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Abstract  

Steroid compounds form dissociable complexes 
of low binding energy with numerous proteins 
of different origin as can be demonstrated by  
various physicoehemical procedures. This interac- 
tion has definite physiological consequences in 
case of the steroid hormones. The sites of attach- 
ment  between A~-3-ketosteroids and human serum 
albumin appear  to be located at  the alpha side 
of the steroid molecule. The affinity of inter- 
action with serum albumins is increased by en- 
t rance of electron-repelling groups (alkyl) into 
the  steroid, and decreased by electron-at tract ing 
groups ( - -OH ; = 0  ; halogen) ( " p o l a r i t y  r u l e " ) .  
This rule is reversed in interactions with certain 
proteins which have a higher content of aliphatic 
hydroxyl  groups. I t  was concluded f rom compe- 
tition studies with higher f a t t y  acids tha t  the 
a t tachment  os A4-3-kctosteroids to serum albumin 
does not take place at the anion-binding sites. 
The SH-group  of serum albumin is not involved 
in the interaction with testosterone. 

The al-acid glyeoprotein (orosomucoid) f rom 
human serum was found to have a par t icu lar ly  
high binding affinity for  progesterone. Removal 
of sialie acid results in a decrease of this binding 
affinity. Complex format ion  with the orosomueoid 
leads to physiological inactivation of progester-  
one. 

A highly specific interaction occurs between the 
adrenocorticoid hormones and the corticosteroid- 
binding globulin ( t ranscort in)  in serum of hu- 
man and other species. For  a quant i ta t ive test, 
the endogenous corticosteroids have to be removed 
by dialysis at 37C. Cortisol, corticosterone and 
related hormones are bound by t ranscor t in ;  aldo- 

" / 1 T h i s  work  suppor ted  by Pub l ic  Hea l th  Service research g ran t s  
(AM-04040, AM-06369) ,  a research career p r o g r a m  award  (5-K6- 
GM-14, 138)  and  a research contract  of the Dept. of the Army, 
U.S,  Army  IViedical l~es. a nd  Dev. Oommand (DA-49-193-1YiD-2263). 

For  a r ev iew of the work  on s teroid prote in  in te rac t ions  up  to  
beg inn ing  of 1960 see (1) .  
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sterone interacts with serum and transcort in-  
containing fractions more s trongly than  with 
albumin. The " t r a n s e o r t i n "  act ivi ty of ra t  se- 
rum increases af ter  adrenalectomy and hypo- 
physectomy;  injection of cortieosterone into adre- 
nalectomized rats  reverses this effect. The 
general increase of the total  a-globulin fract ion 
in adrenaleetomized rats  (15-16%) is smaller 
than the increase ill " t r ansco r t in  '~ act ivi ty 
(100%).  The cortieosteroid-binding serum pro- 
teins of different mammal ian  species (rat ,  rab- 
bit, steer, horse) were found to be a-globulins. 
Their  binding affinities towards different cortico- 
steroids will be discussed. 

Introduction 

C HEMICAL BASIS and biological significance of inter- 
actions between steroid hormones and proteins 

have been of interest to my co-workers and me for  
a number  of years (1). These interactions are con- 
sidered impor tan t  in any  mechanism of action of 
these biocatalysts, for  their  t r anspor t  in the circulat- 
ing blood and for  the regulation of their  physio- 
logical activity, metabolic t ransformat ions  and excre- 
tion. 

The bonds that  arc operative in steroid-protein 
interactions are of a non-covalent na ture  ; their  energy 
is relatively low as can be seen in Table I where free 
energies of binding are listed for the interaction 
between several steroid hormones and serum albumin 
(See Table 8 in Reference 1). These binding 
energies are of a magni tude typical  of hydrogen bonds 
or van der Waals  forces;  the complexes, therefore, 
are dissociable under  conditions prevalent  in the 
living organism. 
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TABLE I 
Approximate  Free  E n e r g y  of B i n d i n g  

of Steroids  to Serum Albumin  

AF ~ in  kca l /mole  s teroid;  p H  7 .0-7 .5  

Steroid 

Testosterone 
Progesterone  
Cortexone 
Cortisol 

BSA a H u m a n  serum a lbumin  

Equ i l i b r i um Spectro- Solubi l i ty  
Solubi l i ty  dialysis  photometry  

37C 25 C 25C 37C 

--6.2 
--6.1 
--5.8 

--6.3 
--6.6 
--6.3 
--5.5 

--6.2 
--6.5 
--6.2 
--5.5 

--6.7 
--6.7 
--5.9 

a Bovine  serum albumin.  

Interactions of Steroids with Serum Albumin 

Investigation of the influence of the chemical struc- 
ture  of steroid hormones and other Aa-3-ketosteroids 
on interaction with serum albumin has demonstrated 
that  entrance of electron-attracting groups (e.g., oxy- 

gen ,  halogen) weakens the complex, whereas entrance 
of electron-repelling groups (e.g., alkyls) results in 
a stronger interaction. This phenomenon is shown in 
Figure  1 where numerical values are given for the 
average percentage reduction of the UV-absorption 
coefficient for  some 60 Aa-3-ketosteroids due to inter- 
action with human serum albumin (2). Decreased 
binding to serum albumin with increasing number 
of polar groups in steroid hormones was first recog- 
nized by Samuels et al. (3).  

Interact ion according to this polari ty rule occurs 
with serum albumin and many other proteins of blood 
serum and proteins f rom other sources. In contrast, 
there are proteins (e.g., lysozyme, chymotrypsin,  
t rypsin)  where the most polar Aa-3-ketosteroid is 
bound most firmly (1). This second type of protein 

INFLUENCE OF FUNCTIONAL GROUPS ON INTERACTION WiTH HUMAN. SERUM ALBUMIN 
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FIG.  1. 

TABLE II 
Combin ing  Affinity (C) of Duo  to Pentapo lar  Steroids  a 

at pI~ 7.6, 4C 

al-Acid 
glyco- 

Steroid On ~ O  - - 0 H  protein 
C 

Progesterone 03 2 0 18.0 
Testosterone 0.., 1 1 11.0 
Cortexone 03 2 1 4.8 
Corticosterone 05 2 2 1.7 
Cortisol 0~ 2 3 0.02 

Bovine  
submaxil l .  

muc in  
C 

0 
< 0 . 0 4  

0 
< 0 . 0 4  
< 0 . 0 2  

For  defini t ion of this polari ty  see reference (1 ) .  

appears to have a relatively higher number of ali- 
phatic hydroxyl  groups. I t  can be assumed that  in 
the first type of steroid binding protein (e.g., serum 
albumin),  van der Waals forces are mainly respon- 
sible for  the interaction, whereas hydrogen bonds 
mediate the binding predominant ly  in the second 
type of protein (e.g., chymotrypsin) .  

The spectrophotometric investigation of the inter- 
action of A4-3-ketosteroids with human serum albumin 
has also provided information on the steric relation- 
ship between the two components of the complex. 
A comparison of a number of epimers has shown 
that  the lower or ~-side of this steroid nucleus is 
most likely to interact  with the binding protein. A 
side view of the progesterone molecule (Fig. 2) 
shows that  the a-side offers a relatively planar  surface 
for a close interaction with the protein. Similar 
conclusions of a-side interactions have been drawn 
in other laboratories f rom entirely different points 
of approach (1). 

The serum albumin molecule is quite unique in 
its very  general binding affinity for  a great number 
of ligands of different chemical structure. Although 
the chemical basis of such interactions is of definite 
interest, we were looking for types of protein binding 
which were more specific for  steroid hormone mole- 
cules. In  most cases to be discussed in this report, 
the binding affinity C was determined according to 

Sbound  C = liter x gm -1 [1] 
Sunboun d X P 

where Sbound and Sunboun d indicates the eoncn of bound 
and unbound steroid, respectively, and P the protein 
concn in gm/li ter .  These two steroid conch were de- 
termined by equilibrium dialysis; the procedure of 
multiple equilibrium dialysis (4) proved par t icular ly  
useful for the comparison of different protein solu- 
tions under  identical conditions. Radioactive steroid 
hormones were used for the determination of the 
bound and unbound portion of the interacting 
steroids. 

Interaction of Progesterone with al-Acid Glycoprotein 

A relatively high binding affinity was observed 
(4) between progesterone and the al-aeid glyeoprotein 
(5),  a trace serum protein which is identical with 
orosomucoid (6). Table I I  shows the binding affinities 
of this glycoprotein for several steroid hormones. 
The highest affinity is seen for the complex with pro- 
gesterone, the value being approx 15 times greater 
than that  for  the complex progesterone-human serum 
albumin (1).  The C-values obtained with some other 

FIG. 2. 

T A B L E  I I I  

Combin ing  Affinity (C) of Proges terone  with  
al-Acid Glycoprotein at p i t  7.4, 4C 

Species C 

t t u m a  .......................................... ~ . . :  ...................................... , 1 4 . 6 : 1 4 5  
Bovine  ............................................ : ...................................... [ 3.4;  3.9 
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A4-3-ketosteroid hormones indicate the validity of the 
polarity rule. 

Some problems of the progesterone-orosomucoid in- 
teraction have been investigated recently by R. Car- 
nighan in our laboratory. The a~-acid glycoprotein is 
not unique for human serum; similar acidic glyco- 
proteins have been observed as normal serum con- 
stituents in all mammalian species so far studied (7). 
The pure bovine orosonmeoid (8) interacts also with 
progesterone (Table I I I ) ,  however, with a consid- 
erably lower affinity than its human counterpart. 

The interaction between progesterone and human 
a~-aeid glycoprotein is highly dependent on temp, 
the association constant decreasing with rising temp 
(Fig. 3). In contrast, the dissociation of the pro- 
gesterone-human serum albumin complex increases 
only slightly at higher temp as seen in Figure 4. It  
should be noted that the low binding affinities of 
orosomucoid and human albumin at the highest temp 
values in Figures 3 and 4 are not caused by denatura- 
tion effects; they have been found reversible in both 
cases. 

The hydrogen ion eoncn also has a strong influence 
on the progesterone-orosomucoid interactions. Figure 
5 shows that the highest binding affinity is obtained 
at pH 8, and that it declines steeply towards lower 
pH-values. This is again in contrast to the proges- 
terone-albumin interaction where the influence of pH 
is less pronounced, and where the binding affinity 
increases with increasing pH up to approx pH 11 (1). 
The break in the curve in Figure 5 appears to be 
caused by the use of a different buffer in the higher 
pH range. 

The number of binding sites for progesterone in 
human a~-acid glycoprotein was determined by equi- 
librium dialysis, using different concn of progesterone- 
4-C 14 at constant protein concn. Two samples of 
human orosomucoid were employed, prepared by a 
procedure based on the first precipitation step of 

PROGESTERONE - HSA TNTERACTION 

PHOSPHATE pH 7.4; 0.05 M 

I l i I I 
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Michon (9) and the chromatographic techniques of 
Bezkorovainy and Winzler (10). One of these two 
preparations (I-117) had essentially the full proges- 
terone-binding activity observed previously (4), the 
other one (I-103) had been deactivated to ca. 40% of 
its original binding activity as measured by the C- 
value. The data, obtained by equilibrium dialysis at 
pH 7.4, 4C, were evaluated by the graphic method of 
reciprocal plot, as well as by the Scatchard plot (11). 
Both procedures are based on the equation 

n K (S) 
r - [2] 

I + K  (S) 

where r equals the number of bound steroid mole- 
cules/total number of protein molecules, n the num- 
ber of binding sites for the steroid on each protein 
molecule, K the association constant, and (S) the 
molar concn of unbound steroid molecules. The as- 
sumption is made that the n binding sites are equiva- 

/ 
G BINDING OF PROGESTERONE TO ~I-ACID / 

4 

3 

2 
PREPARATION C n 

1 1-117 (ACTIVE) 13.9 1 

1-103 (DEACTIVATED) ~3 04 

Y[s] x 10 .5 M "1 

~'m. 6. 

TABLE IV 

Interaction Between Progesterone and 
a-Acid Glycoprotein at p i t  7.4, 4C 

Preparation 1-117 1-103 

C-value 13.9 5.3 

Association ~ Klotz 8.1 X 105M -z 9.7 X 105 ~/i -1 
constant ~ Scatchard 9.2 8.1 

1~ree energy of binding --7.5 --7.5 
(for n : 1) kcaI/mole kcaI/mole 
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DECREASE OF PROGESTERONE 
BINDING TO= I -ACID  GLYCOPROTEIN 
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lent and independent, all having the same association 
constant K. I f  both sides of Equation 2 are inverted, 
one obtains 

1 _  1 + 1 [3] 
r n nK (S) 

The validity of Equation 3 can be tested by plotting 
1 / r  vs. 1 / ( S ) ;  a straight line should be obtained. 
F igure  6 shows that  Equation 3 holds for both oroso- 
mueoid preparations under  the conditions used. The 
intercept on the ordinate gives the value l / n ,  and 
the slope of the curve equals ] / nK .  An approx value 
of n----1 is obtained for the number of binding sites 
on the active preparation, 1-117, whereas only 0.4 
binding sites can be revealed/molecule of the deac- 
t ivated glyeoprotein (I-103). This would indicate that  
the deactivation process completely inactivates ca. 
60% of the orosomucoid molecules; the remainder 
should then be expected to retain full  binding affinity. 
The association constants, K, have been calculated by 
the reciprocal plot method of Klotz (11,12) ; Table IV 
shows that they arc, within range of error, identical. 
Similar values have also been obtained by calculating 
the association constants by Scatehard's  procedure 
(13). The free energy of binding for the binding 
site (n = 1) has the relatively high value of 7.5 Kea l /  
mole for both preparations. These results indicate that  
reactions that  lead to deactivation of the orosomucoid 
do not effect a general decrease of the binding affinity, 
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but ra ther  complete inactivation of a portion of the 
glycoprotein molecules, leaving the remainder intact. 
Cause of the deactivation will be fur ther  studied; no 
differences between the preparations 1-103 and 1-117 
could be detected in the sedimentation constants and 
in paper-electrophoretie behavior. 

The al-acid glycoprotein molecule is characterized 
by the comparatively high content of ca. 12% sialic 
acid (N-acetylneuraminic acid (14). Par t ia l  removal 
of the sialic acid under  the mild conditions of enzy- 
matic hydrolysis resulted in a reduction of the b ind ing  
activity of progesterone (Fig. 7) ; neuraminidase from 
clostridium perfringens (15) or f rom inactivated in- 
fluenza virus was used in these experiments. I t  is 
not known whether the sialic acid is directly involved 
in the interaction with progesterone, or whether the 
removal of this constituent with its eleetronegative 
charge leads to conformational or other changes in the 
glycoprotein molecule which decrease the binding af- 
finity for  progesterone. 

The biological activity of the hormone-protein com- 
plex is of considerable interest in any s tudy of inter- 
actions between these components. In the case of the 
corticosteroid-binding globulin, it has been shown that  
complex formation with corticosteroid hormones ef- 
fects inactivation in vitro and in vivo (15,16). The 
problem of biological activity of the progesterone- 
orosomucoid complex was studied utilizing the intra- 
uterine test procedure of Hooker and Forbes (17). 

Fzo. 8. F~G. I0. 
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This method appeared particularly suitable since 
the test solution is injected directly into a ligated 
segment of the uterus horn of the mouse; the steroid- 
glyeoprotein mixture does not enter into general circu- 
lation so that various possibilities of interfering reac- 
tions of the two components with other body con- 
stituents are avoided. Such a topical test therefore 
permits a simpler interpretation than a systemic assay 
procedure. 

In cooperation with T. R. Forbes, it was found that 
interaction with orosomueoid leads to loss of progesta- 
tional activity of progesterone (18). Results and in- 
terpretation of these experiments are illustrated in 
Figure 8 where the response of the mouse uterus seg- 
ment is shown on the bottom line for four solutions 
consisting of mixtures of progesterone and al-aeid 
glyeoprotein. The amounts of glyeoprotein and pro- 
gesterone in these four solutions are shown in the 
four groups of bars, the dotted bars indicating the 
quantity of al-acid glyeoprotein (G, right-hand ordi- 
nate), the total length of the light-and-shaded bars 
indicating the total amount of progesterone (P, left- 
hand ordinate). The three progesterone bars for each 
of the four injected solutions show what portions of 
the total progesterone, in the presence of the given 
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R e m o v a l  of  C o r t i c o s t e r o n e - 4 - C  14 f r o m  R a t  S e r u m  by  
D i a l y s i s  vs .  B u f f e r - C h a r c o a l  a t  3 7 C  

�9 C o r t i e o s t e r o n e - 4 - C  1. a t  
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S e r u m  . . . .  ] b u f f e r  S t a r t  J E n d  of exp .  
( l la lySlS c h a n g e s  . . . . .  

~ g - %  ~ g - %  % R e m o v e d  

quant i ty  of the glycoprotein, is free (dissociated from 
the coniplex with the glyeoprotein, shaded portion of 
bars) and what portion is bound to the glycoprotein 
(light portion of bars) .  The calculations for the 
bound and free portions of progesterone have been 
made for three dilutions as given on the second line 
from the bottom. The horizontal line at 0.2 m~g 
progesterone indicates the threshold amount of pro- 
gesterone for positive test reactions. I t  is evident (bot- 
tom line) that  the presence of the glycoprotein in the 
three assay solutions on the right-hand side prevents 
the test from being positive. The positive response 
of the left-hand solution has been explained by dis- 
sociation of the complex under  the conditions of the 
test (18). The results of these assays have been in- 
terpreted by the assumption of a n e t "  d i lu t ion"  of not 
less than 1:10 and not more than 1:20; for details see 
reference (18). I t  should be noted that  the dissocia- 
tion of the progesterone-orosomucoid complex is con- 
siderably higher than that  of the complex between 
eortisol and transcort in which has an association con- 
stant  approx 1000 times greater than that of the 
progesterone-orosomucoid complex. 

Interactions with the Corticosteroid-binding 
Globulin (transcortin) 

The highest binding affinity between a steroid hor- 
mone and a protein has been observed so far  between 
corticosteroids and a specific trace protein of blood 
serum, the corticosteroid-binding globulin (trans- 
cortin).  This protein, independently discovered in 
human blood by Daughaday and by Bush in 1956 
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(1), has recently been isolated and characterized by 
Seal and Doe (19). 

An inherent difficulty in the determination of the 
transcort in activity in serum or serum protein frac- 
tions is the presence of endogenous eorticosteroids 
which occupy binding sites and thus interfere with 
the binding of radioactive cortieosteroid which is 
added to the test system. In our studies on the corti- 
costeroid-binding serum protein of the rat, we have 
used various procedures to remove the endogenous 
corticosteroids by dialysis. In  early experiments, urea 
was added to the dialysis solution in order to facilitate 
dissociation and thus removal of the endogenous eor- 
ticosteroid. F igure  9 shows that  dialysis of diluted 
normal rat  serum in the presence of 4 M urea resulted 
even at 4C in rapid removal of eorticosterone (it 
should be noted that  in the data in this and the fol- 
lowing figures no blank values have been subtracted 
from the fluorometric readings in the corticosterone 
determinations;  the lowest eoncn shown are those also 
found in adrenaleetomized ra t s ) ;  however, the C- 
value decreased from 0.70-0.33 indicating inactivation 
of the corticosteroid-binding globulin. Reducing the 
eoncn of urea prevented this inactivation, but  also the 
ready dissociation of the complex so that  the endog- 
enous cortieosterone level did not decrease (Fig. 10). 

The dissociation of the corticosteroid-transcortin 
complex is markedly increased at 37C (1),  and this 
proper ty  has been utilized in the measurement of 
cortisol-binding activity in human plasma (20). We 
have found a similar decrease of the combining affinity 
between corticosterone and the cortieosteroid-binding 
globulin of ra t  serum with higher temp (Fig. 11). 
This proper ty  was utilized in dialysis experiments at 
37 and 40C. Figure  12 shows that dialysis of diluted 
rat  serum at 40C vs. f requent ly  changed phosphate 
buffer removed the endogenous corticosterone; at the 
same time, the C-values increased as would be expected 
as the binding sites become available to attach the 
radioactive test cortieoid. Removal of the cortieoster- 
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FIG. 20. 

one is somewhat more rapid when a 1.5% solution of 
human serum albumin is used instead of buffer as 
outside solution (Fig. 13). Optimal removal of cor- 
ticosterone was achieved by this technique in a dialysis 
vs. diluted serum of adrenaleetomized rats which has 
unoccupied binding sites available, ready to take up 
the dialyzing eorticosterone (Fig. 14). A more than 
three-fold increase of the C-value was observed. Table 
V shows that the removal of cortieosterone-4-C 14 added 
to serum of normal and adrenalectomized rats was 
essentially complete after 1 or 2 days' dialysis vs. 
charcoal-containing buffer at 37C. The effect of char- 
coal on the removal of corticosterone by dialysis at 
37C, without change of outside solution, is seen in 
Figure 15. 

Complete removal of endogenous corticosteroids by 
the above dialysis procedures is cumbersome and time 
consuming. The essential objective of elimination of in- 
terference from endogenous eortieosteroids is achieved 
by equilibration of the various test samples at 37C in 
a multiple dialysis setup (4). This technique has 
been widely used in our laboratory; it gives reliable 
results, especially when a normal control serum from 
a large standard pool is included in each test. A dif- 
ferent test procedure has been described by DeMoor 
et al. (20a) in which the plasma sample is overloaded 
with cortisol, and the protein-bound corticosteroid, in- 
cluding the endogenous portion, is separated from the 
unbound hormone by gel filtration over Sephadex G- 
50 and quantified fluorometrically. This clinically use- 
ful method determines binding capacity under the 
specific conditions of the experiment; it does not pro- 
vide a physicochemically defined measure of the bind- 
ing affinity. 

Soon after the discovery of the eorticosteroid-bind- 

Fie. 22. 

ing globulin it was observed that cortisol, cortieoster- 
one and other glucocorticosteroids are bound to this 
protein (1). It  was of interest whether the Inineralo- 
eortieoids, especially aldosterone, interact also with 
the transcortin system. Figure 16 shows that normal 
human serum has a higher binding affinity for al- 
dosterone than solutions of crystalline human serum 
albumin (21,22) ; all solutions were adjusted to 5 mg 
protein/ml. The difference was particularly marked 
at 4C. An even higher binding capacity/rag protein 
was shown (Fig. 17) by Cohn's human plasma frac- 
tion IV-4 (22) which is known to contain corticos- 
teroid-binding globulin (1). When the adrenocorticos- 
teroid secretion was suppressed by administration of 
dexamethasone, the binding of aldosterone was in- 
creased further (Fig. 17) in a similar way as cortisol 
binding is augmented in such serum (23). On the 
other hand, if the cortisol level was elevated by ad- 
ministration of adrenocortieotropie hormone (ACTH),  
aldosterone interaction was reduced. These results 
indicate that aldosterone-binding macromolecules are 
present in the serum, and that cortisol competes with 
aldosterone for the binding sites. When the aldo- 
sterone-binding sites become saturated by increased 
amounts of the hormone, the binding affinity is de- 
creased to a lower level, presumably that of albumin 

�9 FIG. 21. FIG. 23. 
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FIG. 24, 

(Fig.  18). All these results are in accordance with the 
assumption that  the aldosterone-binding macromole- 
cule is identical with the cortisol-binding transcortin.  
Whether  this is the case, or whether other closely re- 
lated proteins are involved in the interactions can 
be clarified only with the isolated pure  proteins (22). 

When we dialyzed normal  ra t  serum vs. serum f rom 
adrenalectomized rats, we noticed that  at equilibrium 
more corticosterone was bound to the adrenaleetomized 
than to the normal  serum. The reason was found to be 
an increased " t r a n s c o r t i n "  (in strict usage, the ternl 
t ranscort in  should be reserved to the cortieosteroid- 
binding globulin of human blood) act ivi ty in the 
serum of the adrenaleetomized rats (Fig. 19) which 
became statistically significant ca. 48 hr a f ter  adre- 
naleetomy (23). The eortieosteroid-binding activi ty 
continued to rise to the four th  day (Fig.  20) and 
stayed at the elevated level for at least three weeks 
(24). S t rength  of interaction with cortieosterone 
(curve A in Fig. 20) and with cortisol (curve C) 
paralleled each other;  the serum of sham-operated ani- 
mals (curve B) did not differ f rom normal serum. 

I f  the rise in corticosteroid-binding activi ty was 
caused by the low eortieosterone level in the adrenal- 
eetomized rat,  adminis trat ion of the hormone should 
reverse the effect. F igure  21 shows that  this was the 
case. Inject ion of massive doses of eorticosterone into 
adrenaleetomized ra ts  reduced the C-values to ca. 
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one-fourth. A similar low combining affinity was 
obtained af ter  injection of equally high doses of eor- 
tieosterone into normal  rats  (24). 

The high corticosteroid-binding activi ty in the serum 
of adrenalectomized rats may  well be pa r t  of the 
explanation of the prolonged biological half-life for 
eorticosteroids in adrenalectomized rats  (25,26) and 
mice (27). hlcreased binding to a serum protein 
would diminish the statistical chance for  a cortieoster- 
oid molecule to interact  with steroid:metabolizing 
enzymes, or to cross cell barr iers  and enter pa thways  
of metabolism and excretion. The increase of corticos- 
teroid-binding sites may  be considered an a t tempt  of 
the organism to preserve the vi tal  hormone. Concern- 
ing the seeming paradox that  increased t ranscort in  
act ivi ty results in lesser avai labi l i ty of unbound, i.e. 
physiologically active, corticosteroid it should be re- 
membered that  the affinity of the reactive t issue,  or 
of the receptor sites, has to be high enough to detach 
the hormone f rom the binding serum protein in any  
case. 

I t  seemed of interest to investigate whether the 
changes in the t ranseor t in  level of the adrenaleeto- 
mized ra t  are reflected by changes in the composition 
of the sermn proteins. By  the elegant technique of 
equilibrium paper  electrophorcsis described by  Daugh- 
aday (28) it could be demonstrated that  the eortieos- 
terone-binding protein in serum of normal and adre- 
nalectomized rats  is an a-globulin (Fig. 22,23). Paper-  
electrophoretie analysis of sera f rom adrenalectomized 

TABLE VI  

C-Values for Cortisol (F) and  Cortieosterone (B)  

Species 

Human 
Monkey 

Rat 
Rabbi t  

Sheep 
Steer 

Starling 
Horse  
Guinea  pig 

Dog 
Pig 
Cat 

F/Bin a ~ C  

blood F - -  B 

10 0,77 
20 0.65 [ 1.00 

I 
0.05 1.22 1.86 
0.05 1.11 0.74 

O 

37C 

F 

0.32 
0.14 

0.22 
0.49 

0.17 
0.15 

0.20 
0.26 
0.17 

0.13 
0.09 
0.07 

B 

0.27 
0.29 

1.34 
0.51 
1.20 

0.30 
0.16 
0.16 

0.25 
0.26 

1.24 
0.26 
0.79 

0.23 
0.16 
0.22 

0.39 
0.48 

0.59 
0.27 

0.18 
0.13 

0.26 
0.17 
0.15 

0.13 
0.08 
0.10 

a Ratio of cortisol concn/corticosterone concn. 



JULY, 1964 ~u BINDING OF STEROIDS TO PROTEINs 489 

Fio. 27. 

rats  (Fig: 24) showed that  the a-globulin component is 
the only one of the eleetrophoretic serum components 
tha t  is significantly (P  = 0.01) increased in comparison 
to normal serum (24). However,  this increase is only 
ca. 15% above normal  whereas the rise in the corticos- 
teroid-binding activi ty is more than  100%. 

I t  was apparen t  in Figures  19 and 20 that  the trans-  
eortin system of the serum of adrenalectomized rats  
interacted more strongly with corticosterone than  with 
eortisol. F igure  25 shows tha t  the same relationship 
obtained for  normal  ra t  serum, at 4C as well as at 
37C (23)~ Since corticosterone is the principal  eorti- 
eosteroid of the rat ,  in contrast  to man who secretes 
eortisol as the main glucocorticoid, it was of interest  
to test this relationship in human serum. I t  was ob- 
served (Fig. 26) that  in this case cortisol was bound 
more firmly than eorticosterone at 4C, whereas this 
was not the case at 37C. Serum from a dexamethasone- 
t reated subject behaved similarly. In  fu r the r  testing 
whether this specificity of the t ranscor t in  system for 
the species-specific eortieosteroid was a general phe- 
nomenon, the C-values for  corticosterone and eortisol 
were determined for  a number  of species. I t  is evi- 
dent f rom Table VI  that  the binding ratio of the two 
corticosteroids has no general relationship to the ratio 

:FIG. 29. 

of these two adrenal  hormones in the blood. A com- 
parison of the pairs  human-monkey,  ra t - rabbi t  and 
sheep-steer i l lustrates this clearly. Differences in the 
binding values of different species are considerable; 
we have also marked differences in different strains 
and in different individuals of supposedly the same 
strain. In  all sera that  we have analyzed by equilib- 
r ium paper  electrophoresis so far,  the high-affinity 
eorticosteroid-binding protein belongs to the a-globulin 
component (Fig.  27-29). 

In  cooperation with F. DeVenuto, U.S. A r m y  Medi- 
cal Research Laboratory,  Fo r t  Knox, Ky., the con- 
tinuous-flow pape r  eleetrophoretie technique was used 
to pu r i fy  the eorticosteroid-binding globulin of ra t  
serum. The separated fract ions were dialyzed against  
distilled water,  lypophilized and their  combining af- 
finity to cortieosterone determined by equilibrium di- 
alysis at 37C. F igure  30 shows the amounts  of protein 
obtained in the various fract ions f rom 65 ml normal  
r a t  serum, and the C-values for each fraction. Sur- 
prisingly, the highest cortieosterone-binding activi ty 
was observed in f ront  of the albur~fin peak, and not 
in the a-globulin component  as expected according 
to Figures  22 and 23. A similar exper iment  with hu- 
man serum (Fig.  31) showed a normal  location of 
the t ranseor t in  act ivi ty in the a-globulin region. 

To explain this paradoxical  behavior of ra t  serum 
which was consistently found in a n u m b e r  of experi- 
ments, the lyophilized fract ions were subjected to 
paper-s t r ip  eleetrophoresis at various p H  values. At  

FIG. 28. FIG. 30. 
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FIG. 31. 

p H  8.6, the fractions 24, 25 and 26, obtained f rom the 
f ront  shoulder of the albumin peak (Fig. 30) and 
containing the highest t ranscort in  activity,  migra ted  
as ~-globulin; fract ion No. 24 had a small contamina- 
tion of albumin, fractions No. 25 and 26 were free 
of albumin. This result  restored the accordance with 
Figures  22 and 23. Paper-electrophoretic analysis of 
these fractions and whole ra t  serum at p H  7.8, 7.0, 
5.5 and 4.0 revealed that  a reversal of the relative elec- 
trophoretie mobili ty of the t ranseort in-eontaining a- 
globulin fract ion and ra t  serum albunlin occurs at 
about p H  7. A similar elcctrophoretie behavior has 
been observed for the ~l-aeid glyeoprotein which be- 
comes a prealbumin at p H  values of approx  7 and 
lower (29). In  contrast, the t ranscort in-containing 
fract ion isolated by continuous flow paper  electro- 
phoresis of human serum (Fract ion 19 of Fig. 31) 
shows even at  p H  4 an electrophoretic mobili ty slower 
than  that  of human albumin. The abnormal  electro- 
phorctic behavior of the t ranscort in-eontaining ra t  
serum fract ion on the paper  curtain (Fig. 30) is in- 

T H E  J O U R N A L  OF T H E  A M E R I C A N  0 I L  C H E M I S T S '  S O C I E T Y  V O L .  4 1  

t e rpre ted  as caused by a decrease of p H  on the paper  
due to the low buffering capaci ty of the veronal  buf- 
fer  used (~ 0.02). 

Although these results will have to be verified with 
the pure  corticosteroid-binding globulins, they suggest 
characteristic differences in the physicochemical and 
biological propert ies  of the t ranscort in  systems of 
different species. 
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Lipid-Protein Interactions I 

D. G. THERRIAULT, United States Army Research Institute of Environmental Medicine, Natick, Massachusetts, 
and J. F. TAYLOR, Department of Biochemistry, University of Louisville School of Medicine, Louisville, Kentucky 

Abstract 
In teract ion of human serum albumin with 

phosphatidylserinc was studied by turbidimetr ic  
methods. I t  was found tha t  human  serum albu- 
min will bind phosphatidylserine.  Analysis by 
the law of mass action for mult iple equilibria has 
led to the conclusion that  human serum albumin 
possesses a heterogeneity of binding sites for phos- 
phatidylserine.  The max number  of sites and the 
respective affinity constants were calculated to be: 

K1 ---- 2.0 x 105, ni ---- 2 ; K2 ---- 1.3 x 103, n2 ---- 30 

1 Submitted in par t  as a thesis for the Ph.D. degree, University of 
Louisville. Carried out under  the graduate training program of the 
U. S. Army Medical Research Laboratory. 

Introduction 

I N PRACTICALLY EVERY cell and tissue, complexes of 
protein with lipid may  be found. Numerous studies 

have been carried out on protein-l ipid interactions, 
including protein-phospholipid,  p ro te in- fa t ty  acid, 
protein-steroid and protein detergent  systems. In  view 
of the occurrence of phospholipids in near ly  all ceils 
and the overwhelming evidence associating them with 
impor tan t  biological phenomena such as the t ranspor t  
of various molecules across membranes  (1 :3) ,  electron 
t ranspor t  (4-7) and blood coagulation (8-14),  the 
protein-phospholipid interactions would appear  to be 
most interesting. However,  pr~ogress has been slow 
in the s tudy of the physiocohemical na ture  of the as- 


