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Measurement of Macromolecular Equilibrium Binding Constants by 
a Sucrose Gradient Band Sedimentation Method. Application to 
Protein-Nucleic Acid Interactions? 

David E. Draperf and Peter H. von Hippel* 

ABSTRACT: A method is described for determining equilibrium 
binding constants using sucrose gradient band sedimentation 
data. The method is particularly well suited to measuring the 
binding of small ligands or proteins to much more rapidly 
sedimenting macromolecules or macromolecular complexes 
(e.g., large DNA molecules or ribosomes). Only very small 
quantities of radioactively labeled binding proteins are needed 
for each determination, and association constants ( K )  as large 
as IO" M-' can be measured. Over a wide range of sedi- 
mentation conditions the only information necessary for 
calculation of the association constant is the initial concen- 
tration of potential binding sites for protein, the distance of 
sedimentation of the fast-sedimenting peak, and the fraction 
of total binding protein migrating with the peak. Results are 

=e determination of binding parameters for interacting 
macromolecules (for example, in protein-nucleic acid complex 
formation) is often of central importance to the quantitative 
analysis of a biological control system. However this can be 
an experimentally difficult problem and one for which 
straightforward procedures of general utility and interpret- 
ability are still largely not available. 

Standard equilibrium dialysis techniques generally cannot 
be used for such systems because both macromolecular 
components may be too large to dialyze; in addition binding 
constants are often so large ( K  > lo7 M-I) that concentrations 
required for the reasonably accurate determination of optical 

From the Institute of Molecular Biology and the Department of 
Chemistry, University of Oregon, Eugene, Oregon 97403. Received Augusf 
IS, 1978; revised manuscript received December I I ,  1978. This work 
was supported in part by U S .  Public Health Service Research Grant 
GM-15792 as well as by a Predoctoral Traineeship (to D.E.D.) from U S .  
Public Health Service Training Grant GM-00444. 

'Present address: Department of Molecular, Cellular, and Devel- 
opmental Biology, University of Colorado, Boulder, CO 80302. 

presented demonstrating the applicability of this method to 
three different systems: (1) the interaction of bovine pancreatic 
ribonuclease with double-stranded DNA, (2) the interaction 
of Escherichia coli ribosomal protein S 1 with single-stranded 
DNA, and (3) the interaction of ribosomal protein S1 with 
3 0 s  ribosomal subunits. In each case the binding constant 
obtained reproduces (within a factor of two) that measured 
on the same system by a completely independent method. 
Common errors or misinterpretations in the application of this 
technique are described, as well as the extension of this ap- 
proach to proteins with multiple binding sites, to cooperatively 
binding proteins, and to the determination of binding site 
stoichiometry. 

changes upon complex formation (at least IO-' M components) 
often cannot be employed. Futhermore, for many systems only 
small quantities of material are available. 

For protein-nucleic acid interactions, nitrocellulose filter 
binding assays have been successfully used (Riggs et al., 1970; 
Yarus & Berg, 1970; Hinkle & Chamberlin, 1972). This assay 
depends on the preferential retention of protein and pro- 
tein-nucleic acid complexes by the filter; artifacts can arise 
if the filter is rinsed too thoroughly after trapping the complex 
or if the complex has a short half-life relative to the time of 
filtering (Hinkle & Chamberlin, 1970). In addition a number 
of factors affect the retention of complexes by filters, including 
temperature, ionic strength, and presence of divalent metal 
ions; this often complicates a survey of binding conditions by 
this technique. Furthermore, protein-protein interactions 
cannot, of course, be measured by the filter assay technique. 

A boundary sedimentation method worked out by Jensen 
& von Hippel (1977; see also Revzin & von Hippel, 1977) can 
be used to study a variety of interactions. However it generally 
cannot be applied to systems with binding constants greater 
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than - lo7 M-' and requires fairly large amounts of material. 
Therefore we have developed, and describe here, a sucrose 
gradient band sedimentation technique for measuring asso- 
ciation constants ( K )  with values up to at  least 10" M-I. The 
method is rapid, easy to apply to most systems, and requires 
little material. 

The principle of the technique is very straightforward. If 
a small ligand (e.g., a binding protein) and an excess of a faster 
sedimenting component (e.g., a nucleic acid) to which the 
protein can bind are centrifuged as a band through a sucrose 
gradient, the amount of protein cosedimenting with the nucleic 
acid after some distance will be a function of the binding 
affinity and the concentration of nucleic acid. At an ap- 
propriate initial concentration of nucleic acid, some portion 
of the protein will be free at  the start of the run and therefore 
will remain a t  or near the top of the gradient. As the band 
containing the complex moves down the tube, equilibrium will 
be continuously reestablished and more unbound protein will 
be left behind, leaving a smear of protein through the gradient. 

To describe this process quantitatively, we first use a very 
simple model that ignores spreading (due to diffusion, 
heterogeneity, or convection) of the sedimenting peak. Ap- 
plication of the equation obtained to several protein-nucleic 
acid interaction systems (for which independent measurements 
of K exist) shows that accurate values of K are obtained. A 
more detailed treatment, which takes band spreading into 
account, demonstrates that we are justified in ignoring this 
complication over a wide range of sedimentation conditions. 
The various limitations and technical problems that may arise 
are discussed, and finally we show how this simple treatment 
can be extended to situations involving multiple binding sites, 
cooperativity, and large initial ratios of binding protein to 
nucleic acid binding sites. 

Materials and Methods 
All buffers were made up in doubly distilled water. Sucrose 

was ribonuclease-free grade (Sigma). Tritium-labeled bovine 
pancreatic ribonuclease was obtained from Worthington. 
Tritium-labeled Escherichia coli ribosomal protein S 1 was 
prepared as described by Draper et  al. (1977), and 30s Es- 
cherichia coli ribosomal subunits devoid of S1 protein were 
prepared by a modification of the method of Tal et al. (1972). 
Phage A D N A  was purified by standard phenol extraction of 
A bacteriophage. 

All sucrose gradients were 5520% in sucrose concentration 
(w/v) in the indicated buffer, with a total volume of 5 mL. 
The macromolecule-containing band (usually 0.2 mL) was 
layered on top of the gradient with a micropipet; sedimentation 
was carried out in a Beckman (L2-65B) preparative ultra- 
centrifuge using an SW 50.1 rotor. The ribonuclease-DNA 
experiments were run a t  35 000 rpm for 100 rnin at  18 OC, 
the SI-DNA experiments at  35000 rpm for 240 rnin at  5 OC, 
and the S1-30s ribosomal subunit experiments a t  40000 rpm 
for 90 rnin a t  18 OC. 

Theory, Results, and Discussion 
Idealized Treatment. We first consider band sedimentation, 

through a sucrose gradient, of a rapidly sedimenting nucleic 
acid with a more slowly sedimenting protein; a very small 
initial ratio of protein relative to nucleic acid binding sites is 
assumed. The volume of the protein-nucleic acid sample 
layered on top of the gradient is taken as the volume of one 
"fraction", and the sample is numbered as the 0th fraction (see 
diagram in Figure la). Initially we neglect diffusion and other 
sources of band spreading and consider the sedimentation of 
this one-fraction-wide band down the gradient. Before sed- 
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FIGURE 1: Illustration of band sedimentation experiments. (a) 
Sedimentation without band spreading. The bars represent the fraction 
of binding protein remaining with the fast-sedimenting peak (Pn/Po)  
a t  each point in the gradient, calculated according to eq 2, with K L  
= 10. (b) Sedimentation with band spreading. The boxes represent 
the broadening of each successive peak transposition predicted by eq 
4-9; the area of each box is the fraction of binding protein remaining 
with the fast-sedimenting peak ( P x / P o ) .  Calculated for KL = 10, 
Wf = 3.5, nf = 8. Note that the area of the peak centered a t  n = 
8 (n4) is nearly the same as the area of the peak at n = 8 in Figure 
l a  (0.40 and 0.47, respectively). 

imentation begins, the concentration of bound protein in the 
0th fraction is (by the law of mass action) 

PI = ("')Po 1 + K L  

where Po is the total initial concentration of protein, K is the 
association constant, and L (for ligand) is the concentration 
of free nucleic acid binding sites. Since the concentration of 
protein is small relative to the number of nucleic acid binding 
sites, we make the approximation that Ltotal N Lfr, and in the 
following calculations take L to be the total concentration of 
potential polynucleotide binding sites. As the nucleic acid 
sediments into the volume labeled fraction one, the amount 
of protein carried with it will be only the protein bound in the 
0th fraction, Le., PI. 

The sedimentation on sucrose gradients of large nucleic acids 
or nucleic acid-protein complexes (e.g., phage DNAs, ribo- 
somal RNAs, ribosomal subunits, etc.) requires - 10 rnin for 
the band to move through one fraction (usually 0.1-0.2 mL 
on a 5.0-mL gradient). Using the Debye-Smoluchowski 
equation we may calculate that the forward rate constant ( k f )  
for the diffusion-controlled nonspecvic binding of a protein 
of -50 000 daltons to a large nucleic acid will be - 1 010 M-I 
s-l (for example, see von Hippel, 1978). The half-time for the 
dissociation of such a complex will be - 15 s for K = 10l2 M-I. 
Since this time is considerably smaller than the time required 
to move the band by one fraction, effective equilibrium between 
free and bound protein will be maintained throughout the run 
for binding constants ( K )  smaller than N 10l2 M-'. Of course, 
considerably smaller values of K will represent the upper limit 
for the method if specific site binding of protein to nucleic acid 
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Table I 
K (M-') 

interaction sucrose gradient method independent method reference 

RNase-native DNA" 
Sl-denatured DNAb 
S1-30s subunitsC 

(0.9 f 0.2) X loSd 
(3.0 f 0.6) X 
(1.7 f 0.8) X loee  

Determined in 1.0 mM NaCI, 0.1 mM Na,EDTA, 1 mM Na,HPO,, pH 7.7. Phage h DNA was used. 

1.7 X lo5 (velocity sedimentation) 
(3.8 f 1.1) X l o6  (fluorescence titration) 
(4.8 * 1.0) X 10' f(competition) 

Jensen & von Hippel (1976) 
Draper et al. (1977) 
Draper & von Hippel (1979) 

Determined in 0.1 M NaC1, 0.1 mM 
Na,EDTA, 1 0  mM Na,HPO,, pH 7.7, 1.0 mM 0-mercaptoethanol. Phage h DNA was used. Determined in 0.3 mM Mg(OAc),, 0.1 M 
NH,C1, 20 mM Tris, H 7.7, 1.0 mM 0-mercaptoethanol. 30s subunits are from E. coli MRE 600 ribosomes and contain less than 0.01 copies 
of S1 per subunit. BEstimation of error is based on  5% error in determination of Pn/Po, L ,  and n f .  e Average of five determinations. 

Average of determinations with poly(dA) and poly(dC). 

(or protein to protein) is involved or if the binding interaction 
is slower than diffusion controlled (see following sections). 

The concentration of bound protein (after equilibrium is 
established) in fraction one will therefore be 

1 + K L  1 + K L  

The general equation for the fraction of protein carried into 
fraction n [i.e., the amount of protein bound in fraction (n-l)] 
is thus simply 

"=(")" 
Po 1 + K L  

This can be rearranged to give KL as a function of the distance 
of sedimentation and the fraction of protein remaining with 
the nucleic acid peak 

(3) 

Equation 2 is similar to the equation derived by Silhavy et 
al. (1975) to describe the retention of small ligands by binding 
proteins inside a dialysis bag (the time of dialysis being 
analogous to the distance of sedimentation) and identical with 
the equation developed by deHaseth et al. (1977) to account 
for the retention of binding protein by a DNA-cellulose affinity 
column. The principle behind these procedures and that 
described here is the same; Le., as a protein-ligand complex 
is "washed" with a volume of buffer (e.g., by dialysis of the 
complex against a large volume of buffer or by sedimenting 
the complex through buffer), the amount of buffer required 
to remove a certain fraction of the ligand is a function of the 
binding affinity. W e  emphasize that, though each method 
gives an apparent "rate" of ligand release from the complex, 
this rate depends solely on equilibrium considerations. Only 
in the case of exceptionally tight binding does the actual 
first-order dissociation rate constant of the complex begin to 
affect the apparent rate of ligand release. Misunderstanding 
of this point has led to estimates (based on band sedimentation 
experiments) of protein-nucleic acid dissociation rate constants 
which are too small by many orders of magnitude (e.g., see 
Reuben & Gefter, 1974; Molineaux et al., 1975). 

The analysis presented above is, of course, very simplistic; 
in particular it ignores band spreading by assuming that the 
peak remains one-fraction wide throughout the sedimentation 
run. Therefore we were suprised to find that association 
constants calculated using eq 3 come very close to values 
determined by other methods. The reason for this, as will be 
shown below, is that when band spreading is taken into account 
two modifications to eq 2 must be applied, and these modi- 
fications very nearly cancel one another. 

T o  illustrate the application of eq 3, the sedimentation of 
[3H]ribonuclease ([3H]RNase) with native X DNA is shown 

0 2 4 6 8 1 0 1 2 1 4  

Fraction Number 
FIGURE 2: Sedimentation of [3H]RNase with native X DNA. 
Conditions of sedimentation are  described under Materials and 
Methods and in Table I. The top of the gradient is a t  the left. The 
unhatched area is the fraction of total protein taken as  still associated 
with the D N A  peak and is 47% of the total protein. 

in Figure 2 .  The concentration of DNA (expressed in units 
of base pairs) was 98 pM in the initial sample; the amount 
of [ 3 H ] R N a ~ e  used was enough to saturate less than 1% of 
the potential DNA binding sites.' The sedimentation profile 
shows that a significant portion of the [ 3 H ] R N a ~ e  has been 
left behind near the top of the gradient, while some [3H]RNase 
is clearly associated with the faster migrating D N A  (under 
these sedimentation conditions unbound [3H]RNase does not 
move a significant distance). By estimation that 47% of the 
total recovered [jH]RNase is associated with the DNA peak 
centered at  n = 7.3 fractions,2 and by use of the initial 
concentration of DNA (98 pM) as the concentration of DNA 
binding sites, eq 3 yields K = 0.9 X lo5  M-I. This value is 
within a factor of two of the value of 1.7 X lo5 M-' measured 
by Jensen & von Hippel (1976) with native calf thymus DNA 
under identical conditions by a very different method (Jensen 
& von Hippel, 1977). 

Table I summarizes binding constants determined by this 
sedimentation method for several interactions of known af- 
finity. In all cases agreement with values determined by other 
methods is within approximately a factor of two. 

A common (and generally incorrect) procedure in analyzing 
sedimentation patterns of the kind shown in Figure 2 has often 

~~ ~ ~ ~~ 

' In considering protein-nucleic acid interactions one must generally 
take into account the site size of the binding protein. This follows because 
the concentration of free nucleic acid binding sites will not be a linear 
function of bound protein, since one protein can cover more than one 
potential binding site (McGhee & von Hippel, 1974). However, as the 
level of saturation of the nucleic acid with protein becomes small, the effect 
of site size becomes insignificant. At the protein to nucleic acid ratios 
of these experiments, the concentration of total and of free binding sites 
is simply taken to be equal to the total concentration of nucleic acid bases 
or base pairs. 

In certain cases (see below) the sedimenting band may be appreciably 
skewed. In such situations the center-of-mass of the peak, rather than 
the maximum ordinate, should be used to define the center of the band. 
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1 

W” = (wf- I) (  ;) + 1 (4) 

where W, is the width of the peak (in units of initial fractions; 
see Figure lb) when the peak reaches fraction n. The fraction 
number of the xth peak transposition, n,, is related to that of 
the previous peak transposition ( n x - l )  by 

wx-I wx + -  n, = nx_l + - 2 2 
Substituting eq 4 into eq 5 and solving for n, gives 

(nx-,)(2nf + Wf - 1) + 2nf 
2nf - w, + 1 n, = (6) 

This equation is easily solved repetitively, starting with no = 
0, to give the fraction numbers of the successive peak tran- 
spositions and thus x. Assuming that the peak is diluted by 
a constant factor between each transposed zone, we define a 
dilution factor, D, as the ratio of successive peak widths 

wx- 1 

wx 
D = -  (7) 

Equation 2 can now be rewritten to take into account the 
broadening and dilution of the peak during sedimentation 

or 

This equation predicts the fraction of initial protein still 
migrating with the nucleic acid after x peak transpositions. 
In the case of Wf = 1 (Le., no broadening of the sedimenting 
peak), eq 8 reduces to eq 2. 

To demonstrate the effect of band spreading on the cal- 
culated value of KL, we consider a hypothetical band sedi- 
menting to fraction n = 8 with P,/Po = 0.5 and assume a series 
of values for the final peak width from W, = 1 to Wf = 11 
fractions. For each value of W,, x and D are calculated by 
use of eq 6 and 7 and then KL is determined from a plot of 
P,/Po vs. KL, calculated by use of eq 8. The outcome, for KL 
as a function of W,, is presented in Figure 4 (upper curve). 
It can be seen that KL calculated ignoring band spreading (the 
W, = 1 case) is not more than 30% larger (upper dashed line) 
than the value calculated taking peak spreading into account 
over the range 1 < Wf < 5 .  The error involved in using the 
“non-band-spreading” approximation varies slightly with the 
distance of sedimentation, becoming somewhat larger with 
increasing n. 

If peak broadening is entirely due to diffusion and not to 
heterogeneity of the sedimenting molecules, then peak width 
will increase with the square root of time (or peak position) 
and not linearly with time as assumed above. The case can 
be treated the same way, by use of eq 9 in place of eq 4, to 

w, = (W,  - I ) (  $* + 1 (9) 

determine the variation of peak width with distance of sed- 
imentation. An equation similar to eq 6 is obtained (which 

This assumes that the gradient is such as to make sedimentation 
approximately linear in time and that most of the band spreading is due 
to sedimentational heterogeneity, rather than to simple diffusion. If other 
situations are known to prevail, eq 4 and 5 must be modified (see below; 
eq 8 and 9) .  
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nature of the method a t  very low ratios of (e.g.) protein to 
nucleic acid binding sites. If equilibrium indeed prevails, the 
protein wil spend such a small fraction of its time associated 
with any particular nucleic acid molecule that the sedimen- 
tation rate of the latter should be totally unaffected by the 
binding process. Thus a demonstration that the same sedi- 
mentation rate is observed whether the progress of the band 
is monitored by the sedimentation of (e.g.) the radioactive 
protein or by the sedimentation of the nucleic acid or ribosomal 
component itself often comprises an excellent way of assuring 
that equilibrium prevails (see also Draper & von Hippel, 1979). 

Whether or not equilibrium is maintained during a run can 
also be checked by determining K using different concen- 
trations of binding sites or different distances of sedimentation 
(Le., different values of nf). The fraction of protein remaining 
bound to nucleic acid should vary as predicted by eq 3 and 
not by the mass action law. 

The lower limit of measurable association constants is 
determined only by the lowest experimentally resolvable 
concentration of protein cosedimenting with the nucleic acid 
component. For reasonable accuracy a t  least 1120th of the 
total protein should still be associated with the nucleic acid 
at  the end of the run. The association constant to which this 
limit applies can be decreased somewhat further by increasing 
the nucleic acid concentration or by stopping the run earlier 
(Le., when the peak is a t  a smaller value of n). 

(b) The concentration of binding protein must be much less 
than the concentration of binding sites for the protein to satisfy 
the condition Lf,, N L,,. Initial saturation levels of less than 
10% are sufficient for this. Cases in which the saturation level 
is much higher can be treated, though a simple equation for 
KL is not obtained (see discussion of stoichiometry deter- 
minations, below). 

(c) The optimum range for P,/Po is roughly 0.2-0.6. 
Outside of this range the error in the determination of P,,/Po 
rises, since the uncertainty in deciding which fractions to 
include with “shed” protein and which with “bound” protein 
increases substantially. As Figure 3 shows, small errors of 
P,,/Po ratios outside the 0.2-0.6 range may also be amplified 
in calculating KL. 

(d) The breadth of the peak at  half-height should not exceed 
the distance of sedimentation, unless eq 8 is used to take into 
account the effects of band spreading. For very broad peaks 
the possibility that some of the initially shed protein will have 
“caught up” with the trailing part of the peak (due to either 
diffusion or sedimentation of this protein from its “shed” 
position) should also be taken into account. 

Possible Sources of Error. The experimenter should be 
aware of several problems which may give rise to erroneous 
determinations of K and controls which may be done to avoid 
them. 

(a) Many binding proteins have a significant affinity for 
nitrocellulose centrifuge tubes, which can present a severe 
problem at low protein concentrations. Calculation of the total 
recovery of protein after a run is important to avoid this 
artifact. Several approaches can be used to alleviate the 
problem: (1) polyallomer tubes, which generally have a lower 
affinity for protein than nitrocellulose, can be used; (2) high 
salt concentrations, which generally decrease the binding of 
proteins to the tubes and other irrelevant sites, can be em- 
ployed: and (3) bovine serum albumin or other proteins which 
do not bind to the nucleic acid but which do coat competing 
binding sites on the centrifuge tubes can be added to the 
system. 

I 1 

15.01 

lo.oh 

2.54 c 
1.0 3.0 50 7.0 9.0 

w f 
FIGURE 4: KL as a function of Wf, calculated by use of eqs 6-9 with 
nf = 8 and P,/Po = 0.5. We assume either that peak broadening is 
entirely due to heterogeneity (W proportional to t ;  upper curve) or 
to diffusion (Wproportional to lower curve). The upper and lower 
dashed lines represent values of KL which are, respectively, 30% greater 
or 30% smaller than the value of KL for Wf = 1. 

is, however, a quadratic in n,) and is used to calculate suc- 
cessive peak positions and x. The dilution factor is now not 
a constant but must be calculated separately for each suc- 
cessive peak transposition. 

If we now consider the same hypothetical band sedimenting 
to n = 8 with P,/Po = 0.5 and plot KL as a function of W,, 
the lower line of Figure 4 is obtained. The error in KL again 
becomes steadily larger with increasing width of the sedi- 
menting peak but here in the opposite direction from that 
observed for the peak broadening linearly with time. Thus 
here the value calculated by use of the non-band-spreading 
approximation is too large, rather than too small. The error 
is still less than 30% in the range 1 < W, < 5. Since in many 
cases both heterogeneity and diffusion contribute to peak 
broadening, the actual value of KL will lie somewhere between 
the two extreme cases shown, and the error made in KL as 
a result of using eq 3 will be acceptable over a larger range 
of Wf. Therefore we conclude that eq 3, which neglects the 
effects of band spreading, is suitable for analyzing sucrose 
gradients under most sedimentation conditions. 

As indicated above, the reason that band spreading has such 
a small effect on the value of K L  calculated with eq 3 is that 
the two modifications introduced into the equation have 
opposite effects. Peak broadening, which reduces the exponent 
n to a smaller value, tends to make KL larger. However the 
concomitant reduction in the concentration of binding sites 
( L ) ,  due to dilution, decreases KL. The two effects nearly 
cancel one another over a wide range of values of W,. 

Limitations of the Method. For accurate results, con- 
centrations and sedimentation conditions should fall within 
certain limits which we summarize here. 

(a) The upper limit of association constants which can be 
measured by this technique is determined by the half-life of 
the interaction complex; when this becomes too large, equi- 
librium is no longer maintained during the run. As noted 
above, this limit is reached at  K N 10l2 M-’ for proteins of - 50 000 daltons binding nonspecifically to a large nucleic acid. 
It will be lower for very large proteins, for proteins which have 
an association rate much slower than diffusion controlled, and 
for protein-nucleic acid (or protein-ribosome) interactions 
involving direct (i.e., no nonspecific binding intermediates) 
specific site binding. 

A useful test for the validity of the equilibrium assumption 
in any particular case is to take advantage of the “tracer” 
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This expression can be developed in the same way as eq 1 to 
determine the fraction of protein migrating with the nucleic 
acid peak after some distance of sedimentation. Qualitatively, 
the outcome is that at  low concentrations of nucleic acid the 
middle term of the denominator, (K, + K 2 ) L ,  will dominate, 
and the apparent binding constant measured will be related 
to the sum of the two binding constants. At much higher 
concentrations the K,K2 term will dominate, and a value 
related to the product of the binding constants will be 
measured. For a protein with two binding sites of identical 
affinity, under typical experimental conditions (e.g., at  KL E 

lo) ,  the apparent binding constant will be three to five times 
greater than the individual binding constants. 

Cooperaticely Binding Proteins. A number of nucleic acid 
binding proteins have the property that binding of two proteins 
a t  contiguous sites on the polynucleotide lattice gives rise to 
an extra free energy of binding (i.e., binding is cooperative 
in protein concentration). One can define an intrinsic binding 
constant, Kint, which represents the affinity of the protein for 
an isolated polynucleotide site, and a cooperativity parameter, 
w, which represents the increased binding affinity, relative to 
an isolated site, for a site next to an already bound protein 
(McGhee & von Hippel, 1974). 

Since band sedimentation experiments are generally per- 
formed with a vast excess of polynucleotide binding sites over 
protein molecules, cooperativity of binding will tend to be 
overwhelmed by the excess of free binding sites available. For 
example, if the total protein concentration is 1% of the 
concentration of binding sites, only when w = 100 will enough 
protein be bound at contiguous sites for there to be a significant 
increase in the apparent binding constant relative to the in- 
trinsic binding constant. 

I f  the concentration of binding protein in an experiment is 
increased so that the amount of protein becomes significant 
relative to the number of binding sites, and thus the ap- 
proximation that L,,,,, = LFree no longer holds, the fraction 
of total protein bound (in the absence of cooperativity) de- 
creases (see eq l ) .  and the apparent binding constant cal- 
culated will be too small. If cooperativity is present, however, 
increasing the concentration of binding proteins will increase 
the number of proteins binding contiguously to the nucleic acid 
and hence the number of cooperative interactions; the apparent 
binding constant approaches Klnlu as the lattice approaches 
saturation (McGhee & von Hippel. 1974). In an appropriate 
range of nucleic acid concentrations. a small increase in 
apparent binding affinity will produce a large change in the 
fraction of protein bound after sedimentation (see Figure 3). 
Thus a sensitive test for cooperativity is to determine the 
binding constant with increasing concentrations of binding 
protein: any increase in apparent binding affinity is diagnostic 
of cooperativity. Cooperativity in the binding of E .  coli ri- 
bosomal protein S 1 to inactive 30s ribosomal subunits has been 
detected in this way (Draper & von Hippel. 1979). 

A common 
method for determining the number of specific, high-affinity 
binding sites for a protein on a nucleic acid or other rapidly 
sedimenting species (e.g.. ribosomes) is to mix the nucleic acid 
with increasing excesses of protein, sediment, and determine 
the ratio of protein to nucleic acid in the rapidly sedimenting 
peak. The maximum ratio attainable is taken to be the 
maximum number of binding sites. The interaction of ri- 
bosomal proteins with the different ribosomal RNAs, for 
instance, has been examined by this approach (Spierer & 
Zimmermann, 1978: Xewberrq et al., 1978), and recently this 
procedure has been used to demonstrate a change i n  the 

Determination of Binding Stoichionietries. 

(b) Since the walls of sucrose gradient centrifuge tubes are 
parallel rather than sector shaped, sedimenting material will 
tend to accumulate a t  the walls of the tubes. This will lead 
to dilution of protein in the middle of the tube and concen- 
tration a t  the perimeter. A high concentration of protein a t  
the walls may encourage binding of protein to the tube walls 
and, in severe cases, also density instability and convection. 
To avoid this kind of artifact, we generally limit the distance 
of sedimentation to about one-third of the 5-mL gradient 
(about 1.5 cm). 

(c) For any binding reaction involving a substantial change 
in the partial specific volume of the reactants on complex 
formation, the hydrostatic pressure developed in the gradient 
during sedimentation can shift the equilibrium constants by 
an enormous amount (Harrington & Kegles, 1973). This 
possibility can be checked by simply determining K a t  different 
rotor speeds or by pouring a truncated gradient, layering on 
the sample band, and layering additional buffer on top. The 
increased pressure on the sample during the run should show 
whether pressure has any effect on K. For the several pro- 
tein-nucleic acid interactions in which pressure dependence 
of binding has been tested [e.g., the RNase-DNA interaction 
(Jensen & von Hippel, 1977), the lac repressor-DNA in- 
teraction (Revzin & von Hippel, 1977), and the S1 pro- 
tein-ribosome interaction (Draper & von Hippel, 1979)], no 
rotor speed effects have been detected. 

(d) An important control, especially a t  high final binding 
densities (P,/P, > 0.6-0.8), is to run a sample under very tight 
and stoichiometric binding conditions (for example, at  low salt 
concentrations for many protein-nucleic acid interactions) to 
ascertain that all the protein is indeed active in binding. A 
small contaminant of nonbinding (Le.. defective) protein can 
result in serious underestimations of large binding constants 
if not detected and taken into account. 

(e) At high concentrations the sedimentation coefficient of 
DNA becomes concentration dependent, and an asymmetric 
peak is often obtained (e.g., see Burgi & Hershey. 1963). 
These effects become noticeable a t  D N A  concentrations 
greater than 1 pg/mL and severe at  concentrations exceeding - 12 Kg/mL. Extreme asymmetry of the sedimenting peak 
may make it necessary to modify the above procedure; spe- 
cifically, under these conditions the center-of-mass of the 
sedimenting peak should be used, instead of the maximum 
ordinate, to define n. In practice, for DNA binding proteins 
characterized by K values greater than lo5 M-', this matter 
presents no problem. The concentrations of DNA which must 
be used to measure weaker binding constants are sufficiently 
large so that the band shape can be determined optically. 

Many binding 
proteins have two or more binding sites. Ribosomal protein 
S1, for instance, has two (nonidentical) sites for polyribo- 
nucleotides (Draper et al.. 1977). For a protein with two 
independent binding sites, the fraction of protein not bound 
via either site (i.e.. the fraction which is left behind during 
sedimentation) is the product of the probabilities of each site 
being free 

Proteins M'ith Multiple Binding Sites. 

1 - Pf 
Po ( K , L  + l ) ( K , L  + I )  

where K ,  and K2 are the binding affinities of the two different 
sites, Pf is the concentration of protein not bound in either site. 
and Po is the total protein concentration. The fraction of bound 
protein is thus 

Pbd I 
PO 
- -  - 1 -  

[ K , K 2 L 2  + ( K ,  + K 2 ) L  + I ]  



M A C R O M O L E C U L A R  B I N D I N G  C O N S T A N T S  V O L .  1 8 ,  N O .  5 ,  1 9 7 9  759 

therefore, should be taken as a minimum value for the binding 
stoichiometry, unless the association constant for the binding 
interaction is known to be sufficiently high. 

The reason that the apparent maximum binding stoi- 
chiometry observed in sedimentation experiments of this sort 
is substantially less than the actual value can be understood 
qualitatively by considering sedimentation of the hypothetical 
nucleic acid of Figure 5 with an infinite binding protein 
concentration. Initially, of course, all four binding sites will 
be saturated with protein; thus after sedimentation over one 
fraction the amount of protein remaining with the nucleic acid 
will be equal to the concentration of nucleic acid binding sites 
(Le., Pu/Ltotal = 4.0). However, sedimentation through each 
additional fraction will reduce this saturation level by an 
amount dependent on KL, regardless of the initial saturation 
ratio. Thus the net result will be a significant loss of protein 
from the complex after some distance of sedimentation (unless 
KL > lo3), even when the initial ratio of protein to binding 
sites is essentially infinite. 

Conclusions 
The method described here for analyzing band sedimen- 

tation data can provide accurate estimates of macromolecular 
association constants ranging from - lo3  to 10” M-I. The 
ease with which a determination of K can be carried out makes 
this method particularly applicable to surveys of binding 
conditions (salt concentrations, temperature, pH) or binding 
specificities (RNA vs. DNA, native vs. denatured DNA). We 
should emphasize that this method is applicable to any in- 
teraction in which the two components differ sufficiently in 
sedimentation coefficients; in principle the technique can also 
be applied when complex and free protein is separated by 
electrophoresis or by gel filtration rather than by sedimen- 
tation. Not only protein-nucleic acid interactions but also 
protein-macromolecular complex interactions (as illustrated 
by the cited measurement of the affinity of S1 protein for 30s  
ribosomal subunits) and small molecule-protein interactions 
(where the protein becomes the fast-sedimenting component) 
can, in principle, be analyzed by various modifications of this 
technique. 

Added in Proof 
Since this manuscript has been in press, the method of 

“sedimentation partition chromatography”, devised by 
Yamamoto & Alberts (1974) for measuring binding constants 
of estradiol receptor protein to nonspecific DNA, has come 
to our attention. While quite different in detail, this method 
is based on the same multiple equilibrium principles underlying 
the present approach and represents an alternative procedure 
for use under certain experimental conditions. We are grateful 
to Bruce Alberts for pointing this out to us. 
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FIGURE 5 :  Amount of protein cosedimenting with a nucleic acid band 
as  a function of initial protein to nucleic acid binding site ratios. A 
hypothetical nucleic acid a t  a concentration of Ltotal = M is 
sedimented with a binding protein at  concentrations (Po) indicated 
in the abscissa. The nucleic acid is assumed to have four identical 
(nonoverlapping) binding sites for the protein, with intrinsic association 
constants (K)  as  indicated. The ratio of protein to nucleic acids 
(PM/LtOtal) remaining with the nucleic acid peak after sedimentation 
over n fractions is plotted against Po/Ltotal. Details of the calculation 
a re  given in the text. 

number of sites for binding ribosomal protein S1 to different 
conformations of the 30s ribosomal subunit (Laughrea & 
Moore, 1977, 1978). A simple extension of the analysis given 
in the first section of this paper shows that stoichiometries 
determined in this way can easily be in error by appreciable 
factors. 

To simulate the sedimentation of a polynucleotide with an 
excess of binding protein, we apply eq 1 (the mass action law) 
without the approximation that Lfree N LtOtaI 

Pbd K(Ltotal - Pbd) _ -  - 
Po 

The solution for Pbd in terms of K and the total concentration 
of binding sites (Ltotal) is a quadratic. As before, the con- 
centration of protein which is carried from fraction zero into 
fraction one is simply the concentration of protein bound in 
fraction zero; thus to find the concentration of protein carried 
into fraction n we simply solve n times for Pbd, using for Po 
each time the value of Pbd from the previous round of cal- 
c ~ l a t i o n . ~  

Figure 5 shows the result for a hypothetical nucleic acid 
sedimented a t  a concentration of M; four nonoverlapping 
protein binding sites of identical affinity are assumed. Curves 
calculated for varying binding site affinities and distances of 
sedimentation (i.e., different values of n)  are shown. Several 
conclusions can be drawn. First, all the curves, regardless of 
binding affinity or distance of sedimentation, reach apparent 
maximum binding stoichiometries; however the apparent value 
may be low relative to the actual value by as much as a factor 
of four. The plateau level depends on the binding affinity and 
the distance of sedimentation; thus any treatment of a po- 
lynucleotide which appears to alter the binding stoichiometry 
of the protein might, in fact, be affecting binding site affinities 
or sedimentation behavior instead. Only in the case of ex- 
traordinarily tight binding ( K L  > lo3) and relatively short 
sedimentation distances do the apparent binding stoichiom- 
etries come close to the actual values. The plateau value, 

1 + K(Ltot.21 - P u )  

The calculation can also be carried out taking into account band 
spreading as before. The effect of this is to lower the plateau level of the 
curves in Figure 5 by 5-20%, the largest effect being associated with the 
smallest K. 
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An Octamer of Core Histones in Solution: 
H30H4 Tetramer in the Self-Assemblyt 

Adolfo Ruiz-Carrillo* and JosC Luis Jorcano 

ABSTRACT: The association of histones H2A, H2B, H3,  and 
H 4  in solution has been studied. In 2 M NaCl and at neutral 
pH they can assemble in a complex in which each histone is 
present in equimolar amounts. The complex has a weight 
average molecular weight of 98000 (f3700) and a sedi- 
mentation coefficient   SO^^,^) of 4.8. The value of the weight 
average molecular weight and the histone stoichiometry in- 
dicate that the complex is an octamer. The pairs of histones 
H2A,H2B and H3,H4 studied separately under identical 

T h e  nucleosome core particle has been shown to consist of 
approximately 140 base pairs of DNA complexed with the core 
histones (H2A, H2B, H3, and H4) (Sollner-Webb & Fel- 
senfeld, 1975; Axel, 1975). In recent years evidence has 
accumulated in support of the view that the four core histones 
occur in the vast majority of the core particles (Kornberg & 
Thomas, 1974; Boseley et al., 1976; Camerini-Otero et al., 
1976; Simpson & Bustin, 1976; Bustin et al., 1977; Ruiz- 
Carrillo & Jorcano, 1977; Oudet et al., 1977; Jorcano & 
Ruiz-Carrillo, 1979). In addition, hydrodynamic (Shaw et 
al., 1976) and cross-linking (Thomas & Kornberg, 1975a,b) 
studies have indicated that an octamer containing two of each 
core histone makes up the protein moiety of the core particle. 
Whether the core histone octamer can exist in the absence of 
DNA is at present a matter of controversy. 

In solutions of low ionic strength, histones interact in pairs 
H2A,H2B (dimer) and H3,H4 (tetramer) (Kelley, 1973; 
Roark qt al., 1974; Kornberg & Thomas, 1974), although a 
relatively strong cross-interacting dimer H4eH2B has also been 
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Central Role of the 

conditions only associate as equimolar complexes consistent 
with dimeric and tetrameric structures, respectively. The 
stability of the core histone octamer is a function of the ionic 
strength, pH,  and concentration of protein. The octamer 
dissociates by losing dimers of H2A,H2B until the main 
complexes existing in solution are the H3sH4 tetramer and 
the H2AsH2B dimer. This process is reversible upon rees- 
tablishing the original conditions. 

characterized (D’Anna & Isenberg, 1974). The way in which 
the core histones associate in solution is, however, not well 
established. Weintraub et al. (1975) reported that in solutions 
of high ionic strength (Le., 2 M NaC1) and neutral pH, they 
associate in “heterotypic” tetramers ( H ~ A - H ~ B - H ~ s H ~ ) ,  a 
view later supported by laser light scattering studies (Campbell 
& Cotter, 1976). On the other hand, cross-linking studies have 
suggested that an octamer may exist under similar conditions 
(Thomas & Kornberg, 1975a,b). During the course of this 
work, Thomas & Butler (1977) have also reported hydro- 
dynamic studies which are consistent with the existence of a 
core histone octamer in solution. A clarification of this 
controversy will contribute not only to our understanding of 
the structure of the nucleosome but also to the way in which 
chromatin is assembled during DNA replication. We present 
evidence demonstrating the occurrence of a core histone 
octamer in solutions of high ionic strength and describe some 
of its properties. 

Experimental Procedures 
Preparation of Cells and Nuclei. Mature hen erythrocytes 

were obtained as described previously (Ruiz-Carrillo et al., 
1975). Cells were lysed in buffer A’ (Hewish & Burgoyne, 
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