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Synopsis

Light-scattering studies were done to investigate the DNA collapse transition, a large and
discontinuous reduction in the radius of gyration. Of particular concern was differentiating
the compaction of a single DNA molecule from aggregation. Solutions of RK2 plasmid DNA
(M, = 37 X 10°) or bacteriophage T7 DNA (M, = 25 X 10°) were titrated with the condensing
reagents spermidine in aqueous solvent or magnesium ion in ethanol-water solvent. The
transition was followed by the change in scattering at a single angle or by the change in the
angular dependence of scattering. At concentrations below 1 ug/mL, only aggregation could
be detected by observation at a single angle; therefore, to study the collapse transition, it was
necessary to measure the angular dependence of scattering. The intensities measured between
the angles 30° and 60° were fit to known scattering functions. At low concentrations of the
condensing reagent, the data were consistent with the scattering function of a random coil.
On the other hand, during the transition at higher reagent concentrations, the curve that fit
the data required two components—the scattering function for a random coil with a large
radius of gyration, plus that for a sphere with a radius about one-fifth of that of the coil. The
fractional concentration of the sphere increased with increasing condensing-reagent con-
centration. This two-component behavior is in apparent contrast to the situation with a more
flexible polymer such as polystyrene, in accord with theoretical predictions. At still higher
reagent concentrations, aggregation was apparent. Condensation to a collapsed state was
reversible without hysteresis, while dissolution of the aggregated state nearly always occurred
with hysteresis. Qualitative agreement between the observed DNA collapse transition and
the theoretical phase diagram presented in the preceding paper was found, although the
light-scattering results did not show quantitative agreement with the simple theoretical
model.

INTRODUCTION

The theoretical phase diagram of a DNA solution, reported in the pre-
ceding paper,! discriminates between two mechanisms of DNA conden-
sation in a poor-solvent environment: (1) the compaction or collapse of
a single DNA molecule at very dilute DNA concentrations and (2) the
aggregation of many molecules at higher DNA concentrations. The intent
of this work is to distinguish experimentally the two mechanisms of con-
densation using static light scattering. Study of the collapse transition
of a polymer with high-molecular-weight DNA is advantageous because
DNA is monodisperse and is rigid enough that a discontinuous change in
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the radius of gyration, Ry, is predicted.? Light scattering is a reasonable
method to study the collapse transition because the substantial reduction
in R4 in the compact form leads to a large increase in the scattered intensity.
Moreover, light scattering allows an evaluation of the molecular weight,
and thus a distinction can be made between the concentrated aggregated
phase and the dilute single-molecule collapsed phase. That a mono-
molecularly collapsed, thermodynamically stable state of DNA exists has
not been shown by previous studies. Although the compaction of DNA,
as evidenced by an increase in the translational diffusion coefficient34 and
the loss of deformability of DNA in flow,> has been demonstrated, prior
observations could not rule out any change in the molecular weight, M,,
of the stable phase upon condensation.

The work reported here involved measuring the changes in scattered
intensities when solutions of T7 and RK2 DNA were titrated with con-
densing reagents. Initially, it was hoped that the coexistence curve! could
be mapped as a function of DNA concentration by monitoring the change
in light scattering at a single angle. The biphasic region and the collapse
region would be distinguished by their different dependences on the DNA
concentration. There is a negative slope to the part of the curve dividing
the expanded state from the biphasic region; thus, separation into two
phases, detected by a sudden rise in the scattering, should occur at a lower
concentration of condensing reagent (a lower x value) for a larger DNA
concentration. In contrast, transition from the expanded coil to the mo-
nomolecular, collapsed state should be independent of DNA concentra-
tion.

The transition was, in fact, found to occur with very little DNA concen-
tration dependence at all concentrations investigated; thus, the measure-
ment at a single angle is insufficient to distinguish aggregation from a
mononuclear collapse. Measurements over a range of angles were therefore
made to investigate the change in M, and R, with added condensing re-
agent. We found that the angular dependence of the scattered intensity
during the transition to a condensed state cannot be fit with a single scat-
tering function, but that the data are consistent with a sum of two scattering
functions: the function for a random coil with a large R, and the function
for a sphere with a small R;. The fractional amount of scattering con-
tributed by the sphere increased with an increase in the concentration of
condensing reagent.

We also investigated the reversibility of the transition. The results in-
dicate that dissolution of the aggregated state occurs with hysteresis but
that the unfolding of the collapsed state can happen without hysteresis.

This study elucidates neither the specific forces involved in the mecha-
nism of compaction nor the helical organization of folding in the collapsed
state. Before one can investigate the details of the solution structure, one
must establish the experimental conditions that produce a stable compact
form.
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MATERIALS AND METHODS

Light-Scattering Apparatus and Measurements

The light-scattering apparatus was built in this laboratory and has been
described in detail.®? A Spectra-Physics model 120, 5-mw, He-Ne laser
operating at 632.8 nm serves as a light source. The instrument was cali-
brated with filtered benzene and carbon tetrachloride. Since the cell holder
was filled with water during the calibration, a correction for the difference
in the refractive index of the organic solvent and that of water was applied.
Relating the instrumental reading at 90° to the literature value® for the
Rayleigh ratio determines a cell constant. Cell constants evaluated from
the two solvents and from different samples of the same solvent agreed
within approximately 10%. The variation of reflectivity of the cell surface
with observation angle was assumed to be less than 15% and was neglected.
Light-scattering measurements were made at room temperature,
~21°C.

Sample Preparation

Solution Clarification

Buffer solutions were filtered several times through Millipore filters, type
GS, 0.22u. Aqueous buffers were filtered by vacuum, and ethanol-water
solutions were filtered under pressure. All glassware was extensively rinsed
with filtered solutions. DNA stock solutions were not filtered. Dilution
of the DNA stock into the sample was high enough that the small amount
of dust transferred with the DNA was tolerable in most cases. Before each
experiment, samples were checked for clarity by examination by eye at very
low angles and by measurement of solvent background scattering and were
discarded if the background noise was too high.

DNA Purification

E. coli B was grown in Luria broth to about 5 X 10® cells/mL and infected
with T7 bacteriophage. Immediately before lysis by the phage, the cells
were concentrated by centrifugation and lysed with chloroform. T7 phage
was banded by CsCl density-gradient centrifugation. T7 DNA (M, = 25
X 106) was purified by the hot phenol extraction method.? After the DNA
phase was clear, usually requiring three to four extractions, the phenol was
removed from the DNA solution by dialysis against either phosphate buffer
(0.008M PO7, 0.016M Nat, 0.001M EDTA, pH 6) or cacodylate buffer
(0.001M sodium cacodylate, 0.0156M NaCl, 0.01 mM EDTA, pH 6). The
DNA stock solution was stored at 4°C.

E. coli C600 containing plasmid RK2 with a gift from the lab of D. Hel-
inski. E. coli was grown on Luria broth overnight. The cells were con-
centrated and lysed with lysozyme and 2% sodium N -lauroylsarcosinate.
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Plasmid DNA, M, = 37 X 108 (Kolter et al.1%) was purified by ethidium
bromide-CsCl density-gradient centrifugation and was linearized by cutting
with EcoR1 at the single sensitive site. The DNA stock solution was di-
alyzed against cacodylate buffer (0.01M sodium cacodylate, 0.0056M NaCl,
0.5 mM Na, EDTA, pH 7).

The DNA concentration of stock solutions was determined by absorption
at 260 nm in 1-cm cells with an absorbance coefficient of 55 ug/mL-unit
absorbance.

Solutions

Light-scattering samples were buffered by cacodylate: 0.001M for
spermidine condensation and 0.010M for condensation in ethanol-water
solutions. NaCl was added to attain the specified Na* concentration. The
concentration of Mg2* in the magnesium acetate stock solution was de-
termined by conductance measurements, using solution conductivities from
The International Critical Tables.'! Spermidine was purchased from
Sigma and purified by ionic-exchange chromatography using BioRad
AG50-X2 resin, 100-200 mesh, followed by cold recrystallization in acidic
ethanol-water solution.!? Such purification is important since the presence
of small amounts of higher amines, such as spermine, can markedly affect
DNA condensation. Solutions containing ethanol were made by weight
to circumvent possible errors due to volume changes upon mixing and were
kept tightly covered whenever possible to avoid evaporation of ethanol.

To achieve reproducible critical concentrations in the reagent inducing
condensation (spermidine, ethanol, or Mg?*), it was necessary to maintain
carefully the concentrations of other solvent constituents (Na*, Mg2*, and
ethanol). Several workers!3-16 have discussed the strong interdependence
of the environmental effects that promote condensation (e.g., total con-
centration of all counterions, the dielectric constant of the solvent, tem-
perature, pH). The interdependence of the concentrations of ethanol and
magnesium ion found in this study is discussed below.

Sample Mixing

Dilution buffers and the DNA stock were pipetted directly into the
scattering cell and then mixed by gently inverting the cell several times.
Titration of the sample was done by adding small aliquots of a condensing
reagent to the cell and again inverting to mix the solution.

RESULTS

Scattering at 90°

The simplest approach to observing the collapse transition by light
scattering is to measure the scattering at a single angle as the condensing
reagent is added.®1¢ Such a curve of intensity versus amount of condensing
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reagent shows very little scattering until a sudden sharp rise occurs at a
critical concentration of condensing reagent. It is tempting to identify this
rise with the onset of collapse. (As the molecule collapses, the phase dif-
ference between the rays scattered from different parts of the molecule
becomes less and the intensity of the scattering increases.) Unfortunately,
aggregation of the DNA also causes the scattering to increase, and it is not
always easy to distinguish the two effects with measurements at only one
angle. Itis possible to set limits on the extent of the increase that can result
from collapse, however, as described below. Also, in principle the two
processes should be distinguishable through their concentration depen-
dences, since aggregation should depend on the DNA concentration whereas
collapse should not.!

The scattered intensity from a solution of unaggregated molecules cannot
be greater than that allowed by the familiar equation:

c 1
—=——+24 1
R, MPO) T A @
with the optical constant
7112
K = |21 (91‘—) / NaX 2)
ac

Ry is the Rayleigh ratio (the intensity of scattered light at the angle 0 relative
to that of the incident beam), ¢ is the DNA concentration in g/mL, and M,
is the DNA molecular weight. K is equal to 1.99 X 10~7 for the following
values of the parameters: the refractive index for both aqueous solvent
and, in approximation, for the mixed ethanol-water solvent, /i = 1.33; the
refractive index increment for DNA,'7 o7i/oc¢ = 0.166; the light wavelength,
Ao = 632.8 nm. No significant error would be introduced into the analysis
of the light-scattering data from the mixed solvent if there was a preferential
adsorption of water to the DNA, since the refractive indexes of water and
ethanol are very close (/i equals 1.33 and 1.36 for water and ethanol, re-
spectively). To set limits on the increase in scattering due to collapse, the
viral term in Eq. (1) is assumed to be negligible, since both the collapse
transition and aggregation occur close to the Flory #-point where A5 equals
zero. The maximum possible value of the scattering intensity, Ry, can be
calculated from the known value for M, and the assumption that P(#) is
unity. Actually, P(f) cannot be greater than unity and is probably less
[P(f) is strictly equal to unity only at f equal to 0°, as discussed in the fol-
lowing section]; hence, this calculated Ry is a maximum intensity. Then,
if the measured R, were greater than that calculated, the sample must have
had M, greater than the monomolecular value.

A few results of this kind from RK2 DNA are shown in Table I. The
structural transition was induced in mixed ethanol-water solvents both
by titration with magnesium ion at a constant ethanol concentration and
by titration with ethanol at a constant magnesium concentration. The
reported c¢/R, values were calculated from the intensities measured after
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TABLE 1
Magnesium Concentration at the Transition of the 90° Scattering Intensity as a Function
of RK2 DNA Concentration?

[DNA] [Ethanol] [Mg2+]
(ug/mL) log|DNA] (%, w/w) (mM) ¢/Rgpe ®

0.3 —0.52 26 4.5¢ 0.54
4.6 0.04

0.5 —0.30 26 4.0¢ 0.76
4.3 0.11

1.0 0.00 26 4.0¢ 0.76
4.3 0.10

2.9 0.46 26 4.1¢ 1.20
4.3 0.07

1.6 0.20 10.64 50 1.01
11.7 0.04

4.9 0.69 10.44 50 3.27
11.8 0.05

a Mixed ethanol-water solvent. [Na*] = 0.011M.

b Aggregation is indicated by a measured value of ¢/Ry less than 0.14, the calculated value
for monomolecular RK2 DNA at zero angle.

¢ The step in magnesium concentration at which aggregation occurs.

d The step in ethanol concentration at which aggregation occurs.

the scattering had stabilized at the given solvent conditions. For M, = 37
X 106 for RK2 DNA, the minimum value for ¢/Ry is 0.14; anything less than
this must indicate aggregation. Examination of the data in Table I shows
that the scattering jumps from a very low intensity (the first point of each
pair) to a value indicative of aggregation (the second point of each pair).
Even at the lowest DNA concentration (0.3 ug/mL), the transition observed
at 90° indicated aggregation, since the abrupt rise in the intensity was to
a level too high to be the result of a conformational change of only one DNA
molecule. With small additions of the condensing reagent, the intensity
continued to increase to levels much greater than those shown in Table 1.
(As well as aggregation, it must be recognized that a negative As can also
result in an intensity greater than the single-molecule zero-angle scattering.
Nonetheless, even a negative value for A, as large in magnitude as 22 X 10—
mol mL/g? the maximum positive value reported by Borochov et al.,18
cannot account for the observed increase in scattering.)

The concentrations of Mg2*+ and ethanol that produce the structural
transition of DNA are interdependent, a higher Mg2* concentration being
required with a lower percent ethanol (see Table I).

We had hoped to be able to distinguish aggregation from collapse by the
dependence on DNA concentration of the point of rapid rise of scattering,
since collapse should be independent of concentration, in contrast to
aggregation. The data showed, however, that not only was aggregation the
one transition detected by the single-angle measurement, but that the
dependence of the point of aggregation on DNA concentration was too slight
to be useful for making this distinction.



LIGHT-SCATTERING OF DNA CONDENSATION 2145

Similar results were obtained in a titration with spermidine over a range
of DNA concentrations from 0.4 to 3.2 ug/mL (results not shown). It was
not feasible to go to lower concentrations in either titration because the rise
above the background of the scattering upon titration became too small
to measure reliably before aggregation appeared. It seems likely to us that
aggregation was present in all previously reported titrations of this kind
that used conventional light scattering as the means of detection.

Angular Dependence of the Scattering Intensity

Monitoring of the scattering intensity at a single angle did not give evi-
dence of a single-molecule collapsed state; therefore, a more thorough ex-
amination of the conformational changes of DNA was pursued. It was
necessary to determine the change in M, and R, with added condensing
reagent to differentiate the collapse transition from aggregation. Estimates
of M, and R, were obtained from the angular dependence of scattering over
the angular range of 30°-60°. These quantities were not established with
high accuracy because of the low DNA concentration and because the angles
were high; nonetheless, the measurements were sufficient to characterize
qualitatively the gross structural transition resulting from a change in the
solvent conditions.

The angular-dependence measurements were done by Mg2* titration
of RK2 DNA in ethanol-water solutions. A very slow rate of titration was
used for these experiments. Solutions were left at a given collapsing-re-
agent concentration until the intensity level was stable. This incubation
period was commonly 2 h, and sometimes as long as 25 h.

Determination of M, and R, requires knowing the effects of interference
in the scattering from particles whose size approximates the light wave-
length as expressed in the scattering function P(#). P(8) is the ratio of the
intensity scattered through the angle # to that scattered without phase
change, i.e., through zero angle, and is calculated from the spatial distri-
bution of scattering elements within the particles. The general equation
for P(0) includes a sum over ur;;, where r;; is the vector distance between
elements and

i = 4w/ sin(6/2) (3)

A is the wavelength of scattered light in the medium (A = Ay/A).
In the limit as 6 approaches 0°, P(f) becomes independent of molecular
shape and is related to the square of the radius of gyration, RZ, by

1672

lim P-1(0) =1 +
0 (®) 3\2
M,, Ry, and A; are typically determined from light-scattering data by
evaluation of the intercept and limiting slopes on a reciprocal-intensity
plot!® [see Eq. (1)]. This procedure is valid only for values of P~1(f) close
to 1.0, where the reciprocal-intensity plotted against sin2(6/2) is essentially

R? sin? (g) o (4)
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linear.1719:20 At large values of # and R,, there is curvature in P~1(0),
specific to the molecular form, and extrapolation from a high & region to
zero angle does not give the true initial slope and intercept. Given the high
molecular weight of the DNA and the angular range of 30°-60° used in this
work, P~1(0) is significantly greater than the limiting value. Therefore,
M, and R, cannot be obtained directly from the limiting slope and intercept
of a straight-line plot. A more appropriate procedure is to fit the data to
a theoretical curve of the scattering intensity as a function of angle, cal-
culated from an assumed P(f) with given values of the parameters.

A. Random-Coil State at Low Magnesium Concentration

The scattering measured at low Mg2* concentrations was compared with
the theoretical P(#) for a random coil. Although DNA is best modeled
using wormlike chain statistics, the large size of RK2 DNA (270-380 per-
sistence lengths per molecule) makes approximation as a random coil
possible without substantial error. Excluded-volume effects are significant
for the low-salt conditions (0.011M NaCl) present at the beginning of the
Mg?* titration and are considered in this analysis.

The scattering function for a random coil without excluded volume is
expressed as

Pre(@) = @/u?)e v +u—1) (5)
u = u’R? (6)

The scattering function for a random coil with excluded volume was ob-
tained from Fig. 2 of Sharp and Bloomfield.2! Only the P(#) curves for
which the excluded-volume parameter, ¢, is less than 0.2 were considered.
This upper limit for € is based on reports in the literature on excluded-
volume measurements in aqueous solvent. For 0.01M Nat, these values
are € = (.16, as measured by Borochov et al.,'8 and ¢ = 0.18, as measured
by Ross and Scruggs.2?

The data were fit to the plot of P3(8) versus u. The observed intensities
are related to P~1(#) by Eq. (1). Ajis set equal to zero, since, in the low-
intensity region of P~1(#) being considered, the virial term in the equation
is negligible. The known value for M, of 37 X 108 was assumed, as it was
whenever the observed intensity at all angles was below the expected
zero-angle intensity. The measured intensities were fit to the slope and
to the scattering level of the theoretical curve by adjusting the values of R,
and e. A decrease in R, results in smaller u values for a given displacement
along the ordinate and in an increase in the slope. Because of the low DNA
concentration used in this work, a reliable determination of R, and € was
not possible. The data can only specify a range of values for R, consistent
with ¢ < 0.2. Although an absolute value for ¢ is not known, ¢ is at its
maximum for the titration when [Mg?*] = 0, decreases with the addition
of Mg?*, and is very close to 0.0 at the phase-transition point. Examples
of data fit to the theoretical curves using several possible values of R, and
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€ are shown in Fig. 1. In Fig. 1(a) the data points correspond to the in-
tensities measured between 30° and 60° for RK2 DNA (5ug/mL and Mg2*
= 0) and are compared to the theoretical curves for Prl(8) plotted against
u, with € equal to 0.0, 0.1, and 0.2. Three possible fits are shown for B,
equal to 800, 950, and 975 nm. Agreement between the observed intensities
and the theoretical curves can also be confirmed by referring to the more
familiar reciprocal-intensity plot. The same data are plotted as c¢/Ry
against sin2(6/2) in Fig. 1(b), along with the theoretical curves for two values
of Ry and e.

B. Condensed State at Intermediate Magnesium Concentration

The angular dependence of the scattering from samples with Mg2*
concentrations aproximately 3.3 to 3.6 mM and greater did not follow the
dependence expected for randomly coiled molecules. The angular de-
pendence was small, yet the reciprocal intensities were too high to be the
result of a collapsed coil with a small R,. While the reciprocal intensity
at the higher angles decreased somewhat compared to samples with [Mg2*]
< 3.3 mM, the reciprocal intensity at the lower angles remained relatively
high, such that the plot required substantial curvature to pass through the
expected intercept. An example of data that do not follow a random-coil
scattering function is shown in Fig. 2. No adjustment of R, or € allows a
satisfactory fit to the theoretical curves, nor would a reasonable change in
M, allow a fit, a smaller value of M, being required.

A composite scattering function is necessary to match the observed re-
ciprocal intensities under these conditions. The total P(f) is expressed
as a sum of two functions, with each P(f) function multiplied by the fraction
of the total DNA concentration existing in the molecular shape specified
by P(0), as is shown by Eq. (7) below. The solvent conditions being con-
sidered are very close to those at the point of a phase transition (collapse
or aggregation), so both ¢ and the second virial coefficient, Ao, are assumed
to equal zero. The parameter f is the fraction of DNA in the expanded,
randomly coiled configuration and c¢q is the total concentration of added
DNA. From Eq. (1),

Ry = KM, colfPrc(6) + (1 — f)P(0)] (7

A characteristic of P2(#) required to fit the data is a smaller angular de-
pendence than that of a random coil with a large R; the scattering function
of a sphere with a small radius R is suitable and was the function used. This
function is

2
Ps(0) = % (sin x + x cos x) (8)

x = uR 9)

[The fit using Ps(f) is probably not unique. Another possible model would
have each molecule partially collapsed and partially expanded. Never-
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Fig. 1. (a) Light-scattering data of RK2 DNA in ethanol-water solvent, without magnesium,
compared to the reciprocal of the scattering function, P=1(#), for an extended random coil
with excluded volume. The theoretical curve for the excluded-volume parameter, ¢, equal
to 0.0 is calculated from Eq. (5}, and those for € equal to 0.1 and 0.2 are from Fig. 2 of Sharp
and Bloomfield (Ref. 21). The data are for RK2 DNA, 5 ug/mL, 25% by weight ethanol,
0.011M Nat*, [Mg2*t] = 0. Ordinate values of the data are determined from P~1(8) = cKM, /R,
for M, = 37 X 106, The value of u depends on § and R,;. Data are plotted for three radii of
gyration: (®) R, = 800 nm; (A) R, = 950 nm; (M) R, = 975 nm. (b) Reciprocal-intensity
plot of the same data shown in (a) compared to theoretical curves for an extended random
coil. The curves were calculated for M, = 37 X 108, with (—) Pg¢ taken from Eq. (5) for €
=0, R, = 810 nm and (- - -) Pgc taken from Fig. 2 of Sharp and Bloomfield?! for ¢ = 0.1, R,
= 950 nm.
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Fig. 2. Light-scattering data of RK2 DNA in ethanol-water solvent with magnesium
compared to theoretical reciprocal-intensity curves for extended random coil. The curves
are calculated for M, = 37 X 108, and R, = 900 (left) and 725 nm (right). The data points
were measured for RK2 DNA, 9.9 ug/mL, 25% by weight ethanol, 11 mM Na®, 3.6 mM Mg2+.
No agreement of the data with the random-coil scattering function is possible.

theless, all the data were compatible with P5(f) in Eq. (7) being that of a
sphere; thus, the only model considered in this report is that each molecule
is either an expanded coil or a compact sphere.]

In fitting the observed angular dependence of the scattering at a given
Mg2+ concentration to Eq. (7), M, is set equal to 37 X 106 whenever the
observed intensity is less than the expected zero-angle intensity. Values
were determined for Prc(0) from Eq. (5) with R, varying between 550 to
975 nm, and for Ps(0) from Eq. (8) with R varying between 50 and 175 nm.
For a given pair, R; and R, the fraction of the total intensity attributed to
Pgrc(9) was evaluated from the intensity, R, measured at each angle # using
Eq. (7). The parameter f was then calculated from the average over 4, as
given by

f2 1 2 (RoJeKM,) = Ps(0)

N =y Ppc(0;) — Ps(0))
The best agreement between the data and the theoretical predictions was
achieved by minimizing the sum over all § of the squared deviations between

(10)
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the observed and calculated values. Minimization of the differences was
done both with the intensities and with the reciprocal intensities. R, and
R corresponding to the minimum were generally equivalent for either
summation variable, with only small variations occurring in some cases.
Some samples did not have a strong minimum, and the data could be
matched, within experimental error, by theoretical curves evaluated with
a wide range of values for f, R,, and K. In particular, the calculated in-
tensities fit to solutions for which more than 10% of the scattering appears
to result from condensed spherelike particles (f < 0.9) were insensitive to
R, and very little change in the sum of squared deviations was found for
any value of R, between 550 and 975 nm. Examples of data fit using the
composite function are shown in Fig. 3. The data include those in Fig.
2.

C. Aggregated State at High Magnesium Concentration

Samples for which the scattered intensity at finite angles is much greater
than that expected for monomolecular DNA at zero angle are certainly
aggregated. The data approximate the scattering function for a sphere,
with a reasonable fit obtained by varying R and by using M, > 37 X 108,

D. Sizes and Amounts of the Two Components

R, R, and f evaluated for RK2 DNA, ranging in concentration from 0.3
10 9.9 ug/mL, in mixed solvent at different Mg2* concentrations, are given
in Table II. Parentheses around R, indicate that the minimization was
not sensitive to the R, value in this particular case, as discussed in section
B.

For [Mg2*] < 3.6 mM, the scattering intensities from samples of RK2
DNA in ethanol-water solvents were fit by Pgc(0) with R, between 725 and
975 nm. We also measured the scattering from RK2 DNA in aqueous so-
lution without ethanol (Table ITI). Since all solutions were rather dilute
(<10 ug/mL), the accuracy of the data do not allow a unique determination
of R, and ¢, as stated in Section A. The R, values reported here are
somewhat larger than the value of 740 nm determined by Ross and
Scruggs?? from the intrinsic viscosity of sheared T4 DNA (M, = 39 X 108).
The discrepancy is not large and is thought to be within the limit of ex-
perimental and theoretical uncertainty. Comparison of the results in Table
IIT with those in Table II obtained at low Mg?* concentrations finds that
there is no detectable effect on R, of the mixed solvent alone.

Furthermore, in the absence of ethanol, the angular dependence of
scattering could be fit with Pr¢ () at all Mg?* concentrations investigated,
with no evidence of collapse or aggregation. In mixed solvent, however,
the second component of smaller dimension and less angular dependence
in scattering had to be included when [Mg2*] was greater than 3.6 mM.
The data are consistent with a solution composed of a mixture of random
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Fig. 3. Reciprocal-intensity plot of the scattering data from RK2 DNA fit with two scat-
tering functions. RK2 DNA, 9.9 ug/mL, 25% by weight ethanol, 11 mM Na*. The total
scattering as a function of angle is a sum of fPrc, for a random coil with dimension Ry, plus
(1 — f)Ps, for a sphere with radius R, with f the fraction of DNA in a random-coil configuration.
All curves are calculated using M, = 37 X 106, Symbols are as follows:

(Mg**] f Re R
® 3.6 mM 0.99 975 nM 75 nM
X 4.0 0.97 950 125
v 4.3 0.94 850 100
] 4.6 0.30 800 125
+ 4.7 0.14 800 125
A 49 0.00 — 125

coils and spheres, the latter with a radius between 50 and 175 nm, with 125
nm found most often. (The fraction of the volume of the sphere occupied
by the DNA is still less than 0.1, even at the minimum radius measured.)
As the Mg2* concentration in the mixed solvent increased, the fractional
amount of scattering contributed by the condensed spheres increased.
Titration of some DNA solutions to a still higher Mg2+ concentration
induced the formation of aggregates of large M, but rather small in size
under the conditions observed.
When the DNA concentration was less than 2 ug/mL, the angular de-
pendences could not be measured at low Mg2+ levels because of the small
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TABLE 1I
Parameters Fit to the Light-Scattering Data of RK2 DNA as a Function of Magnesium
Concentration2
[RK2 DNA] [Mg2*]  [Mg?* — EDTA] Re® R
(ug/mL) (mM) (mM) f (nm) (nm) M, X 10-6

0.3 4.3 0.29 (600) 150 37
4.5 0.27 (675) 150 37
4.6 0.00 125 270
0.5 4.24 0.38 600 125 37
4.31 0.23 (600) 125 37
4.37 0.15 (600} 125 37
0.6 4.3 0.80 (975) 125 37
49 0.45 (600) 175 37
5.2 0.00 150 160
2.0 4.0 0.93 975 125 37
4.3 0.89 750 175 37
45 0.87 (975) 150 37
4.6 0.93 (700) 50 37
4.7 0.77 (875) 125 37
49 0.68 (600) 75 37
4.9 0.55 (975) 100 37
5.2 0.41 (600) 75 37
5.0 0 1.00 800-9754 37
3.3 1.00 675-7254 37
3.6 0.98 825 50 37
3.8 0.95 925 150 37
4.0 0.94 850 175 37
4.0 0.96 750 175 37
4.3 0.96 775 126 37
4.3 0.96 825 150 37
4.6 0.94 625 50 37

4.7¢ 0.00 125 65.5
9.9 0 1.00 875-9754 37
3.6 0.99 975 75 37
4.0 0.97 950 125 37
4.2 0.97 800 175 37
4.3 0.94 850 100 37
4.6 0.30 (800) 125 37
4.6 0.40 (550) 150 37
4.7 0.14 (800) 1256 37
4.9 0.00 125 37

a Ethanol concentration, 25% by weight. Mixed ethanol-water solvents, [Na*t] = 0.011M.
f, fraction of DNA in random coil; R, random-coil radius of gyration; R, sphere radius.

b The values of R, in parentheses are not known with certainty since the fit to the data was
not sensitive to Rg.

¢ Data are also consistent with f = 0, R = 100 nm, M, = 37 X 106, and A, = —11.9 X 10—*
mol mL/g2.

4 The range in R, corresponds to a range in the excluded-volume parameter, 0 < € < 0.2.
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TABLE III
Parameters Fit to the Light-Scattering Data of RK2 DNA in Aqueous Solvent as a
Function of Magnesium Concentration?

[Mg2+] R, ?
(mM) (nm) € M, X106
0 800 0 37
900 0.1 37
975 0.2 37
3.3 600 0 37
700 0.1 37
5.0 600 0 37
700 0.1 37
6.6 5560 0 37
650 0.1 37

a No ethanol present. [Na*t] = 15 mM. RK2DNA = 5 ug/mL. Data are fit using only
Pgc at all magnesium concentrations. Neither collapse nor aggregation occurs.

b Several values for Ry and € are compatible with the data at each magnesium concentration
because of the uncertainties in the data at this low DNA concentration.

scattering intensity. As the Mg2* concentration was increased and the
DNA underwent the transition from an expanded coil to a compact particle,
angular measurements became possible, but still had a large amount of
error. Nonetheless, the increase in the compact-spherelike contribution
to the scattering with increasing Mg2+ concentration, eventually attaining
aggregation, was still obvious even at these low DNA concentrations (Fig.
4).

A comparison of the range of Mg2* concentration of the two-component
region to the Mg2+* dependence of a 90° scattering profile is of interest. The
two-component behavior was found to begin at Mg2* concentrations below
those giving the pronounced increase in the 90° intensity when the DNA
concentration is less than 1.0 ug/mL. Thus, at low DNA concentration,
any easily detected increase in scattering at 90°, above the background due
to solvent, is the result of aggregation. At 9.9 ug/mL of DNA, a rise in the
90° scattering was observed before aggregation, but only after a large
population of condensed molecules had formed. The single-angle behavior
at a low DNA concentration (0.6 ug/mlL) and at a high DNA concentration
(9.9 ug/mlL) is shown in Fig. 5, with the two-component region indicated
by the broken line. The values of f in this region are listed in Table II. The
two-component region falls at the beginaing of the transition defined by
arise in the intensity at a single angle and represents only a small fraction
of the total increase. Further increase in the 90° scattering at magnesium
concentrations greater than those of the two-component region is a result
of aggregation. (Had the full 90° profile been measured for the 9.9 ug/mL
sample, the 90° intensity expected for the plateau region would have been
15-20 times the largest intensity shown in Fig. 5.)

The transition to compact particles occurred over a period of several
hours. The scattering intensity often required 4-7 h after the addition of
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Fig. 4. Reciprocal-intensity plot of RK2 DNA at low concentration in ethanol-water solvent.
Magnesium is added to a concentration high enough to produce aggregation. RK2 DNA,
0.6 ug/mL, 25% by weight ethanol, 11 mM Na*. Symbols are as follows:

[Mg2+] f R, R M, X 10°6
n 43mM 0.80 975 nm 125 nm 37
* 49 0.45 600 175 37
X 5.2 0 — 150 160

an aliquot of Mg2* before no further change in intensity was observed over
a l-h period. An example of the change with time in the scattering intensity
and angular dependence is shown in Fig. 6. The solution had not stabilized
after 3.5 h. As the reciprocal-intensity decreased, the slope of the curve
became smaller, consistent with an increase in the fraction of small
spherelike particles.

Reversibility of the Collapsed State

Measurement of a phase diagram requires reaching a thermodynamically
stable state; faithful reversibility of the transition must be demonstrated.
Hysteresis has been noted by Dore and coworkers!® in the condensation
of T2 DNA at low pH and by Widom and Baldwin!6 in the cobalt-hexam-
ine-induced transition of DNA from A phage. In this work hysteresis was
also found, but only with samples in which large aggregates had formed.
If the collapsing agent was added only to a level at which a large fraction
of the DNA was collapsed, with a small fraction of the DNA still in an ex-
panded structure (i.e., 0 <f < 0.5 and M, = 37 X 108), and the reaction was
then reversed and left for several hours, no hysteresis was observed. The
experiments are described in this section.
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Fig. 5. The 90° scattering intensity from RK2 DNA in ethanol-water solvent as a function
of magnesium concentration. The dashed line indicates the region in which the angular de-
pendence of scattering contains contributions from two components, as shown by the pa-
rameters listed in Table II. Conditions: 25% by weight ethanol, 11 mM Na*. Filled circles
(@) are for the forward reaction by titration with magnesium; open circles (O) are for the re-

verse reaction by titration with EDTA.

Initial investigations of hysteresis involved reversing the spermidine-
induced condensation of T7 DNA by dilution of the sample with buffer.
The samples were extensively aggregated as judged by a 90° intensity
several times greater than that expected for the zero-angle intensity. A
return to near the original scattering level as observed but with a large
hysteresis. In contrast to the increase in scattering occurring between 40
and 45 uM spermidine, the decrease did not appear until 22-27 uM sper-
midine.

A condensing reagent more convenient for examining the problem of
hysteresis is Mgt in ethanol-water solution. The concentration of free
Mg2+ can be easily reduced by addition of the chelating agent ethylene
diamine tetraacetic acid (EDTA). As with spermidine-compacted T7
DNA, if RK2 DNA samples were titrated to a Mg2* concentration high
enough to induce substantial aggregation, hysteresis was observed. The
transition in the 90° scattering intensity occurred at Mg2* concentrations
that differ in the forward and reverse reaction by 0.2-0.6 mM out of ap-
proximately 4.0 mM.

Other experiments involved limited titrations, increasing the Mg2*
concentration only to the level at which a substantial fraction of the DNA
was collapsed, and reversing condensation with EDTA before the start of
aggregation. That a fraction of the DNA was collapsed is indicated by a
decrease in the angular dependence of scattering, while the intensity at all
angles remained less than the expected zero-angle intensity. Following
this titration procedure, the 90° scattering was identical for both the for-
ward and reverse transition, as shown in Fig. 5(b) ([DNA] = 9.9 ug/mL;

open circles mark the intensity measured for the reverse reaction). Nor
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Fig. 6. Time dependence of the collapse transition. Reciprocal-intensity plots of the
light-scattering data from RK2 DNA (2.0 ug/ml., 25% by weight ethanol, 11 mM Nat, 4.9
mM Mg?*) at different times after the increase in magnesium from 4.6 to 4.9 mM.

f Ry R Time
| 0.82 925 nm 100 nm 05h
* 0.75 975 100 3.5
I 0.68 600 75 23.0

did the angular dependence of scattering resulting from collapse show
hysteresis. The values for R, R, and f determined for both the forward
and reverse transition are shown in Table IT (RK2 [DNA] = 2.0, 5.0 and 9.9
ug/mL). The free MgZt concentration for the reverse reaction is reported
as [Mg?*]-[EDTA]. R,, R, and f are equivalent in both directions. The
corresponding reciprocal-intensity plots of both the calculated curves and
the observed data from RK2 DNA, 2 ug/mL, are shown in Fig. 7.

CONCLUSIONS

Collapse Transition of DNA

Probably our most striking result is the finding of two coexisting popu-
lations of DNA—a compact sphere and an extended random coil—with
the fraction of the DNA concentration in the collapsed state increasing with
the concentration of magnesium (see Table II). (This result was a surprise
to us and is not suggested by most of the previous literature, but it was
clearly anticipated by Gosule and Schellman in their flow-dichroism
studies.?) The two-component behavior of RK2 DNA existed over a nar-
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Fig. 7. Light-scattering plots of the magnesium-induced collapse of RK2 DNA in etha-
nol-water solvent, for both the forward (filled symbols) and reverse (unfilled symbols) reac-
tions. Data were taken for 2.0 ug/mL RK2 DNA, 25% by weight ethanol, 11 mM Na*. The
data were fit with the monomolecular value M, = 37 X 106 and with the following values for
f, R, and R (which also appear in Table II):

[Mg>*] [Mg>*]-[EDTA] f Ry R
* 4.5 mM 0.87 975 nm 150 nm
] 4.6 mM 0.93 700 50
X 4.7 0.77 875 125
* 49 0.68 600 75
o 49 0.55 975 100
1 5.2 0.41 600 75

row range in magnesium concentration, varying from about 10 to 25% of
the total, corresponding presumably to a narrow range of x. The scattering
from a sample titrated to the two-component region could be reversed to
the initial low-intensity, large-angular-dependence profile without hys-
teresis, indicating that the two-component state was thermodynamically
stable, or at least metastable.

The two-component populations of DNA might represent a Boltzmann
distribution of molecules between two states with approximately equal free
energies. We do not know whether an individual DNA molecule rapidly
converts between the collapsed and expanded states, or whether the con-
version is slow; however, the data of Fig. 6 suggest that it is slow. Although
the two-component region has been discussed here in terms of two con-
figurations for a given molecule, we must also note that the data are not
inconsistent with a single molecule being partially collapsed and partially
expanded.
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Some samples were titrated beyond the two-component region, but
aggregation resulted, as indicated by intensities at small angles that ex-
ceeded the maximum, zero-angle intensity for monomolecular RK2 DNA
[see curve (X) in Fig. 4]. The scattering data from the aggregated samples
could be fit with a single scattering function for a sphere with M, greater
than 37 X 108, Dissociation from the aggregated state occurred with hys-
teresis.

Although a significant fraction of the DNA collapses before aggregation
occurs, a solution of all monomolecularly collapsed DNA (i.e., f = 0 and M,
= 37 X 108) was found for only one sample. Thus, at these DNA concen-
trations, the collapse region does not extend over a broad range in magne-
sium concentrations (and ), precipitation beginning before or at the
completion of the thermally broadened collapse transition. The one sample
in Table IT (9.9 ug/mL and 5.2 mM [Mg2*]) in which all the DNA appeared
to be monomolecularly collapsed was kept under those solvent conditions
for only 4 h, a time perhaps too short to establish stability against aggre-
gation.

A quantitative comparison of the theoretical phase diagram in the pre-
ceding paper! with the light-scattering data of Table II is possible. For
a molecular weight of 37 X 105, the theory predicts that the highest DNA
concentration within the collapse region is between 0.5 and 1.0 ug/mL. On
the other hand, the data collected for RK2 DNA show that the collapse
transition, as indicated by the two-component region, appears at DNA
concentrations as high as 9.9 ug/ml.. Examination of Fig. 2 in Ref. 1 shows
that this discrepancy cannot be resolved by varying the parameter IV, since
the value of log[DNA] at which the horizontal line at x..) intersects the
coexistence curve is unaffected by the choice of N. Thus, the theory does
not agree quantitatively with the data. However, in view of the many
simplified features of the theory, this disagreement is hardly unex-
pected.

Comparison of the Collapse of DNA and Synthetic Polymers

The reduction in R, of synthetic polymers in poor solvents has been
measured?3-28 (many other references are also given in Ref. 28). Most
synthetic polymers are considerably more flexible than DNA, and according
to the single-molecule theory,? they are not expected to show two minima
in the free-energy function corresponding to distinct expanded and col-
lapsed states in the transition region. The decrease in R, when the solvent
gets poorer should be gradual and continuous. In contrast, a stiff chain
such as DNA should have two minima in the free-energy function and
should collapse by a transition from one minimum to the other. However,
a quantity such as R, which is averaged over the whole solution, should
still change continuously with x, since the fraction of molecules, f, in one
of the minima changes continuously with x. Thus, to distinguish the two
cases it becomes necessary to look for the coexistence of collapsed and ex-
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panded forms. With light scattering this means looking for a composite
curve in the angular dependence.

A considerable amount of data on the collapse of polystyrene in cyclo-
hexane solution as the temperature is lowered has been published,24-27 but
there is no report of a composite angular-dependence curve. Angular-
dependence curves are presented by Sun et al.26; these appear to correspond
to single random coils all the way through the transition, in at least quali-
tative accord with our theory.?

DNA Concentration Dependence of the Transition in Poor Solvent

The phase diagram, derived from a simple mean-field theory of polymer
solutions,! predicts that the collapse transition might be differentiated from
aggregation by the different dependences of the two transitions on polymer
concentration. We attempted to measure the concentration dependence
of both transitions by establishing the transition points from an increase
in the scattered intensity at a single angle; however, this method did not
work well. Of the two transitions, only aggregation was easily detectable
at 90° at the low concentrations that were necessary. Moreover, neither
spermidine-induced aggregation nor magnesium-induced aggregation oc-
curred with any substantial dependence on DNA concentration for the
range of about 0.3-10 ug/mL in [DNA]; thus, trying to distinguish the two
transitions with this method is difficult. We do not actually have a theo-
retical prediction of the extent of the DNA concentration dependence on
either spermidine or magnesium concentration, since the quantitative re-
lationship between their concentrations and x is not known.

Our light-scattering results are in contrast with the observations of other
workers who found that condensation at higher DNA concentrations re-
quired larger amounts of both spermidine® and hexamine—cobalt.1®8 This
direction of the dependence is not predicted by the theory.! Collapse is
expected to occur in poor solvents with no DNA concentration dependence,
and aggregation should occur at lower concentrations of condensing reagent
at higher DNA concentrations since, on the left side of the theoretical phase
diagram, the two-phase boundary is crossed at smaller x for higher con-
centrations of polymer.

This work was supported in part by GM-11916 and by an IBM Graduate Fellowship
awarded to C.B.P.
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