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Advances in instrumentation and theory have ex- 
tended the usefulness of sedimentation equilibrium 
in studying reversibly aggregating protein systems. 
The best starting point in the description of an 
aggregating protein system is a graph of ap- 
parent molecular weight us. concentration in a given 
solvent. Such a graph can be obtained with two 
or three sedimentation equilibrium experiments, 
whereas alternative methods, such as light scattering, 
require many experiments. The first step in the 
analysis of a sedimentation equilibrium experiment 

is the determination of protein concentration as a 
function of radius. Current methods for calculat- 
ing concentration as a function of radius are de- 
scribed and procedures for calculating apparent 
molecular weight us. concentration from such 
data are discussed and possibilities for automation 
are mentioned. An apparent molecular weight us. 
concentration curve is useful in determining the 
molecular weight of the monomer, detecting pau- 
cidispersity and thermodynamic nonideality, and 
calculating association constants. 

edimentation equilibrium is an extremely useful method 
for determining the molecular weight of a protein (or S other macromolecule) in solution. The method in- 

volves centrifuging a protein solution at  low speed, which 
causes a decrease in concentration at the top of the solution 
column and an increase at the bottom. The system is at 
equilibrium when no further concentration redistribution 
takes place. The concentration distribution so produced is 
used to determine the molecular weight of the protein. 

An aggregating protein system exhibits a spectrum of 
molecular weights depending on concentration and tendency 
to aggregate. This review will only deal with reversible 
concentration dependent aggregation. Irreversible aggrega- 
tion such as that caused by formation of disulfide bonds will 
not be covered. Since a system at sedimentation equilibrium 
exhibits a range of protein concentrations and since the 
apparent molecular weight of an aggregating protein system 
is a function of concentration, one can in principle calculate 
the apparent molecular weight of an aggregating protein 
over the entire concentration range present in the ultra- 
centrifuge cell at sedimentation equilibrium. Real progress 
toward this goal has been made during the past few years. 
Progress has also been made in applying apparent molecular 
weight cs. concentration information to describe the reactions 
taking place. 

The study of protein aggregation by sedimentation equilib- 
rium can be divided into three major parts: (1) determination 
of concentration as a function of radius for a system at sedi- 
mentation equilibrium; ( 2 )  calculation of apparent molecular 
weight as a function of concentration; and (3) interpretation 
of apparent molecular weight m. concentration data in terms 
of aggregation. 

Northern Regional Research Laboratory, US.  Department 
of Agriculture, Peoria, Ill. 61604 

DETERMINATION OF CONCENTRATION AS A 
FUNCTION OF RADIUS 

A typical ultracentrifuge cell is shown schematically in 
Figure 1. The size of the cell is such that only 0.2 ml of 
protein solution is required for a typical sedimentation 
equilibrium experiment. Protein solution is placed in one 
sector and reference solvent in the other. The ends of the 
cell are fitted with windows to enable the protein distribution 
to be viewed. 

The three ultracentrifuge optical systems currently in use are 
schlieren, Rayleigh interferometric, and absorbance scanner. 
Typical outputs of these systems for a protein solution at 
sedimentation equilibrium are shown in Figure 2. 

The schlieren system produces a photographic record of the 
refractive index gradient of the solution and the solvent us. 
radius. This pattern is directly convertible into values of 
concentration gradient cs. radius. A reasonable initial 
concentration for a sedimentation equilibrium run with 
schlieren optics is 5-10 mg/ml. An additional synthetic 
boundary run and tedious calculations are necessary to con- 
vert values of concentration gradient into concentration 
values (Schachman, 1957, 1959). The synthetic boundary 
run can be eliminated by making the equilibrium run at a 
speed high enough so that the concentration at the meniscus 
is essentially zero. However, this procedure produces steep 
concentration gradients at the bottom of the liquid column. 

The Rayleigh interferometric optical system produces a 
fringe pattern which indicates the refractive index difference 
between solution and solvent at various radii. Moving 
across the representative pattern in Figure 2, each fringe 
crossed represents roughly a 0.25 mg/ml concentration incre- 
ment in a 12-mm cell. With Rayleigh optics a typical initial 
concentration of 2 mg/ml is used, a level which is an advan- 
tage since the behavior of a protein approaches ideality with 
decreasing protein concentration. To convert concentration 
increments to actual concentrations across the cell, one must 
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Figure 1. Schematic of an analytical ultracentrifuge cell 

either locate the hinge point (Richards et al., 1968) or make 
an additional synthetic boundary run plus some involved 
calculations (Van Holde, 1967 ; Chervenka, 1969). 

The ultracentrifuge absorbance scanner has now developed 
to the point where it offers several important advantages for 
recording results of sedimentation equilibrium experiments. 
The output of the scanner is a graph of absorbance of solu- 
tion us. solvent as a function of radius at  a selected wave- 
length. Values of concentration cs. radius are directly 
obtained from this graph. This method is much easier than 
the calculations associated with schlieren or interference 
optical systems. Since almost all proteins strongly absorb 
around 2800 A, very low initial protein concentrations can 
be used (typically 0.5 mglml). Data at very low protein 
concentration are useful in extrapolating the behavior of the 
system to zero protein concentration. A very important 
advantage of the absorbance scanner is that its output is an 
electrical signal. Thus standard electronic equipment can be 
used to convert the output of the absorbance scanner into a 
digital form that can be accepted by a computer (Beckwith 
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Figure 2. Outputs of the three common ultracentrifuge optical sys- 
tems for a protein solution at sedimentation equilibrium 

et al., 1971). This automation bypasses the time-consuming 
steps of manually measuring and recording chart values and 
increases accuracy. 

Whichever method is used to obtain concentration values 
through the liquid column, it is important to derive a smooth 
function of concentration us. radius before making further 
calculations. For nonaggregating systems, it is common 
to fit a straight line to values of natural logarithm of concen- 
tration (In c) us. radius squared (r2) values, i.e., 

In c = A0 + AI ( r 2 )  (1) 

For aggregating systems, we feel it necessary to use a nonlinear 
least squares procedure to fit the data. The relative merits of 
commonly used nonlinear least squares procedures is discussed 
by Wampler (1969). It is also important to use an equation 
with some basis in sedimentation theory as a basis for fitting. 
We have found several aggregating protein systems for which 
concentration us. radius data can be fit by the equation 

In c + A2c = A. + Al(r2) (2) 

(eq 2 describes a system in which the reciprocal of weight- 
average molecular weight is a linear function of concentra- 
tion.) A least squares procedure for determining the co- 
efficients (Ao, A, ,  A?) in eq 2 has been described (Beckwith, 
et al., 1971). More complex systems can be handled by 
adding power series terms in even powers of radius (r) to 
eq 2 .  Figure 3 shows concentration as a function of radius 
for a typical aggregating protein system. The dots represent 
every other experimental point and the line is the fitted curve. 

CALCULATION OF APPARENT MOLECULAR 
AS A FUNCTION OF CONCENTRATION 

WEIGHT 

Concentration L'S. radius data, such as that shown in Figure 
2 ,  is used to calculate apparent molecular weight values. An 
apparent molecular weight value can be calculated at each 
protein concentration in the solution column at sedimentation 
equilibrium. Several methods of calculation can be used 
(Van Holde, 1967). The method most frequently chosen is 

2 

Figure 3. Concentration cs. radius plot for an aggregating protein 
system at sedimentation equilibrium. The dots represent every other 
experimental point, and the line is the calculated curve 
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in which Lvm app (c) is the apparent weight-average molecular 
weight of the protein system at concentration c; R is the gas 
constant (8.314 x 107 ergsldeglmol); T is the absolute 
temperature of the system; w is the angular velocity of the 
rotor (radians/sec); ij is the partial specific volume of the 
protein; p is the density of the solution; and r is the radius. 
The quantity d In c/d(r2)  is the slope of a In c z;s. r 2  plot at a 
given concentration. Data for such a plot are obtained by 
differentiating the equation (e .g . ,  eq 2) which was fitted to the 
concentration us. radius data. A typical In c us. r 2  plot for 
an aggregating protein system appears in Figure 4. (Data 
for the plot were derived from Figure 3 as described above.) 
Note that the plot has only a slight curvature. Determina- 
tion of this curvature places severe demands on the accuracy 
of the experimental data and method of calculation. 

A typical plot of apparent molecular weight us. concentra- 
tion obtained from a single sedimentation equilibrium experi- 
ment is shown in the solid portion (a-b) of Figure 5 .  This 
was obtained by applying equation 3 to  data similar to  that 
of Figure 4. It should be pointed out that such a curve can 
be obtained from a heterogeneous nonassociating mixture 
as well as from an associating system. In order to distinguish 
between the two possibilities, a second equilibrium experi- 
ment is run using a different initial concentration. If one has 
a system in which only association is taking place, both sets 
of apparent molecular weight cs. concentration values will 
lie on one curve, an example of which is the solid (a-b) and 
broken (c-d) portions of Figure 5.  If the system is hetero- 
geneous, equilibrium experiments at different initial concentra- 
tions will yield separate curves (Squire and Li, 1961). Since 
heterogeneity is common in associating systems, it is im- 
portant to run sedimentation equilibrium experiments at two 
or more different initial concentrations. With presently 
available ultracentrifuges several cells containing different 
initial concentrations can be run at the same time. 

Plots of apparent molecular weight cs. concentration can 
also be made from either light scattering data or osmotic 
pressure measurements. These methods, however, only 
yield one point per experiment. 

INTERPRETATION OF APPARENT MOLECULAR WEIGHT 
LS. CONCENTRATION DATA 

A useful starting point in describing an aggregating protein 
system is a heuristic examination of an apparent weight- 
average molecular weight cs. concentration curve combined 
with other information about the protein, such as conditions 
of solubility and monomer size. The curve shown in Figure 5 
is characteristic of a system containing a 28,000 mol wt mono- 
mer that seems to  associate without limit. Further informa- 
tion may be obtained from experiments in different solvent 
systems; e.g., if a protein aggregates in dilute salt solutions 
but not in strong urea solutions, the aggregation may be due 
to hydrogen bonding. 

One may also try to describe an apparent molecular weight 
cs. concentration curve in numerical terms; that is, write a 
scheme of association reactions and then derive numerical 
values for the association constants under defined conditions 
of solvent and temperature. For the example shown in 
Figure 5 ,  equations can be written for two monomers going 
to dimer, dimer plus monomer to trimer, trimer plus monomer 
to tetramer, etc. At a concentration of 0.2 mg/ml the appar- 
ent molecular weight is 50,000 (Figure 5) .  Assuming that 
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Figure 4. Log concentration cs. radius squared plot for an ag- 
gregating protein system at sedimenlation equilibrium derived from 
the data of Figure 3 

only monomer and dimer are present, the concentration 
of each can be calculated and then the monomer-dimer 
association constant can be calculated. At a concentration of 
0.3 mg/ml the apparent molecular weight of the system is 
82,000. If the presence of monomer, dimer, and trimer is as- 
sumed, a dimer-trimer association constant can be calculated. 
This line of reasoning is used to calculate a set of association 
constants that fits the entire molecular weight cs. concentra- 
tion curve. In some special cases all the association con- 
stants have the same value. It is also possible to write other 
reaction schemes such as monomer going to dimer going to 
tetramer, or perhaps monomer going directly to tetramer. 
Procedures for obtaining numerical values for association 
constants and for choosing among possible association 
schemes are complex, and often the available data do not 
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Figure 5. Apparent weight-average molecular v eight CJ. concentra- 
tion curve for an aggregating protein system. Solid curve (a-b) 
represents data from one sedimentation equilibrium experiment. 
Overlapping broken curve (c-d) represents data from another sedi. 
mentation equilibrium experiment at a higher initial concentration 
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allow an  unambiguous choice among possible schemes. 
Methods for calculating association constants are discussed 
in some detail by Adams (l965,1967a,b, 1969). 

In addition to  heterogeneity which was discussed above, 
thermodynamic nonideality often complicates the analysis 
of aggregating protein systems. In a nonaggregating system 
thermodynamic nonideality is revealed by a decrease in 
Lvw with increasing concentration. There are examples 
in which thermodynamic nonideality in an  aggregating system 
is the cause of a maximum in a plot of AV,,,, 1;s. c (Van 
Holde and Rossetti, 1967; Van Holde et al., 1969; Payens 
et al., 1969). 

Another possible complication in the study of associating 
systems is the effect of pressure. There is a large increase 
in pressure from meniscus to bottom of the sedimentating 
liquid column. Since there is little if any volume change 
when a protein aggregates, pressure would not be expected 
to have any effect; however, there are a t  least two examples 
in the literature (Kegeles et al., 1969; Josephs and Harring- 
ton, 1967) where pressure does affect an  aggregating protein 
system. 

SELECTED EXAMPLES OF PROTEIN AGGREGATION 

The pioneering work in the mathematical analysis of re- 
versibly aggregating protein systems was that of Steiner 
(1952). H e  studied insulin by light scattering at  acid pH. 
His important contribution came in the form of equations 
that could be used to calculate association constants from 
apparent molecular weight us. concentration data if the 
molecular weight of the monomer was known and if thermo- 
dynamic nonideality could be ignored. Insulin at  acid p H  
was also studied by Jeffrey and Coates (1966) but by sedi- 
mentation equilibrium. Their results were not very different 
from those of Steiner in that the aggregation involved mono- 
mers (mol wt = 5800), dimers, tetramers, and hexamers but 
no trimers nor pentamers. 

Bovine adrenocorticotropin was studied by Squire and Li 
(1961). They found little association at  p H  1.3. At pH 
3.5 the data were best explained by an indefinite aggregation; 
i.e., aggregation continuing without limit with increasing 
concentration. They also found one of their samples to  be 
paucidisperse and the procedure for detecting this by sedi- 
mentation equilibrium is described. 

Roark 
and Yphantis (1969) found that P-lactoglobulin A could be 
separated by gel filtration into two fractions having different 
aggregation behavior. Payens et a/. (1969) studied the self 
association of /3-casein at  p H  7. They found increasing 
aggregation with increasing ionic strength, and they also 
found a high degree of thermodynamic nonideality. 

The aggregation of milk proteins is quite complex. 

Hemoglobin is an  interesting system because it forms a 
stable tetramer (M = 64,000) over a wide concentration range 
at  neutral pH. In most aggregating protein systems the 
degree of aggregation increases with increasing protein con- 
centration. Schachman and Edelstein (1966) made the 
interesting observation that at  neutral p H  and at  the very 
low protein concentrations which can be studied by the ultra- 
centrifuge absorbance scanner (0.002 mgjml), the tetramer 
will dissociate all the way to monomers. 

CONCLUSION 
Many proteins exhibit reversible aggregation reactions and 

the quantitative study of these reactions is in a fairly early 
stage of development. This review has tried to outline some 
of the important developments in sedimentation equilibrium 
practice and theory that have taken place over the past few 
years-developments which have made sedimentation equilib- 
rium one of the important tools in studying protein aggrega- 
tion. 
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