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ABSTRACT 

/3-lactoglobulin (BLG), a bovine milk 
protein that is available commercially in 
crystalline form, binds long chain free 
fatty acids (FFA). The binding data were 
analyzed with a model containing one pri- 
mary FFA binding site and a large 
number of weak secondary binding sites. 
At 37 C and pH 7.4, the apparent asso- 
ciation constant for binding of FFA to 
the primary site was of the order of 
105 M -t and that for binding to the 
s e c o n d a r y  sites was approximately 
103 M -1. The strength of binding was: 
palmitate>stearate>oleate>laurate. The 
affinity of BLG for palmitate increased as 
the pH of the incubation medium was 
raised from 6.5 to 8.7 and decreased as 
the ionic strength of the medium was 
raised. Palmitate binding was decreased in 
the presence of 6 M urea and when the 
protein either was exposed to elevated 
temperature or was acetylated prior to 
incubation. BLG took up methyl palmi- 
tate, cetyl alcohol, hexadecane and cho- 
lesterol to a lesser extent than FFA. 
Binding of FFA to BLG was associated 
with a small increase in the intensity of the 
fluorescent emission of the protein at 333 
m/~. BLG can serve as an FFA acceptor or 
carrier in biological experiments. FFA 
released from adipose tissue during in 
vitro incubation was taken up by BLG. 
Net transfer of fatty acid to the incu- 
bation medium ceased when the molar 
ratio of FFA to BLG exceeded 1.1. 
14C_l_palmitat e bound to BLG was taken 
up by Ehrlich ascites tumor cells in vitro. 
At a given palmitate-protein molar ratio, 
much more labeled fatty acid was taken 
up by these cells from media containing 
BLG than from those containing bovine al- 
bumin, apparently because FFA is bound 
less firmly to BLG than to albumin. 

ISpecial abbreviations used in this text: P, average 
molar ratio of bound FFA to total protein; c, molar 
concentration of FFA in free solution and in equili- 
brium with that bound to protein; n, number o f  
binding sites in a given class; k', apparent association 
constant for binding to a given class of sites. 

2present Address: Department of Internal 
Medicine and Biochemistry, University of Iowa, Iowa 
City, Iowa 52240. 

I NTRODUCTION 

/3-1actoglobulin (BLG), a protein present in 
bovine milk, can be obtained commercially in 
crystalline form. We have noted that this pro- 
tein will bind long chain free fatty acids (FFA) 
in an aqueous solution (1). Therefore, it was 
reasonable to assume that BLG might serve as a 
substitute for serum albumin in incubations 
that require the presence of an FFA carrier or 
acceptor. 

There are two properties of long chain fatty 
acids that make them difficult to work with in 
biological systems. First, they are poorly 
soluble in aqueous solutions. Second, unbound 
FFA are injurious to mammalian tissues even in 
relatively low concentrations, e.g., 10 -4 M. 
Thus, for most biological work with FFA, it is 
necessary to employ a fatty acid carrier in order 
to introduce the required amounts of FFA into 
the incubation medium while, at the same time, 
preventing exposure of the tissue to an 
excessive amount of unbound fatty acid. Serum 
albumin, the physiological FFA transport pro- 
tein, is used almost exclusively for this purpose. 
The availability of BLG as an alternative to 
albumin may provide a useful tool for the eluci- 
dation of several points concerning the mecha- 
nisms of FFA metabolism. For example, com- 
parative studies of media containing either BLG 
or serum albumin may indicate whether 
albumin possesses some special property for 
transferring FFA to or into ceils or for 
removing fatty acid from adipose cells. 

The interaction of FFA with proteins also 
has been studied almost exclusively with serum 
albumin. Hence, it is of interest to determine 
whether the mechanism of FFA association 
with albumin is unique for that protein or is 
applicable in general to other proteins that can 
bind FFA. Study of FFA binding to BLG 
should help to clarify this point. In addition, 
our initial observations indicated that BLG 
possessed a much smaller capacity to take up 
FFA than serum albumin (1). Preliminary 
analyses of these data suggest that BLG con- 
tained only one binding site with high affinity 
for FFA. In contrast, serum albumin contains 
approximately six high energy FFA binding 
sites (1). For studies of the detailed mechanism 
of FFA binding to proteins and FFA transfer 
from a carrier to a cell, the use of a protein 
having only a single strong binding site is 
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FIG. 1. Scatchaxd .plot of data for binding of 
1-14C-palmitic acid to ~-lactoglobulin at 37 C in phos- 
phate-buffered salt solution, pH 7.4. 

advantageous because it greatly simplifies the  
theoret ica l  considerat ions and the mathemat ica l  
analysis. 

Because o f  the potent ia l  usefulness of  BLG 
for these purposes we have invest igated the  
binding of  long chain F F A  to  this prote in  and 
the uptake  and release of  F F A  by  mammal ian  
tissues in media  conta ining BLG. 

E X P E R I M E N T A L  PROCEDURES 

Materials 
Crystall ine BLG (lots 36 and 38) were pur- 

chased f rom Pentex ,  Inc. (Kankakee,  Ill). These 
preparat ions  conta ined less than 0.2 /aeq F F A  
per / . tmole  protein as measured by  t i t ra t ion (2). 
BLG was dissolved in buffered  salt solut ion and 
dialyzed against 4 liters of  this solut ion for 24 
to 48 hr  at 4 C with  mechanical  stirring. The  
dialyzing solut ion was changed at least once 
during this t ime.  Unless no ted  otherwise,  the 
buf fe r  solut ion conta ined 0.116 M NaC1, 0 .004 
M KC1, 0 .0012 M MgSO 4 and 0.016 M sodium 
phosphate  and was adjusted to  pH 7.4 wi th  1.0 
N HCI. This is referred to in the  tex t  as phos- 
phate-buffered salt solution.  Fo l lowing  dialysis, 
the BLG solut ion was adjusted to  pH 7.4, and 

TABLE I 

Reversibility of Fatty Acid Binding 
to 13-Lactoglobulin a 

/3-Lactogiobulin solutionb 

Radioactivity, cpm Fatty acid, 
Time of 

incubation, hr 14C 3H m/~eq 

0 3160 0 25 
0.5 2250 565 55 
1 1810 425 43 
4 595 1340 94 
7 440 1980 135 

16 260 2280 154 

aIncubation was done at 37 C. 1-14C-palmitate was 
added to BLG dissolved in phosphate-buffered salt 
solution by exposure to palmitate-coated Celite par- 
ticles. This solution contained 0.2 #mole/ml BLG and 
0.025 ~eq of 1-14C-palmitate. A heptane solution con- 
taining palmitate-9,10-3H (20 ~eq/ml) was prepared, 
and 1 ml of it was incubated with 1 ml of the BLG 
solution containing 1-14C-palmitate in a series of 
flasks. At each of the time intervals shown, two flasks 
were removed and the content of 14C and3H in the 
heptane and aqueous phases was determined. 

beach value is the mean of two determinations. 

the  protein concen t ra t ion  was de termined  by 
the  biuret  m e t h o d  (3). Dried samples of  BLG 
served as the  s tandard for this procedure.  The  
molecular  weight  of  BLG was taken as 42,000.  
Freshly  prepared solutions of  the prote in  
migrated as a single band when subjected to  
electrophoresis  at pH 8.2 on glass microscope 
slides coated wi th  Agarose (1). Addi t ional  tests 
to  de tec t  he te rogene i ty  in these BLG prepara- 
t ions were no t  done  (4). 

BLG was ace ty la ted  at pH 8 according to the  
m e t h o d  of  Fraenkel -Conra t  et al. (5). Free  
amino groups were measured by the n inhydr in  
m e t h o d  (6). 

The  commerc ia l  sources and me thods  for 
pur i f icat ion of  the  radioact ive lipids used in this 
s tudy have been described (1). 14C-4-Choles- 
terol  that  had been  purif ied by thin layer chro- 
matography  (:>99% radiopure)  was a gift f rom 
Dr. W. E. Connor .  

Measurement of Binding 

Associat ion of  labeled F F A  with  BLG was 
measured by a modi f ica t ion  o f  the equi l ibr ium 
par t i t ion analysis m e t h o d  devised by Goodman  
(1,7). The react ion was carried out  in specially 
const ructed glass flasks (1). Incubat ion  was 
done with shaking in a tempera ture-cont ro l led  
water  bath. Increasing amounts  of  labeled F F A  
of  known specific radioact ivi ty  were dissolved 
in 1 ml  of  n-heptane and incubated with  1 ml 
of  an aqueous  solut ion containing BLG (2 x 
10 -4 M). The par t i t ion ratio of  F F A  be tween  
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heptane and the protein-free buffered salt 
solution was determined in a separate set of 
flasks (1,8). Equilibrium was reached in this 
system after 6-10 hr at 37 C and, for con- 
venience, an overnight incubation usually 
lasting 16 hr was used. Both heptane and 
aqueous phases remained optically clear during 
incubation, and precipitates did not form at the 
interface. 

Radioactivity was measured with a Packard 
Tri-Carb 3375 liquid scintillation spectrometer. 
The scintillator solution contained 0.3%, 2,5-di- 
phenyloxazole and 0.01% 1,4-bis [2-(4-methyl- 
5-phenyloxazolyl)]-benzene in toluene and 
methanol (7:3 v/v) (1). Quenching was moni- 
tored initially both with the external standard 
and by addition of 14C-l-palmitate as an inter- 
nal standard. Both methods indicated that the 
amount of quenching varied between 1% and 
8%, and only the external standard was 
employed in subsequent experiments. 

From the binding data, the unbound FFA 
concentration, c, at each molar ratio of bound 
FFA to protein, 9, was calculated (1,7). A com- 
puterized curve-fitting procedure (9) was 
employed to analyze these results in terms of 
number of classes of binding sites, number of 
sites within a given class, n, and the apparent 
association constant for binding to each class of 
sites, k'. Corrections for electrostatic inter- 
actions were not made, and the intrinsic asso- 
ciation constants were not determined. 

Incubation with Celite 

Celite 545 was coated with labeled lipids of 
known specific radioactivity (10). Weighed 
amounts of these Celite preparations were incu- 
bated with BLG solutions or protein-free buffer 
solutions in a temperature-controlled water 
bath with shaking (1). The Celite was sedi- 
mented by centrifugation, and the uptake of 
radioactivity by the protein solution was deter- 
mined ( 1 ). 

Fluorescence Measurements 

Fluorescence emission spectra of BLG and 
bovine albumin excited at 280 m/~ were 
recorded between 280 and 450 my (11). All 
fluorescence measurements were made with the 
Aminco-Bowman spectrophotofluorometer cali- 
brated by Chen (12). 

Incubations with Mammalian Tissues 

Epididymal fat pads obtained from fasted 
Osborne-Mendel rats were incubated at 37 C 
under air with shaking in 10 ml  of phosphate- 
buffered salt solution containing protein and 
adrenocorticotropic hormone (11). One fat pad 
from each rat was incubated in medium con- 

taining BLG, the other in medium containing 
albumin. The FFA content of 1 ml aliquots of 
the incubation medium were measured by 
titration (2). 

Isolated, washed Ehrlich ascites tumor cells 
were incubated with shaking under air at 37 C 
(13) with 14C-l-palmitate bound to either BLG 
or bovine albumin. Incorporation of the labeled 
pahnitate into the cell lipids or into CO 2 was 
measured (14). 

RESULTS 

FFA was taken up by BLG when an aqueous 
solution of the protein was incubated with a 
soap solution, fatty acid-coated Celite particles, 
a rat epididymal fat pad or fatty acid dissolved 
in heptane. If the BLG solution was exposed 
subsequently to heptane, fatty acid was 
released into the organic phase. As indicated by 
the data contained in Table I, this was due to 
the reversibility of FFA binding to BLG and 
not damage to the protein from exposure to 
heptane. 14C-1-Palmitate was added to BLG, 
and the resulting solution was incubated with a 
large excess of palmitate-9,10-aH in heptane. 
As the incubation proceeded, the 14C content 
of the BLG solution decreased to less than 10% 
of the original amount  while increasing 
amounts of 3H appeared in the aqueous phase. 
This was accompanied by the appearance of 
increasing quantities of 14C in heptane and a 
decrease in the 3H content of the heptane. The 
total palmitate content of the BLG solution 
increased sixfold during the incubation. Thus, 
most of the 14C-1-palmitate content of the 
BLG solution was exchangeable even under 
conditions that produced a targe net increase in 
the total palmitate content of the protein 
solution. 

Data obtained for palmitic acid binding to 
BLG at 37C  in phosphate buffered salt 
solution are shown in Figure 1. In this graph, u 
is plotted against u/c according to the method 
of Scatchard (15). These data were obtained in 
two separate experiments, each with a different 
commercial preparation of BLG. Note the 
excellent agreement of the two sets of data 
points. The data show a nonlinear correlation 
between 9/c and 9. This suggests that BLG, like 
the serum albumins (1,7), contains more than 
one class of palmitate binding sites. However, 
the possibility that the nonlinear correlation 
results at least in part from electrostatic effects 
that occur in the binding process cannot be 
excluded. Results similar to these were 
obtained with laurie, stearic and oleic acids. 

Analyses of these data were made with a 
model consisting of two independent classes of 
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BLG binding sites�9 This treatment assumes that 
BLG contains a fixed number of total FFA 
binding sites and that the sites are not altered 
by the binding process�9 Starting estimates for 
fitting the experimentai points to a binding 
curve were obtained with a system that did not 
constrain the number of binding sites, n, to 
integer values (1,9). These estimates are shown 
in Table II. The range of estimates for n, (0.52 
to 1.34) suggested that the primary class of 
BLG sites consisted of only a single site. In 
marked contrast, the computed estimates for 
n 2 (0.1 to 26.1) suggested that a single integer 
value for the secondary class of sites may not 
be applicable to each of the fatty acids�9 More- 
over, the large uncertainties in n2k' 2 and k'  2 
for lauric and stearic acids further suggested 
that different integer values of n 2 should be 
considered for each acid (9). 

With the values listed in Table II as initial 
estimates, these data were fitted to models con- 
strained so that n I and n2 must be integers�9 
Table III contains the most satisfactory integer 
models for binding of each fatty acid. The best 
fit for oleate was obtained when n 1 = 1 and n 2 
= 24. A best fit for stearate also was obtained 
with this model, but other integer values 
produced equally good fits. This is consistent 
with the large uncertainty in n2k' 2 with 
stearate (Table II). The best fits for lauric and 
palmitic acids were obtained with a 1,2 and 1,6 
integer model, respectively. In order to com- 
pare more readily the binding of each of the 
four acids and to satisfy our initial assumption 
that BLG has a fixed number of pre-existing 
binding sites, we attempted to fit all of the data 
to a single model�9 The value of 24 was selected 
as most representative for the actual number of 
secondary binding sites because it was best for 
oleate, the ligand with which we obtained the 
highest experimental values of v. The fits 
obtained with the 1,24 model for laurate and 
palmitate, although adequate, were not as good 
as the respective best case for these acids. With 
the 1,24 model, k' 1 was of the order of 10SM q 
and k' 2 was of the order of  103 to 102M -1 for 
each of  the four acids�9 Note that even when n 2 
was varied over a wide range, there was very 
little change in the value obtained for k'  1 . This 
indicates that the character of the single high 
energy BLG binding site is relatively insensitive 
to the assumptions made concerning the class 
of weaker secondary binding sites. 

Figure 2 shows plots of  the data for each 
acid and the binding curves derived from the 
values of n and k' for the 1,24 model listed in 
Table III. These are graphs of v (the molar ratio 
of bound FFA to BLG) against the negative 
logarithm of c (the unbound FFA concen- 
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tration). The strength of association was 
palmitate>stearate>oleate>laurate.  The maxi- 
mum values of v that were obtained in these 
experiments were: oleate, 4.6; palmitate, 2.0; 
stearate, 1.6; laurate, 1.3. Similar maximum v 
values were obtained when FFA adsorbed on 
Celite were incubated with BLG. With each 
acid, the concentrations of  c that occurred at 
the maximum v values were equal to the maxi- 
mum solubility of that particular fatty acid in 
the protein-free aqueous phase (1). A Iarge 
excess of FFA was present in the heptane phase 
or on the Celite under conditions where the 
maximum v values were obtained. 

Effect on Binding of Changes in 
Lipid and Protein Structure 

The maximum quantity of  ligand that was 
taken up by BLG from Celite decreased when 

the palmitate carboxyl group was modified or 
removed. The highest v values that were 
obtained were: palmitic acid, 1.9; cetyt alcohol, 
0.67; methyl  palmitate, 0.28; hexadecane, 0.92. 
Cholesterol also was taken up to a limited 
extent,  the maximum v being 0.40. In these 
systems, large excesses of ligand in the Celite 
phase also were present when the maximum v 
values were reached. 

Alterations in the structure of BLG by either 
physical or chemical means affected the binding 
of  palmitate (Fig. 3). Both the maximum up- 
take and the strength of association were 
reduced when the incubation medium con- 
tained 6 M urea and when the protein was 
acetylated or exposed to elevated temperatures 
prior to incubation. 

Effect on Binding of Changes in the 
Incubation Medium 

Palmitate was bound more firmly by BLG at 
pH 7.4 in 0.05 M Tris-HC1 than in phosphate- 
buffered salt solution (Table IV). In Tris buffer, 
palmitate was bound more tightly at pH 8.7 
than at pH 7.4. In contrast, we did not observe 
these differences when palmitate binding to 
bovine albumin was studied (1). In phosphate 
buffer, palmitate was bound more tightly at pH 
7.4 than at pH 6.9. Similar results were noted 
for FFA binding to both bovine and human 
serum albumin (1). This observation also is con- 
sistent with the finding that palmitate uptake 
by tumor cells from media containing BLG 
increased as the pH was decreased below 7.4 
(16). 

The strength of binding of palmitate to BLG 
in 0.02 M sodium phosphate, pH 7.4, decreased 
as the NaC1 concentration was raised from 0-1.0 
M. Similar results were noted for palmitate 
binding to bovine albumin (1). 
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FIG. 3. Binding of 1-14C-palmitate to physically or chemically altered/3-1actoglobulin. The incu- 
bations were done in phosphate-buffered salt solution, pH 7.4, at 37 C. Approximately 90% of the 
free amino groups were modified in the acetylated BLG preparation. 
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T A B L E  III 

C o n s t a n t s  fo r  t he  B ind ing  o f  F F A  t o  13-Lactoglobul in  as Der ived  F r o m  In t ege r  Mode l s  a 

P r i m a r y  sites, M -1 S e c o n d a r y  si tes,  M -1 

F a t t y  ac id  n I k '  1 x 10 -5 n 2 k '  2 x 10 -3 
R o o t - m e a n -  
square  r o o t  

L a u r i c  1 0 .52-+0.15 2 1.12---0.14 
1 0 . 4 0 + 0 . 0 6  24  0 .10-+0.02  

Pa lmi t i c  1 6 .61-+0.39 6 7 .09-+0.14  
1 7.00-+0.51 2 4  1 . 5 8 + 0 . 0 6  

S tea r i c  1 ! .61---0.39 2 4 .22-+5 .50  
1 1 .79-+0.28 4 16.98-+0.59 
1 1 .56-+0.24 6 1 1 . 8 7 + 0 . 2 1  
1 1.51-+0.19 12 5.87-+0.01 
1 1 .87-+0.24 24  2 .48-+0.18  

Oleic  1 0 .40-+0.04 24  1.34-+0.01 

0 . 0 8 5  
0 . 1 3 0  
0 . 0 5 2  
0 . 0 6 3  
0 . 1 1 0  
0 . 1 1 0  
0 . 1 1 0  
0 . 1 1 0  
0 . 1 1 0  
0 . 0 6 7  

a T h e  d a t a  are t h e  s ame  as t h o s e  d e s c r i b e d  in T a b l e  II. 

The temperature dependence of binding of 
palmitate to BLG between 23 and 37 C was too 
small to be measured accurately by the present 
incubation techniques. 

Uptake of FFA from Adipose Tissue 

Like serum albumin, BLG took up FFA 
released from adipose tissue (Table V). How- 
ever, when equimolar amounts of BLG and 
bovine albumin were present, the net release of 
fatty acids was greater in the media containing 
albumin (Experiments 1-3). In these incu- 
bations, the rate of FFA release was constant 
for 90 min when albumin was present but  
diminished gradually in the media containing 
BLG. When the BLG concentration was 3.7 
times greater than that of albumin (Experi- 
ments 4-6), the rates of FFA release in media 
containing either BLG or albumin were approx- 
imately equal, and FFA release was linear 

during 90 min of incubation in both media. Six 
additional fat pad incubations were done with 
media containing low concentrations of protein 
in order to determine the maximum molar 
ratios of total FFA to BLG that could be 
reached in this system. A 4 hr incubation 
period was employed. The maximum molar 
ratio that was observed with BLG was 1.1. 
Under these conditions, there was very little 
increase in the FFA content of the BLG 
medium after 2 hr of incubation. In contrast, a 
molar ratio of 4.7 was reached after 4 hr of 
incubation when albumin was substituted for 
BLG, and FFA release continued at a linear rate 
over the entire 4 hr period. Taken together, 
these results indicate that BLG is less effective 
than bovine albumin as an acceptor for FFA 
released from adipose tissue, apparently 
because its binding sites have a weaker affinity 
for FFA than do those of albumin. 

T A B L E  IV 

E f f e c t  o f  p H  o n  the  B ind ing  o f  P a l m i t a t e  to  13-Lactoglobul in  a 

( - )  log C b,  M 

P h o s p h a t e  b u f f e r  c Tris b u f f e r  d 

p H  6.9  p H  7.4  p H  7 .4  p H  8.7  

0 .4  5 .6  6 .0  6.5 6 .8  
0 .7  5.1 5 .7  6 .2  6 .5  
1.2 4 .6  5 .2  5.6 6.1 
2 .0  e 4 .5  4 .9  5.3 

a I n c u b a t i o n  w a s  d o n e  a t  37 C. 

b N e g a t i v e  l o g a r i t h m  o f  t h e  u n b o u n d  p a l m i t a t e  c o n c e n t r a t i o n .  

C p h o s p h a t e - b u f f e r e d  sa l t  so lu t i on .  

d 0 . 0 5  M Tris  a d j u s t e d  t o  t he  r e q u i r e d  p H  w i t h  I N HC1. 

eThe  m a x i m u m  m o l a r  r a t i o  o f  p a l m i t a t e  t o  13-1actoglobulin t h a t  c o u l d  be  a c h i e v e d  a t  p H  
6 .9  w a s  1.2.  
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TABLE V 

FFA Release From Adipose Tissue a 

Net FFA release, #eq/g x hr 

Expt No. fl-Lactoglobulin Bovine 
albumin 

1 1.4 3.6 
2 1.0 1.9 
3 1.7 2.9 
4 2.6 2.3 
5 2.6 2.6 
6 2.1 2.6 

aEpididymal fat pads were taken from Osborne- 
Mendel rats. One fat pad was incubated under air at 
37 C in 10 ml of phosphate-buffered salt solution con- 
taining BLG, the other in l0 ml of this solution con- 
taining Fraction V bovine albumin. Porcine adreno- 
corticotrophic hormone (5 units) was present in each 
of the media. In experiments 1-3, both the BLG and 
bovine albumin media contained 0.5 ~mole/ml pro- 
tein. In experiments 4-6, the BLG media contained 1.1 
/Jrnole/ml protein, but the albumin media contained 
only 0.3 /Jmole/ml protein. The FFA content before 
incubation and after 20, 40, 60 and 90 rain of incu- 
bation was measured in duplicate by titration of an 
extract of 1 ml of the medium (2). 

Uptake of FFA by Tumor Cells from 
Media Containing BLG or Albumin 

Ehrl ich  ascites t u m o r  cells t ook  up 14C-1- 
pa lmi ta te  when  BLG served as the  F F A  carrier 
(Table VI).  This conf i rmed  our  previous prel im- 
inary observat ions  (16). At  a given F F A - p r o t e i n  
molar  rat io,  much  more  t 4C- l -pa lmi t a t e  was 
bound ,  es ter i f ied and oxid ized  to  CO 2 w h e n  
the  cells were incuba ted  in media  conta ining 
BLG than  when  they  were incuba ted  in media  
conta in ing  bovine a lbumin.  We have shown  tha t  
the  magni tude  of  F F A  uptake  (13), esterifi-  
cat ion (14)  and ox ida t ion  to  CO 2 (14 ) inc rea se  
as the u n b o u n d  F F A  concen t r a t i on  is raised. At  
a given v, pa lmi ta te  is b o u n d  less f i rmly by  BLG 

than  by  bovine albumin.  Hence,  at a given v, 
the u n b o u n d  palmi ta te  concen t r a t ion  is greater  
in a BLG med i u m than  in an a lbumin med ium.  
Therefore ,  one  would  expec t  pa lmi ta te  up take  
and ut i l izat ion to be greater  in the  BLG 
med i u m,  and this was observed exper imenta l ly .  
At  each u value, the  ratio of  F F A  to lipid ester  
radioact iv i ty  in the  cells was m u c h  higher when  
the  m e d i u m  con ta ined  BLG. This observa t ion  is 
compat ib le  wi th  our  previous observat ions  con- 
cerning F F A  ut i l izat ion (13,14).  As the  
u n b o u n d  concen t ra t ion  to  which  a cell is 
exposed  is raised, F F A  incorpora t ion  in un- 
es ter i f ied fo rm increases exponen t ia l ly  whereas  
fa t ty  acid es ter i f icat ion and ox ida t ion  app roach  
l imiting values (14). Therefore ,  one  would  
expec t  the  rat io of  F F A  to lipid ester  radio- 
activity in the  cells to  be m u c h  higher in the  
expe r imen t s  s h o w n  in Table VI tha t  were  done  
in the  BLG media,  for  the  u n b o u n d  pa lmi ta te  
concentration with BLG at u 0.8 is 12 t imes 
greater  than  tha t  present  wi th  bovine serum 
albumin at u = 1.6 (1). 

Similar d is t r ibut ions  of  radioact ivi ty  in the  
cell l ipid esters occurred  w h e n  incuba t ion  was 
done  in e i ther  a BLG or an a lbumin med ium.  
Phosphol ip ids  con ta ined  f rom 1.5-2.0 t imes 
more  radioact iv i ty  than  glycerides and f rom 
10-40 t imes more  radioact ivi ty  t han  choles terol  
esters. 

Ultraviolet Fluorescence Spectra 

The f luorescence  emission spec t rum of  BLG 
exci ted  at 280 m/l was al tered slightly w h e n  
F F A  were  added  (Fig. 4). The wavelength  of  
m a x i m u m  f luorescence occur red  at 333 m/~ 
whe t h e r  or no t  F F A  were added  to  BLG. How- 
ever, the  presence  of  1 geq  of  pa lmi ta te  per 
/amole BLG produced  an 8% increase in 
f luorescence  in tens i ty .  A d d i t i o n  o f  more  
pa lmi ta te  resul ted  in very li t t le fu r the r  increase 
in f luorescence  in tens i ty .  In cont ras t ,  the  addi- 

TABLE VI 

Utilization of 1-14C-Palmitate by Ehrlich Ascites Tumor Cells a 

1-14C-Palmitateincorporated, m#eq/108cells 

v = 0 . 8  ~=1 .6  

Fraction ~-Lactoglobulin Albumin ~Lactoglobulin Albumin 

FFA 200 10 600 19 
Lipid esters 250 100 560 140 
CO 2 32 23 40 28 

aCells were incubated for 1 hr at 37 C under air with 1-14C-palmitate bound to either fl- 
lactoglobulin or Fraction V bovine albumin. The medium contained 3.0/~eq 1-14C-palmitate 
(670,000 cpm/#eq) and sufficient protein so that the molar ratio (~) of total palmitate to 
total protein was that listed in the Table. In addition, the medium contained 0.058 M NaC1, 
0.0025 M KC1, 0.0006 M MgSO 4 and 0.085 M sodium phosphate, pH 7.4. 
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FIG. 4. Effect of palmitic acid on the ultraviolet 
fluorescence spectrum of fl-lactoglobulin. The wave- 
length of excitation was 280 In#. Spectra were 
recorded at room temperature in phosphate-buffered 
salt solution, pH 7.4. The BLG concentration was 10 -4 
M. The curves are labeled as follows: (a), no added 
FFA; (b), P = 0.49; (c), P = 1.4; (d), P = 1.7. 

tion of FFA to bovine albumin produces a 
progressive decrease in fluorescence intensity 
and a blue shift in the wavelength of maximum 
emission of from 4-7 m# (11). 

Similar effects on ultraviolet fluorescence 
occurred when oleate, stearate or laurate were 
added to BLG. An increase in fluorescence 
in tensi ty  occurred independently of the 
method used for adding FFA to the protein, 
mixing with a soap solution, incubation with 
FFA-coated Celite, incubation with FFA dis- 
solved in heptane, or incubation with rat epi- 
didymal fat pads in the presence of adrenocorti- 
cotrophin. 

DISCUSSION 

These results demonstrate that BLG can 
function as a long chain FFA carrier or 
acceptor in in vitro incubation systems. The 
affinity of BLG for FFA is considerably less 
than that of albumin (1,7). BLG contains only 
one high energy binding site for FFA. The 
association constant for FFA binding to this 
site (k' 1 = 105M-1) is one tenth that for FFA 
binding to the primary class of albumin sites 
(1); it is similar in magnitude to the association 
constant of the secondary class of albumin 
binding sites (1,7). Therefore, one can predict 
that at low values of P, much more FFA should 
be available for uptake by tissues from media 
containing BLG than from those containing 
b o v i n e  a l b u m i n .  T h i s  was confirmed 
experimentally by incubation with Ehflich 
ascites tumor cells (Table VI). The weak 
secondary binding sites of BLG have an affinity 
for FFA (k' 2 of the order of 10aM -1) that is 
similar to the third class sites of the serum 

albumins (1,7). Hence, these sites are not  
effective in solubilizing much FFA in aqueous 
media. According to this interpretation, the 
factor that limits the quanti ty of fatty acid that 
can be taken up by BLG in these incubation 
systems is not saturation of available FFA 
binding sites. In fact, many unfilled FFA 
binding sites remain when the maximum p 
values that can be attained experimentally are 
reached. We suggest that FFA uptake is limited 
by the solubility of the particular fatty acid in 
the aqueous incubation medium i.e., the maxi- 
mum activity of unbound FFA anion that can 
exist in the aqueous phase. 

Goodman has shown that the constant for 
association of palmitate with the binding sites 
of the human erythrocyte is in the range of 
105M -1 (17). Hence, one might predict that 
only the single primary binding site would be 
able to compete effectively with a mammalian 
cell membrane for FFA. This prediction was 
confirmed by the adipose tissue experiments 
(Table V) which demonstrated that BLG will 
remove net amounts of FFA only until  the p is 
in the range of 1.0. Under identical conditions 
of incubation, much more FFA was released 
from the fat pads when the medium contained 
an equimolar amount of bovine albumin. We 
conclude that the larger FFA release in the 
media containing albumin results from the 
greater ability of albumin to bind FFA;  not  
from any special property that enables albumin 
to remove or enhance the release of FFA from 
the adipose cell. 

FFA binding to serum albumin involves 
simultaneous electrostatic and nonpolar inter- 
actions (1,7,18,19). The present data con- 
cerning FFA binding to BLG are compatible 
w i t h  a similar interpretation. Palmitate 
analogues in which the carboxyl group is 
modified or removed were taken up to a lesser 
extent than the acid, and acetylated BLG 
bound palmitate very poorly. These obser- 
vations are consistent with the presence of an 
electrostatic component in the binding process- 
attraction between the ionized FFA carboxyl 
group and a cationic protein site. In addition, 
the association constants varied with the struc- 
ture of the FFA hydrocarbon chain, and 
binding was reduced when BLG conformation 
was altered by exposure to urea or heat. These 
findings indicate that nonpolar interactions also 
are involved in the binding process. In fact, 
binding of large organic ligands can occur in the 
absence of ionic interactions, for BLG took up 
small amounts of cholesterol, methyl palmitate, 
cetyl alcohol and hexadecane. 

The binding constants listed in Tables II and 
III were obtained by making the following 
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assumptions: (a) that FFA anions interact with 
BLG; (b) that the measured total unbound FFA 
concentration is an accurate approximation of 
the unbound FFA anion activity (1,8); (c) FFA 
bind to pre-existing BLG sites, and binding sites 
are neither formed nor altered in the binding 
process; and (d) each class of binding sites com- 
petes independently for available FFA. Recent 
evidence indicates that some dimerization of  
FFA occurs in sodium phosphate solutions even 
when the FFA concentration is low (20). If 
subsequent work should confirm these results, 
then our assumption concerning total unbound 
FFA concentration would not be valid and 
small corrections will have to be made in these 
binding constants. In addition, studies on the 
interaction of organic ligands with serum 
albumin led Karush to suggest that proteins 
display conformational adaptability, that is, 
binding is associated with conformational 
changes in which binding sites are either formed 
or altered (21). Recent work by Lovrien also 
demonstrated that the association of dodecyl 
sulfate with alkaline bovine serum albumin 
produces considerable conformational change 
in the protein (22). Our inability to obtain a 
single value for n 2 that was suitable for each of 
the four acids may be considered as further 
support for the conformational adaptability 
hypothesis. If the secondary BLG sites are 
formed or altered when the first FFA molecule 
is bound, then each acid may induce a some- 
what different change. Therefore, n 2 may be 
different for each acid, and our at tempt to fit 
all of the data to a single model may be an 
oversimplification. 

Another  possible source of  error stems from 
the fact that small quantities of heptane were 
present in the aqueous phase in the equilibrium 
partition incubations (8). If  heptane binds to 
BLG, then the binding of FFA might be 
altered. Since small amounts of  hexadecane 
were taken up by BLG, it is likely that some 
heptane also was bound to the protein. In spite 
of this potential difficulty, we employed the 
partition method for the following reasons. 
Other procedures that are used to study pro- 
tein-ligand association also present serious dif- 
ficulties when long chain FFA serve as the 
ligand. Long chain FFA are very poorly soluble 
in aqueous solutions of neutral pH, they do not 
pass through ordinary dialysis tubing, and they 
adsorb onto many types of solid phases. 
Furthermore,  our data suggest that incubation 
in the presence of heptane did not  grossly alter 
the capacity of BLG to bind FFA.  The maxi- 
mum v value that was obtained with palmitate 
was almost identical in heptane partition and 
Celite incubations. In addition, others have 

shown that the apparent association constant 
for binding of testosterone to bovine albumin is 
of  similar magnitude when measured by either 
equilibrium partition or dialysis (23). 

FFA binding was associated with a small 
change in the ultraviolet fluorescence intensity 
of BLG. Hence, it should be possible to 
monitor reactions involving FFA uptake or 
release from this protein by spectrophoto- 
fluorometric techniques. However, this can be 
done more readily with bovine albumin, too, 
because the FFA-induced fluorescence changes 
are larger (11). These effects upon fluorescence 
result from alterations in the environment of  
one or more protein tryptophan residues. This 
could occur because FFA interacts directly 
with a segment of the peptide chain that con- 
tains tryptophan. Alternatively, this could 
result from a small conformational change in 
the region of  one or more tryptophan residues 
that is secondary to binding of FFA at a distant 
region of  the protein. 
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