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ABSTRACT: The rate of formation of human chorionic go- 
nadotropin from its CY and subunits has been measured a t  
neutral p H  and 37 OC as a function of subunit concentra- 
tion, using the fluorescence probe, I ,8-anilinonaphthalene- 
sulfonate (ANS), to monitor the reaction. The subunits 
were prepared by acid dissociation of the intact hormone 
(pH 5 2 ,  37 "C). Following neutralization, the rate of ap- 
pearance of ANS fluorescence was identical with the rate of 
recovery of receptor binding activity and both of these prop- 
erties were completely recovered. Kinetic data obtained 

T h e  placental hormone, human chorionic gonadotropin 
(hCG') ,  is a glycoprotein comprised of two nonidentical 
subunits, CY and p, held together by noncovalent bonds 
(Morgan and Canfield, 1971; Canfield et al., 1971). The 
subunits, which can be dissociated in acid or in  concentrat- 
ed solutions of urea, have been purified and their amino 
acid sequences determined (Carlsen et al.. 1973: Bellisario 
et al., 1973; Morgan et al., 1975). The individual subunits 
have little or no biological activity (Catt et al., 1973) but 
can be recombined at neutral pH to yield biological activity 
comparable to that of the native hormone (Swaminathan 
and Bahl, 1970; Aloj et al., 1973a; Morgan et al.. 1974). 
The rate of recombination is enhanced by elevated tempera- 
ture and low ionic strength. 

There is extensive homology between the primary struc- 
tures of the subunits of hCG and those of the corresponding 
subunits of three pituitary hormones, luteinizing hormone 
(LH) ,  follicle stimulating hormone (FSH), and thyroid 
stimulating hormone (TSH) (Ward et al., 1973; Shome and 
Parlow, 1974a,b; Pierce et al., 197 la .  1973). Within a given 
species, the N subunits are essentially identical, whereas the 
0 subunits, although highly homologous, are sufficiently 
different to confer target organ specificity. By combining 
the N subunit of a given hormone with the /3 subunit of an- 
other, one can prepare hybrids which have biological prop- 
erties characteristic of the hormone from which the 3 sub- 
unit was derived (Reichert et al.. 1969. 1974; Pierce et al.,  
I971 b; Rathnam and Saxena, I97 1 ). Consequentl), these 
hormones provide an interesting system for investigating 
subunit interactions. In addition, knowledge of the kinetics 
of subunit recombination may assist efforts to elucidate the 
biosynthetic pathway. This mechanism is important since 
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over a 100-fold range of subunit concentrations (1.5 to 146 
p M )  were not compatible with a simple second-order reac- 
tion scheme, but required a t  least one additional step. The 
data  were best fit by a model in which the subunits revers- 
ibly form an intermediate complex ( a  + is F? up)  which 
then undergoes a conformational rearrangement to form 
the native structure (CYP - H).  Ultraviolet difference ab- 
sorption measurements suggest that most of the change in 
the environment of the tyrosyl residues occurs during this 
second step. 

free cy and @ subunits have been found to circulate in  nor- 
mal patients (Kourides et al., 1975) as well as in patients 
with various pathological conditions (Rosen and Wein- 
traub, 1974). 

It has been proposed (Bewley et al., 1974; Ingham et al., 
1974; Reichert et al., 1974) that the mechanism of forma- 
tion of the native hormone from their subunits involves a t  
least two steps: a bimolecular association of the subunits to 
form a complex, a?, followed by a first-order rearrange- 
ment i n  which the complex acquires the conformation of the 
native hormone. Thus, a t  sufficiently low subunit concen- 
trations, the first step would be rate limiting and the kinet- 
ics would approach those of a second-order bimolecular re- 
action. At sufficiently high concentration, the rate of asso- 
ciation of the subunits would be rapid and the first-order re- 
folding step would become rate limiting. At intermediate 
concentrations, the kinetics would be intermediate between 
first and second order. 

Previous studies of the kinetics of recombination have not 
adequately explored the effects of subunit concentration on 
the rates. Such an approach is necessary i n  order to estab- 
lish the order of the reaction. A further complication stems 
from the fact that, in  many cases, the recovery of the prop- 
erties of the native hormones was substantially less than 
100%. Therefore, we have focused our attention on the ef- 
fect of concentration on the rate of recombination of the 
subunits of hCG, a hormone for which 1000/0 recovery of the 
physical and biological properties is routinelq obtained. The 
rate data have been analyzed in terms of several kinetic 
models in an effort to find the simplest model compatible 
with the experimental observations. 

Materials and Methods 
Highly purified preparations of hCG and its subunits 

(CR 1 17) were obtained from Dr. R.  Canfield of Columbia 
University through the Center for Population Research, 
National Institute of Child Health and Human Develop- 
ment, N I H .  The hormone had a biological potency of 
10600 IL'/mg by the rat ventral prostate weight assay and 
ca.  I4000 IL/mg by radioligand receptor assa), both based 
on the 2d international reference preparation. The N and /3 
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subunits had potencies less than 0.5% of that of the intact 
hormone. A second source of hCG was a commercial prepa- 
ration (Sigma) which was purified to a potency comparable 
to the CR117 preparation by gel chromatography (see 
below). Concentrations of hCG were based on the absorb- 
ance a t  276 nm using t 1.2 X l o 4  l./mol/cm (Ingham et al., 
1975). 

A N S  (Eastman) was used without further purification 
and its concentration was determined from the absorbance 
a t  350 nm using t 6240 l./mol/cm (Ferguson et al., 1975). 
Fluorescence measurements were made on a Perkin-Elmer 
M P F 3  fluorometer equipped with a thermostated cell hold- 
er and polarizing filters for measuring fluorescence polar- 
ization. A solution of quinine sulfate in 0.1 N H2SO4 was 
used to monitor the stability of the instrument. A N S  fluo- 
rescence was measured a t  470 nm using excitation a t  410 
nm. The corresponding wavelengths used in measuring 
tryptophan fluorescence were 340 and 280 nm. 

Gonadotropic activity was measured by radioligand re- 
ceptor assay using ['251]hCG (40 pCi/pg) as  a tracer and a 
crude rat testis homogenate as a source of gonadotropin re- 
ceptor, according to Cat t  et al. (1972). In the recombina- 
tion experiments, aliquots were withdrawn periodically and 
diluted a t  least tenfold into a solution of 250 pM ANS.  
These samples were stored a t  0 O C  until completion of the 
reaction, a t  which time they were warmed to 25 O C  and the 
A N S  fluorescence was measured. These same samples were 
then further diluted into a solution containing 0.1% ovalbu- 
min and 0.05 M sodium phosphate, p H  7.4, and frozen until 
time for the receptor assay. A control experiment indicated 
that the receptor binding activity was not affected by the 
low level of A N S  present after dilution. 

Two methods were employed t o  measure the rate of re- 
combination of hCG subunits by A N S  fluorescence. The al- 
iquot method is similar to that previously described (Aloj et 
al., 1973a), except that the A N S  concentration was in- 
creased to 250 p M  in order to remove the small deviation 
from linearity previously observed in the plot of A N S  fluo- 
rescence vs. hCG concentration. With the direct method, 
A N S  (250 p M )  was included in the reaction vessels, which 
were 0.5-cm diameter quartz cuvettes, kept in the fluo- 
rometer a t  the desired temperature. In this way, the A N S  
fluorescence could be monitired as frequently as desired 
and some of the random errors inherent in the aliquot meth- 
od were avoided. All of the recombination experiments and 
A N S  fluorescence measurements utilized 0.01 M potassium 
phosphate buffer, p H  7.0. 

Most of the recombination experiments utilized subunits 
which were prepared by incubating the intact hormone in 
acid (pH 1 2 )  for 45 min or longer a t  37 OC (Aloj et al., 
1973a). This approach has the advantage of ensuring that 
the subunits will be present in 1:l ratio for the recombina- 
tion. Futhermore, part of the sample can be removed prior 
to  acidification to  serve as a reference for accurately assess- 
ing the extent of recovery of A N S  fluorescence, receptor ac- 
tivity, and other properties. 

Difference absorption spectra were measured on a Cary- 
15 spectrophotometer using the methods of Herskovits 
(1967) and Donovan (1969). Measurement of the rate  of 
recombination by this method was complicated by the ap- 
pearance of a small amount of turbidity which introduced 
curvature into the baseline. Accurate evaluation of the 
magnitude of the absorption difference required a correc- 
tion for this effect. From the position of the baseline be- 
tween 350 and 320 nm, where the protein does not absorb, 

25 30 35 40 45 
FRACTION 

FIGURE 1: Chromatography of commercial grade hCG on a column of 
Sephadex G-100 (1.2 X 123 cm) in 0.01 M potassium phosphate buff- 
er, 0.3 M KCl, pH 7.0, at room temperature. Approximately 70 mg of 
material was applied and the 2.0-ml fractions were assayed for protein 
by tryptophan fluorescence (0 )  and for hCG by ANS fluorescence (0) 
and receptor assay (A) .  

an extrapolation was made to 287 nm (the position of the 
peak) assuming an inverse 4th power dependence on wave- 
length in accord with Rayleigh's law (Tanford, 1961). 

Sedimentation velocity measurements were made on a 
Beckman Model E analytical ultracentrifuge using scanner 
optics a t  280 nm. The temperature of the rotor was con- 
trolled a t  37 O C  and solutions were scanned a t  intervals of 8 
min. Sedimentation coefficients were calculated by stan- 
dard procedures and reduced to  water a t  20 OC (Tanford, 
1961). 

Kinetic data were analyzed with the SAAM (simultation, 
analysis, and modeling) program of Berman et al. 
(1962a,b). A numerical approach was used in which the 
reactants are  placed in compartments a t  the desired initial 
concentration and then allowed to pass into additional com- 
partments representing the various intermediates along the 
reaction path. The rate of flow between compartments is 
determined by the initial estimates of the various rate con- 
stants. The rate of accumulation of material in the product 
compartment is compared with the experimental rate, and 
the rate constants are  allowed to vary in an iterative fashion 
until the sum of the squares of the residuals, S,  was mini- 
mized. 

Purification of Commercial hCG. Figure 1 illustrates the 
elution profiles obtained when commercial (Sigma) hCG 
was applied to  a column of Sephadex G-150 a t  25 O C .  Frac- 
tions were analyzed for tryptophan fluorescence, enhance- 
ment of A N S  fluorescence, and gonadotropic activity as  
measured by the radioreceptor assay. The agreement be- 
tween the profiles obtained by the latter two methods 
suggests that enhancement of ANS fluorescence is specific 
for biologically active hCG and indicates the absence of 
contaminating proteins which interact with ANS. The use 
of high KCI concentration (0.3 M) in this experiment was 
found to minimize the self-association of 'hCG. Similar ex- 
periments in the absence of KC1 produced broader, less 
symmetrical, elution bands, which were skewed toward the 
void volume. The elution profile obtained by tryptophan flu- 
orescence indicates the presence of contaminating proteins. 
It should be mentioned that hCG contains no tryptophan so 
that the presence of tryptophan fluorescence in any prepa- 
ration of hCG reflects protein contamination. This test is 
particularly sensitive since tryptophan has a higher extinc- 
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FIGLRE 2: Rate of recovery of ANS fluorescenc and receptor binding 
activity following neutralization of a 70 pM solution of hCG ( C R l l 7 )  
Nhich had been dissociated into its subunits by incubation at  pH 2 0 
and 37 "C for 45 min. The recombination was also at  37 OC. 

tion and, in most proteins, fluoresces more strongly than ty- 
rosine (Teale, 1960; Longworth, 197 I ) .  

Fractions 32-36 from Figure 1 were pooled and concen- 
trated to 1 ml. After adding 30 PI of a solution of A N S  in 
acetone (10 mg/ml), the sample was reapplied to the same 
column which was equilibrated and eluted with 100 PM 
A N S  (0.01 M phosphate, p H  7.3, no KCI). Under these 
conditions, hCG self-associates to form higher oligomers 
(Ingham et al., 1975) and the partition coefficient, K,,, was 
reduced from 0.3 1 to 0.1 1.  This allows hCG to be separated 
from other proteins of similar molecular weight which do 
not self-associate in the presence of ANS.  The appropriate 
fractions were combined, dialyzed against 2 M urea to re- 
move ANS,  further dialyzed against 0.01 M (NH4)2C03, 
pH 7.7, and lyophilized to yield hCG having a receptor 
binding activity and A N S  fluorescence enhancement equal 
to 109% of that of the CR-117 preparation. 

Results 
Validation of the A N S  Fluorescence Assay. It was pre- 

viously shown that A N S  fluorescence is strongly enhanced 
by hCG but not by its subunits (Aloj et al., 1973a,b). The 
concentration of A N S  required for half-maximal saturation 
was -20 KM.  However, subsequent studies of this interac- 
tion revealed that hCG self-associates to form dimers 
(a2/32) and tetramers (a&) in the presence of A N S  and 
that enhancement of A N S  fluorescence was due to binding 
by these oligomers (Ingham et al., 1975). This finding com- 
pelled us to confirm that A N S  fluorescence is enhanced 
only by the native intact form of the hormone and that the 
presence of A N S  in the recombination mixture does not in- 
fluence the rate of that reaction. 

Figure 2 illustrates the results of an experiment in which 
the recombination of acid-dissociated subunits was moni- 
tored by the recovery of both A N S  fluorescence and recep- 
tor binding activity. The data have been normalized to 
100% recombination at  23 h. The actual extent of recovery 
was 106% by A N S  fluorescence and 103% by receptor 
assay. The agreement between the two methods indicates 
that only the completely refolded biologically active form of 
the hormone is capable of enhancing A N S  fluorescence. 

Since A N S  causes the final product of the recombination 
reaction to self-associate, one might predict that its pres- 
ence would accelerate the reaction. This possibility was 
eliminated by an experiment in which A N S  was included in 

MINUTES 

F I G U R E  3: Effect of subunit concentration on the rate of formation of 
hCG at 37 "C. Subunits were prepared by incubation of the purified 
commercial hCG at pH 1.7 and 37 OC for 90 min. The solid curves are 
theoretical best fits o f  the data to model IV in Table 11 (see text). 

the reaction mixture a t  several concentrations (0 ,  100, and 
250 FM). Aliquots were periodically withdrawn and diluted 
into an appropriate volume of 250 WM A N S  such that the 
final A N S  concentration was essentially identical in all of 
the assays. The rate of appearance of A N S  fluorescence 
was identical in all three cases. 

Sedimentation Velocity Measurements. There are re- 
ports in the literature that the subunits of luteinizing hor- 
mone can aggregate under various conditions (Bewley et al., 
1972, 1974; Bishop and Ryan, 1973). Because of its exten- 
sive homology with LH,  one might expect similar behavior 
for hCG, a result which would obviously complicate kinetic 
analysis of the recombination data. Therefore, we investi- 
gated the sedimentation behavior of hCG subunits under 
conditions (0.01 M potassium phosphate, pH 7.5, 37 "C) 
similar to those used for the recombination study. The con- 
centrations used ( a  = 135 kM, /3 = 160 NM) were compa- 
rable to the highest concentrations used in the kinetic ex- 
periments (see below). The measured values of the sedimen- 
tation rates were 2.36 for h C C - a  and 3.17 for hCG-3 
which, when corrected to standard conditions, give s ~ ( ~ , u o  = 
1.60 and 2.17 respectively. Both values are  somewhat low 
when compared with sedimentation rates of globular pro- 
teins of similar molecular weight, in accord with the view 
that the isolated subunits are a t  least partially unfolded 
(Bewley et al., 1972; Gamier et al., 1975). The low ionic 
strength of the solvent will also tend to reduce the sedimen- 
tation rate because of the primary charge effect. The value 
obtained for hCG-a is in  good agreement with published 
values obtained at  lower protein concentration (de La Llosa 
and Jutisz, 1969; Bishop and Ryan, 1973) using homolo- 
gous a subunits of similar molecular weights. The value ob- 
tained for the /3 subunit is substantially lower than the value 
of 2.89 obtained by Bahl (1969) for the intact hormone. 
Since a /3/3 dimer would have a molecular weight (46 000) 
greater than that of the intact hormone (38 000), we con- 
clude that neither subunit is appreciably associated under 
the conditions used for the recombination. 

Effect of  Preincubation of Subunits. Most of the recom- 
bination experiments employed subunits prepared by acid 
dissociation of the intact hormone (see Methods). It is con- 
ceivable that exposure to acid might damage one or both 
subunits thereby altering the rate of recombination. I f  such 
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Table I: Summary of Parameters Describing the Effect of Subunit 
Concentration on the Rate of Recombination. 

Table 11: Summary of Various Models Used to Fit Recombination 
Data. 

Subunit Concn Initial Rate t l / 2  
(!-W (% per min) (min) 

1.5 
5.4 

16.1 
50.0 

143.0 

~~ ~ ~ 

0.10 
0.41 215 
I .o 75 
1.8 40 
3.2 20 

damage occurs, it must be reversible since complete recov- 
ery of the physical and biological properties was routinely 
achieved. Further evidence against such a possibility was 
obtained using purified, isolated subunits. Solutions of a 
and p subunits were mixed to give a final concentration of 
65 pM each. Part of the mixture was stored a t  0 OC where 
no recombination occurs. The remainder was acidified to 
p H  2.1 and, after incubating a t  37 OC for 40 min, was neu- 
tralized, The rate of appearance of A N S  fluorescence (di- 
rect method) was indistinguishable between the two sam- 
ples. 

A second preincubation experiment was designed to de- 
tect any slow conformational change which might potential- 
ly be required of one or both subunits prior to their reasso- 
ciation. Separate solutions of a and p subunits were incu- 
bated under recombination conditions for 0, 1, and 2 h be- 
fore mixing and following the recombination (aliquot meth- 
od). The results indicated that  all three samples recombined 
a t  identical rates. If a slow conformational change were re- 
quired of either subunit, preincubation would be expected 
to accelerate the reaction. These results also diminish the 
possibility of contamination of either subunit preparation 
with its complementary subunit since they would have re- 
combined during preincubation. 

Effect of Subunit Concentration. In  order to  provide 
data  with which to test various kinetic models, the rate of 
recombination of acid-dissociated subunits was measured 
over a 100-fold range of subunit concentrations. The results 
are  illustrated in Figure 3 where the circles are  experimen- 
tal points and the solid lines are  theoretical best fits based 
on the model presented below. For these experiments, a 
sample of the purified commercial hCG (1 50 pM) was dis- 
sociated into its subunits by incubation a t  p H  1.7 and 37 O C  
for 90 min. This resulted in a reduction in the ability to en- 
hance ANS fluorescence to less than 3% of that of the un- 
dissociated sample. This mixture of subunits was then kept 
a t  0 O C  while the p H  was adjusted to 7.0 and appropriate 
dilutions made. A N S  was then added to a final concentra- 
tion of 250 pM and the recombination was monitored a t  37 
OC by the direct method. The  reaction was allowed to pro- 
ceed for 20 h. A comparison of the final A N S  fluorescence 
with that of the control sample indicated that the 16, 50, 
and 143 pM samples had recombined completely, while the 
1.5 and 5.4 pM samples had respectively undergone 37 and 
90% recombination. When the final fluorescence values 
were plotted against the concentration, the points corre- 
sponding to 16, 50, and 143 pM fell on a straight line 
through the origin indicating that, under these conditions, 
the proportionality between ANS fluorescence and hCG 
concentration extends to the highest concentration em- 
ployed. 

The initial rates and times required for 50% recombina- 

Model Mechanism Parameter Values S" 

I cy + P-H kl = 4.4 X lo2 M-I min-' 599 

I 1  cy + P-cyP kl = 7.1 X l o 2  M-I min-' 355 

k i  

k i  

12 
ap-H k z  = 0.41 min-' 

h i  
111 CY + p a p  k l  = 6.6 X l o 3  M-l'min-' 

k -  I 

k-1 = 1.1 min-I 189 
k2 

4 - H  k z  = 0.14 min-' 

K ki 
k - i  

I V  a K = - =  7.0 x 103, M - 1  

k-l  = 10.0 min-' (fixed) 

k2 = 0.1 1 min-' 

144 
k2 

ap-H 

0 Sum of squares of residuals. 

tion a re  summarized in Table I. At  the lowest concentration 
range the initial rate was approximately proportional to the 
subunit concentration, as expected for a simple second- 
order combination reaction. However, a t  the highest range 
a threefold increase in subunit concentration caused only 
about a twofold change in the initial rate and half-time in- 
dicating that a t  least one additional step is involved in the 
reaction, in agreement with previous conclusions based on 
studies with homologous hormones (Bewley et al., 1974; In- 
gham et al., 1974; Riechert et al., 1974). 

Several models were tested for their ability to explain the 
effects of concentration on the rate of recombination, simul- 
taneously fitting all 5 sets of data in Figure 3. The models 
are summarized in Table I1 along with the values of the pa- 
rameters and a quantitative indication of the relative quali- 
ty of the fits, as expressed by the quantity S, the sum of the 
squares of the residuals. It was not possible to obtain a rea- 
sonable fit with a simple one-step, second-order mechanism 
(model I) .  Although any one of the experimental curves in 
Figure 4 could be reasonably fit to this mechanism, it was 
not adequate to explain the effects of concentration. W e  
next tried a two-step mechanism (model 11) in which the 
subunits associate irreversibly to form an intermediate com- 
plex, a$, followed by a first-order molecular rearrangement 
in which the comformation of the native hormone, H ,  is ac- 
quired. This led to a substantial improvement in the quality 
of the fit, as reflected by the two-fold reduction in S, but 
the fit was still poor. W e  then introduced a third parameter, 
k-1, corresponding to the dissociation of the ap complex 
(model 111). This led to a further two-fold reduction in S .  
The value obtained for k-1 was an order of magnitude larg- 
er than that obtained for k2, suggesting that it might be 
possible to replace kl and k-l  by an equilibrium constant K 
= k l / k - l ,  with the added restriction that the equilibrium 
be fast compared with the second step. This was accom- 
plished by fixing k-1 = 10.0 min-' and allowing kl  and k z  
to vary (model IV).  This led to a slightly better fit and gave 
the theoretical curves shown in Figure 4. Considering the 
broad (100-fold) range of concentration covered and allow- 
ing for a 5-10% error in the end points of each curve, the fit 
seems very satisfactory. The slightly better fit obtained with 
model IV, which is a special case of 111, is probably due to 
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F I G U R E  4: Differential absorption measurements of hCG (CRI 17) at 
3 7  'C. The solution in the sample compartment was at pH 7.0. The 
hCG concentration was 40 pM. The upper spectrum was obtained after 
keeping the reference solution at  pH 3.0 for 3.0 h. The remaining spec- 
tra wwe obtained periodically after neutralization of the reference so- 
lution. The solvent contained 0.01 M potassium phosphate and 0.01 M 
glycylglycine. 

the reduced number of parameters and the consequent 
greater ease with which the program locates the true mini- 
mum in the error surface. 

In order to investigate the uniqueness of the best fit ob- 
tained with model IV, a study was made of the interdepen- 
dency of K and k z .  This was accomplished by arbitrarily 
fixing these parameters, one a t  a time, a t  values above and 
below the best fit values, and determining the effect on the 
quality of the fit. The results, illustrated in Table 111, indi- 
cate that either parameter can be increased or decreased by 
30-40% with very little effect on S. However, if either pa- 
rameter is changed by a factor of -3, the other parameter 
is unable to compensate and the quality of the fit is drasti- 
cally reduced. 

Absorption Difference Measurements. The acid dissocia- 
tion of hCG into its subunits is accompanied by the appear- 
ance of a large negative difference absorption (blue shift), 
as  illustrated by the upper spectrum in Figure 4. The differ- 
ence spectrum exhibits sharp peaks at  280 and 287 nm 
which are  characteristic of tyrosyl perturbations (Donovan, 
1969). Neutralization of the acid-dissociated sample results 
in the immediate appearance of a small amount of turbidi- 
ty, followed by a gradual loss of the spectrum. When the 
absorption difference a t  287 nm was corrected for baseline 
curvature (see Methods), the recombination curve in Figure 
5 was obtained. Extrapolation of the corrected absorption 
difference at  287 nm to zero time indicated that virtually no 
instantaneous change in absorption occurred following neu- 
tralization. The dashed curves in Figure 5 are  taken from 
the data in Figure 3 a t  16 and 50 pM for comparison with 
the absorption data a t  40 pM. 

Discussion 
The results presented here confirm the validity of the 

A N S  fluorescence assay for hCG, which, under appropriate 

~~ ~ 

Table 111. Uniqueness Test of "Best Fit" Values Obtained with 
Model IV 

K (103 M-I) k l  (min-I) S 

2.* 0.83 h i 7 5  
5.0* 0.15 164 

(7.0) (0.1 1)  (144) 
9.0* 0.093 152 

20.0* 0.082 7135  

34 
12  
(7.0) 
5. I 
2.1 

0.03* 
0.07* 

0.15* 
0.33* 

(0.1 1)  I 

825 
208 

1 144) 
I63 
299 

a After fixing either K or k z  a t  the values indicated with the as- 
terisks, the calculation was repeated, allowing the remaining pa- 
rameter to vary. The  "best fit" values a r e  included in  parenthese\ 
For these calculations. k-1 &as fixed a t  10.0 min- ' .  

conditions, offers a convenient alternative to bioassay, ra- 
dioimmunoassay, and radioreceptor assay. Although the 
latter assays have a greater sensitivity and specificity, they 
require more elaborate preparation. For some applications, 
the A N S  fluorescence method may be more specific than 
the radioimmunoassay, e.g., for distinguishing between the 
intact hormone and its subunits as illustrated in this report. 
The use of A N S  fluorescence to locate hCG in a series of 
column fractions is illustrated in Figure 1 .  The excellent 
agreement between the radioreceptor assay and the A N S  
assay suggests that the latter is specific for the native, bio- 
logically active form of the hormone. This conclusion is fur- 
ther supported by the agreement between the rates of re- 
combination as measured by the two assays (Figure 2). 

The fact that hCG self-associates to form dimers (a&)  
and tetramers (cy4/34) in the presence of A N S  (Ingham et 
al., 1975) was utilized in the present report as an aid i n  the 
purification of commercial hCG by gel chromatography 
(see Methods). A similar approach might be useful for re- 
lieving subunit preparations of contamination by intact hor- 
mone. The complicated nature of the A N S  binding com- 
pelled us to ensure that the ligand-induced self-association 
did not interfere with the interpretation of the kinetic data. 
The lack of effect of A N S  on the rate of recombination 
suggests that A N S  does not interact with the postulated cy@ 

intermediate and that the rearrangement of this intermedi- 
a te  to form the native structure is an irreversible process. I f  
the final step involved an equilibrium (ap 2 H), then A N S  
should have enhanced the rate by mass action. Further- 
more, we have never observed a loss of physical o r  biological 
properties of native hCG upon standing for up to 24 h a t  37 
"C and neutral pH. 

There have been several reports dealing with the rates of 
recombination of the subunits of hCG and other homolo- 
gous hormones. Reichert et al. (1973) measured the rates o f  
recombination of h L H  and hCG subunits and concluded 
that the reactions followed second-order kinetics. In  a later 
study (Reichert et al., 1974), data  on the rate of recombina- 
tion of hFSH-/3 with various cy subunits could be fit equally 
well by first- or second-order rate equations, and it was con- 
cluded that the combination step must be followed by at 
least one unimolecular refolding step. A two-step mecha- 
nism was also suggested by us (Ingham et al., 1974) based 
on observation of the effect of subunit concentration on the 
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rate of formation of bTSH. Bewley et al. (1974) followed 
the recombination of oLH subunits using near ultraviolet 
circular dichroism and sedimentation velocity measure- 
ments. They found that the time required for the sedimen- 
tation coefficient to  reach its final value was much less than 
that required to regenerate the circular dichroic spectrum 
of the native hormone, again suggesting the existence of a t  
least two steps in the reaction scheme. 

Our  results confirm and extend these conclusions regard- 
ing the multi-step nature of the recombination mechanism. 
The effect of subunit concentration on the kinetics of re- 
combination could not be explained on the basis of a simple 
second-order reaction. W e  obtained a substantial improve- 
ment in the fit of our data  when a second step was incorpo- 
rated (model 11, Table 11). However, a better fit was ob- 
tained when the initial step was allowed to be reversible 
(model 111). By incorporating a rapid preequilibrium into 
model IV, it was possible to obtain a reasonable fit over the 
entire range of concentration, using only two parameters. It 
is of interest that Merz et al. (1973) reported the appear- 
ance of a transient species in mixtures of hCG-a and 
hCG-P which had immunological and circular dichroic 
spectral properties unlike those of the native hormone or ei- 
ther subunit. It is possible that this species could be the pos- 
tulated a/3 intermediate. 

A quantitative analysis of the large negative difference 
absorption (Figure 4) indicates that  a t  least two tyrosyl 
residues a re  exposed to a more polar environment upon dis- 
sociation of the subunits (Ingham et  al., 1976). Similar re- 
sults have been reported for other homologous hormones 
(Ingham et al., 1974; Bishop and Ryan, 1975; Garnier e t  
al., 1975), and are  supported by chemical studies using io- 
dine and other tyrosine specific reagents (Canfield et al., 
1972; Hum et al., 1974). There was no measurable change 
in the absorption difference immediately following neutral- 
ization of the acid-dissociated sample and the rate of disap- 
pearance of the absorption difference was not significantly 
different than the rate of recovery of A N S  fluorescence 
(Figure 5 ) .  Using K = 7.0 X l o 3  M-' (model IV), about 
19% of the subunits should initially be present as the ap 
complex a t  the subunit concentrations employed (40 hM).  
Thus, in terms of the proposed mechanism, the absorption 
data  suggest that the first step (formation of the ab com- 
plex) does not lead to a significant change in the environ- 
ment of the tyrosyl residues, but that most of this change 
occurs during the subsequent acquisition of the native terti- 
ary structure. 

There are  several reasons for exercising caution in the in- 
terpretation of our results, especially with respect to the 
proposed kinetic model, whose ability to adequately explain 
the kinetic data  does not prove its validity. Other conceiv- 
able models might provide an equally good fit of the data, 
especially if additional parameters are  introduced. One pos- 
sibility is that one or both subunits might be required to un- 
dergo a conformational change prior to recombination. 
However, preincubation of the individual subunits under re- 
combination conditions had no effect on the rate. Thus, any 
obligatory conformational change prior to reassociation 
would have to involve a rapid equilibrium. Another reason- 
able possibility is that the subunits reversibly form several 
distinct a/3 complexes, only one of which allows the native 
conformation to develop. Such reactions, if present, would 
obviously alter the meaning of K in model IV. Finally, self- 
association of the individual subunits would also complicate 
the kinetic analysis. Our  sedimentation velocity measure- 

MINUTES 

F I G U R E  5: Rate of recombination of subunits of hCG as measured by 
absorption difference at 287 nm. Data obtained from experiment in 
Figure 4. The lines are the experimental curves corresponding to 16 
W M  (--) and 50 WM (- - -) in Figure 3 .  

ments indicate that this is not a problem with hCG. 
One unexplained factor regarding the elucidation of the 

recombination mechanism is the observation of small but 
measurable differences in the rates of recombination for 
different subunit preparations. The order of rates for the 
preparations which we have used is: CR117 (isolated sub- 
units) > purified commercial (acid dissociated) > CR117 
(acid dissociated). As yet we have no explanation for this 
discrepancy. The isolated subunits were prepared by urea 
dissociation followed by ion-exchange chromatography 
(Morgan and Canfield, 1971), whereas most of our experi- 
ments utilized subunits prepared by acid dissociation of the 
intact hormone. The possibility that acid dissociation might 
damage the subunits was eliminated by the observation re- 
ported here that incubation of the isolated subunits under 
similar conditions had absolutely no effect on their rate of 
recombination. Furthermore, all three preparations yield 
100% recovery of the properties of the native hormone. It is 
unlikely that these discrepancies seriously detract from the 
adequacy of the proposed mechanism to account for the ef- 
fects of subunit concentration on the rates, although the 
values of the constants will vary for the different prepara- 
tions. This is supported by the fact that, using an earlier 
preparation of hCG (CRI  16), model IV gave an excellent 
fit to recombination data obtained a t  23 and 70 g M  with K 
= 4.7 X lo3  M-' min-' and k2 = 0.055 min-I. 

References 
Aloj, S. M., Edelhoch, H., Ingham, K. C., Morgan, F. J., 

Canfield, R. E. and Ross, G. T. (1973a), Arch. Biochem. 
Biophys. 159, 497. 

Aloj, S. M., Ingham, K. C., and Edelhoch, H. (1973b), 
Arch. Biochem. Biophys. 155, 478. 

Bahl, 0. P. (1969), J .  Biol. Chem. 244, 567. 
Bellisario, R., Carlsen, R. B., and Bahl, 0. P. (1973), J .  

Berman, M., Shahn, E., and Weiss, M. F. (1962a), Bio- 

Berman, M., Weiss, M .  F., and Shahn, E. (1962b), Bio- 

Bewley, T. A., Sairam, M. R., and Li, C. H. (1972), Bio- 

Biol. Chem. 248, 6796. 

chem. J .  2, 275. 

chem. J .  2,  289. 

chemistry 1 1 ,  932. 

B I O C H E M I S T R Y ,  V O L .  1 5 ,  N O .  8 ,  1 9 7 6  1725 



I h G H A M .  W E I \ T R A L B .  A V D  E D E L H O C H  

Bewley, T. A., Sairam, M. R.. and Li, C.  H .  (1974), Arch. 
Biochem. Biophys. 163, 625. 

Bishop, W. H.,  and Ryan, R. J .  (1973), Biochemistry 12, 
3076. 

Bishop, W. H. ,  and Ryan, R.  J .  (1975), Biochemistry 14, 
4083. 

Canfield, R.  E., Morgan, F. J . ,  Kammerman, S., Bell, J .  J . ,  
and Agosto, G. M. (1971), Recent Prog. Horm. Res. 27, 
121. 

Canfield, R.  E., Morgan, F. J . ,  Kammerman, S., and Ross, 
G. T.  (1972), in Proteins and Polypeptide Hormones, 
Part 2, Margoulies, M. ,  and Greenwood, F. C. ,  Ed., Am- 
sterdam, Excerpta Medica, p 34 1 .  

Carlsen, R. ,  Bahl, 0. P., and Swaminathan, N .  (1973), J .  
Biol. Chem. 248, 6810. 

Catt ,  K. J.,  Dufau, M. L., and Tsuruhara, T.  (1972), J .  
Clin. Endocrinol. Metab. 34, 123. 

Catt ,  K .  J.,  Dufau, M.  L., and Tsuruhara, T. (1973), J .  
Clin. Endocrinol. Metab. 36, 73. 

De La Llosa, P., and Jutisz, M. ( 1  969), Biochim. Biophys. 
Acta 181, 426. 

Donovan, J .  W. (1969), in Physical Principles and Tech- 
niques of Protein Chemistry, Part A, Leach, S. J . ,  Ed., 
New York, N.Y.,  Academic Press, p 138. 

Ferguson, R. N.,  Edelhoch, H. ,  Saroff, H.  A., and Robbins, 
J .  (1975), Biochemistry 14, 282. 

Gamier,  J.,  Pernollet, J . ,  Tertrin-Clary, C. ,  Salesse, R., 
Casteing, M.,  Barnavon, M., De La Llosa, P., and Jutisz, 
M. (1975), Eur. J .  Biochem. 53, 243. 

Herskovits, T .  T. (1967), Methods Enzymol. 16, 748. 
Hum, V. G., Knipfel, J .  E., and Mori, K. F. (1974),  Bio- 

Ingham, K. C., Aloj, S. M., and Edelhoch, H .  ( I  974), Arch. 

Ingham, K. C., Saroff, H.,  and Edelhoch, H .  (1975),  Bio- 

Ingham, K. C., Tylenda, C., and Edelhoch, H. (1976), 

Kourides, I. A., Weintraub, B. D., Ridgway, E. C . ,  and Ma- 

chemistry 13, 2359. 

Biochem. Biophys. 163, 589. 

chemistry, 14, 4751. 

Arch. Biochem. Biophys. (in press). 

loof, F. (1975), J .  Clin. Endocrinol. Metab. 40, 872. 

Longworth, J .  W. (1971), in Excited States of Proteins and 
Nucleic Acids, Steiner, R.  F., and Weinreb, I . ,  Ed., New 
York, N.Y.,  Plenum Press, p 319. 

Merz, W. E., Hilgenfeldt, U., Brockerhoff, P., and Bross- 
mer, R. ( 1  973), Eur. J .  Biochem. 35, 297. 

Morgan, F. J., Birken, S., and Canfield, R. E. (1975), J .  
Biol. Chem. 250, 5247. 

Morgan, F. J.,  and Canfield, R .  E. (1971), Endocrinology 
88, 1045. 

Morgan, F. J.,  Canfield, R .  E., Vaitukaitis, J .  L., and Ross, 
G. T. (1974), Endocrinology 94, 1601, 

Pierce, J .  G., Bahl, 0. P., Cornell, J .  S.. and Swaminathan, 
N .  (1971b) ,J .  Biol. Chem. 246, 2321. 

Pierce, J .  G., Liao, T., and Carlsen, R. B. (1973), in Hor- 
monal Proteins and Peptides, Vol. 1 ,  Li, C .  H., Ed., New 
York, N.Y.,  Academic Press, pp 17-58. 

Pierce, J .  G., Liao, T., Howard, S. M., Shome, B., and Cor- 
nell, J .  S. (1971a), Recent Prog. Horm. Res. 27, 165. 

Rathnam, P., and Saxena, B. B. (1971),  J .  Biol. Chem. 246, 
7087. 

Reichert, L. E., Lawson, G. M., Leidenberger, F. L., and 
Trowbridge, C.  G. (1973), Endocrinology 93, 938. 

Reichert, L. E., Rasco, M. A,, Ward, D.  N. ,  Niswender, G .  
D., and Midgley, A. R. (1969), J .  Biol. Chem. 244, 5 1 10. 

Reichert, L .  E., Trowbridge, C .  G., Bhalla, V.  K . ,  and Law- 
son, G. M. (1974), J .  Biol. Chem. 249, 6472. 

Rosen, S .  W., and Weintraub, B. D. (1974), New Engl. J .  
Med. 290, 144 1 .  

Shome, B., and Parlow, F. (1974a), J .  Clin. Endocrinol. 
Metab. 39, 199. 

Shome, B., and Parlow. F. ( I  974b), J .  Clin. Endocrinol. 
Metab. 39, 1203. 

Swarninathan, h., and Bahl, 0. P. (1970). Biochem. Bio- 
phys. Res. Comrnun. 40, 422. 

Tanford, C. ( l 9 6 l ) ,  Physical Chemistry of Macromole- 
cules, New York, N.Y. ,  Wileq-. 

Teale, F. W.  J .  (1960), Biochem. J .  76, 381. 
Ward, D. N . ,  Reichert, L. E., Liu, W., Nahm, H. S., Hsia, 

.I. H., Lamkin, W.  M., and Jones, N. S. (1973), Recent 
Prog. Horm. Res. 29, 533. 

1726 B I O C H E M I S T R Y ,  V O L  1 5 ,  u o  8 ,  1 9 7 6  


