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Use of Difference Boundary Sedimentation Velocity to Investigate
Nonspecific Protein-Nucleic Acid Interactions’

Timothy M. Lohman,! C. Glen Wensley, Jeffrey Cina,? Richard R. Burgess, and M. Thomas Record, Jr.*

ABSTRACT: The difference boundary sedimentation velocity
technique of Schachman and co-workers is demonstrated to
be applicable to the measurement of binding constants (K peq)
in the range 102-10° M™! for the nonspecific interactions of
proteins with DNA., The difference technique can reproducibly
detect a 2% change in the sedimentation coefficient of the
DNA upon binding ligands, corresponding to average extents
of association as low as 10 molecules of protein (in the cases
of Escherichia coli lac repressor and E. coli RNA polymerase)
per molecule of bacteriophage T7 DNA. At these low binding
densities, it is plausible to assume that the primary effect of
ligand binding is on the buoyant mass of the complex and not

Mcasurcmcnt of binding constants (Kuq) as a function
of temperature and solvent conditions permits one to obtain
a thermodynamic description of a protein—nucleic acid in-
teraction. Experimental and theoretical investigations of the
effects of ion concentrations, pH, and temperature on these
interactions have been recently reviewed (Record et al., 1978).
The concentration of low molecular weight electrolyte is of
major importance in determining the stability of these com-
plexes; generally K 4 decreases dramatically with increasing
salt concentration. We have shown that this salt effect results
from the release of counterions originally associated with the
nucleic acid upon formation of the complex (Record et al.,
1976, 1978). Estimates of the magnitude of this entropic
contribution to the observed binding free energy and the
number of ionic interactions formed between positively charged
groups on the ligand and the negatively charged phosphates
on the nucleic acid can be obtained by measuring K4 as a
function of salt concentration. However, only a limited number
of methods are available to determine K4 for protein—nucleic
acid interactions. Specific interactions with sufficiently small
dissociation rate constants have been investigated by the ni-
trocellulose filter assay (Riggs et al., 1970a,b; Hinkle &
Chamberlin, 1972a,b). Nonspecific interactions in these
systems can be studied by competition experiments using the
filter assay (Lin & Riggs, 1972, 1975). Small DNA columns
(deHaseth et al., 1977a,b, 1978) and sucrose gradient band
sedimentation (Yamamoto & Alberts, 1974; Draper & von
Hippel, 1979) have been used to determine nonspecific binding
constants for protein—nucleic acid interactions by analysis of
the equilibrium dissociation profile of the complex upon di-
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on the frictional coefficient of the flexible DNA coil. Binding
constants calculated by using this assumption agree well with
literature values for the nonspecific interactions of RNase and
lac repressor proteins with double-stranded DNA. Advantages
of the method are that it is relatively rapid, requires the optical
detection of the DNA only, and can be performed on small
amounts of sample. The method appears useful for surveying
(to an accuracy of £50% in K pq or £10% in log Kgeq) the
effects of solution variables on K, of protein-DNA inter-
actions. Applications of the method to the nonspecific in-
teractions of RNA polymerase core and holoenzymes with T7
DNA are discussed.

lution. Both these methods require the determination of free
protein concentrations, which limits their range of applicability
to small binding constants unless radioactively labeled protein
is available. Another sedimentation method to obtain Koy
for nonspecific protein—nucleic acid interactions has been
developed by von Hippel & co-workers (Jensen & von Hippel,
1976, 1977; Revzin & von Hippel, 1977). This thermody-
namically rigorous technique utilizes sedimentation in the
preparative or analytical ultracentrifuge to separate bound and
free protein, allowing the determination of the binding density
as a function of the free protein concentration. Relatively high
binding densities are required, and the method relies on the
detection of protein concentration as a function of radial
distance in the sedimentation experiment.

Here we investigate a complementary sedimentation tech-
nique for studying the nonspecific interactions of proteins with
double-helical DNA, in which the sedimentation behavior of
the DNA is observed and which is suitable for use at very low
binding densities. This method, difference boundary sedi-
mentation velocity, was originally developed by Schachman
and co-workers to investigate the binding of small ligands to
globular proteins (Schachman, 1959; Richards & Schachman,
1959; Steinberg & Schachman, 1966). Skerrett (1975) and
Rees et al. (1977) report further developments in the theory
and practice of this technique. Analysis of the difference in
sedimentation rates between liganded and free DNA (which
can be directly measured with a scanner-equipped ultracen-
trifuge) yields the binding constant K, subject to assump-
tions regarding the constancy of the frictional coefficient of
the DNA and the additivity of partial specific volumes.
Calibration of the method is therefore required. The results
of calibration experiments using ribonuclease and /ac repressor
as ligands validate the assumptions and indicate the usefulness
of the method. Applications of the technique to the nonspecific
interactions of RNA polymerase and pentalysine with T7
DNA are discussed in this and the following paper (Lohman
et al., 1980).

Materials and Methods

(a) Reagents. All chemicals were reagent grade. All so-
lutions were prepared with twice-distilled, deionized water.
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(b) Buffers. The experiments with /ac repressor were done
in buffer P (10 M Na,HPO,; 10* M Na,EDTA) at pH 7.5.
The RNase and RNA polymerase holoenzyme studies were
carried out in buffer P, pH 7.7. The core RNA polymerase
studies were done in buffer T, which is 0.01 M Tris [2-
amino-2-(hydroxymethyl)-1,3-propanediol] and 10™* M
Na,EDTA, pH 7.8. NaCl was added to these buffers in order
to vary the monovalent cation concentration. BPES buffer
is 6 mM Na,HPO,, 2 mM NaH,PO,, and 1 mM EDTA.

(c¢) Ligands. (1) lac Repressor. The preparation of the
Escherichia coli lac repressor used in this study has been
described previously (deHaseth et al., 1977a). The protein
was purified according to the method of Platt et al. (1973).
A partial specific volume of & = 0.741 cm®/g (Butler et al.,
1977), a tetramer molecular weight of 148 640 (Beyreuther
et al., 1975), and a binding site size of 26 nucleotides (Revzin
& von Hippel, 1977) were used in the calculations of K.
Concentrations of lac repressor were determined by using a
molar extinction coefficient for the tetramer of 9.0 X 10* M™!
cm™! at 280 nm (Butler et al., 1977).

(2) Ribonuclease. Crystalline pancreatic ribonuclease A
(phosphate and salt free) was purchased from Worthington
Biochemical Corp. A partial specific volume of 5 = 0.70 cm?/g
(Ulrich et al., 1964) and a binding site size of eight nucleotides
(Jensen & von Hippel, 1976) were used in the calculations of
K,ea- Concentrations of RNase were determined by using a
molar extinction coefficient of 9.56 X 10 M~ em™! at 277.5
nm (von Hippel & Wong, 1965).

(3) E. coli RNA Polymerase. RNA polymerase (core and
holoenzyme) from the K-12 strain of E. coli was prepared by
the method of Burgess & Jendrisak (1975). For the core
protein, we used & = 0.738 cm?/g and a M, of 3.9 X 10° in
the calculations. Values of 5 = 0.742 cm®/g and M, of 4.8
X 10° were used for holoenzyme (Burgess, 1969). Binding
site sizes of ~10? nucleotides were used for both core and
holoenzyme [cf. deHaseth et al. (1978)]. The value of K
is essentially independent of the choice of site size at the low
binding densities used in these experiments (see below).
Concentrations were determined by using molar extinction
coefficients of 2.1 X 10> M~! ¢cm™! (core) and 3.0 X 10° M™!
cm™! (holoenzyme) at 280 nm (Burgess, 1976).

(d) DNA. Intact T7 bacteriophage DNA was prepared
from purified T7 bacteriophage by using the hot phenol me-
thod to minimize shear degradation of the DNA (Massie &
Zimm, 1965). The intact T7 DNA was stored in BPES buffer
and used directly by diluting into the appropriate binding
buffer or dialyzed into the binding buffer before use, depending
on the concentration of the T7 DNA stock. An apparent
partial specific volume of & = 0.55 cm?/g (Cohen & Eisenberg,
1968; Hearst, 1972) and an average nucleotide molecular
weight of 331.5 for Na—DNA were used in the calculations.
Concentrations of DNA were determined by using an ex-
tinction coefficient for DNA at 260 nm of 6.65 X 10° M~ cm™!
(per mol of nucleotides).

(e) Difference Boundary Sedimentation Velocity. Detailed
descriptions of the preparation of cells and performance of the
centrifuge experiment have been provided elsewhere (Lohman,
1977; Wensley, 1977). Experiments were performed by using
a Model E analytical ultracentrifuge equipped with photoe-
lectric scanner and multiplexer. Generally three or five de-
terminations were carried out simultaneously using a four- or
six-cell rotor, but the basic experiment involves comparisons
of two cells. We have used 12-mm cells with charcoal-filled
Epon double-sector centerpieces. Cell 1 contains intact T7
DNA in one sector and buffer in the other sector and is used

to follow the sedimentation of the DNA in the binding buffer
of interest. Cell 2 contains intact T7 DNA in one sector and
T7 DNA plus the protein under investigation in the other
sector. DNA concentrations in both cells are identical (10-20
pg/mLY); all buffer components are identical in both cells, and
volumes of DNA and DNA-protein solutions in cell 2 must
be identical. Since this last requirement is difficult to achieve,
a double-sector capillary-type synthetic boundary centerpiece
is used in cell 2. (Alternatively, two parallel grooves can be
scratched in the wall separating the sectors of an ordinary
double-sector centerpiece.) The grooves permit transfer of a
negligibly small volume of solution from one sector to the other,
to equalize the volumes.

The technique is restricted in application to proteins that
sediment substantially slower than the DNA to which they
bind and to the measurement of binding constants in the range
102 M < Kg < 10° ML, The first requirement ensures that
no redistribution of free protein occurs during the experiment.
The range of binding constants is restricted by the desirability
of working at a low binding density and because the free
protein concentration at equilibrium is not determined directly
but rather as the difference between the total protein con-
centration and the concentration of bound protein (see below).
For most nonspecific DNA binding proteins yet investigated,
the binding constant is such a sensitive function of ionic
conditions that it is generally possible to obtain binding con-
stants in this range by proper choice of salt concentration
(Record et al., 1976, 1978).

With T7 DNA, rotor speeds were in the range 20 000-
28 000 rpm. Rotor temperatures were controlled at or near
20 °C by using the RTIC unit. Cells were scanned at 265 nm
at 8-min intervals. From cell 1, the boundary position r, of
T7 DNA is obtained as a function of time (cf. Figure 1a).
From cell 2, one obtains a series of difference peaks, which
increase in area with time (cf. Figure 1b). The difference
peaks originate from the more rapid sedimentation of the
DNA-ligand complex than of the free DNA (schematically
illustrated in Figure 1c). Boundary positions of the complex
(rg) at any time are obtained from the areas of the difference
peaks (A) and the appropriate values of r, from cell 1 ac-
cording to

rg=ro+ A/h )]

where k is the height of the T7 DNA plateau region as shown
in Figure 1c. In eq 1, the difference peak is approximated by
a triangle, which is justified for the sharp boundaries and small
boundary separations used here (cf. Figure 1b). Areas of
difference peaks were routinely determined by cutting them
out and weighing them on an analytical balance.

() Calculation of Binding Constants from Difference
Sedimentation Data. To obtain K4 from the difference
sedimentation technique, it is necessary to evaluate the sed-
imentation coefficient ratio Sg/S, of the complex to the free
DNA. This is most accurately accomplished as follows. At
a constant time in the run

1 B 1 To
5. In oS In 0 (2)

where r5° and r,? are the appropriate radial distances at ¢ =
0. Substitution of eq 1 into eq 2 yields

A Sg Sg
+ — = —_ — — 0 0
In (1 roh) (So 1) In 7, S, In r,’ + In rg° (3)

Therefore, the quantity Sg/S, is obtained from the slope of
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FIGURE 1: (a) A typical time series of scans of cell | (T7 DNA only) at 8-min intervals. (b) A typical time series of scans of cell 2 (difference
cell) at 8-minute intervals for the interaction of T7 DNA with the ligand pentalysine [cf. Lohman et al. (1980)]. The scans shown here are
from the same experiment as the scans shown in (a). (c) The origin of the difference peaks shown in Figure 1b; ry and rg are the radial distances
from the center of the rotor to the midpoint in the DNA boundary for the DNA only and the ligand-DNA complex, respectively; 4 is the

height of the plateau region and A is the peak area.

a plot of In (1 + A4/(roh)] vs. In ry for the data of a given run.
The sedimentation coefficient ratio Sg/Sy is related to
molecular parameters by

Sp _ Mz(1 - opp)fy
So M (1 -Top)fp

In eq 4, My, Tp, and f3 are the molecular weight, apparent
partial specific volume, and frictional coefficient of the com-
plex, My, Ty, and f; are the corresponding values for the un-
liganded Na-DNA, and p is the solvent density. The dif-
ference between My and M is a measure of the equilibrium
amount of bound ligand, from which the binding density and
binding constant can be evaluated. Assumptions must be made
regarding 0y and fj to obtain this information from the
measured sedimentation coefficient ratio,

4)

(1) We evaluate g by assuming additivity of partial specific
volumes (Jensen & von Hippel, 1976a), i.c.

V’M]_E]_ + MO/EO

VM, + My )

g =
where M, is the molecular weight of the ligand and »’ is the
binding density expressed in ligands bound per DNA molecule.
This assumption is reasonable unless there is a substantial
volume change upon formation of the complex. Revzin & von
Hippel (1977) found that K, for the nonspecific interaction
of lac repressor with DNA was independent of pressure, in-
dicating that there is no detectable volume change in this
interaction.

(2) We assume that the frictional coefficient of the DNA
coil is unperturbed by binding the compact ligand, so that
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S5 =1 (6)

The primary justification for this assumption is the agreement
with experiment which its use provides (see below). It seems
plausible that, at low binding densities of a nonspecifically
bound globular ligand whose interaction with the DNA is
primarily electrostatic, there should be little effect on either
the persistence length of the DNA or its effective hydrody-
namic volume (which is much larger than the volume of the
ligand).

Equations 4-6 may be combined to yield a relationship
between the binding density v and the sedimentation coeffi-
cient ratio Sp/Sy:

)

An equivalent form of eq 7a is

(5 Mo \( 1o
- )EEE) @

where v is the reduced binding density in moles of protein
bound per mole of DNA nucleotides and M, is the molecular
weight of the average DNA nucleotide (331.5 for the sodium
salt). From v, one can obtain K,y from the equation of
McGhee & von Hippel (1974):

oy - )

UL Q-
where n is the site size (in nucleotides covered by a bound
ligand) and [L] is the concentration of free ligand. Experi-
ments reported here were carried out at sufficiently low binding

density that the binding constant can in practice be estimated
(to within 25% in Ky and 2% in log Kueg) by

Kobsd = V/[L] (Sb)

(8a)

in which a knowledge of the binding site size is not required.
In the sedimentation experiments, [L] is evaluated as the
difference between the total ligand concentration [Lt] and the
concentration of bound ligand »[Dy], where [Dy] is the total
concentration of DNA nucleotides:

[L] = [L:] - »[Dq] 9)

Estimation of the Accuracy of the Difference Sedimentation
Velocity Technique. Although the absolute values of either
Sy or Sy are accurate to only ~49%, as determined by com-
parison among a number of experiments, the ratio Sy/S, has
an accuracy of ~ 1%, as estimated from the standard deviation
of the linear least-squares line used to determine Sg/.S; — 1
(sec eq 3). The higher accuracy of the ratio results from the
direct determination of Sy/S, in one experiment, thereby
eliminating the error associated with reproducing the rotor
speed and temperature in two independent sedimentation ex-
periments.

The accuracy of the calculated binding constants, K,
depends on the binding density v and the free ligand concen-
tration, [L], which in turn depends on the total ligand con-
centration in solution (cf. eq 9). In the limit of detectability
(namely, a 2% change in S), a 1% error in Sg/S, yields, in
this “worst case” situation, a £50% uncertainty in the de-
termination of v (eq 7) and in relative values of K. Absolute
values of K, are subject to somewhat greater uncertainty
as a result of errors in the estimation of the active protein
concentration. This may be less than the total protein con-
centration due to protein adsorption to surfaces during the
preparation of the sample (we used plastic test tubes and pipets
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FIGURE 2: Dependence of the observed R Nase—double-stranded DNA
binding constant, K g, on [NaCl]; log-log plot. (@) Difference
measurements with T7 DNA (20 °C; pH 7.7); (a) data of Jensen
& von Hippel (1976) on RNase—calf thymus DNA (24 °C; pH 7.7).

Table I: RNase-T7 DNA Binding Parameters®
[RNase] X 107 (M)

[Na*] Sp/S, T T 7 log
M) -1 vX 10* bound. free Kobsd
0.016 0.128 4.6 2.2 0.64 4.91
0.261 9.5 4.5 1.1 5.04
0.023 0.208 7.5 3.5 2.1 4.65
0.035 0.083 3.0 1.4 5.6 3.76
0.178 6.5 3.1 10.9 3.85
0.060 0.034 1.2 0.6 13.4 2.97
0.061 2.2 1.0 27.0 2.94
0.085 0.018 0.65 0.3 27.7 2.37
0.029 1.1 0. 55.5 2.26

% [DNA] =4.75 X 10"* M in nucleotides. Conditions: buffer
P;pH 7.7; 20 °C.

to minimize this) as well as the possible presence of inactive
protein in the sample. If we assume that the total concen-
tration of active protein in the centrifuge cell is known to within
£50% and combine this with the uncertainty in » (£50% in
the worst case), the absolute uncertainty in K,y should be
no more than a factor of 2. (In our thermodynamic analysis,
we are interested in log K peq and a factor of 2 in K is only
a 10% error in log K,,.q.) We find that the relative error in
a series of binding constants determined as a function of salt
concentration is ~20% as judged by the reproducibility in the
slopes of the log K, vs. log [Na*] plots (see Results).

Results

RNase. In Figure 2 association binding constants for the
RNase-T7 DNA interaction obtained by the difference
boundary sedimentation velocity technique are compared with
those obtained by Jensen & von Hippel (1976, 1977). At each
[NaCl], experiments were done at two different RNase con-
centrations and identical results were obtained, within ex-
perimental error. Sedimentation coefficient ratios (Sg/Sy) for
the RNase~T7 DNA experiments are listed in Table I, along
with the calculated values of v and K,,.4. The sedimentation
coefficient of T7 DNA at 20 °C, pH 7.7, and 0.15 M NaCl
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FIGURE 3: Dependence of the observed /ac repressor—double-stranded
DNA binding constant, Ko, on [NaCl]; log-log plot (20 °C; pH
7.5). (@) Difference measurements with T7 DNA; (A) data from
deHaseth et al. (1977a); (O) Data from Revzin & von Hippel (1977).

and ~18 ug/mL DNA was 27.0 £ 0.5 S. (Recall that the
accuracy of the experiment lies in the fact that the protein-T7
DNA complex is compared directly with the T7 DNA in the
difference cell, so that the ratio of S values (S5/S;) is much
more accurate than the absolute value of S obtained from cell
1)

Both the magnitudes of K and the slopes of the log K
vs. log [Na*] plots of the two sets of data for the RNase-
double-stranded DNA equilibrium shown in Figure 2 are in
good agreement. The linear least-squares line for the dif-
ference sedimentation data, obtained at 20 °C in buffer P, pH
7.7, is

log Kgpeq = —(3.7 £ 0.3) log [Na*] - (1.6 £ 0.5) (10)

The linear least-squares line obtained by Jensen & von Hippel
(1976) for the interaction of RNase with double-stranded calf
thymus DNA at 24 °C in 10> M Na,HPO, and 1074 M
Na,EDTA, pH 7.7, is given by

log Kopg = 3.3 log [Na*] - 1.0 (11)

The least-squares line through both sets of data is the one
shown in Figure 2 and is given by

log Kopg = —(3.5 = 0.3) log [Na*] - (1.3 £ 0.5)  (12)

From this comparison, we conclude that the difference sedi-
mentation technique measures binding constants for the
RNase-double-stranded DNA interaction which are, within
experimental uncertainty, identical with the absolute binding
constants measured by Jensen & von Hippel (1976).

E. coli lac Repressor. The data obtained by the difference
sedimentation technique for the nonspecific interaction of E.
coli lac repressor—T7 DNA interaction are given in Figure 3,
where they are compared with values of K obtained by
deHaseth et al. (1977a,b) and Revzin & von Hippel (1977).
The difference sedimentation experiments were done in buffer
P at 20 °C, identical with the conditions of Revzin & von
Hippel (1977). The data of deHaseth et al. (1977a,b) shown
in Figure 3 were corrected for a slight pH difference of 0.13
pH unit by using the experimentally determined dependence
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FIGURE 4; Dependence of the observed RNA polymerase holoenzyme
and core binding constants, K, on {NaCl]; log~log plot. Filled
symbols: core—double-stranded DNA. Open symbols: holo-
enzyme-double-stranded DNA. (@) Difference measurements on
core-T7 DNA; (A) data from deHaseth et al. (1978) on core—calf
thymus DNA,; (0) difference measurements on holoenzyme-T7 DNA;
(a) data from deHaseth et al. (1978) on holoenzyme-calf thymus
DNA.

of Ksq on pH for the nonspecific lac repressor-DNA inter-
action (9 log Koes/d pH = -2.1; deHaseth et al., 1977b). The
difference sedimentation binding data do not overlap with those
obtained by the other techniques (deHaseth et al., 1977b;
Revzin & von Hippel, 1977). It was necessary to perform our
experiments in buffers containing a higher [Na*] to obtain
Kpea Within the measurable range for this technique (10%-10°
M-1). However, on the basis of the experiments of deHaseth
et al. (1977b) we believe there is little, if any, anion release
when /ac repressor binds nonspecifically to DNA. Therefore,
the log K q—log {Na*] plot should be linear over a wide range
of [Na*] (Record et al., 1976). The difference sedimentation
data follow the linear extrapolation of the data of deHaseth
et al. (1977a,b) and Revzin & von Hippel (1977). The linear
least-squares line which describes the difference sedimentation
data is

log Koy = —(8.7 % 1.0) log [Na*] - (2.4  2.0) (13)

The linear least-squares line for the three sets of data shown
in Figure 3 is given by

log Kyq = —(10.7 = 1.0) log [Na*] - (3.7 £ 1.0)  (14)

Through application of the analysis of the salt dependence
of ligand—nucleic acid equilibria (Record et al., 1976), eq 14
is consistent with the formation of 12 % 2 ionic interactions
in the lac repressor-nonspecific DNA equilibrium complex.
This is in agreement with the extensive analysis of the lac
repressor—nonspecific DNA interaction given by deHaseth et
al. (1977a,b). On the basis of Figure 3, we feel confident that
the difference sedimentation technique measures absolute
binding constants for the /ac repressor—nonspecific DNA
system.

E. coli RNA Polymerase. The binding constants obtained
by the difference sedimentation technique for the nonspecific
binding of the core and holoenzyme forms of E. coli RNA
polymerase to T7 DNA are given in Figure 4. The data for
core RNA polymerase are summarized in Table II. Owing
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Table II. Core RNA Polymerase-T7 DNA Binding Parameters®

{DNA]

x 10°

(M) in ’
[Na‘]  SB/S, v X nucle- M log
M) -1 10° otides bound free Kgypsd
0.28 0.085 124 2.88 3.6 46.4 3.48
0.29 0.080 11.6 2.88 33 86.7 3.18
0.29 0.054 7.9 1.44 1.14 58.9 3.18
0.30 0.039 5.7 1.44 0.82 69.2 2.97
0.30 0.047 6.9 2.88 1.99 88.0 2.94
0.30 0.035 5.1 5.76 2.94 67.1 2.93
0.30 0.043 6.3 7.20 4.54 85.5 2.92
0.305 0.034 5.0 5.76 2.88 87.1 2.81
0.31 0.049 7.2 5.76 4.15 176 2.66
0.32 0.024 3.5 5.76 2.02 178 2.35
0.32 0.065 9.5 5.76 547 354 248
0.33 0.033 4.8 5.76 547 354 2.17

¢ Conditions: buffer T; pH 7.8; 20 °C.

to the high molecular weight of RNA polymerase, the ex-
periment could be performed under conditions where an av-
erage of 10 or fewer RNA polymerase molecules were bound
per T7 DNA molecule. Since wild-type T7 DNA contains
as many as eight strong-binding or promoter sites for RNA
polymerase holoenzyme (Hinkle & Chamberlin, 1972a,b), the
possibility must be considered that interaction with these sites
is the dominant binding mechanism rather than the weaker
nonspecific interaction of holoenzyme with all regions of the
DNA. However, the experiments of Strauss et al. (1980a,b)
indicate that binding constants for the interaction of polym-
erase holoenzyme with promoter sites on T7 DNA are no more
than 3 orders of magnitude larger than nonspecific binding
constants under the conditions of these studies (0.24-0.36 M
NaCl; pH 7.7; 20 °C). Since there are ~10* as many non-
specific sites as promoter sites per T7 DNA molecule, more
than 90% of the binding of holoenzyme should occur at non-
specific sites, even at low binding densities. In support of this,
we find no significant effect of temperature or pH on the
binding of holoenzyme to T7 DNA (data not shown) as ex-
pected for nonspecific binding (deHaseth et al., 1978). The
binding of holoenzyme to promoters on T7 DNA is both
temperature and pH dependent (Strauss et al., 1980a,b).

The dependence on [NaCl] of Ky, obtained by the dif-
ference sedimentation technique, for the binding of core and
holoenzyme RNA polymerase to T7 DNA are given by the
following linear least-squares lines (20 °C; pH 7.7): for ho-
loenzyme

log Kypeq = —(8.1 £ 1.0) log [NaCl] - (0.9 % 2.0) (15)
for core
log K = —(18.2 £ 2.0) log [NaCl] — (6.6 £ 2.0) (16)

Analysis of the slopes of these lines (Record et al., 1976)
indicates that approximately twice as many ions are released
when core interacts nonspecifically with DNA as when holo-
enzyme interacts nonspecifically with DNA. If anion release
from RNA polymerase can be neglected, then the slopes in-
dicate that a maximum of 9 + 1 and 21 % 2 ionic interactions
are formed for the holoenzyme- and core-nonspecific DNA
complexes, respectively. This is in agreement with the cor-
responding values of 12 £ 2 and 24 + 4 obtained by deHaseth
et al. (1978) using the quantitative DNA—cellulose chroma-
tography technique. Moreover, the magntidues of K4 ob-
tained from the difference sedimentation technique agree quite
well with the magnitudes of K4 obtained on the same system
by deHaseth et al. (1978). These data are compared in Figure

4. The linear least-squares lines through both sets of data are
as follows: for holoenzyme

log Kopg = =(10.5 % 1.0) log [NaCl] - (2.1 £ 2.0) (17)

for core
log Ko = —(18.0 £ 2.0) log [NaCl] - (6.5 £2.0) (18)

Discussion of the differences in the nonspecific binding
properties of holoenzyme and core RNA polymerase inferred
from these data is given by deHaseth et al. (1978).

Pentalysine. The difference sedimentation technique ap-
pears most suitable for studies involving large protein~-DNA
interactions since one is able to work at very low binding
densities and still obtain measurable differences in sedimen-
tation coefficients between DNA and the protein-DNA com-
plex. However, we show in the following paper (L.ohman et
al., 1980) that the method is also applicable to the investigation
of the binding of a small cationic ligand (pentalysine) to T7
DNA.

Conclusion

We have shown that in the cases where data are available
for comparison (/ac repressor, RNA polymerase, and RNase)
(Jensen & von Hippel, 1976; Revzin & von Hippel, 1977;
deHaseth et al., 1977a,b, 1978) the binding constants obtained
by the difference boundary sedimentation velocity technique
are in good agreement with those obtained by other methods.
For protein—nucleic acid interactions, the binding constants
are determined at very low binding density, since the method
can detect a small number of protein molecules bound to an
intact T7 DNA molecule. Moreover, the method enables one
to measure binding affinities for ligand—-nucleic acid interac-
tions by monitoring only the presence of the nucleic acid.
Therefore, the interactions of nucleic acids with ligands which
cannot be detected by absorbance or fluorescence can be
studied by this technique.
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Pentalysine-Deoxyribonucleic Acid Interactions: A Model for the
General Effects of Ion Concentrations on the Interactions of Proteins with

Nucleic Acids’

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

ABSTRACT: The interaction of the oligopeptide pentalysine
[(Lys)s] with T7 DNA has been investigated by difference
boundary sedimentation velocity. The system is of interest
as a model for the electrostatic component of the interactions
of proteins with nucleic acids. Binding constants for (Lys)s—T7
DNA (K_,4"P) have been determined as a function of [NaCl],
[MgCl,], pH, and temperature, under solution conditions such
that K 4P is in the range 10%-10° M. We find that K,"P
is a sensitive function of the ionic environment but is virtually
independent of temperature. In particular, Kyyt° decreases
dramatically with increasing [NaCl]. Plots of log Kp™® vs.
log [NaCl] are linear, with slopes that decrease with increasing
pH. At constant [NaCl], K, decreases with an increase
in pH or in [MgCl,]. The data, analyzed by binding theory
[Record, M. T., Jr., Lohman, T. M., & deHaseth, P. L. (1976)
J. Mol. Biol. 107, 145-158; Record, M. T, Ir., Anderson, C.
F., & Lohman, T. M. (1978) Q. Rev. Biophys. 11, 103-178]
are consistent with an electrostatic interaction between (Lys)s
and T7 DNA, driven by the entropic contribution of counterion
release to the free energy of binding. The effects of pH are

At the molecular level, control of the expression of genetic
information resides in the interactions of regulatory proteins
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explained quantitatively by using a simple titration model; as
the pH is increased, the net positive charge on the (Lys)s is
reduced, and consequently both K ."P and |(9 log K/ log
[NaCl])py o are reduced. The effects of MgCl, are explained
quantitatively as a competition between Mg** and (Lys); for
DNA sites. The lack of a temperature dependence of K
is consistent with the proposed entropic origin of the binding
free energy. The effects of small ions on the (Lys)s=T7 DNA
binding equilibrium are similar to those observed in various
specific and nonspecific protein-DNA interactions and thereby
support the electrostatic interpretation of those binding data
given previously. Using the (Lys)s and other oligopeptide
binding data as points of reference, one can decompose ob-
served binding free energies for protein-DNA interactions into
electrostatic and nonelectrostatic contributions, distinguish
between specific and nonspecific effects of ions on complex
formation, and estimate the number of positive charges and
the number and nature of titratable groups on the DNA
binding site of the protein.

and of RNA polymerase with specific and nonspecific sites
on DNA [cf. von Hippel & McGhee (1972), Chamberlin
(1976), and von Hippel (1979)]. It is reasonable to assume
that the same region on the protein is involved in forming both
specific and nonspecific complexes with DNA. [Competition
experiments suggest that this is the case for lac repressor (Lin
& Riggs, 1972, 1975) and RNA polymerase (Strauss et al.,
1980a,b).] Consequently, the thermodynamic analysis of
nonspecific binding is useful in understanding the molecular
basis of specificity and the contributions of various noncovalent
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