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ABSTRACT: The transition of simple aqueous saline solutions (buffered 0.1 M NaCl) of extremely long
DNA (8 kilobases =~ 2.7 um ~ 54 persistence lengths) from the isotropic to anisotropic phase was characterized
by solid-state 3'P NMR spectroscopy and polarized light microscopy. The anisotropic phase first appeared
in equilibrium with the isotropic phase at a concentration C* = 13 mg/mL and the isotropic phase disappeared
at a concentration C,* = 67 mg/mL. The first critical concentration (Ci*) is much lower than that observed
for a stiffer polyelectrolyte (xanthan) and predicted by theory incorporating the influences of chain flexibility
and charge. By contrast, C,* is in reasonable accord with expectations based on the static DNA persistance
length (=50 nm) in dilute solution. Since the dominant length scale for phase transitions of semiflexible
polymers is the persistence length and not the contour length this unexpected broademng of the biphasic
region may reflect local, sequence-dependent variations in DNA flexibility.

Introduction

Inthe past 4 decades theories of lyotropic liquid crystal
formation by macromolecules have evolved from rudi-
mentary descriptions of phase transitions of idealized
models to encompass the behaviors of real semiflexibile
polymers. Onsager! in 1949 first predicted the formation
of anisotropic phases in solutions of idealized long, thin,
cylindrical rods based on considerations of the second virial
coefficient in crowded isotropic and anisotropic solutions.
Recently this approach has been extended by including
the effects of charge? and flexibility.3¢ In all cases
formation of an anisotropic phase in equilibrium with the
isotropic phase is predicted above a critical concentration
Ci* and a fully liquid crystalline phase above another
critical concentration C,*.. Both critical concentrations
decrease with increasing polymer length, approaching an
asymptotic limit at high axial ratios. For a given axial
ratio the critical concentrations are expected to increase
significantly with increasing chain flexibility as reflected
by the persistence length.3+4

Behaviors qualitatively in agreement with theory have
been observed for numerous nonelectrolyte polymers in
organic solvents.>7 Critical concentrations determined
inrecent studies of carefully fractionated samples were in
good quantitative agreement with theory incorporating
effects of chain flexibility in nonelectrolytes52 and flex-
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ibility plus charge for a stiff, moderately strong polyelec-
trolyte (xanthan®19),

Double-stranded DNA is a strong polyelectrolyte that
is semirigid but possesses a higher charge density and
greater flexibility than xanthan. A cholesteric DNA phase
was first described by Robinson.!! Various properties of
anisotropic (principally cholesteric) phases of DNA were
subsequently described in several other studies.12-30 The
ability to biochemically manipulate DNA offers practical
advantages in preparing samples of defined length.
Previously Rill and co-workers prepared and characterized
phases formed by DNA fragments with a short, well-
defined length (~500 A) isolated from nucleosome core
particles by enzymic digestion of chromatin.31-3¢ Critical
concentrations were determined for the isotropic to
anisotropic phase transition, and the microscopic textures
of three distinct phases (“precholesteric”, cholesteric, and
columnar) were reported.

Here we describe the first studies of phase transitions
of exceptionally long DNA (median length ~ 8 kilobases
=~ 2700 nm, MW = 5 X 108 D). Critical concentrations for
anisotropic phase formation were determined by solid-
state 3'P NMR spectroscopy, and morphologies of aniso-
tropic phases were examined by polarized light microscopy.
The critical concentration, C*, for the appearance of the
anisotropic phase was only 13 mg/mL, much lower than
that predicted based on the flexibility as expressed by the
consensus static DNA persistence length in dilute solution.
The birefringent “textures” of moderately concentrated,
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Figure 1. Proton ({H) NMR spectra of: (a) 6% PEG 6000 in
D;O (16 scans); (b) 10 mg/mL of DNA in D;O (1036 scans); (c)
same DNA as in b with PEG 6000 added to a final concentration
of 0.6% (16 scans). Note that PEG resonances were readily
observed in ¢, but no traces of PEG were observed in sample b
subsequently used for studies of DNA phase transitions, despite
greater signal averaging. Spectra were obtained at 270 MHz at
room temperature. The resonance at 4.8 ppm is HOD.

biphasic solutions were poorly developed, in contrast to
clearly cholesteric textures observed for low- and moderate-
length DNA.15.36

Anisotropic phases of high molecular weight DNA not
only provide information regarding the behavior of very
long polyelectrolytes but also yield insights into DNA
organization in living systems, which require orderly
packing of very long DNA into small regions. The critical
concentration for long DNA is well within the physiological
concentration range of eukaryotic nuclei or bacterial
nucleoids and far below concentrations of more tightly
packaged DNA, e.g., in sperm heads or viruses. The
tendency of DNA to self-order at physiological concentra-
tions must therefore be included in any fundamental
considerations of DNA packing in vivo.

Experimental Section

DNA Preparation and Characterization. Highly polym-
erized calf thymus DNA was obtained from Sigma (Type I). This
DNA was further purified by treating with RNase A, Proteinase
K, and phenol-chloroform extraction,® using care to minimize
shearing forces. (Purification was essential to remove consider-
able amounts of residual protein in the commercial preparation.)
The highest molecular weight component of the purified DNA
was precipitated with 6% PEG 6000.57 PEG was removed by
repeated precipitation from 70% ethanol. The elimination of
PEG was confirmed by proton NMR (Figure 1). The size
distribution of the DNA was determined by electrophoresis on
a 0.6% agarose gel. Fragments of phage lambda DNA cleaved
with the restriction endonuclease Hind III served as length
markers. Gels were stained with ethidium bromide and pho-
tographed under 365-nm illumination using a Polarcid MP3
camera with Type 665 positive/negative film. Negatives were
scanned with a BioRad Model 620 videodensitometer. Marker
mobilities were used to compute a length distribution curve for
the sample DNA. A plot of percent total area versus DNA size
indicated that essentially all of the DNA was >1 kilobase pairs
(kb), 80% was at least 4 kb long, 70% was between 4 and 13 kb,
and the median length was ~ 8 kb (Figure 2).

DNA samples for phase transition studies were dissolved in
buffered sodium chloride (0.1 M NaCl, 10 mM Na cacodylate,
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Figure 2. (Top) Densitometer scans of (a) the high molecular
weight DNA electrophoresed ona 0.6 % agarose gel and (b) Phage
lambda DNA cut with the restriction endonuclease Hind IH and
electrophoresed beside the sample in a. Fragment lengths in
kilobase pairs (kb) are indicated. (Bottom) Integral weight
distribution of DNA lengths obtained by numerical integration
of tgle densitometer scan in a calibrated using the DNA fragments
inb.

5 mM EDTA, pH 6.5). A few concentrated solutions were
prepared by centrifugal ultrafiltration using a Centriprep(R)
filtration device (Amicon Inc.). Other samples were prepared by
dilution of these samples after NMR measurements were
completed and aliquots were withdrawn for microscopy and
concentration determinations. Because of their extreme viscosi-
ties, samples were allowed to equilibrate over a period of at least
a week at room temperature with occasional heating to 60 °C for
1-2 h before measurements were taken. Several spectra were
recorded on each sample at intervals of 1 or more days until no
changes were observed. In addition, several samples were
examined 1-2 months after the initial series of experiments was
completed. In all cases the fractional anisotropy was unchanged
by the additional long equilibration time. At least three
concentration measurements for each sample were made using
an aliquot drawn by a positive displacement micropipette and
were found to be within £0.5 mg/mL.

NMR Spectroscopy. Phosphorus-31 NMR spectra were
taken on a nonspinning sample at a frequency of 109 Hz. The
sweepwidth was +8 kHz, and a pulse repetition time of 20 s was
used with gated proton decoupling during acquisition. Typically,
1000 scans were acquired for each data set. DNA samples were
placed in 1.5-mL cylindrical tubes, cut so that 400..L of solution
filled them without creating air bubbles. Because of sample
heterogeneity, the sample tube was placed horizontally in a
specially constructed coil and was totally enclosed by the coil.
Spectra were deconvoluted using the program PEAKFIT (for
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MS.DOS, Jandel Scientific) to fit to two components, a broad
Gaussian resonance of anisotropic DNA and a sharper Lorentzian
of isotropic DNA. The choices of these line shapes were dictated
by the line shapes observed for the respective pure phases.
Previous studies have shown that the breadth of the Gaussian
resonance of the anisotropic phase of short DNA is mainly due
to homogeneous broadening.3 The fractions of total area under
each of the curves determined the fractions of molecules in the
respective phases.

The goodness of fit was indicated by the 99% confidence
intervals, which were between 0.5% and 3% of the fitted curve,
and the coefficients of determination (r?),%® which were between
0.99and 1. Verysmall amounts of isotropic or anisotropic phase
are difficult to detect by NMR methods. The latter measure-
ments are particularly sensitive to inadequate shimming or
phasing. Spectra obtained under these conditions did not yield
good fits to two components as described above and in such cases
were reprocessed or reacquired. In addition, the fits obtained
for the lowest concentration samples were strongly influenced
by high-frequency noise in the broad, low-intensity “wings” of
the Gaussian component. Attempts by the program to minimize
errors in these wings led to nonsystematic exaggeration of the
Gaussian component. Since the frequency of this noise was much
greater than the intrinsie line width of the resonance of interest,
a Fourier filtering technique within PEAKFIT (corresponding
to truncation of the FID by 10% ) was used to moderately smooth
all spectra. Smoothing yielded fits that were significantly

‘improved with respect to the above goodness of fit criteria, as
well as the magnitude and randomness of the residuals. Analyses
of smoothed spectra yielded consistent trends of decreasing
Gaussian component with decreasing total DNA concentration
that were qualitatively consistent with the microscopic appear-
ances of the samples.

Microscopy. DNA solutions were observed between cross
polarizers with a polarized light microscope (Nikon Microphot
PolFX/A). Typically 20-30 uL were placed on a microscope slide
and a glass coverslip was sealed in place over it, using “Cytoseal
Liquid Coverslip” (Stephens Scientific) on the edge. Slides were
left to equilibrate overnight and then viewed. The samples with
the highest DNA concentrations were viscous and translucent
and did not spread on the slide very easily; therefore, they could
not be sealed under a coverslip. Such samples were viewed and
photographed immediately.

Results

3P NMR Spectroscopy. As observed for short DNA,
NMR spectra of biphasic solutions were characterized by
two superimposed 3P resonances, a broad Gaussian of
the anisotropic phase and a sharper Lorentzian of the
isotropic phase. Bothresonances were broader than those
observed for nucleosome length DNA (500 &, 146 bp), as
expected due to the greater length and higher solution
viscosities. The width at half-maximum of the Lorentzian
typically was 700-900 Hz, and that of the Gaussian varied
from 1600 to 3000 Hz, increasing with increasing DNA
concentration. A very close correspondence between the
chemical shifts of isotropic and anisotropic resonances
indicated that little alignment of the anisotropic phase
occurred in the magnetic field, in contrast to the strong
magnetic field alignment observed for anisotropic samples
of short DNA,33:36

The area under each peak, after deconvolution, indicates
the fraction of molecules in the isotropic (F;) and aniso-
tropic phase (F,) at a total DNA concentration, Cp. Data
were plotted as CpF, versus Cp, according to equation:

C*Cp  CHC*
CoFy = G=GF ~ Ca=C3 o)

as derived earlier,® where Cp is the total DNA concentra-
tion in‘'mg/mL. (We note here an error in the sign of the
first term of this equation in previous publications,3440
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Figure 3. Total DNA concentration multiplied by the fraction
of molecules in the anisotropic phase (CpF,) versus the DNA
concentration (Cp) in mg/mL. The data point at 29 mg/ml was
used to fit both straight lines, Extrapolation of these curves to
0% and 100% anisotropy yielded critical concentrations of Ci*
= 13 mg/mL and C.* = 67 mg/mL.

which is evident from the positive, not negative slope.)
Extrapolations to the extremes yielded the critical con-
centrations for the appearance of the anisotropic phase,

i*, and the disappearance of the isotropic phase, C.*. In
the present case this plot was not linear (Figure 3). Non-
linearity is perhaps not surprising since eq 1 is derived for
the ideal case of a polymer of homogeneous length and
flexibility (hence, homogeneous phase transition) and a
single phase transition. Linear extrapolation of the low
concentration region of the curve yielded a lowest estimate
of Ci* = 13 mg/mL, while extrapolation excluding the two
lowest concentration points yielded a higher estimate of
Ci* = 24 mg/mL. The anisotropic phase disappeared at
C.* = 67 mg/mL.

The nonlinearity obesrved at low concentration could
be due to heterogeneity of DNA length or flexibility.
Incipient formation of a columnar phase at the higher
DNA concentrations examined might also cause deviations
from linearity. The origins of this phenomenon are not
explored in detail here since the limiting values of Ci* and
Cq* for long DNA chains are of primary concern.

Polarized Light Microscopy. The presence of the
anisotropic phase in the lowest concentration (<20 mg/
mL) solutions was confirmed by the observation of weak,
unstructured birefringence (Figure 4A). No birefringence
was observed for a 10 mg/mL sample, further supporting
the NMR observations. Both techniques indicate that
this limit is near the limit of 13 mg/mL extrapolated from
NMR data.

The myriad of well-developed textures observed for
anisotropic phases of shorter DNA was not observed for
the high molecular weight DNA.?¢ In particular, distinct
spherulites or “globules” were not observed in weakly
birefringent samples, and it was difficult to detect the
“fingerprint” pattern characteristic of cholesteric phases
in more concentrated samples, even after placement
overnight in a high magnetic field. An increase in the
background birefringence was noted with increasing
concentration, and a change in texture was noted coin-
cident with a change in the slope of the phase transition
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Figure 4. Polarized light microscopy of partially anisotropic DNA solutions with different total DNA concentrations. The original
magnification was 20X for all samples. (a) 14 mg/mL (10% anistropy); (b) 29 mg/mL (38 % anisotropy); (c) 62 mg/mL (98 % anisotropy).

(Figure 4B). At47 mgof DNA/mL (80% anisotropic) the
sample showed a high background birefringence along with
areas containing “brush stroke”-like textures (Figure 4C).
Samples allowed to dry slowly beyond the highest con-
centrations examined by NMR (not shown) gradually
became highly striated and colored with textures remi-
niscent of, but not identical to, those observed for the
columnar phase of shorter DNA fragments.36:41

Discussion

Inarecentreview, Vroege and Lekkerkerker42 compared
the extensions of Onsager theory to experimental results
obtained by various researchers and found reasonable
correlation for semiflexible, nonelectrolyte systems such
as PHIC in dichloromethane® and Schizophyllan in water43
and for the polyelectrolyte, xanthan, in water.>1® The
authors remarked on the incomplete characterization of
the phase behavior of DNA and indicated that more work
needs to be done in the field. The present studies were
undertaken to characterize for the first time the phase
behavor of very long DNA. This DNA has an average
length of about 8 kilobase pairs, corresponding to a contour
length ~ 2.7 um, a hard-core axial ratio =~ 1100, or Np =~
54 persistence lengths (for P = 50 nm).

“Solid-state” 3'P NMR spectroscopy provides a means
for quantatively distinguishing between isotropic and
anisotropic phases of extraordinarily long DNA in biphasic
solutions that do not readily phase separate. (Attempts
toseparate phases by low-speed centrifugation as described
by Teramoto and co-workers®1° for other polymers were
not successful.) NMR measurements indicated that
solutions of long DNA at a Na* concentration of 0.1 M
become partly anisotropic at Ci* = 13 mg/mL and fully
anisotropic at Cg* = 67 mg/mL. Positive confirmation of
anisotropic phase formation at the lowest concentration
by polarized light microscopy was essential since resonance
line widths principally monitor dynamics, rather than
anisotropy, and small amounts of the anisotropic phase
are difficult to detect by NMR.

While the phase transitions of this DNA are qualitatively
in accord with expectations, there are substantial quan-
titative deviations. The DNA critical concentrations can
be compared to those observed experimentally for xanthan

and to predictions of recent theoretical treatments of
semiflexible polyelectrolytes. In the latter respect we
restrict our discussion mainly to the results of Vroege and
0Odijk,*46 who obtained expressions for critical concentra-
tions in the limit of L >> P 3> D, where L, P, and D
are the chain contour length, persistence length, and
effective diameter, respectively. These conditions are well
met for the present DNA. Khoklov and Semenov? and
Odijk* have emphasized that the critical length scale
determining anisotropic phase transitions for wormlike
semiflexible chains is P, since P (and not L) is related to
the distance A << Prequired to travel along the anisotropic
chain before the chain deflects back to the director. Two
other effects must be included for a polyelectrolyte: the
increase in chain diameter due to the ion double layer as
expressed by D¢ (which lowers C; .*) and a twisting effect
due to repulsive interactions between two parallel rods
expressed by the twist parameter h (which increases C; ,*).
Both Des and h are dependent on the character of the
double layer, treated in terms of the nonlinear Poisson-
Boltzmann equation, and hence on the polymer charge
density and supporting electrolyte concentration.
According to Vroege,® the limiting critical concentra-
tions ¢; and ¢, in dimensionless units are given by

o = 0.3588 and ¢ = 0.3588 (a,b)

where x = 0.8648 + 0.0091h. The dimensionless concen-
trations are related to the usual concentrations in mg/ems3

by
AL (M
Cia* = ci’a[«(DeffPL)(NM)] @

Inatomi et al.1? reported values of C;* = 39 mg/mL and
Co* =51 mg/mL for their highest molecular weight sample
of xanthan (M, = 9.8 X 105, L = 505 nm, Np = 4.2) in 0.1
M NaCl. Although this chain represents only a few
persistence lengths, calculation of the infinite chain limit
according to ref 46 would decrease these values only by
about 10%. As shown in Table 1, good agreement is
obtained between critical concentrations observed for
xanthan and the calculated limit values (with physically
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Table 1. Theoretical Limiting Values of the Critical
Concentrations Ci* and C,* of Xanthan (Np = 4.2)*
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Table 2. Theoretical Limiting Values of the Critical
Concentrations Ci* and C,* of Very Large DNA#

crit concn Ci* crit concn C,*

crit concn Ci*

Dut P= P= P= P= De  P= P= P= P= p=
(nm) 120 nm 240 nm 120 nm 240 nm (nm) 50 nm 100 nm 150 nm 200 nm 250 nm
4 51.2 25.6 54.2 27.2 4 119 59.7 39.8 29.8 23.9
4.5 45.5 22.8 484 24.2 5 95.56 47.8 31.8 23.9 19.1
5 41.0 20.5 43.6 21.8 6 79.6 39.8 26.5 19.9 15.9
5.5 37.2 18.6 39.6 19.8 7 68.2 34.1 22.7 171 13.6
6 34.1 17.1 36.3 18.2 8 59.7 29.8 19.9 14.9 11.9
¢ Calculated according to Vroege,* for the indicated values of the 1(9) igé ggg ig; ﬁg lgg
effective diameter and persistence length and a twist parameter of - - - -
h =0.191. crit conen Cp*

Dt P= pP= P= P= P=
reasonable values of Dy and h = 0.19146) only for Deg ~ (nm) 50nm  100nm  150nm  200nm 250 nm
5.0 nm and P =~ 120, which correspond to the determined 4 127 63.6 424 318 25.5
values!® for Dy and P. In this case Ci* = 41 mg/mL and 5 111 50.9 33.9 25.4 20.4
C.* = 44 mg/mL; hence, the predicted width of the biphasic 6 84.9 424 283 212 17.0
region is somewhat smaller than observed, the larger g ;gz gfg g‘;g igg ig‘g
contradiction being the low predicted value of Cg*. 9 56.6 28.2 189 141 106

By contrast, the DNA anisotropic phase is observed at 10 50.9 26.5 17.0 12.7 9.6

aconcentration Ci* significantly lower than that of xanthan
(regardless of the extrapolation method), despite the much
smaller DNA persistence length. Nophysically reasonable
combinations of Dess and h come close to duplicating Ci*
for Ppna = 50-100 nm, this range being comprehensive of
the maximum estimates of the static persistence length of
mixed sequence DNA in dilute solution.4” (The most
recent transient electric dichroism measurements made
on discrete length DNA fragments indicate a persistence
length in a narrower range of about 45-60 nm and little
dependence of the persistence length on ionic strength
above 10 mM.4") The twisting parameter h has very
modest influences on C;,* and is not considered further.
(Values of h = 0.10-0.15 for DNA correspond to supporting
electrolyte concentrations spanning from ~0.01 to 1 M.)
Assumption of D in a reasonable range of 5-8 nm for 0.1
M Nat requires Ppna =~ 200—-300 nm to account for Ci* as
low as 14 mg/mL. On the other hand, the considerably
higher concentration required for complete anisotropic
phase formation, Cy* = 67 mg/mL, is consistent with a
DNA persistence length in the expected range of Ppna =
50~100 nm.

The major inconsistency between the expected and
observed anisotropic phase formation of very long DNA
is thus the ready onset of anisotropy and the consequent
extreme broadening of the biphasic region. The breadth
of the biphasic region suggests a 5-fold difference in the
DNA concentrations of the isotropic and anisotropic phases
(Co*/Ci* = 5.1), much larger than that observed for other
noninteracting semirigid polymers. While length hetero-
geneity broadens the biphasic region for mixtures of shorter
polymer lengths, the extremity of lengths represented here,
with virtually all molecules being many times the persis-
tence length (80% with Np = 27 and ~100% with Np >
7), mitigates against this simple explanation. An unex-
pectedly low critical concentration (Ci*) for the appearance
of the anisotropic phase could result from weak attractive
interactions between DNA molecules. However, if there
are weak, uniformly distributed interactions between long
DNA molecules, then the good agreement between the
observed C,* and that predicted for DNA with a persistence
length of 50 nm is difficult to explain. Both theory and
experimental precedents show that attractive interactions
between long, semirigid polymers affect C,* more strongly
than C;*; that is, broadening of the biphasic region results
more from an increase in C,* than a decrease in C;* (see,
for example, refs 48 and 49).

4 Calculated according to Vroege,* for the indicated values of the
effective diameter and persistence length and a twist parameter of
h = 0.15.

Alternatively, there may be fundamental features of
DNA not addressed in the theory. It is premature to
pursue this question in detail without greater knowledge
of the length dependencies of the critical concentrations
(experiments in progress). There may be merit, however,
in pointing out features of DNA not provided for in the
theory or present in simple repeat polymers. Though still
speculative on certain points, the concepts that the local
flexibility and intrinsic curvature of DNA vary with base
sequence are gaining acceptance.4”5%-5¢ Since the domi-
nant length scale for extremely long DNA is the persistence
length, not the contour length, segmental variations in P
are expected to strongly influence the ordering behavior.
Recent studies using spectroscopic techniques that monitor
internal dynamics have indicated that the dynamic flexural
persistence length of DNA is significantly greater than
the static persistence length. Estimates of the dynamic
persistance length are in the range from 150 to 280 nm,%-58
close to values required to predict the observed Ci*, but
not C.*. At present it is unclear whether the dynamic
persistence length is more important than the static
persistence length in determining the self-ordering prop-
erties of semirigid polymers, whether a discrepancy
between static and dynamic persistence lengths is unique
to DNA, or whether the dynamic persistence length is
DNA sequence-dependent.

As observed for shorter DNA, this very long DNA seems
capable of forming more than one ordered phase. The
failure of these phases to form well-developed, micro-
scopically distinct, textures can be rationalized in terms
of the extreme lengths of individual molecules preventing
formation of well-defined defects between distinguishable
microdomains. Phase separation and defect development
would be further suppressed if variations in flexibility along
the chain cause preferential segregation of the most rigid
chain segments into the anisotropic phase. Technical
difficulties in preparing thin specimens of these extraor-
dinarily viscous samples also contribute to the lack of
detail. Forexample, distinguishable, but poorly developed
cholesteric fringe patterns have been observed near the
liquid edges in a few specimens (not shown). More
extensive microscopic studies will be described elsewhere.

It is evident from these results that very large DNA
forms anisotropic phases at modest concentrations well in
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the physiological range. The ready ability of long DNA
toself-order is consistent with various models that describe
as liquid crystalline the packing of DNA in several natural
settings such as bacterial nucleoids, dinoflagellate chro-
mosomes, sperm heads, and virus capsids.?®% The pos-
sibility that segmental variations in chain flexibility may
influence the self-ordering properties of DNA is intriguing
and could also have biological significance.
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