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Negative Cooperativity in the Binding of Thyroxine to 
Human Serum Prealbumint 

Robert N. Ferguson. Harold Edelhoch,* Harrj A.  Saroff. and Jacob Robbins 

with a n  addendum 

P r e pa ra t  i on of T r i t i u m - I- a be 1 ed 8 - A n i 1 i n o- 1 - n a p h t h a 1 en es u 1 fo n i c Acid 

Robert N .  Ferguson and Hans J .  Cahnmann" 

ABSTKACT: The binding of thyroxine (T4) and 8-anilino- I - 
naphthalenesulfonic acid (ANS)  to human serum preal- 
bumin was measured by equilibrium dialysis a t  p H  7.4 i n  
0.05 M phosphate--0.10 M NaCl at  25'. The data were ana- 
lyzed for the binding constants based on equations for ( 1 )  
two independent sites and (2) two identical sites with nega- 
tive interaction. Evaluation by the independent site model 
gave the following association constants: for T4 binding, 
K T I  = 1.0 X I O 8  M - ' ,  K T ~  = 9.5 X I O 5  M - I ;  for A N S  
binding, K A ~  = 9.5 X I O 5  M - I .  K,,2 = 2.1 X I O '  M- ' .  Thc 
interactive model gave constants k - r  = 5.5 X I O 7  M-' and 
h ,\ = 5.5 X I O 5  V - I .  Interaction factors, C Y ,  defined such 

I n t e r e s t  in thyroxine binding to human serum prealbumin 
has been stimulated by recent studies on the structure of 
this protein. PA'  is a very stable tetramer of identical sub- 
units (Branch et d., 1971b; Morgan et ul.. 1971: Gonzales 
and Offord, 1971) with a twofold axis of symmetry and a 
channel through the center of the molecule formed by the 
subunits (Blake et a / . ,  1971, 1974). Although there appear 
to be four binding sites for retinol-binding protein (through 
which PA participates in vitamin A transport) (Van Ja-  
arsveld et al.,  1973), recent reports ha\re described only a 
single site for thyroxine (Pages et a/ , ,  1973: Raz and Good- 
man, 1969). Nilsson and Peterson (1971) found three low 

t From t h e  Clinical Endocrinology Branch and the Laboratory of 
B i o p h ~ a i c a l  Chemistry. Yation:il I natitute of Arthritis. Metabolism. 
and Digestive liirea\er. N;itionol In\titutes of He:ilth, Hethesda, Mary- 
i'ind 2001 4. l irwivrd Jirrir / 7 .  1974 

' Abbreviation5 u\ed arc: P A .  serum prcalbumin; Ta. (.-thyroxine; 
T1. 3.5.3'-triiodo-l.-thyronine: ANS. R-anilino-I-naphthalenesulfonic 
acid: Mg-A\S  and h t14-ANS. magnesium and nmrnonium salt of 
Z\S. respectivclq: DNS-glycine. I-dimethqlaminonaphthalene-S-sul- 
fori1 Igi!cine. 

that -RT In a is the energy of interaction, were: (YT = 
0.041 and N A  = 0.62 for T4 and ANS. respectively. The 
"best fit" values for the number of sites were 2.0 and I .6 for 
T4 and ANS,  respectively. The binding of 7'4 to human  
prealbumin was competitive with A N S ,  and the binding 
constants evaluated from competition experiments were in 
agreement with those found for each ligand when studied 
separately. On the basis of analysis of X-ray data of human 
prealbumin (Blake et al. ) there appear to be two identical 
T4 sites. It is therefore evident that the binding of T 4  repre- 
sents a case of negative cooperativity which is presumably 
due to interaction between ligands. 

affinity sites for T4 in addition to one strong site, but the 
method used did not permit an accurate evaluation of the 
binding parameters. 

Since PA exhibits twofold symmetry, i t  is somewhat 
unexpected to find only a single site for T4 binding. I n  ou r  
previous work (Pages et al., 1973) we found that various T4 
analogs were apparently bound to either one or two high af- 
finity PA sites. Working with higher concentrations of  T4 
we have now found a second, much weaker binding site for 
Tj. I n  preliminary studies (Branch et d.. 1971a) we ob- 
served that the fluorescence probe, 8-anilino- 1 -naphtha- 
lenesulfonic acid, was bound to two equivalent sites and 
that ANS fluorescence was quenched by T., in  a manner 
suggesting cornpetition for the same site o r  sites. Due to the 
complexity of the T4-ANS competition a more direct nieth- 
od of measuring this interaction was necessary; therefore, 
the equilibrium dialysis technique was applied to a study of  
[ 3 H ] A N S  binding and also to the T4-ANS interactiorl. The 
results reported herein are  compatible with the presence of  
two sites on PA for both T4 and ANS.  The constants for the 
interaction of T4 with PA based on two models are evalu- 



T H Y R O X I N  B I N D I N G  T O  P R E A L B U M I N  

ated: (1) binding to two independent sites or (2) binding to  
two identical sites with negative cooperativity. 

Methods and Materials 
Prealbumin. The human prealbumin was obtained from 

Behring Diagnostics and was purified by preparative poly- 
acrylamide gel electrophoresis as  described previously 
(Branch et al., 197 1 b) yielding protein migrating as a single 
band with a higher mobility than albumin. Prealbumin con- 
centrations were determined spectrophotometrically a t  280 
nm ( E l  cm(l%) = 14.1) (Raz  and Goodman, 1969). All the 
dialysis data  were obtained on a single preparation of preal- 
bumin. Differences in the number of ligands bound, there- 
fore, cannot be attributed to differences in the quality of 
prealbumin. 

L-Thyroxine. The sodium salt of T4 was obtained from 
Calbiochem. Purity was checked by thin-layer chromatog- 
raphy (tlc) on silica gel (Ogawara and Cahnmann, 1972) 
and by gas-liquid partition chromatography (Funakoshi 
and Cahnmann, 1969). The  concentration of T4 was deter- 
mined from its absorption in 0.01 M N a O H  using a molar 
extinction coefficient a t  325 nm (in 0.01 M N a O H )  of 6180 
(Edelhoch, 1962). [1251]T4 (in 50% propylene glycol) was 
purchased from Abbott Laboratories. Chemical and radio- 
chemical purity was checked by tlc and autoradiography. 
Iodide was usually the only contaminant and was removed 
immediately before use by ion exchange chromatography 
on AGSOW-XI2 (Bio-Rad). 

Equilibrium Dialysis. The method used was a modifica- 
tion of the procedure described by Raz  and Goodman 
( 1  969). Dialysis bags were prepared from No. 20 cellulose 
dialysis tubing (Union Carbide) which had been boiled for 
30 min in 0.2 M NazCO3-1 mM EDTA and then washed 
extensively with distilled water. The bags were stored in 
50% v/v ethanol-water. The prepared bags were filled with 
1.5 ml of the protein solution, and placed in cellulose nitrate 
tubes (Beckman No. 302236) containing 5 ml of the buffer 
and ligand. The tubes were stoppered, placed upright in a 
horizontal shaker, and agitated for 20-24 hr a t  room tem- 
perature (25 f l o ) .  

Preliminary experiments were performed both with and 
without protein and showed equilibrium of T4 and A N S  
under these conditions. Adsorption of A N S  to either the 
tubing or cellulose nitrate tubes was negligible as  shown by 
recovery of 95-102% of added radioactivity. Recovery of T4 
was also excellent a t  lower concentrations but fell to 85- 
95% above 3 p M  T4 because of low solubility a t  pH 7.4. 
Since most data  were obtained at  lower T4 concentrations 
the error from this source was relatively small and was not 
used in corrections for recovery. In the T4 experiments a 
correction was made for radioactivity present as  12sI- a t  the 
end of the dialysis. The method of Sterling and Brenner 
(1966) was used and gave 1-4% contamination by 12sI-. 
The assumption was made that there was no appreciable 
binding of I -  to prealbumin. With both A N S  and T4 it was 
shown that the same equilibrium distribution was obtained 
whether the ligand was originally inside or outside of the 
bag. 

After dialysis, I-ml aliquots of both inside and outside so- 
lutions were removed for counting. [1251]T4 samples were 
counted in a well-type scintillation counter; 1 ml of 
[3H]ANS samples was added to 10 ml of Aquasol (New 
England Nuclear) and counted in a liquid scintillation 
counter. Response was linear over the A N S  concentrations 
used in these experiments and no correction was required 

9 
99.0 -8.0 -7.0 -6.0 -5.0 

LOG CONC. TU 
FIGURE 1: Binding of ['251]thyroxine to human serum prealbumin. 
Concentration of PA, 0.50-0.94 f iM;  (-) Calculated from eq 1 with 
constants of Table I; (- - -) calculated to show effects of f 0 . 2  on 
values of log K T ~  and log K T ~  of Table I .  The abscissa (log concentra- 
tion T4) is log CT and the ordinate (number bound T4) is VT. 

for difference in counting samples in the presence of preal- 
bumin (-1 p ~ ) .  Calculations were carried out as  described 
by Raz and Goodman (1969). In the competitive binding 
experiments, labeled T4 and unlabeled A N S  were used. 

Buffer. The buffer used for all of the experiments was 
0.05 M potassium phosphate-0.1 M NaCI-1 mM Na2ED- 
TA, adjusted to pH 7.4. 

Results 
Binding of T4 to Prealbumin. Two molecules of T4 bind 

to P A  a t  physiological pH in the concentration range of free 
T4 varying from 2.5 X to 2.5 X I O d 6  M (Figure 1 ) .  
The upper concentration limit is close to the solubility of T4 
in aqueous solutions at  neutral pH.  The  binding constants 
of T4 were determined by the method of least squares2 for a 
model containing two independent sites according to 

where K T ~  and K T . ~  are  the apparent association constants 
for the binding of T4 to each site, C T  is the molar concentra- 
tion of T4 free in solution, n T  is the apparent number of 
binding sites, and CT. is the molar ratio of bound T4 to total 
PA. The data are  presented as  YT vs. log C T  i n  Figure I .  
The values of the apparent constants determined by the 
method of least squares a re  listed in Table I. In  order to dis- 
play the difference in binding constants in the more conven- 
tional form, a Scatchard plot is shown in Figure 2. 

Figure 1 also shows two dashed curves which are estimat- 
ed error boundaries for the data  and which reflect an as- 
signed uncertainty of f0.2 log unit in K T I  and K T ~ .  n T  is 
set a t  the value shown in Table I ,  [ .e . ,  2.04. It should be 
noted that the value of nT becomes an important parameter 
in later analysis, as  will be seen in the discussion of the error 
in n T  in the combined fit model. 

All references to "best fit" refer to  the method of data analysis by 
least squares. 

B I O C H E M I S T R Y .  V O L .  1 4 ,  N O .  2 ,  1 9 7 5  283 
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Table I: Constants for the  Binding of T4 a n d A N S  to Pre- 
albumin. 

T ,  (31 points) Ans  (40 points) 
Independent Sites 

Log l < T i  8. 02 M - I  Log KAi 5.98 M-1 

\.a? b 

Log k ,  7. 74 11-1 Log 12, 5. 74 hi-1 

Log K,? 5.98 v-' Log liA? 5. 32 M-1 

' [T 2.04 '1.4 1.64 
0.049 -,. *2 0.043 d - 

Interactive Model 

N T  0.041 Q A  0.619 
' 2  T 1.99 ' IA  1.64 
c a? 0.042 c A? 0.048 

~ 

// 

5.85 M-I 

2.00 
0.048 

5 .  65 wi  
0.681 
2.00 
0.073 

5. 26 M a *  

a Value of binding constants when n is fixed a t  2.00 with a 
correction factor for concentration of ANS equal to 1.23. 

The  symbol 8 A 2  is the  sum of the squares of the  differ- 
ences between the  exDerimental and calculated values. 

Table 11: Relative Concentrations of Various Species for 
Interactive Model for the  Binding of T4 to Prealbumin. 

Species Relative Concu 

Zero T, bound 1 
One T, bound 212, CT 

Two T ,  bound kT2CTL cy 

The difference between the constants for Tq is a factor of 
about 100. Since PA is a tetramer of identical subunits it is 
reasonable to assume that the two binding sites could be 
equivalent and that  the difference in binding results from 
an interaction between the two molecules of T4 when bound 
to PA. If  an interaction factor a is defined such that -RT 
In N is the energy of interaction then the various species 
may be defined as listed in Table I1 where the symbol k T  is 
the constant for the binding of T4 to one of the two equiva- 
lent sites. These species then give the eq 23 for the binding 
of T4 to PA.4 

Binding o f A N S  to Prealbumin. The data  for the binding 
of A N S  to prealbumin are illustrated in Figures 2 and 3 .  
These data are  also interpreted to give a maximum of two 
molecules of A N S  bound per tetramer of PA in the region 
of free ANS concentration varying from 2.0 X IO-' to  5 X 

M. When the data were treated in the same way as 

3 There a re  three basically different ways of applying an  interactive 
model to achieve a good fit to the data  (Saroff and Yap, 1972). These 
are: ( I )  an  unperturbed constant for the binding of the first ligand 
( K I )  where the equation is as given in the text; ( 2 )  an  unperturbed 
constant for the binding of the last ligand where the equation is 

~ I l T / i T C T N T ( 1  +- kTlc,) 

b T  = 1 + 2k,cToT + l:,?c,'r 

and (3)  an unperturbed apparent ligand affinity where the equation is 

The first choice is considered most reasonable because of the likelihood 
of ligand-ligand interactions as  discussed in the text. 

Though eq I and 2 are  based on completely different models they 
cannot be used to analyze the data  in order to distinguish between the 
two models since they a re  mathematically equivalent, i . r . .  K Z  = k ~ [ l  
- ( I  - K I  = k ~ [ 1  + ( I  - a) ' :2 ]  when n = 2 

0 
0 

I I I 
& 

E 

:\ 
o /  b- 

1 B  R 

U 0.0 0.5 1.0 1.5 2.0 
ij 

F I G U R E  2: Scatchard plot of (A) the data  in Figure 1 and (B)  the data  
in  Figure 3. The  lines are the calculated curves from the constants in 
Table 1. 

Q 

97.0 -6.0 -5.0 4 . 0  -3.0 
LOG CONC. ANS 

FIGURE 3: Binding of [3H]ANS to human serum prealbumin. Con- 
centration of PA, 1.7-7.3 FM. (-) Calculated from eq 1 with con- 
stants shown in Table I .  (- - -) calculated to show effects of f 0 . 2  on 
values of log K A ~  and log K A ~  of Table I .  

those for T4, the two apparent constants listed in Table I ,  
i.e., 9.55 X lo5 and 2.09 X lo5 M-', were obtained. The 
value of the fitting parameter n~ evaluated by the curve fit- 
ting procedure was 1.64. The best fit and estimated error 
boundary curves, constructed for the ANS data  in the same 
manner as for the T4 data, are  shown in Figure 3. Analysis 

284 B I O C H E M I S T R Y ,  V O L .  1 4 ,  N O .  2 ,  1 9 7 5  
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3 -  
0 m 

l 6  & /  A 

0 J 
9 9 . 0  -8.0 -7.0 -6.0 -5.0 -4.0 

LOG CONC. 
FIGURE 4: Data for the competitive binding of ['251]T4 and unlabeled 
ANS to prealbumin. Concentration of PA. 0.99-1.6 W M ,  (0) Binding of 
T4 to PA; (+) binding of T4 to PA when total concentration of A N S  = 
2.88 X M; (0) binding of Tq to PA when total concentration of 
ANS = 7.74 X M. Abscissa for these three sets of data is the log 
concentration of free Tq. (A) binding of A N S  to PA, log concentration 
refers to free ANS.  All curves calculated from eq 3 with constants of 
Table I V ,  part IA .  

of the data  by the interactive model gave k A  = 5.50 X I O 5  
and aA = 0.619. Whereas the data  for the binding of T4 to 
PA show a marked difference in the constants for the two 
ligands ( K T , / K T z  = 110), those of A N S  show only a small 
difference in the two constants (the ratio of K A I / K A Z  = 
4.6) .  Equation 1 is expressed so that identical sites would 
give the same value for K I and K z .  

Competitive Binding of T4 and ANS.  The data present- 
ed so far have shown that both T4 and A N S  bind to two 
sites on PA. This binding was clearly shown to be competi- 
tive by dialysis experiments with both ligands present. 
These experiments showed the expected displacement of the 
T4 binding curve due to the concentration-dependent com- 
petition of A N S  for the T4 sites on PA. The same conclu- 
sion was drawn from data  derived from fluorescence and 
absorption experiments (to be published elsewhere5). Fur- 
thermore, [3H]ANS was shown to be largely displaced 
from PA by T4 where the initial concentrations of A N S  
gave i~ > I ,  indicating competition a t  both sites. Conse- 
quently, we have developed models based on the competitive 
nature of the ligand binding to PA which quantitatively de- 
scribe the system. The equation for the competitive binding 
of T4 may be formulated by considering the relative concen- 
trations of the various species listed in Table 111. When the 
simultaneous binding of T4 and A N S  to their respective 
strong or weak sites is not allowed (Table I I I ) ,  the binding 
of T4 to PA is given in 

VT = - 

( ~ / ~ ) ( K T ~ C T  + K T ~ c T  + K T i C T K A 2 C A  + 
K T & C T I < ~ ~ C A )  + nKT2CT2 

Unpublished data by the authors. 

-- 
Table 111: Relative Concentrations of Species for the  Simul- 
taneous Binding of T4 and ANS to Prealbumin. -- 

Species Relative Concn 
Zero binding 
1 T, on s i te  1 
1 T, on s i te  2 

1 ANS on s i te  1 
1 ANS on s i te  2 
2 ANS 
1 T, on s i te  1, 1 ANS on s i te  2 
1 T, on s i te  2, 1 ANS on s i te  1 
1 T, on s i te  1, 1 ANS on s i te  1 
1 T ,  on s i te  2, 1 ANS on s i te  2 

2 T ,  

Table IV: Competitive Binding of T4 and ANS.a 

Log Log Log Log 
K?l  KT2 K A l  I'A2 E A Z  (93 
(M-1)  (M-1) (M-1) h - 1 )  ii points) 

I. Independent Sites 
A .  Uncorrected 8.23 6.44 5.92 5.06 1.79 0.287 

fo r  ANS 
concent ra -  
tion 

for ANS 
concentra- 
tion 

B. Corrected 8.10 6.00 5.69 5.18 2.1h 0.453 

~~~~~ 

Log Log '< T 1: A ZA' (93 
i i 4 -1 )  aT h-') a A  aiAT i i  points) 

11. Interactive Model 
A.  Uncorrected 7.87 0.054 5.71 0.27 0.26 1.88 0.284 

for ANS 
c onc ent ra- 
t ion 

for ANS 
concent ra- 
ti on 

B. Corrected 7.79 0.032 5.60 0.55 0.56 2.1' 0.539 

a Data collected a t  two concentrations of ANS: 7.74 x 
and 2.88 X 10-5 M. Maximum allowed value. 

This equation was applied to the following data simulta- 
neously to give the best fit: (a) T4 binding data, c,\ = 0; (b) 
A N S  binding data ,  CT = 0; (c) competitive binding data 
when C A  = 7.74 X IO-' M and C A  = 2.88 X M .  Since 
c A  >> PA, the concentration of free A N S  was considered to 
be constant. The  results of this fit to the combined data are 
given in Figure 4 and Table IV, part IA, where i t  can be 
seen that the values for the four association constants are  
similar to the values in Table I. The best value for n in  the 
combined data analysis is 1.79. When eq 3 was evaluated 
with the terms K T ~ C T K A Z C A  and K T ~ C T K A ~ C A  replaced by 
those not allowed in Table 111, the model did not fit the 
data. 

Table IV, part IIA, includes the constants for the equa- 
tion for two identical and interacting sites for both T4 and 

B I O C H E M I S T R Y ,  V O L .  14, N O .  2 ,  1 9 7 5  285 
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A N S  binding. With this interpretation of the data  an added 
factor, NAT, for the interaction between the two ligands, TJ 
and ANS. is required. The interactive equation for the 
binding of T4 and ANS is 

OZ/Z) (2kT c T + 212, r,I?,c, C Y A T )  -t 1112,2 CT2 fYT 
- 
1J 

= 1 + 2kTcT t kT2cT2cyT + 2kAc,  + i:,2c,'cuA + 
2kT CTk,C,(Y,, 

(4 ) 

The value of CY~,T = 0.26 is reasonable for this model. How- 
ever, the drop in CYA from 0.62 (virtually no interaction) for 
the binding of ANS to PA in the absence of T? (Table I ) .  to 
0.27 in the presence of T4 (Table IV. part IIA) requires 
some explanation. This drop appears to be related to the 
distortion of the binding curve introduced by variation in 
the apparent number bound, n, discussed below. 

Error Analysis. There is no apparent reason for the dif- 
ference i n  the parameter n for the two ligands. 9.04 and 
1.64 for TJ and ANS,  respectively (Table I ) .  Since the 
value of T4 was close to 2, one assumption was that an error 
in  A N S  concentration was the reason for the I O N  A N S  
value. However, when the ANS concentration was adjusted 
to  give ti = 2.0 by introducing another parameter reflecting 
a constant error in A N S  concentration, no improvement i n  
the f i t  of the data to either eq 1 or 2 was found since 
remained the same or became larger (Table I ) .  

I n  the case of the fit to the competitive data with both 
models (Table I V ,  parts I A  and IIA) the values found for I I  

a e r c  1 .?9 and 1.88. These values constitute a significant 
shift from those obtained for the independent data (Table I )  
where n 1- N 2.00 and n.4 = 1.64. This makes it difficult to 
compare the values for the association constants and inter- 
itction terms. N ,  derived from the data uncorrected for .4hS 
concentration in Tables I and IV. When A N S  concentra- 
tion was adjusted as described in the preceding paragraph 
and n was fixed at  2.0 f 0.1, a second set of parameters 
u a s  obtained (Table IV. parts IB and IIB). The fits to the 
data are not as good as those with the concentration of' 
AhS remaining uncorrected since ZL2 is now larger. H o u -  
ever the value of CY,,\ is now closer to that derived froni the 
uncorrected data for A N S  alone (0.55 in Table I V .  part  I I B  
comparcd to 0.62 in Table I ) .  

Discussion 
I n  a recent study of the binding characteristics of PA we 

have reported (Pages et al., 1973) that two molecules of 4- 
hldroxy-3,5-diiodobenzaldehyde are bound whereas only 
one molecule appeared to be bound for each of the fol- 
lou ing compounds: T4. T3, 3.5-diiodo-3',5'-dinitro-i--th~- 
ronine. 3-(4-hydroxy-3,5-diiodophenyl)propionic acid. and 
4-hydroxy-3.5-diiodocinnamic acid. All the iodinated ana- 
logs had binding constants similar to that of TJ. including 
the aldehyde analog where t w o  molecules are bound u i th  
similar affinity, ;.e., 5.5 X I O 5  M-', Fluorescence studies 
ui th  A V S  and equilibrium dialysis with ['HIDNS-glycine 
shoned t \ i o  sites for each molecule with similar binding 
conbtantb. The results obtained with A N S  by lluorescence5 
havc been confirmed by equilibrium dialysis. In  the present 
\ tud \ .  [ 'H \AYS was used and gave an affinity constant 
winewhat greater than that derived from fluorescence mea- 
surenienth. The binding constant! of [?H]DNS-glycine was 
3 . 0  X IO '  \ i - j  and n was equal to 2.0. 

The binding of A N S  was observed to be competitive with 

T1 since the fluorescence of the bound A N S  could be elimi- 
nated by T4 (Branch et al . ,  197 1 a) .  Attempts to analyze the 
fluorescence data based on competition between two bind- 
ing sites for A N S  and one for T? were unsuccessful. I t  has 
now been found, however, using greater concentrations of 
T4 than previously, that TJ binds to a second site, although 
with a much reduced affinity. The competition between T1 
and AKS has now been evaluated directly by equilibrium 
dialysis. 

Recent information concerning the structure of PA helps 
to clarify the ligand binding studies. I t  is almost certain that 
the four subunits ( M ,  13,500) have the same amino acid se- 
quence (Morgan et al..  I97 1: Gonzales and Offord, 197 I). 
The three-dimensional structure of PA has also been largely 
resolved bg the work of Blake and colleagues ( I97 1 .  1974). 
Circular dichroic spectra (Branch et al . ,  1971b) reveal it 

large content of 6 structure which appears from the X-ray 
studies to form a considerable part of the surface of the sub- 
units. According to Blake et al .  the tetramer is formed by 
rotating the dimer about the horizontal twofold axis. The 
interface between the two dimers then forms ;I channel 
which contains the binding sites. I t  is of interest that the 
second site of T j  binding was independently found by bind- 
ing studies and predicted by X-ray studies bg Blake et ul. 
(personal communication). Thus. with a depiction of the 
binding sites by the X-ray work, an explanation of the vari- 
able number of binding sites for different ligands can be at- 
tempted. 

The second site for T j  with its lower association constant 
has, therefore, a free energy of binding 2.8 kcal higher than 
that of the first site. The shape of the binding curve may be 
defined by K T Z / K T ~  which is about 0.01 (negative coopera- 
tivit!). The interaction energ) by the model presented 
above is -RT  In c k  or 1.9 kcal. I t  is reasonable to  assume 
that a second site a i t h  a much loir,er affinity also exists for 
T? and the other analogs and we have verified this for the 
case of T3 by equilibrium dialysis.> It is of interest in  t h i j  
connection to note that 4-hydroxg-3.j-diiodoben~aldehyde. 
which binds to two high affinity sites, differs froni 3-(4- 
h>droxy-3,5-diiodophenql)propionic acid and 4-hydroxy- 
3.5-diiodocinnamic acid, which bind to only one high affini- 
t y  site. in the size of the side chain on the diiodqhenol ring. 
I f  the side chain is situated in the interior of the channel 
and the phenolic hydroxyl on the outside. as seems likely 
since the apparent pK,  values fur T4 and Ti are not very 
different from those found in their free states (Yilsson and 
Peterson. 1971). then there ma! not be enough space for 
both side chains in the cases o f  the propimic and cinnamic 
acid analogs. Alternatively. the negative charge of the car- 
boxyl group could inhibit the binding of thc second ligand 
b) electrostatic effects without requiring actual coverage by 
one ligand of part of the second site. I n  the case t h a t  the ste- 
ric overlap or electrostatic interaction is marked. the bind- 
ing of the second ligand mal  be s o  u c a k  t h a t  i t  is not ob- 
servable in the concentration range of ligand allowable by 
its solubility. 

The binding constants for T1 and A Y S  havc therefore 
been determined b) two models. referred to as  the "indc- 
pendent sites" and "interactive" models. The  two models 
cannot be distinguished by analysis of  the data since they 
are formall) equivalent.? However. u distinction between 
the t u 0  models may be made b> considering Lidditional 
data ,  T h us . t M o i n  01 cc u I es o f 3- h > d r o x > - 3 .5 - d i i  odo be n I a1 - 
dehqde bind to P A  with similar and high af'finity and two  
molecules of both :\US and D h S - g l j c i n e  bind with ap- 
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proximately equal but with much lower affinities. These 
data  and those from the X-ray results make it reasonable to  
consider that the difference in the binding energies of T4 re- 
sult from an interaction either between two ligands (steric 
or electrostatic) or between the two sites (conformational). 

It is difficult to distinguish between ligand-ligand and 
site-site interactions in the absence of X-ray data  which 
preclude the former. Subunit interactions a re  usually in- 
voked in the case of hemoglobin because the heme groups 
a re  isolated from each other by the globin molecules and 
cannot interact directly by contact (Perutz, 1970). Site-site 
interactions through a ligand-induced conformational 
change have been invoked to explain "half-of-the-site" re- 
activity of numerous multisubunit enzymes (Lazdunski, 
1972). Site interactions have also been suggested as  a mech- 
anism to explain the binding of insulin to its weaker mem- 
brane-receptor binding sites (De Meyts et al., 1973). 

It is intrinsically very difficult if not impossible to rule 
out a conformational effect, since it could be very small and 
involve only a very limited number of residues. There are  
two considerations which could be cited against a confor- 
mational control of binding. The first is that two molecules 
of 4-hydroxy-3,5-diiodobenzaldehyde, which is a T4 analog, 
are  bound almost with the same affinity as  the first T4. The 
second is less direct and relates to the stability of PA. It has 
been shown (Branch et al., 1972) that a t  neutral pH,  P A  is 
one of the most stable proteins known since it resists dena- 
turation (and dissociation) in 8 M urea-0.10 M sodium do- 
decyl sulfate, and concentrations of guanidinium hydrochlo- 
ride close to 6 M. Thus, it seems unlikely that site-site inter- 
actions explain the complexity of binding of T4 and its ana- 
logs to PA.  

Addendum: Preparation of Tritium-Labeled 
8-Anilino-l -naphthalenesulfonic Acid 

In contrast to unlabeled A N S  which has been used in 
previous dialysis experiments (Stryer, 1965; Brand et al., 
1967) radioactive A N S  gives precise and accurate data  over 
a wide concentration range. However, it is not commercially 
available and the only literature procedure for its prepara- 
tion (Parker and Osterland, 1970) yields an unpure product 
of low specific activity. 

The  present work describes a simple method for the prep- 
aration of chemically and radiochemically pure [3H]ANS 
of high specific activity. Other than normal laboratory 
equipment all that is required is a simple glass apparatus 
connected to a diffusion pump which can produce a vacuum 
of Torr. 

Materials and Methods 
Mg-ANSI (Eastman Kodak, Rochester, N.Y.) was 

81.5% pure based on its absorption a t  351 nm (see Results); 
"CANS (Pierce Chemical Co., Rockford, Ill.) was 93.0% 
pure by the same criterion. 3H20 (10 mCi/pl) was obtained 
from New England Nuclear, Boston, Mass; Platinum Black 
(fuel cell grade) was from Engelhard Industries, Newark, 
N.J.; basic aluminum oxide (alumina catalyst AL-OI 09-P) 
was from Harshaw Chemical Co., Cleveland, Ohio; the cat- 
ion exchange resin AG50W-X4, 30-35, p, 1.2 mequiv/ml 
resin bed, from Bio-Rad Laboratories, Richmond, Calif. 

Thin-Layer Chromatography. Solvent 1, toluene-metha- 
nol-acetic acid (8:1:1), freshly prepared for each run; sol- 
vent 2, upper phase of ethyl acetate-methanol-0.1 M 
NH40H (5:2:3). Silica gel plates (Q1 and Q1-F) were ob- 
tained from Quantum Industries, Fairfield, N.J .  Chromato- 

13mm OD 

A-1 
A 

FIGURE 5 :  Glass apparatus for preparation of exchange reaction. ( A )  
Reaction vessel containing a magnetic stirring bar A-I ;  (B) sealed 
3HzO container; (B-1) magnetic bar; (C) adapter to connect A with B 
and both to a vacuum line (at C-1); C-2 is an air inlet. 

grams were sprayed with a mixture of 470 ml of toluene, 40 
ml of 95% ethanol, and 40 ml of Liquifluor (New England 
Nuclear). The plates were dried and exposed to Kodak X- 
ray film SB-54 at  -20 to -30'. 

Labeling Procedure. Since A N S  is somewhat light-sensi- 
tive,6 the entire procedure was carried out in the dark or in 
subdued light. The crude Mg-ANS (1 04 mg) and Pt Black 
(150 mg) were placed in the bulb of the reaction vessel A 
(Figure 5 ) .  A constriction was then made a t  A-2 and 250 1 1  
of 20 mM ethanolic N a O H ,  prepared by mixing 1 volume of 
1 M N a O H  and 49 volumes of absolute ethanol, was added. 
Both A and B, the latter containing 200 mCi of 3 H 2 0  in a 
volume of 20 PI,  were connected to C.  The lower part of A 
was immersed in liquid nitrogen and the 3H20 was distilled 
into it a t  a vacuum of Torr using standard proce- 
dures. Oxygen remaining in the reaction mixture was re- 
moved by three successive freeze-thaw cycles. Finally, A 
was sealed a t  A-2 with a glassblower's torch at  a vacuum of 
< 1 0-4 Torr. 

The reaction mixture was magnetically stirred in an oil 
bath at  90' for 6 days. Initially it was semisolid, but soon 
turned into a green liquid (except for suspended Pt  Black). 
After 6 days the original green color had assumed a slight 
yellowish tint. Stirring was continued without heating for 
another 6 days. 

After cooling, the ampoule was opened and the reaction 
mixture, after dilution with -10 ml of cold methanol, was 
centrifuged (3 min a t  6000 rpm). The clear supernatant was 
evaporated and easily exchangeable tritium in the residue 
removed by two dissolution-evaporation steps using 0.8% 
acetic acid in methanol followed by one step using methanol 
as  solvent. All solutions were permitted to stand for 0.5-1 
hr prior to evaporation. 

When a 1.6 X M aqueous solution of A N S  was kept for 6 
weeks a t  room temperature in normal laboratory light, its absorbance 
a t  351 nm decreased by 9.9%. A similar solution kept in the dark lost 
only 0.3% of its original absorbance. 
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f - i c L K E  6: Elution profiles of [ 'HIANS. Adsorbent and eluent, see 
Materials and Methods. (A)  Column 1: f low rate, 23 ml/hr: 2.3-ml 
fractions. (B)  Column 2: flow rate, 12  ml/hr :  3.5-ml fractions. The 
slash lines indicate the limit of the pooled fractions. 

Purification of [ 3 H ] A N S .  The crude [ 3 H ] A N S  was pu- 
rified by two successive column chromatographic separa- 
tions on activated alumina which had been thoroughly 
washed with the eluent (solvent 2 for thin-layer chromatog- 
raphy; contamination with its lower phase should be avoid- 
ed). The eluate fractions separated into two phases on 
standing. Before aliquots for tlc or for counting purposes 
were removed, 0.5-1 ml of methanol was added to obtain a 
single phase. Aliquots for counting of radioactivity were 
mixed with 10 ml of Aquasol (New England Nuclear). 

The crude [ 3 H ] A N S  dissolved in 2 ml of eluent was ap- 
plied to column 1 (2.2 X 160 cm, 525 g of alumina). The  el- 
uate fractions containing the bulk of the A N S  were com- 
bined (Figure 6A) and evaporated. The residue was dis- 
solved in 2 ml of methanol and 1.5 ml of this was removed 
and stored for future use. The remaining 0.5-ml aliquot was 
evaporated and applied in 0.5 mi of eluent to column 2 ( I  .6 
X 78 cm, 135 g of alumina). The individual ANS fractions 
were evaluated by tlc and autoradiography. The pure frac- 
tions were combined (Figure 6B), evaporated, and dissolved 
in 5 ml of 95% ethanol. After a further purity check by 
spectrophotometry and determination of the specific activi- 
t y  the solution was stored in small sealed ampoules, in the 
dark, some at  -30' and others a t  - 196' (liquid nitrogen). 

Unlabeled AVS. Pure unlabeled ANS was prepared as a 
reference standard. Crude NH4-ANS (0.5 g) was dissolved 
in 10 ml of hot 95% ethanol. The solution was pumped 
through a column (0.9 X 1 5  cm) of freshly recycled 
AG50W-X4 ( H +  form). The jacketed column was poured 
and eluted with 95% ethanol a t  70'. The ANS-containing 
eluate fraction (25 ml) was evaporated, the residue was 
crystallized from methanol, and the yellow needles were 
dried a t  room temperature in a vacuum desiccator. 

Spectra. Absorption spectra were recorded with a Cary 
14 spectrophotometer which was calibrated for absorbance 
with neutral density filters prior to use. 

Results 
Table V shows that the recovery of A N S  in the final 

product was 77% and that 6.8% of the radioactivity used 
had been incorporated into [3H]ANS. From the data  given 
in Table V a specific activity of 64 Ci/mol is calculated for 
the pure [3H]ANS.  

~~ 

Table V: Chemical and Radiochemical Yields of A S S .  

P e r  Per 
Cent of Cent of 

In it ial A inoun t I i i i  t i :I 1 A c t ir i t y 
Preparat ion Step (mCi) Actiritv (111%) A m o u n t "  

Crude Mg-ANS - ' H 2 0  200 100 81 .8  100 

Crude 13H]ANS (after 21.9 11 

Pooled ['HIANS f rac-  19. 2 9. 6 

(before exchange) 

exchange) 

tions (first column) 

second 
P u r e  [ 7 ~ ] ~ ~ ~  (after 13 .5  6.8 63.2 77 

Amounts calculated as pure AXS. A 25% aliquot of the 
pooled [3H]ANS fractions from the  first column was put  on 
the second column (see text) .  Figures shown are adjusted to  
100%. 

The calculation of chemical and radioactive yields is 
based on the molar extinction coefficient of A N S  in water 
a t  351 nm. A value of 6240 was found using a pure refer- 
ence standard. The purity of the standard was ascertained 
by elemental analysis and by tlc in both an acid and alka- 
line solvent. Values of C, H,  and N were within 0.2% of 
theory. TIC revealed no trace of impurity, even with largc 
applications. The crystals of AKS melted sharpl) a t  2 2 6  
227' on the Kofler hot stage. 

The ultraviolet absorption spectrum of A h S  in  ua tc r  
shows peaks at  351, 266, and 216 nm. The ratio of the ex -  
tinction a t  these wavelengths is 1:3.1:7.9. The spectra of our 
[ 3 H ] A N S  and of the unlabeled reference compound \here 
superimposable between 210 and 400 nm. Since any ab- 
sorbing impurity would alter the extinction ratios. this is ;I 
good indication that the [ 3 H ] A N S  was also pure. Its puritb 
was further checked by tlc and by autoradiography. Uo la- 
beled or unlabeled impurity could be detected. 

Before arriving at  the labeling procedure described above 
(Materials and Methods) pilot experiments were carried 
out with 3H20  of low specific activity ( 1  mCi/g). These in -  
dicated that the solvent must be sufficientl! alkaline to pre- 
vent excessive decomposition of ANS on heating. Decompo- 
sition of A N S  in the course of the exchange reaction can be 
observed by a change of the color of the reaction mixture 
from green to brown. An exchange reaction should be t u -  
minated or the temperature lowered when the solution as- 
sumes a yellowish tint. However. i f  high specific activity is 
more important than high chemical yield. heating may be 
continued longer. In order to achieve a high degree of incor- 
poration of radioactivity in ANS, a catalyst ui th  a large 
surface area (25-35 m"g) was used, and all traces of oxy- 
gen, a catalyst poison, were removed by applying a vacuum 
of a t  least IO-4 Torr. 

Discussion 
The common methods for introduction of tritium into or- 

ganic compounds include synthesis, reduction, exposurc to  
tritium gas (Wilzbach method), exposure to tritium gas ac- 
tivated by a microwave discharge, and catalytic exchange 
with 3H20 or other tritiated compounds. Preliminary exper- 
iments and theoretical considerations led us to choose the 
latter method. 

Catalytic exchange of deuterium of "10 with hydrogen 
of aromatic compounds has been investigated by Garnett 
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and his coworkers (Brown and Garnett, 1958). The proce- 
dure is also applicable to tritium exchange with 3H20 (Gar- 
nett, 1962). In the exchange procedure described in the 
present paper, Garnett’s method has been improved (use of 
high vacuum) and simplified (omission of prereduction of 
the catalyst). In this manner a product of high specific ac- 
tivity is obtained in good yield. 

An accurate value for the molar extinction coefficient for 
A N S  is essential not only for the determination of the 
chemical yield and the specific activity of [3H]ANS, but 
also for a valid interpretation of equilibrium dialysis data 
obtained with unlabeled ANS.  However, various commer- 
cially available A N S  salts showed differing values for €350.  

Also, literature values for €350 vary widely: 4950 (Weber 
and Young, 1964), 5000 (Stryer, 1965), 5600 (Nagradova 
et a/., 1972), and 6000 (Dodd and Radda, 1969). We 
therefore prepared analytically pure ANS,  whose €351 = 
6240 is higher than any previously reported value. It ap- 
pears that  previous preparations of A N S  were not pure. 
This is supported by the finding that the recrystallization of 
Mg-ANS under various conditions results in a product 
which contains excess magnesium (Penzer, 1972). We also 
found that four recrystallizations of commercial Mg-ANS 
from water led to Mg-ANS with €351 = -6000 which still 
gave an incorrect elemental analysis. However, ion ex- 
change conversion of NH4-ANS to the free acid gave a 
product with an excellent elemental analysis after one crys- 
tallization from methanol. 

In order to store [3H]ANS for long periods of time (sev- 
eral years) we dissolved i t  in 95% ethanol which is known to 
prevent or minimize self-radiolysis of tritiated compounds 
(Bayly and Evans, 1966). 
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