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solutions having previously been brought to the temperature 
desired in a carefully regulated water-bath). 

At appropriate times an aliquot of 4 ml. was removed 
from each reaction vessel and added to a tube containing 3 
ml. of 2 X 10~4 M mercuric chloride solution, which stopped 
the enzymatic action. The unhydrolyzed galactoside was 
estimated from the solution density at its absorption maxi­
mum* (232 or 236 mp) in the Beckman DU spectrophotome­
ter following dilution when necessary. Correction was 
made for absorption due to the enzyme and reagents. The 
velocity v is expressed in millimoles per liter per 30 minutes; 
and the substrate concentration, S, in millimoles per liter. 
The results were plotted and the slope and intercept calcu­
lated by the method of least squares. 

Acid Hydrolysis.—The experiments were run in a water-
bath regulated to ±0.2°. To 25.0 ml. of 0.02 N hydro­
chloric acid preheated five minutes at bath temperature was 
added 25.0 ml. of a solution of approximately 140 mg. of 
glycoside per liter, preheated for the same period. At the 
end of one minute a 5.0-ml. sample was withdrawn and 
placed in 20.0 ml. of 0.1 M pK 7.0 Clark and Lubs buffer. 
Samples were removed at 15-minute intervals, so that five 
samples in all were obtained. Using a Beckman DU spec­
trophotometer, the ultraviolet absorption at the absorption 
maximum of each buffered sample was determined in a 1-
cm. quartz cell against a blank composed of 10.0 ml. of 0.02 
N hydrochloric acid, 10.0 ml. of water, and 80.0 ml. of 0.1 
M pH 7.0 Clark and Lubs buffer. Duplicate hydrolyses of 
each isomer were performed. Optical density readings were 

For more than a decade the molecular s tate of 
insulin in solution has been in dispute. Meanwhile 
great advances have been made in our knowledge 
of the internal s tructure of insulin and it has be­
come increasingly evident tha t association and dis­
sociation reactions of proteins in general deserve 
critical investigation by a variety of physical meth­
ods. Consequently we have undertaken an in­
vestigation of insulin solutions by light scattering 
methods. 

Since the available data on the problem have 
been reviewed recently by several a u t h o r s 1 - 8 ,our 
references to earlier work need not be compre­
hensive. Crowfoot's4 X-ray studies in 1938 showed 
the unit cell molecular weight to be 37,600. Later 
revision of the moisture content changed this value 
to 36,000. The existence of trigonal symmetry 
led to the suggestion tha t three molecules of 12,000 
molecular weight are arranged with this symmetry 
in the unit cell and may constitute the kinetic uni t 
which exists in solution. 

The determination of the mean size of the kinetic 
unit in solution has been the subject of numerous 
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converted to logarithms of concentration, plotted against 
time, and the linear relationship characteristic of first-order 
reactions was established. Slopes were derived statistically 
by the method of least squares and the average of two de­
terminations for each compound was taken. Rates are ex­
pressed in Briggsian logarithms and minutes, according to 
custom in carbohydrate studies. Heats of activation were 
calculated from these average rates of hydrolysis using the 
integrated form of the Arrhenius equation. 

Acid Hydrolysis of the Saponified Glucoside (V).—To a 
solution of 38.0 mg. of I in about 20 ml. of water was added 
0.153 meq. of sodium hydroxide, and the solution was kept 
at room temperature (25°) for 45 minutes. An equivalent 
amount of hydrochloric acid was added and the solution was 
diluted to 100 ml. This treatment effects complete saponi­
fication of the methyl ester, as indicated by the change of the 
absorption coefficient to a constant value. (The optical 
rotation was followed on a more concentrated sample and 
came to a constant value in about the same length of time). 

The determination and the calculation of the hydrolysis 
rates were conducted as described above. The extinction 
coefficient for the saponified glucoside was calculated from 
the average of the optical densities at zero time for the two 
runs, c = 7.05 X 108 at 236 rm». 
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investigations using sedimentation and diffusion 
and osmotic pressure measurements. In neutral 
solutions molecular weights in the range of 36,000 
to 46,000 are obtained,3 ,6 the differences arising 
principally from the use of different values of the 
partial specific volume. Gutfreund6 reports osmo­
tic pressure molecular weights of 48,000 in this same 
range a t concentrations of 0.5 to 0 .8%. However, 
a t lower concentrations dissociation was evident. 
Other experiments, mostly by these same workers, 
have shown tha t the degree of association is greatly 
decreased in acid solutions, in particular by de­
creasing the pH, the ionic strength and the dielec­
tric constant. There is, however, no quant i ta t ive 
agreement on the dominant species present. Thus 
a t about pB. 2.5 and ionic strength 0.1 Oncley and 
Ellenbogen3 consider insulin to be in the form of 
monomer (molecular weight 12,000), Pedersen6 

in the form of dimer while Fredericq and Neura th 2 

propose the existence of a half-monomer uni t when 
sodium dihydrogen phosphate is the added elec­
trolyte. Gutfreund's osmotic pressure da ta in­
dicate an average molecular weight of a dimer 
under these conditions. As conditions are changed 
to favor association there is agreement, except for 

(5) K. O. Pedersen, CoW String Harbor Symposium on Quantitative 
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The Association of Insulin. I. Preliminary Investigations 

B Y P A U L D O T Y , M A R T I N G E L L E R T AND BERNARD RABINOVITCH 

A light scattering investigation of insulin solutions show that below pK 2.2 the monomer-dimer (molecular weight 12,000 
and 24,000) equilibrium can be isolated. Data covering a fifty fold range in concentration can be fitted with a single equi­
librium constant. At higher pK values tetramer and probably trimer exist. The tetramer species is dominant at pK 3.17 
above a concentration of 0.3%. The effect of varying the ionic strength is illustrated. It is shown that earlier data on less 
highly purified insulin preparations may not be in conflict with the behavior just summarized. This behavior is in fair 
agreement with published osmotic pressure measurements but it is in disagreement with the current interpretation of sedi­
mentation constants. 
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Pedersen, that the trimer is dominant. Inasmuch 
as a labile association should be quite concentration 
dependent, it is surprising that there are only 
marginal indications of this in the concentration 
dependence of sedimentation constants. Such a 
dependence is clearly shown by the osmotic pres­
sure work, however. 

The light scattering method having been applied 
successfully to the determination of the molecular 
weight and interaction of a number of proteins,7 

it was of interest to see if its application to the in­
sulin problem would lead to any clarification. In 
particular we hoped that conditions could be found 
in which only two species in equilibrium would exist 
so that it could be characterized thermodynamic-
ally by measuring its concentration and tempera­
ture dependence. 

Reference is made to a recent review7 for theoreti­
cal and experimental details of the light scattering 
method. In the work reported here, we have 
simply applied the basic light scattering relation 

Kc AR90 = (1/Af) + 2Bc (1) 
to insulin solutions in which the ionic strength was 
maintained at 0.1 in order to minimize the contribu­
tion of the charge effects to the value of B. In­
deed experiments with bovine serum albumin and 
other proteins7 show that under these conditions 
B is essentially zero. Using this approximation 
we have then determined the weight average molec­
ular weight at numerous concentrations under 
several sets of conditions. 

Experimental 
Insulin.—The experiments discussed in the next section, 

the only ones which are quantitatively interpreted, were per­
formed with pancreatic beef insulin five times recrystallized 
(lot T-2344) obtained through the courtesy of the Eli Lilly 
Co., Indianapolis. Its zinc content was 0.59% and was 
not removed. The other samples referred to in a later sec­
tion were another pancreatic beef insulin from the Lilly 
Co. (lot 280177) and a mixed beef-pork insulin also from the 
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Fig. 1.—Light scattering data for insulin (T-2344) in 
0.1 M KCl at pU 1.96. Full line is drawn for K11 = 1.67 X 
io-6 . 
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Lilly Co. (lot 491516). Both contained normal amounts of 
zinc. 

Extinction Coefficient.—The value of the extinction co­
efficient at the maximum of the 280 rmt absorption band was 
taken as 11.3 from the work of Ellenbogen.8 Our concen­
tration measurements are based on this value. 

Refractive Index Increment.—The value of the refractive 
index increment, required for the evaluation of K in equa­
tion (1), was found to be 0.202 at X 436 m/i using a differen­
tial refractometer. 

Preparation of Solutions.—Solvents were prepared by 
dissolving appropriate amounts of salts in doubly glass-
distilled water and adjusting the pH to the desired value. 
Insulin was then added to a part of this solvent to make a 
solution of the highest concentration to be employed in the 
light scattering measurements. The pH of the insulin solu­
tion was then adjusted to that of the solvent and both solu­
tion and solvent were centrifuged at 20,000 g. for at least 
eight hours. 

Light Scattering Photometer.—Scattering measurements 
were made on a slightly modified Brice-Spicer light scatter­
ing photometer9 using the blue mercury line (X 436 ran). 
The calibration of the photometer has been reported pre­
viously.9"10 Having established that the photometer cell 
was optically clean, centrifuged solvent was introduced 
into it and the reduced intensity at 90°, Rm, was determined. 
Solution was then added stepwise, the concentration being 
determined by weighing and use of the extinction coefficient 
determined on the centrifuged solution. In some cases, in 
order to make measurements at higher concentrations, the 
centrifuged solution was placed in the cell and diluted step­
wise with solvent. 

The Monomer-Dimer and Other Equilibria 
Our more recent work has been with the best 

characterized of the samples, T-2344, and it is only 
in these experiments that the optical conditions 
and the required precision have been sufficiently 
fulfilled to justify quantitative interpretation of the 
data. Consequently, these results are presented 
first. 

In Fig. 1 are plotted the data obtained at pK 
1.96 in 0.1 M KCl. We note that the concentration 
dependence of Kc/Rm is marked, particularly at 
low concentration and although the measurements 
extend down to 0.03% an extrapolation to zero 
concentration would be quite inaccurate. At 
higher concentrations, however, the values appear 
to approach a value of about 4.5 X 1O-6 which, 
subject to our assumption that B = O, corresponds 
to a weight average molecular weight of 22,000. 
This suggests that the dimer may be the highest 
molecular species prevalent under these condi­
tions. Its dissociation to the monomer upon dilu­
tion could apparently account qualitatively for the 
observed data. 

To see if this could provide a quantitative ex­
planation for the data, we proceed to define a 
as the degree of dissociation of the dimer in the 
equilibria represented by I2 = 21. The thermo­
dynamic equilibrium constant is then given by 

K21 = (ia2m/l - a) (2) 

where m is the total concentration expressed in 
moles of dimer per liter. For a given value of K 
the weight concentrations of the monomer, C1, 
and the dimer, C2, can be calculated and the recipro­
cal weight average molecular weight, equivalent to 
Kc/R,0 evaluated from the equation 

(8) B. Ellenbogen, Thesis, Harvard University, 1849. 
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M 12,000 (C1 + 2c2)
 w 

Choosing a value of Kn = 1.67 X 10~5, the line 
drawn in Fig. 1 is obtained. The fit is seen to be 
within the probable experimental error which 
varies from ± 5 % at the lowest concentration to 
± 1% at the highest. (Our systematic error due to 
uncertainties in the calibration may be as high as 
5%.10) The conclusion follows that under these 
conditions of pYL 1.96 and 0.1 M KCl the state of 
insulin, for this particular sample at least, is that 
of an equilibrium between monomer and dimer, 
showing a normal concentration dependence. The 
two species exist in equal weight concentration at 
about 0.08 g./lOO ml. of insulin. 

AU of the carboxyl groups of insulin are titrated 
at about pH 2.20.8 In the view of Oncley and 
Ellenbogen,3 the repulsion of like-charged insulin 
monomers is the principal energy factor causing 
dissociation of the associated form. On this basis 
one would expect therefore that changing the pH 
from 1.96 to 2.20 would not significantly alter the 
equilibrium. The results under these conditions 
are shown in Fig. 2. These data fall from 0 to 5% 
below the data at pH. 1.96. (The scatter of the 
data is somewhat greater than that usually ob­
tained and is indicative of a slight contamination 
with dust.) There is no discernible trend toward 
molecular weights greater than the dimer at higher 
concentrations. I t appears therefore that the 
monomer-dimer equilibrium persists at this pH 
as expected. The line drawn in Fig. 2 corresponds 
to iT2i = 0.625 X 10~5, a compromise between 
fitting the low concentration data where contamina­
tion was less likely and the higher concentration 
data which are more numerous. The dashed line 
in Fig. 2 reproduces the line in Fig. 1. 
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Fig. 2.—Light scattering data for insulin (T-2344) in 0.1 
M KCl at pH 2.20. Full line is drawn for Ka = 0.625 X 
10~5, dashed line for K = 1.67 X 10"5. 

Upon passing to higher values of pH, the net 
charge is diminished and association should be 
more pronounced. The data shown in Fig. 3 are 
the result of measurements at pH 3.17 also in 0.1 
M KCl where the charge is reduced by about 30%.8 

We note at once that higher molecular weight 
species must be present. The higher concentra­
tion data fall considerably below the value of Kc/'Rn 
corresponding to a trimer (2.78 X 10-6) and ap­
proach close to the value corresponding to a tet­
ramer (2.08 X 1O-6). Thus it appears that the 
tetramer is predominant at higher concentrations; 
the possibility of fitting the data with equilibria 
involving the tetramer and lower molecular weight 
species should be explored. 
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Fig. 3.—Light scattering data for insulin (T-2344) in 
0.1 M KCl at pB. 3.17. Full line is drawn for JC4I = 1.85 X 
1012. 

Unfortunately instead of having only one possible 
equilibrium to investigate as at lower pH values, 
several possibilities are now open and it is unlikely 
that the data shown here are sufficiently precise 
and extensive to discriminate between the various 
possibilities. Among these possibilities we might 
consider first the most obvious one, a tetramer-
monomer equilibrium in which the bonds are of 
equal energy. This implies that the monomer units 
lie in a linear sequence. This is indeed unlikely 
since it does not account for the absence of higher 
forms under conditions which lead to a high per­
centage of dimer nor does it provide a reason for 
tetramers being the most highly associated species. 
However, it is of interest to see how well this 
simplest equilibrium involving only one constant 
can fit the present data; the best fit with this 
equilibrium is shown in Fig. 3. Except for the two 
lowest concentration points, the fit is seen to be 
comparable to that obtained previously. 

Two other possibilities may be mentioned. In 
one the tetramer would be formed from the union 
of two dimers. In the other, the trimer may form 
from a dimer and monomer and the tetramer would 
in turn form from the trimer by addition of another 
monomer as suggested by Oncley and Ellenbogen.3 

The former would require two and the latter three 
equilibrium constants to fit the dissociation curve. 
The present data do not permit any choice between 
these two more plausible views, but future work 
may lead to a decision. 

Decreasing the ionic strength offers one way of 
increasing the dissociation. However, to be effec­
tive the decrease must be so great that the second 
virial coefficient, B, becomes quite large and com­
plicates the interpretation of the data. As an 
illustration we show in Fig. 4 data obtained at a 
total gegenion concentration (Cl -) of 0.016 M 
at pB. 2.30. I t is seen that the data at higher 
concentration fall on a straight line which extra­
polates to 4.0 X 10-5 (M = 25,000) indicating the 
existence of essentially pure dimer at concentrations 
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Fig. 4.—Light scattering data for insulin (T-2344) in 0.016 M 
chloride ion a t pR 2.30. 

above 0.6%. At lower concentrations dissociation 
is clearly evident although the data are not sufficient 
to establish the curve with high precision. Assum­
ing that B has the same value for the dimer as for 
the monomer, as would be the case for purely 
electrostatic interactions, the dissociation appears 
to be greater than exhibited in Fig. 2. _The extra­
polated value of KC/RM corresponds to M = 13,500 
but at these low concentrations the probable error 
is so great that this is not in conflict with a real 
value of 12,000. 

In current experiments in this Laboratory Mr. 
George Myers has shown that the dissociation is in­
creased by replacing chloride ions by dihydrogen 
phosphate2 and by raising the temperature. By 
changing the conditions of measurement in this 
manner, the dissociation may be sufficiently shifted 
to allow a direct measurement of the monomer 
molecular weight. 

Earlier Experiments 
In our initial investigation of this problem, which was 

begun in 1949, two insulin samples were found to behave 
differently from each other and from sample T-2344. I t 
now appears that reasons can be advanced in each case to 
show that the behavior is not necessarily different from that 
shown above. In particular, one set of this early data which 
has already been published7 is almost certainly in error by a 
constant factor and a retraction and explanation are in 
order. For these reasons and in order to illustrate some of 
the difficulties arising in this work, we summarize here one 
set of data on each of these insulin samples. I t is important 
to emphasize that in this section we only wish to show that 
the earlier data may not be in conflict with the behavior 
outlined above. However, it should be kept clearly in mind 
that it is quite possible that different insulin samples may 
exhibit different equilibrium constants either due to intrinsic 
differences or to slight denaturation that might occur during 
the long period of preparation. Indeed we are at present 
examining several different purified insulin samples to see 
how much variation exists. 

In Fig. 5 are shown data for Lilly insulin No. 491516 at 
pH values of 2.20 and 3.17. In comparison with Sample 
T-2344 this sample shows a higher mean molecular weight 
which at pH 2.20 exceeds that of a dimer and a t pa 3.17 
exceeds that of a tetramer. Although both curves clearly 
show dissociation at lower concentrations, it does not appear 
to be sufficiently pronounced to permit an extrapolation to 
the monomer (Kc/Rm = 8.33 X 1O - 5). Such a behavior 
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Fig. 5.—Light scattering data for insulin (491516) in 
which contamination with a non-dissociating impurity was 
suspected in 0.1 M KCl at pH. 2.20 and 3.17: O, observed 
data; 3 , corrected data; • , observed data for insulin (T-
2344) from Fig. 3. Full lines taken from Figs. 2 and 3. 

would be expected if a non-dissociating impurity were mak­
ing a significant contribution to the scattering. This pos­
sibility could be tested by determining whether the observed 
data could be brought into coincidence with the data of 
sample T-2344 by subtracting a particular constant value 
of Rm from the observed value of Rw for sample 491516. 
Whereas in a non-dissociating system such a procedure would 
be completely arbitrary, the introduction of a constant factor 
in this case must not only raise the mean value of Kc/R90 to 
that observed for sample T-2344 but to be tentatively ac­
ceptable must also produce a very special concentration de­
pendence in the Kc/Rm data . Upon examination of the 
data it is found that an assignment of 9000 to the contribution 
of the non-dissociating impurity to RM/Kc transforms the 
data as shown in Fig. 5. I t is seen that the agreement with 
the full lines taken from Figs. 2 and 3 is quite good. Since 
in Fig. 3 there was some discrepancy between the line and 
the data, the points from this graph have also been included 
in Fig. 5. Indeed the agreement between the two sets of 
points is even closer than with the line. This strongly sug­
gests that this insulin sample is behaving as sample T-2344 
would if it were contaminated with an impurity whose Rw/ 
Kc value was 9000. Of course no estimate of the mean 
molecular weight of the impurity is possible since its con­
centration is unknown. 

As a second example we refer to Lilly sample 280177 for 
which our earliest results at pH values of 2.29, 2.85 and 3.42 
in 0.1 M KCl have been published. These results, then 
stated to be only qualitative, were tentatively interpreted in 
terms of a monomer-trimer equilibrium between molecules 
which at pH 2.29 was completely dissociated. We had, 
however, strong reservations about these data because the 
sensitivity of our photometer was only about one tenth its 
present value, our calibration was not reliable and the 
photometer was not properly adjusted to compensate for 
the color of the solutions. The need to check this work 
under present conditions was evident but efforts to do so 
were restricted because only 50 mg. of the sample was avail­
able. However measurements using this amount were 
carried out at pH. 2.29 and are shown in Fig. 6 as open circles 
together with a line taken from Fig. 3 corresponding to 
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sample T-2344 at pH. 2.20. The data show a dissociation 
whose concentration dependence is quite like that of sample 
T-2344 and whose absolute values of Kef Rn lie only a few 
per cent, below. Part of this difference would be expected 
from the difference in pH. 

The previously published values of Kc/RM7 at pVL 2.29 
were about 80% higher than those in Fig. 6 and scattered 
so much in the low concentration range that the shape of the 
curve in the region could not be determined. Since the 
available data on this sample obtained under current condi­
tions are essentially the same as for sample T-2344, two 
possible explanations of the earlier data are possible. One is 
that the equilibrium constant was altered in preparing the 
solutions for the earlier work; the other that the calibration 
constant and effect of the color of this particular insulin 
solution led to an over-all error of a factor of about 0.55 in 
the evaluation of the data. While the former cannot be 
excluded the latter can be shown to be quite possible in the 
following way. If the data on sample 280177 at representa­
tive concentrations of 0.3 and 0.8% are multiplied by 0.55 
and plotted as a function of pH and the corresponding values 
from Figs. 2, 3 and 4 are also plotted, it is found that the six 
points at each of the two concentrations fall on a continuous 
line of slight curvature. Thus, if these early measurements 
are considered to be in error by a factor of 0.55, the two sets 
of data on different insulin samples each at three values of 
pVL form a consistent picture. The earlier data at £H_2.29 
corrected in this manner are shown as filled circles in Fig. 6. 
It is interesting to note that the early data include the pR 
value of 2.85. On the basis of the T-2344 data this is the 
condition under which trimer would be expected and indeed 
it appears to be the dominant form above 0.3% but more pre­
cise work will be necessary to substantiate this conclusion. 

Discussion 
Accepting the equilibrium association of insulin 

to be that described for sample T-2344, a compari­
son with studies by other methods becomes of 
interest. 

Insofar as comparisons with the osmotic pressure 
measurements of Gutfreund6 can be made there is 
fair agreement. In particular at pH 2.2 in the 
concentration range of 0.5-1.0%, he states that a 
molecular weight of 22,000 is found. This is pre­
cisely what we would conclude from Fig. 2. In 
addition we conclude that this result is due to the 
nearly complete association of monomer to dimer 
whereas from Gutfreund's work one can only con­
clude that this is an average value due to a par­
ticular distribution in the possible species from 
monomer to tetramer. Indeed if both his result 
and ours are valid, the occurrence of essentially 
pure dimer follows in order that a number average 
and weight average measurement may lead to the 
same value. 

At pH 3.0, however, Gutfreund reports that the 
mean molecular weight is still 22,000, whereas at a 
little higher pH. (3.17) we find the mean to lie 
between trimer and tetramer. Part of this differ­
ence is due to the measurement of different aver­
ages but an essential discrepancy remains. At 
pH. 2.5 Gutfreund shows that the mean molecular 
weight varies from monomer to at least trimer with 
increasing concentration. When our measurements 
in this region are completed, they may well agree 
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Fig. 6.—Light scattering data for insulin (280177) in 0.1 M 
KCl at pK 2.20: O, recent data with more sensitive photom­
eter and improved technique; • , corrected data from refer­
ence 7. Full line is taken from Fig. 2. 

with these, but at present it would appear unlikely 
that we will find as great dissociation at lower 
concentrations as he does. 

In view of the divergent results obtained by 
sedimentation and diffusion studies2,3'5'8 and our 
plans to join with Professor Oncley in the study of 
idertical insulin solutions by both sedimentation 
and diffusion and light scattering methods, it seems 
premature to attempt a detailed comparison at 
present. In summary it may be stated that at 
pH 2 present sedimentation and diffusion measure­
ments have not been carried to sufficiently low 
concentration to cover the range in which most of 
the dissociation of the dimer occurs according to the 
foregoing result. At concentrations greater than 
0.4 g./lOO cc. we are in agreement with Pedersen's6 

conclusion, which presumably applies to the same 
range, that dimers dominate at least down to a pH 
1 to 2 when the acidification has been made with 
hydrochloric or phosphoric acid. However, the 
data to support his conclusion have not yet ap­
peared. 

Finally two further points should be considered 
in the comparison of data on insulin association. 
First the attractive forces involved in the associa­
tion may differ in magnitude in insulin derived from 
different sources or because different extents of 
damage may have occurred in different preparations. 
Secondly, the additional pressure ( ~ 100 atm.) 
exerted on the solution in the ultracentrif uge may 
be sufficient to shift the equilibrium appreciably if 
a specific volume change accompanies the associa­
tion. 
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