QUANTITATIVE DNA-CELLULOSE CHROMATOGRAPHY

Measurement of Binding Constants for Protein-DNA Interactions by

DNA-Cellulose Chromatography'

Pieter L. deHaseth, Carol A. Gross, Richard R. Burgess, and M. Thomas Record, Jr.*

ABSTRACT: We describe the application of DNA-cellulose
chromatography to the determination of binding constants for
the nonspecific interaction between proteins and DNA. The
method involves loading a small DNA-cellulose column to a
low binding density and subsequently eluting the protein with
buffer at a constant salt concentration. The elution is conve-
niently followed by monitoring the protein fluorescence of the
eluate. From the shape of the elution profile, the binding
constant for the interaction can be calculated. Employing
columns containing double-stranded calf thymus DNA-cel-

Knowledge of the behavior of the observed equilibrium
constant Kopsq for a charged ligand-nucleic acid interaction
as a function of ion concentrations, pH, and temperature
permits one to sort out the various contributions to the free
energy of complex formation (Record et al., 1976; deHaseth
etal., 1977). The interactions of such ligands as Mg?2*, oligo-
lysines, and RNase with nucleic acids are driven predominantly
by the entropic effect of release of bound counterions (in these
cases from the nucleic acid) in the association reaction (Record
et al., 1976). It appears that counterion release may play a
general role in the interactions of biological polyelectrolytes
(Record and Manning, in preparation); this entropic effect
must be considered along with the other noncovalent interac-
tions in accounting for the stability of specific biopolyelec-
trolyte complexes.

To assess the contribution of the counterion release term to
the reaction free energy, it is sufficient to determine the ion
concentration dependence of Kgnsa (Record et al., 1976).
Unfortunately there are few simple techniques available for
this purpose, particularly if the ligand itself is a macromolecule.
In general, spectroscopic techniques have not proved to be
sufficiently sensitive to complex formation to use as an ana-
lytical method to obtain Kopsg. The recent report of a fluo-
rescent probe for the RNA polymerase-DNA interaction
(Faerber and Vizethum, 1976) suggests that optical methods
may prove useful in the future. Von Hippel and co-workers
(Jensen and von Hippel, 1977; Revzin and von Hippel, 1977)
have developed a rigorous thermodynamic method in which
DNA and protein are equilibrated in a centrifuge cell, and
complexes are separated from free protein by sedimentation.
Since this technique requires simultaneous determination of
free and bound protein concentrations, high binding densities
are generally used, and the effect of overlapping binding sites
on Kgpsq (McGhee and von Hippel, 1974) must be corrected
for by extrapolation to zero binding density. In the present
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lulose, we have measured binding constants in the range of 10*
to 106 M1, Extension of this range is possible by varying the
amount of DNA on the column. For /ac repressor, agreement
between our measurements and those of Revzin, A., and von
Hippel, P. H. [(1977) Biochemistry 16 (second of five papers
in a series in this issue)], who employ an absolute boundary
sedimentation method, is good. The column method should be
useful for the rapid screening of the effect of a large number
of variables on protein-DNA binding constants.

paper, we describe the calibration and use of DNA cellulose
columns to measure binding constants at low binding densities.
Subsequent papers demonstrate the utility of this method in
analyzing the nonspecific interactions of /ac repressor protein
and RNA polymerase with DNA (deHaseth et al., 1977;
Record et al., 1977; deHaseth, Lohman, Burgess, and Record,
in preparation).

The use of DNA-cellulose columns as a preparative tech-
nique for isolating and purifying DNA-binding proteins from
cell lysates was introduced by Alberts et al. (1968) and Litman
(1968). In their method, a partially purified lysate is applied
to the column at low salt concentration and eluted with a
continuous or stepwise salt gradient. In our analytical appli-
cation of the method, a small DNA-cellulose column is loaded
at constant salt concentration with a small quantity of pure
protein, so the initial binding density is low. The protein is
eluted with the same constant salt concentration. The volume
required to elute a given amount of protein is related to the
binding constant Kypsq Of the protein-DNA complex. We
verify the uniqueness of this relationship and, by comparison
with the data of Revzin and von Hippel (1977), show that the
DNA-cellulose column method provides absolute binding
constants for the repressor-DNA interaction.

Materials and Methods

(a) Reagents. Calf thymus DNA was from Worthington;
cellulose was Whatman CF 11. All other chemicals were re-
agent grade.

(b) Buffers. Buffer T is 0.01 M Tris! (pH 8.0at4 °C), 7 X
1073 M B-mercaptoethanol, 1074 M EDTA, 5% (v/v) glycerol.
Buffer P is 0.01 M Na,HPO, (pH 7.4 at 20 °C) instead of
Tris, but otherwise the same as buffer T. In describing a buffer,
the [Nat] is indicated as a subscript, e.g., To.13 is buffer T with
a total [Na+*] of 0.13 M.

(¢) lac Repressor. Three preparations of E. coli lac repressor
were used in this study, all purified according to Platt et al.
(1973). The initial experiments were carried out on repressor
from E. coli strain G166/BMH74-12 supplied by Drs. M.

! Abbreviations used: Tris, tris(thydroxymethyl)aminomethane; EDTA,
ethylenediaminetetraacetic acid.
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Pasek and W. Gilbert (Harvard). This sample was better than
99% pure as judged by polyacrylamide gel electrophoresis,
where it ran as a single band; it was fully active in operator
binding, and crystallized under appropriate conditions; it be-
haved as a homogeneous sample in isoelectric focusing ex-
periments (M. Pasek, personal communication). Subsequently,
two samples of repressor were isolated at Wisconsin from
frozen E. coli strain H461 cells provided by Dr, W. Reznikoff.
The purity of these preparations was judged to be better than
95% from polyacrylamide gels, on which they coelectropho-
resed with the Harvard sample. They were active in binding
isopropyl thiogalactoside (IPTG), but were not further char-
acterized. In most respects the interactions of the three samples
of repressor with nonspecific DNA sites were the same within
experimental uncertainty.

Repressor samples were stored at ~20 °C at concentrations
of 8-15 mg/mL in the buffer recommended by Platt et al.
(1973), which contains high concentrations of Tris buffer and
glycerol to prevent aggregation of the protein. Concentrations
of repressor solutions were determined spectrophotometrically,
using a molar extinction coefficient for the tetramer of 9 X 104
M~!'cm™! at 280 nm (Butler et al., 1977). This value is in good
agreement with that recently determined by Charlier et al.
(1977). In the calculations a molecular weight of the /ac re-
pressor tetramer of 148 640 was used, based on the monomer
molecular weight of 37 160, as deduced from the amino acid
sequence (Beyreuther et al., 1975).

(d) DNA-Cellulose Chromatography of lac Repressor.
DNA -cellulose was prepared from native calf thymus DNA
and washed cellulose by the method of Alberts and Herrick
(1971). Washed and defined DNA-cellulose was suspended
in To, s and stored frozen at —20 °C in small portions until use.
No change in the properties of the DNA-cellulose was ob-
served after storage for more than 2 years. Typically columns
with a packed volume of 1.0 mL were poured in a Bio-Rad 0.7
X 4 cm polypropylene column, washed with Ty 7, and then
washed extensively with T 5 before use. The DNA content
of the washed column was determined by the procedure of
Alberts and Herrick (1971) to be 150 £ 10 ug per mL of
packed column volume. The characterization and calibration
of these columns are described below.

Column elution experiments were performed in a cold room
at 4 °C unless otherwise noted. Before the start of an experi-
ment, the column was washed with approximately 25 mL of
buffer at the salt concentration employed in the experiment.
An aliquot of the repressor stock solution (typically 10 uL)
containing typically 87 ug of repressor was diluted into | mL
of the buffer used in the experiment and applied to the column.
After a 1-mL rinse, the column was attached to the buffer
reservoir and eluted at a constant rate (typically 17 mL/h),
using a peristaltic pump attached at the bottom of the column.
Approximately 25 fractions of 2,0 mL volume were collected
in plastic tubes over a 3-h interval using a micro fraction col-
lector in the drop counting mode. Subsequently the column was
rinsed with 8 mL of Tq 7 to remove the protein that still re-
mained on the column. This was again collected in 2-mL
fractions. The concentration of repressor in the collected
fractions was determined by measuring the intrinsic fluores-
cence of the repressor (excitation at 285 nm, emission at 345
nm) on an Aminco Bowman spectrofluorometer, equipped with
a “ratio” photometer. Concentrations as low as 0.1 ug/mL
were routinely determined. (Repressor has 2 tryptophan
residues per monomeric unit, and thus has a fluorescence
spectrum characteristic of that of tryptophan; cf. Laiken et al.
(1972); Friedman et al. (1976).) The cuvette was thermostated
at 4 °C, and polarizers were used to reduce the effect of scat-

4778

BIOCHEMISTRY, VOL. 16, NO. 22,

1977

DEHASETH ET AL.

tered light. The fluorescence was found to be a linear function
of protein concentration over the whole range of concentrations
eluted. No effect of [NaCl] on the protein fluorescence was
detected in the range of NaCl concentrations of 0.05-0.7 M,
within the error of the measurement. We have found that dilute
repressor solutions are very sensitive to loss of material (as
judged by fluorescence) upon agitation of the solution. The
reading on a 5 ug per mL solution dropped to less than 10% of
the original value upon mixing for 2 min at medium speed on
a vortex mixer. An unagitated solution showed no change in
reading over the same period. A study with solutions of dif-
ferent concentrations of lac repressor showed that the effect
was relatively more important for dilute solutions; prerinsing
the plastic tubes with the repressor solution diminished the
effect. In view of this phenomenon, care was taken to handle
all fractions in a standardized way, as some agitation during
collection of the fractions and transfer to the cuvette was un-
avoidable.

Elution data are presented as the fraction (or, alternatively,
percentage) of the total amount of applied protein which eluted
in a particular 2-mL fraction. This was obtained from the
quantity F;/2F;, where F; is the fluorescence of fraction / and
Y F; is the total fluorescence of all fractions, including the T 5
wash. Within an experimental uncertainty of +15%, the
quantity =F; has the value expected for the amount of re-
pressor applied to the column.

Each column was used several times; no DNA loss could be
detected from columns which had been used up to seven times
(over the course of 7 days), in agreement with Alberts and
Herrick (1971) who report that the disentanglement of DNA
from the cellulose is very slow at low temperature.

(e) Determination of the Binding Capacity of a DNA-
Cellulose Column for lac Repressor. Previous application of
DNA -cellulose chromatography had shown that column-
bound DNA had a smaller capacity for binding RNA poly-
merase than did DNA which was free in solution (Bautz and
Dunn, 1971; deHaseth, Lohman, Burgess, and Record, in
preparation). It was therefore necessary to determine the
binding capacity of DN A-cellulose for /ac repressor. A 0.5-mL
column containing 75 ug of DNA was equilibrated in low salt
To.0s buffer with excess repressor (1.75 mg of repressor), and
washed with 40 mL of the same buffer to remove unbound
repressor. We estimate that KRDPgpeq o 10° M~!in T s by
extrapolation of the data of Figure 7 (see below). Therefore
little bound repressor was eluted by the washing procedure. In
a subsequent high salt (To7) wash to remove DNA-bound
repressor, 0.70 mg of repressor was eluted. Assuming that each
repressor molecule renders approximately 22-24 nucleotides
inaccessible to other repressor molecules (Maurizot et al.,
1974; Butler et al., 1977), we estimate that 46% of the total
amount of DNA on the column is able to participate in the
binding reaction. For a 1-mL column (the size routinely used),
this amounts to 2.1 X 1077 mol of DNA nucleotides. The re-
producibility of this result was £10%. A small correction
should be applied to account for the difficulty in achieving
complete saturation of the DNA lattice by the large repressor
ligand (cf. McGhee and von Hippel, 1974); this amounts to a
3% increase in the amount of available DNA and was neglected
in comparison with the experimental uncertainty.

Results and Discussion

(a) Elution of lac Repressor from a DNA-Cellulose Col-
umn. Figures 1 and 2 illustrate the elution of /ac repressor from
a 1-mL DNA-cellulose column initially loaded with 87 ug of
repressor. If bound uniformly throughout the column, this
would correspond to a binding density v of 2.8 X 10~? mol of
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repressor bound/mol of accessible DNA nucleotides, or a
maximum coverage of less than 7% of the available DNA.
(Recall that 1.4 mg of repressor would be required for satu-
ration of this 1-mL column.) We define the observed associa-
tion constant for the nonspecific interaction of lac repressor
with DNA as

[RD]
[R][D] M

where [RD] is the concentration of the repressor-DNA com-
plex, and [R] and [D] are the concentrations of free repressor
and free DNA nucleotides, respectively. Because so little of
the DNA is covered with protein under our experimental
conditions, we not only can neglect effects of site overlap
(McGhee and von Hippel, 1974) but also can approximate [D]
by the total accessible nucleotide concentration. Then rear-
rangement of eq 1 yields

V= KRDobsd[R] (2)

where » is the ratio of the concentration of the RD complex to
the total nucleotide concentration. Equation 2 is equivalent to
the linear isotherm characteristically assumed in the theory
of chromatography (Martin and Synge, 1941).

Figures 1 and 2 show the elution characteristics of these
small DNA —cellulose columns. In Figure 1, the percentage of
total protein eluting in a given 2.0-mL fraction is plotted
against the number of that fraction for columns eluted at 0.12,
0.14, and 0.16 M NaCl. There is an initial transient period,
corresponding to the first one or two fractions to contain pro-
tein, in which 5-10% of the applied protein elutes from the
column. This effect is visible in the curve at 0.12 M Na* in
Figure 1; it may result from the loading procedure used, or may
reflect the presence of a component in the sample that is unable
to bind to DNA (possibly lac repressor aggregates). Subse-
quent to this initial period, which also corresponds to the re-
tardation period of repressor on a cellulose column without
DNA or on a DNA-cellulose column eluted at very high salt
(0.7 M Na(l, data not shown), repressor elutes gradually from
the column. This behavior is quite unlike that of a conventional
chromatogram.

A more useful representation of the elution is given in Figure
2, where the percentage of total protein remaining on the col-
umn after elution of a fraction is plotted as a function of the
index of that fraction. A family of approximately exponential
decay curves is obtained from the data of Figure 1 and addi-
tional experiments at other NaCl concentrations. From Figure
2 it is clear that the elution profile must be related to the
binding constant KRDP 4. KRD,, 4 is known to increase dra-
matically with decreasing salt concentration, as is the case
generally for the interactions of positively charged ligands with
nucleic acids (Record et al., 1976; Revzin and von Hippel,
1977). As the salt concentration is reduced in Figure 2, the
duration of the elution increases, and the slope of the elution
profile at any fixed volume of elution decreases. The elution
profile is independent of flow rate over the range investigated
(11-27 mL/h) and is reproducible under controlled conditions
of salt concentration, pH, and temperature (deHaseth et al.,
1977).

(b) The Relationship of the Elution Profile to KRP ., Our
motivation in these studies was the development of a simple
and rapid technique to measure relative and, if possible, ab-
solute binding constants for interactions of charged ligands
with DNA. Figure 2 indicates that a relationship must exist
between the elution curve and the binding constant. Here we
propose a simple form for that relationship, which gives results
in agreement with those obtained by the thermodynamically

RD

obsd =
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FIGURE 1: The elution of /ac repressor from DNA-cellulose columns.
Repressor (87 ug; 100 ug for the elution at 0.16 M NaCl) was loaded and
eluted with buffer T. NaCl concentrations of the elution buffers are in-
dicated on the graph.
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FIGURE 2: Retention of /ac repressor on DNA-cellulose columns as a
function of fraction number; linear plots. Columns were loaded with 87
ug of lac repressor (100 ug for the elution at 0.16 M NaCl) and eluted with
buffer T. NaCl concentrations of the elution buffers are indicated on the
graph.

rigorous technique of Revzin and von Hippel (1977).

We define P, as the percentage of total protein remaining
on the column after elution of fraction i, and define Py; as the
percentage of total protein eluted in fraction i. Figure 3 shows
the data of Figure 2 plotted as log P ; vs. i. We observe a linear
dependence over the range of applicability of the column
technique; the elution profiles in Figure 2 are accurately de-
scribed by single exponential decays. Hence each profile can
be characterized by a single parameter (or decay constant).

Moreover, we find that Py is a linear function of P, as
shown in Figure 4. In fact, P, is seen from Figure 4 to be very
nearly proportional to P ;. the assumption that 5-10% of the
protein on the column is bound much more strongly than the
rest and can be neglected in the analysis would give an exact
proportionality between Ps; and P .

Let us assume

Pei=kP.; (3)

where k is a proportionality constant. This assumption allows
us to explain the linearity of semilogarithmic plots of P vs.
i (cf. Figure 3), which provide a more convenient measure of
the quantity k. In addition, the proportionality of P, to P
is not unlike the behavior expected for a linear binding iso-
therm. For certain models of the elution process k can be re-
lated to the binding constant for the protein-DNA interaction.
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FIGURE 3: Retention of /ac repressor on DNA-cellulose columns as a
function of fraction number; semilog plots. Data from Figure 2. NaCl
concentrations of the elution buffers are indicated on the graph.

(See below.) Comparison of the binding constants so obtained
with the results of Revzin and von Hippel (1977) for lac re-
pressor, as well as preliminary measurements on Mg2+ (Erd-
mann, deHaseth, and Record, work in progress), indicate the
applicability of this description.

By conservation of ligand, we obtain

Pei=Peo— ZI Pf,j (4)
j=

where j is an index of fractions. By repeated application of eq
3 toeq 4 and inserting P,y = 100%, we find

Pei_ 1 \!
100 <1 + k> (%)
or
logh = —{log (1 +k) (6)
100

Consequently plots of log P, vs. i should be linear with slope
— log (1 + k), from which k is obtained.

We do not have a rigorous formulation of the relationship
between the parameter & which describes the elution profile
and the binding constant KRD 4 of the protein-DNA inter-
action. Two limiting situations can be considered, however, in
which such a relationship can be derived. Although we cannot
prove the general applicability of either case to the conditions
of our experiments, they provide a means of estimating KRD 4
from k. These cases are (a) the discrete extraction process, and
(b) the uniform or one theoretical plate column. Here we will
consider case a in some detail.

If the elution of the column, a continuous extraction process,
were approximated by a discrete extraction of the column
matrix with each fraction, then P, is proportional to v;, the
average density of protein in equilibrium with free ligand at
concentration R; in the extraction step. Letting Dt designate
the total molar amount of accessible DN A nucleotides on the
column, w the weight of protein of molecular weight M initially
applied to the column, and V; the volume of the fraction, we
have

_Priw 1

= — 7
100 M V; ™

i
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FIGURE 4: Proportionality between the amount of /ac repressor eluted
and the amount remaining on the column. Selected data from Figure 2.
NaCl concentrations of the elution buffers are indicated on the graph.

and

Vi='_';_ (8)

Then, when »; is sufficiently small to use the linear isotherm
approximation (eq 2) in conjunction with eq 3, we find that

vi Vi

RD =P VL

K obsd R kDT

For our standard 1-mL column, Dt = 2.1 X 10=7 mol (see

above). The standard fraction volume was 2.0 mL. Therefore
KRD g = 9.5 X 103/k in units of M1,

Equations 6 and 9 can also be derived if the column is con-
sidered to perform no fractionation, being at equilibrium ev-
erywhere so the distribution of bound protein is uniform during
the elution; this is the one theoretical plate limit of the theory
of chromatography of Martin and Synge (1941) (Anderson
and Record, to be published). Even if the column consists of
multiple theoretical plates, as is more likely to be the case, it
can be shown that eq 6 and 9 are valid in the region of the
elution where the column is uniform (Anderson and Record,
to be published). Since the column is loaded under the re-
versible conditions of the elution experiment, we anticipated
that the protein would be distributed throughout the column
early in the elution. Furthermore, the density of bound protein
in an initially nonuniform column should be greater toward
the top of the column. Elution of the column would then tend
to create a more uniform distribution during the run. An ex-
periment was performed to test this supposition. An elution in
To.13 (0.13 M NaCl; cf. Figure 2) was interrupted after five
fractions when 40% of the total protein had eluted from the
column. The upper and lower regions of the column were
separated and individually extracted with aliquots of Tq4
buffer. Protein concentrations in these regions (at the 60%
point in the elution) were determined by fluorescence. We
found 30% of the total protein in the top 45% of the column,
and 30% in the lower 55% of the column. Consequently in
mid-elution in the mid-range of the column technique, the
column is close to uniform, and the above analysis should be
applicable.

We have not checked the uniformity of the column under
other ionic conditions, or at other points in the elution profile.
Although we do not believe that either the discrete extraction
process or the uniform column is a rigorous model of the elution
process, we have shown that, under the conditions of our ex-
periments, a single parameter, k, characterizes the exponential
elution profile, and that & can plausibly be related to KRDgpsq,

®
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FIGURE 5: The dependence of the elution of /ac repressor from DNA
cellulose columns on the amount of protein loaded; semilog plots. Amounts
loaded were: 43 ug (0), 87 ug (X), 87 ug (@), 130 ug (A),and |74 ug (A).
Elution with T0.13-

the association constant. In a subsequent section we will show
that binding constants KRPu4 calculated by the column
technique for /ac repressor are in reasonable agreement with
published values, thereby providing a calibration of the
method.

As mentioned above, small deviations from an exponential
decay of the amount of protein remaining on the column are
frequently observed in the initial stages of the elution. In some
cases (cf. the data at 0.14 M Na*), deviations from exponential
behavior also occur late in the elution profile, where 30-40%
or less of the original protein still remains on the column. This
effect, which does not interfere significantly with the deter-
mination of £ from the experiment, may result from systematic
cumulative errors in the fluorescence measurements, or may
relate to the agitation-induced loss of repressor fluorescence
described above. In experiments with RNA polymerase (de-
Haseth, Lohman, Burgess, and Record, in preparation), con-
tinuous curvature is always noted in plots of log P, ; vs. i, and
the elution profiles cannot be fit by a single exponential decay.
(With repressor, the tendency toward such curvature varied
from preparation to preparation, although it was never a major
effect. The preparation originating from Harvard gave
somewhat more curvature than those subsequently prepared
here.) We interpret large deviations from exponential behavior
as an indication of heterogeneity in Ky, and not as an artifact
of the column technique, based on the control experiments
shown in this paper and on our unpublished experiments with
the model ligand, Mg2*, which also elutes exponentially
(Erdmann, deHaseth, and Record, work in progress).

(c) The Dependence of k and KRP 5.4 on the Column Pa-
rameters Dt and vo. Equation 9 predicts that k, the parameter
characterizing the column elution profile, should be inversely
proportional to D, the total amount of accessible DNA sites,
and should be independent of vg, the initial binding density.
Then Kobsg will be independent of Dt and g, as an equilibrium
constant must be. (Note of course that the column will pre-
sumably perform chromatography at a large enough value of
D1, and that the linear isotherm would not be a valid approx-
imation in calculating KRD .4t high vo. Under such condi-
tions eq 9 would not be expected to apply.)

BIOCHEMISTRY, VOL. 16, NO. 22, 1977

100

% ON COLUMN

] I 1 1
| il 16 2l 26 3 38
FRACTION NUMBER

L

10

o

FIGURE 6: The dependence of the elution of /ac repressor from DNA-
cellulose on the volume (or total DNA content) of the columns; semilog
plots. The column volumes are indicated on the graph. The columns were
loaded to the same initial binding density with the following amounts of
protein; 0.5-mL column, 43 ug; 1-mL column, 87 ug; 2-mL column, 174
HE. Elution with TO,\J‘

Figures 5 and 6 illustrate the dependences of k on vgand Dt
in a range encompassing the usual values of these parameters
in our experiments. In Figure 5, a series of elutions of lac re-
pressor was performed in Tg 3 at different initial binding
densities, vo. In this buffer, KRP g = 105 M~! (see below).
Therefore more than 95% of the protein applied to the column
should initially bind (at densities in the range of applicability
of the linear isotherm), and vy can be estimated from the total
amount of protein applied. Values of vy were in the range
1.4-5.6 X 1073, equivalent to coverage of 3-13% of the DNA
sites. The corresponding values of k range from 0.09 to 0.13,
respectively; from eq 9, the corresponding values of KRPgpgq
range from 1 X 105 to 7 X 104 M1, respectively. Two slight
trends are apparent with increasing vo: the percentage of pro-
tein not retained at all by the column increases slightly (thereby
causing the vertical displacement of the lines of Figure 5), and
the values of KRP .4 decrease slightly. A total of seven ex-
periments carried out at yp = 2.8 X 1073 (two of which are
shown in Figure 5) gave KRPpq = 1.3 £ 0.3 X 105 M™!. We
conclude that there may be a slight dependence of the calcu-
lated binding constant on v, but that no corrections are war-
ranted within the limits of reproducibility of the technique.

Figure 6 shows the dependence of the elution profile on the
total amount of DNA on the column. Columns with volumes
of 0.5, 1.0, and 2.0 mL were loaded to the same initial binding
density and eluted with Ty ;3. From Figure 6, the values of k
for the three columns are 0.168, 0.082, and 0.043, respectively;
the corresponding values of KRPqare 1.1 X 105, 1.2 X 103,
and 1.1 X 10° M~1, We consider this a strong indication that
the column is not performing chromatography, and that our
method of analysis is basically correct.

(d) Calibration of the Chromatographic Method. Figure
7 compares binding constants KRPpq determined by the
column method at 20 °C in phosphate buffer (pH 7.37 £ 0.03)
at various NaCl concentrations with the data of Revzin and
von Hippel (1977) obtained by a sedimentation method (which
is thermodynamically rigorous) in phosphate buffer, pH 7.5,
20 °C. After their values of log KRD 4 are corrected by +0.26
log unit to account for the pH difference in the two experiments
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FIGURE 7; Comparison of /ac repressor DNA binding constants obtained
using analytical DNA-cellulose chromatography (0), with published
values obtained using a boundary velocity sedimentation technique (X)
(Revzin and von Hippel, 1977). Elution at 20 °C. See text.

(deHaseth et al., 1977) and by —0.3 log unit to express them
in units of nucleotides, rather than nucleotide pairs, agreement
between the two sets of data is excellent. Individual values of
log KRD,, 4 agree to within £0.15 log unit, which is within the
usual limits of reproducibility of the column technique (de-
Haseth et al., 1977).2 Both sets of data give linear log-log plots.
The slopes of the least-squares lines illustrated in Figure 7
differ by approximately 20%, being ~10.0 for the data of
Revzin and von Hippel (1977) and —12.0 for our experi-
ments.

(€) The “Window” of the Method. The useful range (or
“window”) of the column method is best discussed with ref-
erence to Figure 2. At high binding constants (low salt) the
applicability of the method becomes limited by the technical
problem of measuring the fluorescence of the small amount
of protein eluted in each fraction. At low binding constants
(high salt) the resolution is lost because the elution profiles
approach those observed when a column without DNA is used.
We consider the curves at 0.1 M NaCl (KRP 4 >~ 1.5 X 106
M~1) and 0.16 M NaCl (KRDy,q =~ 1.4 X 10* M~1) to
bracket the useful range of the method, which thus covers a
range of about two orders of magnitude in KRP, 4. The range
can be extended toward lower binding constants by employing
columns containing a larger concentration of DNA than those
used in the present study as can be seen from eq 9. Extension
in the opposite direction is more limited because of the high
initial binding densities that the use of a column containing less
DNA would necessitate.

Conclusions

We conclude that the elution of /ac repressor protein, present
initially at low density on a DNA-cellulose column, is expo-
nential, and that the characteristic elution parameter k is di-
rectly proportional to the binding constant XRD_p.q under these
elution conditions. In preliminary experiments, we observed
similar behavior in the elution of Mg2+ as ligand with NaCl

> In view of the extreme sensitivity of KRP y4 to variations in salt
concentration and pH, the agreement between our results and those of
Revzin and von Hippel (1977) is perhaps fortuitously good.
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solutions (Erdmann, deHaseth, and Record, work in progress).
Moreover the binding constants for the MgZ*-DNA interac-
tion so obtained, and their dependence on the [Na*], appear
to be in reasonable agreement with the results of other inves-
tigations (Krakauer, 1971, Clement et al., 1973).

We believe that DNA-cellulose chromatography, as em-
ployed here, is a useful addition to the available techniques for
determining protein-DNA binding constants. The method is
relatively fast and does not require large amounts of protein.
It should prove particularly applicable in screening the effect
of a large number of variables on the observed binding constant
for the interaction of a protein with DNA. It is to this end that
we have employed the technique to probe the nonspecific in-
teraction of lac repressor and RNA polymerase with DNA.
These studies are the subject of subsequent papers (deHaseth
etal, 1977; Record et al., 1977; deHaseth, Lohman, Burgess,
and Record, in preparation).
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Nonspecific Interaction of lac Repressor with DNA: An Association

Reaction Driven by Counterion Release’

Pieter L. deHaseth, Timothy M. Lohman, and M. Thomas Record, Jr.*

ABSTRACT: We have investigated the nonspecific interaction
of lac repressor protein with DNA by a quantitative applica-
tion of DNA-cellulose chromatography (deHaseth, P. L., et
al. (1977), Biochemistry 16 (third of five papers in a series in
this issue)). The observed association constant for the inter-
action, KRP 4, is a sensitive function of ion concentrations
and pH. Application of binding theory to interpret these effects
gives the results that 11 + 2 monovalent ions are released in
the interaction and two groups on repressor must be protonated

M any of the association reactions of proteins are driven by
the release of structured water and show the thermodynamic
behavior ascribed to the hydrophobic effect (Lauffer, 1974;
Tanford, 1973). A different principle is operative in the in-
teractions of highly charged biopolymers. Analysis of the in-
teraction of various charged ligands (Mg2*, oligolysines,
RNase) with nucleic acids (Record et al., 1976a) demonstrated
that these association reactions are driven by the entropic effect
of release of monovalent cations from the nucleic acid. The
entropic effect of ion release plays a major role in the aggre-
gation of myosin (Josephs and Harrington, 1968) and of
Escherichia coli RNA polymerase (Wensley and Record, in
preparation), and is a factor in the allosteric transition of he-
moglobin (Shulman et al., 1975) and the helix coil transitions
of nucleic acids (Record et al., 1976b).

Here we give an experimental study and theoretical analysis
of the thermodynamics of the nonspecific interaction of lac
repressor protein with DNA.! The analysis is general and
should be applicable to any charged ligand-nucleic acid in-
teraction. We find that the fundamental driving force for the
association reaction is the release of a large number of coun-
terions from the nucleic acid and perhaps also from the protein.
Counterion release, we will show, drives a protonation reaction
of repressor which is necessary for formation of the nonspecific
complex. The implications of this study for the repressor-
operator interaction are considered in the following paper
(Record et al., 1977).

The participation of a large number of ions in the repres-

t From the Department of Chemistry, University of Wisconsin, Mad-
ison, Wisconsin 53706. Received April 4, 1977. This work was supported
by grants from the National Science Foundation (PCM76-11016) and
the National Institutes of Health (1-R01-GM23467-01).

! Preliminary accounts of this work were presented to the Biophysical
Society (Seattle, 1976; New Orleans, 1977) and at the Cold Spring Harbor
meeting on Molecular Aspects of /ac Operon Control (1976). Some of our
present conclusions supercede the results of those preliminary theoretical
analyses.
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for repressor to bind to DNA. We argue that much of the ion
release results from the displacement of cations from the DNA,
and estimate on this basis that 12 & 2 phosphates are involved
in ionic interactions with the protein. [on release drives the
protonation reaction and the overall repressor-DNA inter-
action. The major role of low molecular weight ions in the re-
pressor-DNA interaction suggests that ion concentration
changes must be considered in discussing mechanisms of
control of gene expression.

sor-DNA interaction means that the extent of binding of re-
pressor to nonspecific DNA sites is extremely sensitive to small
changes in ionic conditions. [t seems plausible to suggest that
ion concentration changes in vivo may play some role in
modulating the control of gene expression.

Theoretical Section

Consider the interaction of repressor with nonoperator DNA
to form the nonspecific complex RD. The observed reaction
is

KRDobsd

R+D == RD )]

where
__[RD]
obsd [R] [D]

and where [R] and [D] are total molar concentrations of free
repressor and free DNA nucleotides, irrespective of titration
state or degree of ligation of low molecular weight ions.

The association constant KRP, .4 is found to be a function
of temperature, pH, and monovalent and divalent ion con-
centrations in the reaction mixture (see below; also Revzin and
von Hippel, 1977). These dependences indicate that small ions
and titrated forms of R and/or D participate in the molecular
association reaction. Analysis of the ion and pH dependences
of KRD 4 using binding theory (Wyman, 1964; Schellman,
1975) allows one to obtain the numbers of participating ions,
and provides information about the molecular details of the.
binding reaction. For example, Riggs (1971) has analyzed the
pH dependence of the binding of 2,3-diphosphoglycerate to
hemoglobin to determine the pK and number of titrating
groups in this reaction and has shown that the apparent en-
thalpy of the observed association reaction results primarily
from the large enthalpies of titration of these groups. An
analogous approach is common in steady-state enzyme ki-
netics, where the pH dependence of the reaction velocity pro-
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