing its quantum 

yield and fluorescence lifetime. 

The final part of this section deals with the identi-

fication of the unknown retroretinyl compound. Only exceed-

ingly small amounts were obtained from each "prep" making 

normal organic procedures (NMR, IR, Mass spectrum) somewhat 

difficult. Numerous chemical analyses were performed, 

however. 

Table 12 shows the partition coefficient for the unknown 

and various retinyl derivatives containing different polar 

end groups. As can be seen, the unknown is quite polar, 

approaching that of the aldehyde (retinal) in fact. This 

again strongly supports the idea that there is an oxygen 

functional group attached, as the anhydro derivative par-

titions almost exclusively into hexane. The unknown could 

possibly be a dialcohol derivative or an aldehyde-type 

derivative based on these data. To distinguish these two 

functionalities, a phenylhydrazone test was run (150). The 

results were positive, and the absorption spectrum shown in 

Figure 47. From the basic reaction mixture, a shoulder is 

seen at ~ 530 nm, denoting a positive reaction. The control 

experiment has a perfectly flat baseline in this region. 

Thus the functionality is likely to be an aldehyde. There is 

however the problem that allylic alcohols also sometimes give 

£ 
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TABLE 12 

Partition Coefficient Data Between Equal Volumes of n-hexane 
and 907o Aqueous Methanol for Various Retinyl Compounds 

Compound 

Unknown 

trans-retinol 

Anhydrovitamin A 

trans-retinal 

retinoic acid 

Retroretinyl acetate 

(a) Where P is defined 

Fluorescent 

as 

P 

Yes 

Yes 

Yes 

No 

No 

Yes 

A 
Hexane 

p(a) 

0.17 

0.80 

56.0 

0.30 

0.67 

R ^^) 

0.15 

0.93 

0.37 

0.20 

0.52 

^eoH 

(b) From TLC in 90:10 n-hexane:ethyl acetate on silica gel 

TLC plates. In approximate agreement with literature 

values (151) in acetone:pet. ether (18:82) 
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Figure 47. The absorption spectrum of the unknown retinyl 

derivative after the phenylhydrazone test. The dashed line 

is the acidified reaction mixture and the solid lines the basic 

mixtures, with one being at a reduced scale. 



177 

400 5 0 0 
Wavelength (nm) 

600 



178 

positive phenylhydrazone tests. Retinol was checked and 

also gave a positive test. 

To eliminate this possibility, another experiment was 

r\an. The unknown was treated with KBT/, exactly analogous 

to the retinol preparation described earlier (III.A) except 

that the subsequent workup was more rigorous. The reaction 

mixture (and a blank, less only the unknown) was acidified 

after the reaction, and evaporated to dryness. This was 

taken up in 3.0 ml water and 0.5 m£ conc HCl added. The 

mixture was extracted with an equal volume of hexane and 

then an aliquot counted as described previously (III.F). 

The resulting sample gave 2761 ± 5% cpm (control = 719 ± 

107o cpm) . From the known specific activity, this cor-

responds to ~ 0.2 nmol reduced very close to the amount of 

material originally submitted to reduction. Thus, there 

is an aldehyde functional group. Two possibilities remain 

that conceivably could fit all of the known data, as shown 

b e l o w : ^,^^ i i 

B 
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with a fully saturated ring as shown in B. For conjugated 

aldehydes (such as B or retinal) the phenylhydrazone product 

is a deep red color (^ ĵ x̂ ^ ^^^ ^^^ ' while for unconjugated 

aldehydes (eg.A) the color is yellow to orange (A max - 530 

nm) . Retinal gives a deep red color, while the unknown 

adduct is more or less orange, indicating an unconjugated 

aldehyde. 

Further data supporting A comes from fourier-transform 

proton NMR after many runs through the column and extensive 

purification. Figure 48 (two plates) shows the FT NMR of 

four reference compounds run in CDC1<̂ . Figure 48A shows 

trans-retinol, 48B shows 3-ionone, 48C (second plate) shows 

retroretinyl acetate and D shows anhydrovitamin A. These 

were run to aid in interpretatiqn of Figure 49, the FT NMR 

of the retro retinyl aldehyde, from the comparative stand-

point. If A were the correct structure, one would expect a 

doublet and a triplet, with the doublet (14H) at lower 

field, due to the shielding afforded it by I3-CH3. Figure 

49 hints at a triplet at 4.10 ppm and another resonance at 

ca. 3.3 ppm that is not distinguishable. This is mentioned 

only in a comparative sense, as the anhydro (48 D) shows no 

resonance in this region (152), further confirming this 

structure. Due to the extremely low concentration, the 

spectrum (Figure 49) is not well enough resolved to assign 

anything with certainty. The methyl region (0.5 - 2 ppm) 

is not well resolved with respect to the other retro 
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Figure 48 (Two Plates) . The FT NMR spectra of A retinol; 

B 3-ionone; C retroretinyl acetate; and D anhydrovitamin A, 

all run in CDCl-̂ , 10 scans at room temperature. 
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Figure 49. The FT NMR spectrum of the unknown retro retinyl 

compound. The bottom spectrum was scanned 10 times, while the 

top spectrum was 250 transients. The solvent was d -acetone. 
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-UT (V 3j:n:iona::}s) ^g^ 9 / ^ o^ OOC ^ / ^ ^^=^ ^o OT:JEJ: aq^ rjpqa 

ST STqri UT 20BJ §uTra39p9j: iCjuo aqj , * (apiCqapjB jo pF3:isuT 

a:}BX-^xoqj:BO) aATaEATO^ap pTOF OTOUT: 9:t B O: §UTpuodsaa.j:oo 

':i^F9d OOC = ^/m ^^"^ -̂̂  ^^P iCia§:iHX aATsn-[Ouoo rao:ig: JLIBJ 

^jiiB B^Bp a s sq i , *s: U3rau2TSSB axqTSSod ^2J^ Suox^ ^a^p IBJL-^ 

-oads ssFra aqi S^STX C I ^ I R ^ X * snoTAqo ST H raoa:g: uoTaBauara 

- S ^ j j araos iCxi^nsn puB ' Bjqis'íjj^uBpj ST ( y[) UOT JBxnoaxora 

:^u3j:pd 9q:i *ranj::^09ds ss^ra aq:^ raojcg: snoTAqo ST ( - ô ã ^ ã J:O 

-^ ) 3j:n:^ona::js SUTO: X-^UOUOT aqa j o aouapTAø : Í09:LTP OU qSnoqa 

-TV ' (9ÍT*^75T*35T) 9:tnaBj:3:iTX aqa pup suoT:jTpuoo ara^s aqa 

aapun una x^UTrjaj: q^Tií^ uosTJBdraoo UT B:iFp x^-^^^^ds ssBra raoa:^ 

saraoo V 9Jn:iona::}s SuT^joddns aouapTAa jo ^Tq XBUTJ a q i 

' (€?T*3ST) u^^ou^ TT^^ iCpBa^xB 3:tB s , - a i ^ asaq^ 

siB ':tu9raraoo j aq i j n j ou s p a a u 917 a jnST^ -raa^lsiCs SUTJ: auouoT 

oj:aaj: aq^ gpo :iU9osauTra9a Xxq§Tq s a a n ^ B a j BJÍIB eaaq:^ xiSnoq:iX^ 

'^uojiB HHN nio:ij a i n o T j j T p aan: ionj : j s S U T J Ô Ô ^ aq:j j o r^uara 

- U S T S S F aAT^TUTjep B SuT^pra snq:^ * spunodraoo (Q 'O 8̂ 7 s^mSTi) 

Í8T 
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TABLE 13 

The Most Intense Peaks from the Mass Spectrum 
of the Unknown Retinyl Compound 

^/e 

300 

285 

256 

241 

239 

193 

179 

159 

145 

X27 "̂̂ -158 

105 

91 

69 

M̂  

M+-

M+-

M+-

M+-

4 
M 

•15 

•44 

•59 

•61 

300 

(CH3) 

(CO^) 

(CH3 + CO )̂ 

M+ 

M -̂

M-̂ -

M+. 

M -̂

M .̂ 

= 285 

— 

M+ 

•29 

•44 

-46 

-92 

-106 

(HCO) 

(CO + 

Sample was run at 70 eV with probe at 60° - 110 C 

(varying with increasing mass) . 
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studies, which show that the aldehyde behaves much more 

like the unknown than does the acid. Additionally, the 

unconjugated aldehyde can be considered quite unstable 

and easily oxidized. 

In conclusion, therefore, structure A seems the most 

likely as the unknown retinyl derivative responsible for the 

observed spectrum of the "resolved dimer" (Figure 37) . 

D. The Time-Resolved Emission of the Complex 

Although the time-resolved emission spectrum of the 

retinol-3-lactoglobulin complex has already been examined (9, 

10) the measurement has been repeated. Figure 50 shows the 

nsec time-resolved emission spectrum of the complex at 297 K 

in phosphate buffer. When the spectra are normalized with 

respect to the peak intensity, the curves are identical at 

all times, indicating that no dielectric relaxation of polar 

groups surrounding the chromophore occured during the time 

scale investigated. This agrees with previously reported 

work (9,10). Figure 51 shows the time-resolved emission 

spectrum of the complex at 77K in 1:1 glycerol-phosphate 

buffer. The emission maximiom is blue-shifted - 10 nm (- 450 

cm"-̂ ; 1.3 kcal-mol"-^), in agreement with the steady state 

emission at 77K, but there still is no time dependent wave-
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Figure 50. The normalized time-resolved emission spectrum 

for the 3-lactoglobulin complex, run at 297 K. The narrow peak 

to the left of the spectrum is the lamp, its peak denoting 0 

time. Curves are shown for -1 and +7 ns after the lamp peak 

for clarity. The actual experiment scanned in one nsec intervals 

through 10 nsec. The peak at all times is 478 nm, and except 

for a change in intensity, there is no change in the spectra. 
o 

Excitation was at 3491 A. 
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Figure 51. The normalized time-resolved emission spectrum 

for the retinol 3-lactoglobulin complex, run at 77 K in a 
o 

cryostat. The excitation wavelength was 3491 Á. The cell was 

a 5mm pyrex cuvette. As can be seen by comparison with the 

preceeding spectra, the wavelength maximum is blue-shifted to 

468 nm. Only two of the spectra shown for clarity. The 

emission bandpass was 6.4 nm. 

X 
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length shift or spectral broadening observed. One interest-

ing observation is made, however, and that is, that at the 

shortest times measured (1 ns before the lamp peak) , there 

is a reproducible hint of a shoulder in the emission spectrum; 

possibly a residual "mirror image" of the absorption from a 

nuclear configuration not too far removed from the Franck-

Condon state. It should be mentioned that Figures 50 and 51 

are not the total set of spectral data generated, but rather 

drawn for clarity, to illustrate the point discussed above. 

Possibly at shorter times (eg. psec resolution) this 

technique would allow the relaxation to be followed, however 

it is safe to assume that in les's than one nanosecond, the 

chromophore has relaxed to its emissive configuration. 

E. Rotational Relaxation Time of the Complex 

As discussed in III.L, the rotational relaxation time 

of molecules in solution may be evaluated from a knowledge 

of their fluorescence anisotropy as a function of time 

after excitation. From equation III. 58 the approximate probe 

lifetime required for observation of the rotational relaxa-

tion time for 3-lactoglobulin can be calculated as ~ 9.5 nsec. 

Thus, this complex falls within the category of a useful 

system to study protein hydrodynamics. 

The rotational correlation time (<t>) is related to the 

rotational relaxation time (p) by 

34, = p = (2D)-^ IV.11 
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has been previously calculated (9,10) utilizing the pulse 

technique described in III.P for the 3-lactoglobulin, p -

21 nsec, ((j) = 6.9 nsec) and according to the authors the 

plot was linear, indicating a globular protein and a single 

relaxation time. These authors go on to state that their 

value agrees with a molecular weight of -20,000, that for 

the monomer. The only problem with this interpretation is 

that under their conditions, the dimer would be the pre-

dominant species! 

Wahl and Timasheff (63) have evaluated the rotational 

relaxation time for 3-lactoglobulin in its various forms of 

association by polarized fluorescence decay curves utilizing 

dimethylamino-l-sulfonyl-5-naphthalene (DNS) as the probe and 

find a rotational relaxation time of 60 nsec for the dimer 

(29.5 nsec for the monomer). 

The original measurement in this work evaluated the 

rotational relaxation by phase fluorometry as described in 

III.L utilizing eqn III.55 as derived by Weber and Mitchell 

(115). The results were essentially the same at pH 2 and 

7.5 with the p value measured at 10 MHz ~ 14 ns and ~ 4 ns 

at 30 MHz. This value is quite low compared to the DNS 

values reported in the literature and measured here (See 

Talbe 14) . The reason for the fairly constant values at pH 

2 and 7.5 (monomer and dimer) is not obvious, nor is the 

reason for the discrepancy between retinol and DNS. The 

lifetimes of both probes are certainly long enough for the 
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observation of the rotational relaxation of the 3-lactoglo-

bulin dimer. This then, leaves several possibilities that 

could explain these observations. One is that retinol and 

DNS bind at substantially different sites, with the retinol 

site being located in a quite "flexible" region of the 

protein. Another is that the probe transition moment axes 

may be aligned differently with respect to the 3-lactoglo-

bulin rotational axes for the two probes. This would have 

the effect of heavily weighting one component or the other. 

With the information presented to date, an unambiguous 

interpretation is impossible. 

Weber (156) has, however, recently discussed a method 

whereby anisotropic rotations can be evaluated utilizing 

phase fluorometry. This is briefly discussed below. 

From eqn. III. 53, the maximum value of tan A, (̂ .̂nA) , 

may be determined by equating the coefficient of the 2a' 

term to the last term raised to the % power, giving 

P OJT 

(tan A) = —=5 T-Tn1/9 •̂ '̂̂ ^ 
^ ^^ {1 + [(1 - P^)(l + 03^^)1^/^} 

This is very interesting, as this equation shows that 

the (tan A) is independent of D, the diffusion coeffi-

cient. This maximum value of tan A is reached at a value of 

the rotational rate given by 

_ {(1 - PQ)(1 + 0)^^)}^ IV. 13 

'̂ m̂ax /3 _ p ) 



195 

TABLE 14 

The Rotational Relaxation Times of 3-Lactoglobulin As 
Measured by Phase Fluorometry Using Different Probes 

pH 10 MHz P ^^^^^) 30 MHz 

Retinol 

2.1 14.9 3.1 

7.5 13.7 4.0 

DNS 

2.95 21.4 21.0 (29.5) 

7.5 54.5 31.7 (60.0) 

a) Taken from Wahl and Timasheff (63). 

a 

a 

i/ 
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Weber t hen d e s c r i b e s a s imple t e s t fo r t he e x i s t e n c e of 

a n i s o t r o p i c r o t a t i o n s ; t h a t be ing t he f a i l u r e o f the e x p e r i -

menta l ly de te rmined v a l u e of t a n A r each ing the ( t an A) 
'̂ max 

in plots of tan A vs. temperature. One of these plots is 

shown in Figure 52 for the 3-lactoglobulin complex, run 

as a function of temperature. The horizontal lines labelled 

0.2919 and 0.1376 are the calculated (tan A) at 30 and 
max 

10 MHz, respectively. As can be seen there is a tangent 

defect, indicating anisotropic rotations. Table 15 lists 

all of the above mentioned data. From the quadratic depen-

dence of p on tan A, two values for p at each frequency 

are obtained. The choice of the proper root is made either 

from inspection or by comparison with (tan ^)^'> the point 

at which the roots are at their maximiom and equal in value. 

In this case, the proper values are 12 and 3 nsec with the 

other roots (49 and 59 nsec) being greater than the (tan ^)^^^ 

This is somewhat curious, however as the values eliminated 

are the most appealing from comparison with the DNS data 

(Table 14) and the expected molecular vol\ime of the 3-lacto-

globulin dimer. This question must be further examined. 

From steady state measurements and the Perrin equation 

(III.48) the rotational relaxation time may also be evaluated. 

This value turns out to be ~ 33 nsec which may be taken as 

the (upper) limit for the rotational relaxation time for 

the complex. 
It would be very simple to accept the longer p values 
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Figure 52. A plot of tan A vs. temperature for the 3-

lactoglobulin complex. Horizontal lines denote the (tan ^)^^^ 

at each frequency and vertical lines are error bars, de-

noting a "standard deviation" of the measurement. The two 

horizontal lines above the curves denote the (tan A) of 
^ ^max 

0.1376 and 0.2919 at 10 and 30 MHz, respectively. 

^ 
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TABLE 15 

The Calculated and Observed tan A for the 3-Lactoglobulin 
Complex 0.1 M Phosphate Buffer pH 7.5 and Corresponding 

Rotational Relaxation Times, Along with Various 
Parameters used in the Calculation 

Parameter Value 

a)(10 MHz) 6.28 lO^ 

a)(30 MHz) 1.88 x lO^ 

P 0.45 
o 

''•F 10 nsec 

calc. ̂  ^ Observed 7o defect 
(tan A) (10) 0.1376 0.1213 U max 

0.2919 0.1554 47 
' max 

Rotational Relaxation Times 

From (tan A) calc. 
max 

f (MHz) p (nsec)^ 

10 23,14 

30 13,14 

From observed t a n A 

10 

30 

12,49 

3,59 

From the Perrin equation (III.48) p = 33 nsec 

(a) From eqn. IV. 12 

(b) Two values result from quadratic dependence of p on 
tan A (See eqn. III.55). 
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TABLE 16 

(SL) 
Fluorescence Lifetimes^ ^ of the Retinol 3-Lactoglobulin 

Complex as a Function of Temperature 

Temperature 

°C 

4.5 

24.5 

42.0 

10(6) 

7.41^^) 

9.68 

9.29 

^F 
10 (M) 

7.46 

9.89 

10.56 

30 (0) 

11.82 

9.81 

10.39 

30 (M) 

10.51 

9.81 

10.18 

(a) Aexc = 367 nm Hg line. Emission filters CS 3-144 and 

CS 3-72 A > 450 nm. 

(b) Polarization unbiased lifetimes. 

(c) Standard deviation < 0.01 nsec in all cases. 



201 

and simply report that these values are the rotational 

relaxation time of the 3-lactoglobulin dimer in solution, 

as the value correlates nicely with the DNS value (63 and 

Table 14) . That this is not the case has been previously 

eliminated by both the (tan A) and the steady state 
max 

measurement. The rotations are clearly anisotropic and 

are close to the value for the monomer. This is probably 

fortuitious, however. The data most likely indicate that 

retinol is bound at a site quite different from that of 

DNS and the retinol site is at a location on the macromole-

cule that is flexible with respect to the bulk of the 3-

lactoglobulin dimer. This accounts for the short relaxation 

time observed. The fact that the values at two different 

modulation frequencies are not in agreement further signify 

anisotropic rotations and in fact indicate that there is a 

component larger than 12 nsec and one smaller than 3 nsec, 

the magnitude of their splitting being related to the rela-

tive weighting of each component. It should be mentioned in 

defense of the measurement that this is not always the case, 

however, for example, numerous small molecules have been 

examined utilizing this same technique (157) and there is 

close agreement between the observed and theoretical tan A, 

indicating isotropic rotations. Furthermore, from this 

laboratory (158) , isotropic rotations have been observed for 

the PCP (peridinin- chlorophyll-protein) light harvesting 

pigment complex. The rotational relaxation time 
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for this system was observed to be 33 nsec at 10 and 30 

MHz (35,000 mol wt) and the (tan A)^^^ agrees within a few 

percent of the experimentally observed value. This very 

clearly indicates the validity of the technique. The PCP 

data as well as that presented here demonstrate the power 

of the technique for examining anisotropic rotations. 

Unfortunately, the whole picture is not demonstrated 

here. To do this would require that the curves such as 

those in Figure 52 be generated at various P values. When 

this is done, the predictive power of the technique becomes 

enormous, yielding inf ormation not only with respect to 

whether or not the rotations are anisotropic, but also with 

respect to axial ratios and even whether the plane con-

taining the oscillators approaches the axial or equatorial 

orientation of the molecule under study. 

Another great advantage of the phase measurement over 

the pulse is that ratiometric measurements made simultaneously 

in real time are always more accurate than separate measure-

ments followed by a computational procedure. 

Weber's (156) theory allows much more information to be 

derived from the measurement and quantitation of the tangent 

defect than is presented here. The reason for this lies 

partly with "inadequacies" of the molecule examined and 

partly with inadequacies of the investigator with respect to 

the theory. Weber has also very recently (159,160) obtained 

solutions for eqn. III. 51 for the situation where the rota-
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t i o n a l mot ions of t h e p robe a r e l i m i t e d to a nonzero 

a n i s o t r o p y v a l u e ( r ^ ) a t t imes long compared to T „ . Follow-

ing Lakowicz and P r e n d e r g a s t (159) in an equa t ion analogous 

to I I I . 54, t h e l i m i t i n g a n i s o t r o p y may be eva lua ted from 

(C t an A ) ( 2 R T ) ^ + (D t a n A - A) ( 2 R T ) + (E tan A - B) = 0 

IV. 14 

where 

A = ooT(r^ - r) = 3B 

C = (1 + 2 r ) ( l - r ) 

D = ^ ( 2 r - 4r^ + 2) 

„ C/Q . 2 2 E = ' 9 + moj T 

m = ^ ( 1 + 2 r ^ ) ( l - r ) IV. 15 

where m is t h a t d e s c r i b e d e a r l i e r ( I I I . 54) except now in 

terms of a n i s o t r o p y . From t h i s , (RT) may be eva lua ted from 

e x p e r i m e n t a l l y de te rmined p a r a m e t e r s . Now r^ is r e l a t e d to 

RT by 

r = r + 
oo 

<^ - ^o> 
^RT 

IV. 16 

and thus the limiting anisotropy r^, which is a measure of 

the degree to which the depolarizing rotations are hindered, 

can be calculated from experimentally determined parameters. 

The limiting anisotropy is further related to the average 

angle (Ø ) to which the torsional motions are restricted by 

r (3 cos (j)̂  - i) 
IV. 17 

00 
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thereby allowing an evaluation of the average angle through 

which the chromophore rotates at times long compared to T 
F 

From the above calculations, RT = 0.4167 yielding a 

limiting anisotropy value of 0.098, which corresponds to 

Thus the overall picture that emerges from the differ-

ential polarized phase fluorometry measurements of rotational 

relaxation is that of a chromophore bound somewhat rigidly 

by a flexible segment of the protein. This is based upon 

the existence of short, anisotropic rotation times. Further-

more, the rotation is shown to be somewhat hindered with the 

average angle described by the restricted torsional motion-

~ 44 . If the complete measurement had been made {f(P ,T)} 

then the direction of the transition moments with respect 

to the axes of the ellipsoid could also have been established. 



CHAPTER V 

CONCLUSIONS 

1. The absorption spectrum of retinol, when bound to 3-

lactoglobulin is vibrationally resolved with e = 34,830 

-1 -1 
M 'cm . The CD spectrum exhibits the same structure, as 

does the fluorescence excitation spectrtrai. 

2. The stoichiometry of the complex was determined by three 

independent methods; CD, radiolabelling and fluorescence 

titration. All three agreed that two moles of retinol are 
Q 

bound per dimer, wi th a d i s s o c i a t i o n constant of 2 x 10 
- 6 

M (10 M for CD) . Also by fluorescence titration the 
monomer binds one retinol with essentially the same K,. 

3. The fluorescence polarization is high and constant 

throughout the observed region, indicating that there is 

less than 10° difference between the absorption and emission 

oscillators and that there is but a single electronic 

transition. 

4. Energy transfer occurs between tryptophan (donor) and 
Q 

retinol (acceptor) with a rate constant k̂ ^̂  = 3.14 x 10 

sec""̂ . The distance between the centers of mass of the 

transition moments is ~ 36A (efficiency 44%). 

5. The fluorescence lifetime of retinol increases dramati-

cally on binding to 3-lactoglobulin, from ~ 2 to - 10 nsec, 

as does the fluorescence quantxim yield. 

205 
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6. The r a d i a t i v e fluorescence l i fe t imes as calculated 

from the experimental data and the integrated absorption 

spectrum are in t o t a l disagreement, differing by almost 

two orders of magnitude. This is interpreted as a break-

down in the Str ickler-Berg formula due to a large change 

in the geometry of the excited s t a t e . This interpretat ion 

is also consis tent with the large Stokes shif t observed and 

possibly would account for the unusual solvent effects 

observed. 

7. The r e t i n o l binding to 3-lactoglobulin does not show 

a pH dependence and the s i t e is somewhat hydrophobic. The 

induced s t ruc tu re is due to the r e t ino l association with a 

tryptophan res idue , as demonstrated by the modification 

experiments. Retinol does not protect tryptophan from 

modification, however. Neither urea nor SDS denaturation 

disrupts the binding of r e t i n o l to the protein. 

8. From the above two conclusions it may be inferred that 

re t inol binds d i r ec t l y at one tryptophan, and is separated by 

a distance of 36A from another, .thus completely quenching 

one tryptophan res idue . 

9. Retinol in te r fe res subs tan t ia l ly with the BioRad protein 

assay causing erroneously high values. 

10. On the Sephadex G-100 coltimn, r e t ino l is chemically 

modified to a r e t i n y l der ivat ive which binds even more strongl} 
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to 3-lactoglobulin than does retinol. 

11. Anhydrovitamin A is not the retinyl derivative respon-

sible for this new interaction, as has been proposed. This 

is obvious from examination of the absorption, excitation 

and emission spectra, all of which show large disagreements. 

Additionally, the fluorescence lifetime disagrees by nearly 

an order of magnitude. 

12. From the absorption spectrum, it can be inferred that 

this retinyl derivative has five double bounds retro to 

the ionone ring. Comparison of the unknown with known 

retinyl derivatives indicated that for the fluorescence life-

times to increase there must be a hydrogen-bonding function-

ality. From the phenylhydrazone test it may be inferred 

that there is an unconjugated aldehyde functionality. This 

is also substantiated by KBT, reduction. The aldehyde is 

also supported by partition coefficient data indicating it 

is substantially more polar than the alcohol. The structure 

of the unknown retinyl derivative is proposed to be 

This is also supported to a lesser extent by NMR and mass 

spectral data. 

13. The time-resolved spectrum of the retinol-3-lactoglo-

bulin complex at room temperature shows no change is detecta-
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ble. However at 77K, there is a blue shift of - 10 nm 

and at very short times there is a slight shoulder on the 

blue edge of the spectrum highly reminescent of the mirror-

image relationship expected. At longer times no spectral 

shift of broadening is observed indicative of very fast 

relaxations even at 77K in rigid media. 

14. From studying the time dependence of the anisotropy it 

can be concluded that the retinol 3-lactoglobulin complex 

rotates anisotropically in solutions with a fast (3 nsec) 

and a slower (12 nsec) component. This may be attributed 

to retinol being bound at a flexible region of the protein, 

where only segmental flexibility is observed, weighted by 

its proximity to one of the major axis rotational times. 

The limiting anisotropy of 0.098 indicates hindered rotation 

of the probe with the average angle of hindered rotation 

~ 44°. 

This is the extent of the specific conclusions. A much 

more general overall picture emerges from these data, which 

allows the structure of the complex to be synthesized. It 

must be realized, however that this is strictly conjecture; 

confirmation must await x-ray crystallography. 

Since the 3-ionone ring is rigid with respect to the 

rest of the chain, it must be assumed that the binding site 

contains the ring and more likely one double bond of the 

conjugated chain. This most likely is the same site described 
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previously (70,71,72). This site is on a rather flexible 

region of the protein, in close proximity to a tryptophanyl 

residue and within a (protein) molecular diameter or so of 

another tryptophan. The chain and its functionality protrude 

into the solvent, thus explaining its rather nonspecific 

H-bonding criterion for lifetime enhancement. The chain may 

be considered as hindered, its rotation describing a cone 

with a half-angle of ~ 44 with respect ot its axis. This 

also accoionts for the very short (3 nsec) relaxation time 

observed. 

Thus, a rather complete "picture" of the complex is 

obtained which seems to agree with all of the data presented 

not only here, but that of others as well. 

The power of nanosecond (combined with steady state) 

fluorescence measurements has been amply demonstrated. 
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Figure Al. Schematic diagram of the pulse stretcher used 

in the time-resolved fluorometer as described earlier. Sche-

matic furnished courtesy of Princeton Applied Research. Input 

is to the left and stretched, amplified signal, that has been 

delayed only about 10 nsec is at right. Letter A denotes a 

+5VDC power imput and B denotes -5.2VDC input. The IC' s are 

as follows: 

1. Advanced Microdevices AM685 voltage comparator 

2. Motorola MC 10231 dual high-speed D type flip-flop 

3. Motorola MC 10125 Quad ECL-TTL 

The maximum input voltage is 3V, and the minimum is 20mV. The 

output pulse is 50 nsec wide and 1.5 V into a 50 íl load. 

Resistance is marked in ohms and capacitance in yF unless 

otherwise noted. 
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i"!l48 0 
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^UERDUTIME LMLSSQ <N, FX» FY» FYM, YINT» EYINT» SL PE» E^LDPE,CnPP> 
DIMEMSIDM FX < 1 00 0> » FY < 1 0 0 0> » FYM < 1 0 0 ri> - DEV <-1 0 fi 0> " 

3 0 : F X = O . O 
: F Y = O . 0 
SFXV=0.0 
SFXSQ=0.0 
S F Y S Q = 0 . 0 
MM=N 
M=M-15 
DD 35 1=16»NN 
5FX=5FX + FX<I> 
: F Y = : F V + F V ^ : I > 
SFXY= CFXY + FX <l>•FY <I> 
SFVSQ = 5FVSQ + FY<I>+FV<i:' 

35 :FX:.Q = 3 F X 3 Q • FX<I>^FX':i> 
S Q S F : ^ ^ : = : F X + S F X 
S Q S F V = S F Y ^ S F Y 

DEN=SQSFX - FLDftT<N>^:FXSQ 
' i ' INT='SFX + SFXY - S F X S Q ^ : F V > .-'DEN 
S L D P E = ' ' S F X + : : F Y - FLDftT<N>^SFXV>.''DEN 
S B E V : Q = O . 0 
BD 40 1=16»NN 
FVN<I>=SLDPE^FX'r i> + YIMT 
IiEV':i>=FVN^::i> - FV< i : ' 

4 0 : B E V : Q = S B E V S Q + D E V < I > ^ D E V < I > 

EVINT=SQRT < <SDEVSQ+SFXSQ> '' < ^FLDftT • N'. - 2. 0> •ftE 
ESLDPE=SQPT < -^ DEVSQ+FLDftT ':'N:' > .-' •: <FLDftT ':N> - 3 . 0 
CDPP = ''-3LDPE^DEN> .^5QPT < ' N+SFVSQ-SQSFV> • • -DEN> 
N=NN 
PETURN 
END 
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