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ABSTRACT: In a previous publication we reported the first documentation of the crystal growth habits
in a polydisperse, heterogeneous DNA fraction of reasonable molecular weights under quiescent and
isothermal conditions. In the relative humidity (RH) range where the A-DNA helix conformation is adopted,
these morphologies could best be described as sheaves and spherulites. Here, we extend those light
microscopic observations to the nanoscale, with the following conclusions: (1) the growth habit of A-DNA
is lamellar with chain (helix) folding, exhibiting the formation of sheaves consisting of individual lamellae
similar to those formed by synthetic semicrystalline polymers; (2) the lamellar crystals are thinner than
the mean molecular length of the DNA fraction; (3) the lamellae exhibit topological differences in their
lateral and basal aspects; (4) the lamellar tips are round and thinner than in the lamellar region behind
the tips, which appear more faceted and of a different organizational structure; (5) these two zones are
associated with a thickening transition zone; and (6) the interfacial zone at the lamellar growth front
contains, what appear to be, bundled molecules based on dimensional and functional considerations.

Introduction

The effect of humidity on the conformation and crystal
structure of sodium DNA has been documented for over
three decades.! It consists of a highly crystalline form
(A-DNA) in the range 65—92% relative humidity (RH)?
(depending on base pair content) or a liquid-crystalline-
like form (B-DNA) above ca. 92% RH. Recently, the well-
known phase diagrams of DNA, and the hysteresis
between the dissolution and formation of A-DNA, and
B-DNA formation,?2 which is related to the degree of
hydration of the DNA molecule,® have been given a
morphological basis by the authors.* In that work, the
details of nucleation and growth habit of a polydisperse,
heterogeneous DNA fraction of reasonable molecular
weight was first reported for demonstrated quiescent
conditions, including controlled undercooling. The fol-
lowing observations were readily understandable on the
basis of synthetic polymer crystallization behavior:>¢ (1)
The crystal growth rate increases with undercooling,
which in this system is related to the relative humidity,
through the hydration level of the DNA molecule,®
affecting the degree of flexibility and the nature of the
salt—hydrate formed. (2) The hysteresis in nucleation
and dissolution is similar to the well-established be-
havior of synthetic polymers and suggests the influence
of Kinetics on growth. (3) The crystal growth habit and
primary nucleation behavior closely resemble those of
melt-crystallized, synthetic macromolecules. (4) Optical
crystallography and small-angle light scattering experi-
ments on A-DNA crystal forms (spherulites) indicated
that they are negatively birefringent.*

In addition to behavior similar to that of synthetic
polymers, several observations were unique:* (1) the
lack of sheaf nucleation under conditions where sheaves
should grow only after self-seeding (the self-seeding was
accomplished through a dehydration step where less
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stable forms nucleate and grow at lower RH, yet can be
dissolved at higher RH and with the concomitant
nucleation of the sheaves); (2) the observation of what
appears to be a cholesteric liquid crystal (LC) to crystal
transition, with accompanying sheaf development.

In this paper, the details of the structure of the
sheaves grown in hydrated gels, without stress, under
conditions of RH where A-DNA conformations have been
established, using TEM replication methods and low-
voltage SEM (LVSEM), will be reported Since the RH
affects growth rates,” and a small RH gradient across
the gels cannot be ruled out at this stage, the morphol-
ogy has been probed for conditions representing various
crystallization rates (fast, slow, and moderate), following
self-seeded nucleation of the sheaves.* In addition,
unprecedented ultrastructural detail of a sheaf, and of
the tips of lamellar growth fronts, during the process
of secondary nucleation, is afforded by the vitrification
of the hydrated films during crystallization and low-
temperature replication.

An important factor missing in many earlier con-
densed matter studies of DNA is the role of Kinetics in
solidification and crystallinity on bulk sample proper-
ties. Thus, early work regarding the crystal structure
of DNAS often relied on orientation induced by stretch-
ing or “stroking” fibers or films from DNA of ill-defined
molecular weight. The hysteresis in formation and
dissolution suggested by ref 2 was found to be morpho-
logically based* and indicates the importance of defining
the crystallization/dissolution history. Other variance
in observations may involve the different comonomer
distributions found in the starting materials, complex-
ation of DNA with proteins which affect tertiary struc-
ture, and changes in flexibility and secondary structure
accompanying changes in RH utilized to induce crystal-
lization. Some historical reference is now considered.

Historically, the first evidence for a folded chain (low
order) crystal habit of DNA came from “fibers” of
oriented, intact viruses,!® in which it was demonstrated
that the DNA helices are directed normal to the
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principal axis of the virus (thin direction) and must be
substantially folded. However, it was workers at Bell
Laboratories,'* working on salmon sperm DNA, who
first uncovered the hallmarks of the crystal growth
process by growing single crystals from dilute solutions.
Nucleation, faceted crystal growth, and molecular weight
fractionation relative to the mother liquor were shown.
The mean molecular weight from the dissolved crystals
exhibited selectivity for the longer molecules. Chain-
folded crystal growth was also inferred as the origin of
the substantial decrease in long-range order in the
single crystals of higher molecular weight calf thymus
DNA, as compared to those grown from oligonucle-
otides,’213 and for the evolution of enzyme-vulnerable
sites in DNA from longer fragments (>600 base pairs,
bp), but not 200—400 bp.14 At 100% RH the principal
reflection from the WAXS indicated intermolecular
distances in the virus results!! which are in line with
the B-DNA hexagonal crystals (23.8 A; refs 11—-13) and
asymptotically approach values characteristic of A-
DNAZ2 with decreasing RH. The domain size from line
width analysis for the virus WAXS reflections normal
to the helix axis (119—143 A) is similar to that of
crystals grown from dilute solution (150 A) along the
helix axis.!t

The chain-folded nature of the Giannonni crystals!!
was challenged in another study®® which used a differ-
ent source of DNA, calf thymus DNA. Hexagonal
crystals, with both left- and right-handed screw disloca-
tions, were observed, and crystal thicknesses were ca.
1000 A. (Strands were either fully extended or once
folded.) While the molecular weight and supersaturation
conditions were comparable, additional preparative
steps related to the freeze fracture method were not
verified for changes, and dissolution warranted higher
concentrations of nonsolvent. The question of chain
folding remained unresolved. However, it is worth
noting that calf thymus DNA has a GC content (comono-
mer) near the lower limit for A-DNA formation,® and
salmon sperm DNA has a GC content some 10% lower
in this fraction.1® This is manifest by the slightly higher
helix — coil transition of the calf thymus study. In both
studies, workers found it useful to induce single-crystal
formation near the helix — coil transition temperature
(presumably introducing a greater degree of chain
flexibility by reducing the number of hydrogen bonds
bridging the dimer?).

The persistence length (I,) of DNA in dilute solutions
is ca. 500 A or ca. 150 bp,'7 and the statistical (Kuhn)
segment length is twice the persistence length.1® In
reality, there is an electrostatic interaction contribution
to the persistence length,’® and it may be close to 380
A at high salt concentrations.?° Proteins (histones) may
be associated with DNA forming a complex (nucleo-
some), from which other tertiary and quaternary struc-
tures of DNA develop. DNA in these self-condensed
states is called chromatin and is often depicted as
superhelices of various widths of 100—600 A as well as
a “beads-on-a-string” texture.?

Nucleosomes have been used to isolate regular, mono-
disperse, 146 bp DNA fragments. This persistence
length DNA exhibits a liquid to liquid-crystalline (LC)
phase transition?! at critical concentrations consistent
with Flory’s analysis.??2 NMR and light microscopy have
been used to study the liquid-crystalline textures in
concentrated solutions for counterion concentrations
below 0.2 M.2324 The most concentrated solutions yielded
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a columnar hexagonal LC phase above 350 mg of DNA/
mL,%> which was not smectic.?® B-DNA structure was
observed for the highest concentration having a lattice
spacing of 28 A, which compares with one observed for
B-DNA fiber conditions.?6 The generalization of the
importance of LC states in-vivo in eukaryotic DNA was
reinforced by comparative in-vitro microscopic examina-
tions of DNA in organisms lacking histones.?” This LC
packing was suggested to be similar to deproteinated,
high molecular weight DNA from mammalian sperma-
tozoa?® but differed morphologically from the in-vivo
ultrastructure prior to treatment.?®

A large body of literature has been devoted to DNA
condensed states produced using volume exclusion plus
salt,3° ethanol plus salt,?! or polybasic amino acids®? and
referred to as W-DNA. Under precipitation conditions,
inter- and intramolecular collapse are in competition,33
suggesting the possibility of kinetic influence on the
results. Spherulites were reported in solutions,®® but
microscopy indicated LC textures. Precipitation using
the volume exclusion effect (which may favor intermo-
lecular condensation) generates crystallographic long-
range order.3* Use of salt and ethanolic solutions (which
may favor inter- or intramolecular collapse depending
on conditions®!) produces lower order structures.1434

DNA physical studies have been reported on the basis
of the production of fibers from ultrahigh molecular
weight calf thymus DNA via wet spinning.®® These
fibers have been extensively studied and reviewed.36
Upon dissolution, a loss in orientation3” followed by
resolidification did not yield definitive crystal growth
processes as we have shown.* Consideration of semic-
rystallinity* is important for the interpretation of bulk
properties,3 especially with respect to the noncrystal-
line material as some data indicate that the conforma-
tion of noncrystalline DNA, at A-DNA hydration levels,
may be in the B-DNA conformation.394°

In view of the above, a method was developed* that
followed a middle course, between the oligonucleotides
and nucleosome fragments, too short to behave as
macromolecules when they crystallize, and ultrahigh
molecular weight DNA, whose molecular weight can be
so extreme as to wholly inhibit crystal growth relative
to primary nucleation. As in the single-crystal studies
mentioned above,'?'> no additional steps to remove
associated proteins were performed, and molecular
weight reduction to narrow fractions was facilitated
through ultrasonic treatment of solutions. Nucleation
and growth at ambient temperatures were facilitated
by a special microscope cell,” which could rapidly
hydrate/dehydrate free surface thin films.

We now consider the fine structure of the A-DNA
crystals shown in the first paper in this series.* The
targeted molecular weights were chosen to be 3—4 Kuhn
statistical segments, substantially larger than the per-
sistence length and sufficient for wormlike chain be-
havior. In this regard, it should be recalled that Kinetics
and not polydispersity are the origins of lamellar crystal
growth in synthetic, semicrystalline macromolecules.®

Experimental Section

Preparation of Specimens. The study material was a
heterogeneous, mammalian DNA obtained commercially (Sigma
type 1, D-1501). Preparative methodology regarding the solu-
bilization, molecular weight reduction and characterization,
fractionation, and yield estimates was described in the previ-
ous report.* The molecular weight distribution was determined
from micrographs of the toluidine blue-stained gels of the
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Table 1. Physical Properties of the DNA
[\ Mw PD
676800 945500 1.4

molar mass (g/mol)

base pairs 1025 1428
end-to-end (A) 2666 3712
no. persistence lengths at 500 A/l, (ref 7) 5.0 7.4
no. persistence lengths at 380 A/l, (ref 34) 7.0 9.8

fractionated DNA together with internal standards.* The
staining time determined the staining intensity, and it was
difficult to obtain good resolution of the peak value, without
the tails being of low intensity. In our previous analysis,
analytical forms for the molecular weight standard (discrete)
and the intensity distribution of the fraction were used to
model the data. A reanalysis of that data using an improved
method was performed to better characterize the distribution
shown in Table 1 and indicates a mean molecular length of
5—7 persistence lengths (l,) and a polydispersity of 1.4.

The crystallization proceeded via the dissolution of the
highly branched spherulitic forms, as described earlier (cf.
Figure 8.B, ref 4), followed by recrystallization of sheaves
under A-DNA RH conditions (cf. Figure 8.F, ref 4), in the range
3—4 M Nat.

Electron Microscopy. Low-voltage scanning electron mi-
croscopy of untreated dried films was performed using a
Hitachi S-900 LV-SEM at 10 keV. Three preparations were
examined: (1) The most rapid crystallization of the sheaves
was induced by pumping dry air into the sample cell once
primary nuclei were observed and placing the film upon a drop
of silver paint. (2) Fully crystallized films produced at 87%
RH, where the growth was much slower,! were studied. (3)
Observation of a sheaf nucleus was facilitated by rapid
hydration through the RH range where the sheaves were
nucleated to moderately high RH, followed by rapid drying.

TEM studies were designed to facilitate observations of the
crystallization process in these hydrated gels unaffected by
the drying process. The samples were chosen from moderate
growth rates between the extremes observed under the SEM
conditions. The free surface films were rapidly transferred to
gold planchets and rapidly frozen in liquid nitrogen cooled
liquid ethane. The planchets were transferred to a liquid N»-
cooled coating stage within Balzers BAF 400T freeze-fracture
apparatus. The device was evacuated and cooled to 170 K. The
two planchets were rapidly separated and immediately coated
with ca. 20 A of platinum/carbon, followed by coating with ca.
200 A of carbon using stage rotation. (The layer thickness was
controlled with a calibrated piezoelectric device.) The stage was
slowly warmed to ambient temperature, and the replicas were
floated off the planchets using glass-distilled H,O. They were
observed directly after drying or after floating upon a 10%
bleach solution in an attempt to remove any additional organic
material. The transmission electron microscopy (TEM) of the
replicas was performed using a Hitatchi H-800. Examination
of the planchet surfaces indicated that fracture was rare, due
to poor adhesion, yet sufficient material was removed and/or
the films sufficiently lacy to facilitate observations of the
lamellae in bold relief.

Results

A typical 200—300 um sheaf as observed in the light
microscope is shown in Figure 1A. A SEM micrograph
of dried films containing these sheaves grown at high
crystallization rates appears in Figure 1B, and the
sheaves can be seen to be constructed of many indi-
vidual crystals. When the specimen film is rapidly
crystallized, the lamellae are nearly as broad as they
are thick and show a tendency for bundling or growth
in cells (Figure 2A). Nominal dimensions of the crystals
are ca. 700 A thick. Although some thicker structures
can be observed, they cannot be identified as individual
or tightly stacked lamella at this magnification. Figure
2B shows details of the region indicated at lamellar
bundle 1 in Figure 2A, specifically at the region indi-
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Figure 1. Sheaf habit in DNA gels resulting from rapid
crystal growth during rapid dehydration: (A) light microscopy;
(B) direct SEM observation from dehydrated films.

cated by an asterisk. The enlargement of this region in
Figure 2B reveals a 90 nm wide cylindrical entity, which
appears to be uncoiling into fine strands ca. 8 nm in
width or diameter (fore and aft; see arrows) while
condensed on the lamella (or trapped between lamella).

Once nucleated, if a specimen was rapidly dehydrated,
occasional observation of the initial sheaf nucleus
(Figure 3A) could be made (growth conditions expected
to be transient). The crystal appears to grow from a
central region from which two lamellae emanate, ro-
tated by some angle relative to each lamella’s basal
plane. Figure 3B (inset) shows an optical micrograph
of the early stages of sheaf growth. In Figure 3, the dried
gel contains “nodules” which appear as white dots in
the micrograph (also observed on the lamellar sheaves
in Figure 2A). The tips of the sheaf nucleus of Figure 3
are shown at higher magnification in Figure 4A,B and
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Figure 2. SEM details of the lamellar habit in sheaves from
dehydrated films as shown in Figure 1. (A) Habit for rapid
crystal growth during rapid dehydration reveals tendency to
form stacks with thicknesses approximately equal to widths.
(B) Shows region marked 1 in (A) with an asterisk on the
lamellae surface indicating the presence of fine strands, both
for and aft, of the ca. 90 nm wide crystal.

in insets a and b. In Figure 4A and inset a, whispy coils
of gel material are discernible near the tip, yet closer
to the tip the material appears to be attached. In
contrast, Figure 4B and inset b show that the second
growth tip of the sheaf nucleus has material connected
to one side of the tip, giving rise to a bead-on-a-string
appearance which is less discernible near the side of the
tip to which it is connected. These “nodules” are likely
to be coiled macromolecular material, are ca. 350 A in
width, and are connected to the lamellar surface when
viewed at higher magnification (not shown). It is not
known whether these “nodules” result from the drying
process, but they have similar dimensions to the nodules
seen in DNA supercoils (ca. 300 A at intermediate ionic
strength conditions; cf. Figure 5 in ref 41). Nominal
dimensions of the lamellae at the growth tips are ca.
640 A thick and 190 nm wide.

It was noted in the first publication that sheaf growth
was very slow at 87% RH and resulted in sheaves that
could reach macroscopic dimensions* (Figure 5A). The
lamellae grow in tightly associated “cells” (cf. Figure G,
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Figure 3. SEM of sheaf homogeneous crystal nucleus (A) and
details of the central region (B). Inset shows light micrograph
of early stages in sheaf development.

K in ref 4), which can also be seen in the SEM in these
fully crystallized films (Figure 5B). The lamellae appear
to grow directly from the substrate (in this example,
polished Si) in layers. In the region marked 1 the
uppermost lamella has a clear faceted growth front. The
white arrows in Figure 5B point to strands which can
bifurcate and are associated with some growth fronts.
Measurements indicate that the strands are 280 A in
diameter prior to an apparent unwinding process (ar-
rows) after which they are ca. 180 A in diameter. At
the region just below the asterisk’ a growth front can
be seen having a dendritic projection at the lower edge.

Figure 6A shows a TEM micrograph of a replica of a
sheaf growth front vitrified during the crystallization
process. The interpretation of regularly patterned ob-
jects, in close juxtaposition, was often difficult in the
replicas due the three-dimensional relief that is ob-
served in transmission. The growth fronts of the out-
ermost sheaf regions appear to be shadowed from above
and are round at the tips. They may contain a transition
zone (arrows) that has a less transmissive appearance
in the replica and may be in a different plane (suggest-
ing a thickness difference). Sometimes the tips may
appear more symmetric (region labeled with an aster-
isk). The tip region labeled with an asterisk is shown
magnified and rotated 90° CCW in Figure 6B. It is
uniform along a large portion of its length and shows a
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Figure 4. SEM micrograph of the two sheaf nucleus tips and the surrounding dried gel in Figure 3. Inset a shows a tip region
with connective strands from the nearby gel. Inset b shows the other tip where a “beads-on-a-string” texture is observed and

associated with one edge of the growth front.

clear textural difference between the lateral (L) and
basal (B) surfaces. Measurements indicate that both
surfaces are composed of long, continuous material ca.
70 A in diameter (or ca. 2 times the width of the DNA
double helix). The lateral portion appears to be com-
prised of this material in a somewhat more parallel
fashion, and it is tilted at ca. 33° to the basal surface
normal.

Electron micrographs of lamellae further inward from
the sheaf tips (viewed from above) are shown in Figure
7A. Here, the lamellae show a tendency for a ridged
habit associated with trailing lamellar growth on one
of the lateral sides (see arrows) and showing a signifi-
cantly different structural view from the sheaf growth
front in Figure 6. The growth fronts of the ridged
lamella are shown at higher magnification in Figure 7B.
Three general observations in the TEM replica studies
of the crystal growth fronts were gleaned from extensive
observations and are represented by the regions indi-
cated as (i) — (iii) from the growth tip inward to the
ridged crystal. These are (i) an outermost fringe, be-
lieved to be shadow angle caused by specimen rotation;
(il) a rounded, less ordered tip region which is followed
by (iii) a thicker region with a more ordered surface
which shows a tendency for facet formation. Enlarge-
ment of the region labeled with an asterisk in Figure
7B (inset) may illustrate a filling-in process of two layers
(arrows) of the region (iii) from material which would
appear to be emanating from the rounded tip zone (ii).
Where an angular region (iii) is observed, the region (ii)
is seen as displaced approximately to one side of (iii).

However, even in adjacent lamellae, the view can differ.
The left-most lamella exhibits less of a delineation
between zones (ii) and (iii), has a dendritic-like projec-
tion, and has an outermost zone (iii) substructure which
appears to have partial hexagonal ordering.

The lateral surface of a lamella in the sheaf interior
was examined to explore further the details of the
interfacial material at the junction of regions (ii) and
(iii). Figure 8 shows two 100 nm thick lamellae (labeled
1, 2). On lamella 2, two regions of the interface a and b
are indicated, which show features on a molecular level.
The general appearance is of stacked layers, initially
20 nm thick furthest from the crystal, and monotonically
becoming thicker as the interfacial layers approach the
crystal surface. On lamella 2, interfacial region a is
shown magnified in inset a. Two arrows focus attention
to the original and magnified views in order to discern
processes near an active DNA lamellar growth front.
The white bar marker in each inset indicates 100 A.
Inset a illustrates a region where looped material sticks
out from the plane of the interfacial material, the planes
being separated by ca. 75 A (twice the DNA molecular
width). Inset b is an enlargement of region b in lamella
2 (indicated by three horizontal arrows) and shows
another example of what is believed to be a uncoiled
loop (as in inset a), leaving an intermediate layer
position within the interfacial zone and eventually
terminating at the crystal surface. Finally, inset c
depicts an enlargement of the interfacial zone of lamella
1 and reveals the presence of looped structures (arrows)
which are closely associated with a basal surface and
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Figure 5. (A) Optical micrograph of slow growing sheaves
having lamellae which grow in cells. These cells are evidenced
in dried films (B) using SEM and show tightly stacked lamellar
growth. The asterisk indicates a growth front with a protuber-
ance, and the arrows show strands of uncoiling of fibrous
material. Lamellar front 1 shows a trailing lamellae which
appears faceted.

are associated with the uncoiling of the 75 A dimer. The
looped structures have a diameter on the order of that
of the DNA double helix (ca. 25 A).

Discussion

These unprecedented observations into the growth of
semicrystalline lamellae in fractions of DNA, under
conditions leading to A-DNA crystal growth, clearly
confirm the lamellar and “helix-folded” habits of growth
exhibited by this crystallizable macromolecule, implied
in the initial study.* Growth of crystals yielded thick-
nesses of ca. 650—1000 A, which represent the upper
and lower limits to the Kuhn segment length at high
and lower counterion concentrations, respectively. Be-
cause lower concentrations of counterion represent
growth conditions of increasing hydration, we may
assume that the stiffness of the DNA molecule has some
role in the crystallization process. The growth rates of
the DNA crystals shown to have a definitive correlation
with morphology at the light microscopic level* have
now been correlated to the lamellar substructure of the
sheaves. The body of results presented must be consid-
ered far from complete, tempered by the very complex
nature of the undercooling dependencies on concentra-
tion of crystallizable species, hydration level, and coun-
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Figure 6. (A) TEM replica of a sheaf growth front crystallized
at moderately rapid rates. (B) Detail from the lamellar tip
labeled with an asterisk in (A).

terion content. These observations are clearly analogous
to many well-established features of the crystallization
of synthetic macromolecules.

Two crystal thickness dimensions have been observed
with the crystal thickness being thinner for the more
rapid growth rates, the rate being inversely related to
the RH. The trend is also analogous to synthetic,
crystallizable macromolecules as is the disposition of the
helix axis with respect to the basal planes of the
lamellae. The lamellae vary from isolated crystals with
square growth fronts for the most rapid crystallization
rates to growth in stacked cells, with reduced nucleation
densities, for conditions characteristic of very slow
growth rates. The vitrified, growing crystals of Figures
6—8 reveal unique features: (1) rounded retarded
growth fronts typically appearing on one facet of a
thickened crystal, these having a less ordered appear-
ance than the preceding crystal and a crystal—interface
junction exhibiting growth processes described in sec-
ondary nucleation theory*? (Figure 7B); (2) the first
observation of tight helix folds associated with ordered
basal surfaces from a growth front in the process of
solidification; (3) the tips of the crystals at the sheaf
growth front (Figure 6) are complex and differ from
growth tips within the sheaf (Figures 7 and 8); (4) the
presence of multimolecular, or self-condensed, molecules
in the crystal growth front zone.
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Figure 7. (A) TEM replica of lamellar growth habit away from
the leading edges of growth fronts. (B) Enlargement of the
fronts of the two lamellae at lower left in (A). The inset serves
to illustrate the region labeled with an asterisk which shows
the strandlike internal structure of the crystal.

Without improved control of the conditions during its
formation, definitive statements regarding the homo-
geneous sheaf nucleus in Figure 3B cannot be made.
Nonetheless, there is a clear presence of angular junc-
tions at the midpoint of the nucleus that are ca. 60°
relative to each other. The change in form to a lamellar
structure occurs with distance from this junction with
considerable thinning (which may be due to changing
crystallization conditions). Specimen charging makes it
difficult to discern whether or not the crystals are
ridged, but the lateral edges are observed in top view
in the right-most portion. The edges are featureless near
the central junction and then show a serrated pattern
with regular spacing. A switchover to the lamellar habit
occurs, which may indicate a skeletalization process
related to concentration changes such as is well-known
in polyethylene.

Comparison of the replicas from the vitrified crystals
with images obtained from SEM of dried intact films
indicates that the basic crystallizing entity is a 70 A
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Figure 8. TEM replica of the lateral surfaces of several
lamellae. Arrows on lamella 2 indicate two regions (a, b) of
the interfacial material which are shown enlarged as insets a
and b. Inset ¢ shows details of the interface of the lower
lamella. The bars in the insets represent 100 A.

dimer or self-condensed molecule of the DNA double
helix which comprises the rounded growth fronts of the
sheaf—gel boundary and can also be observed at the
growth fronts of the preferred crystal growth planes,
once they have uncoiled. That structure unwinds at the
crystal—interface boundary prior to crystallization. The
280 — 180 A fiber unwinding observed in Figure 5, the
340 A nodules in Figures 3 and 4, and the 900 A in
Figure 2B must all represent structures formed either
in the absence of nucleation or from crystal growth
during drying. As similar dimensional forms have all
been found in previous works and suggested as resulting
from histones,® the role of these associated proteins in
the crystallization of the DNA helix remains an impor-
tant complicating factor, which needs to be elucidated.

Perhaps the most controversial observations are those
regarding the nature of the rounded growth fronts of
DNA lamellar crystals. In polyethylene, the presence
of multiple growth sectors in some single crystals was
shown to introduce an additional surface strain term
causing curved fronts.*® Simulations have shown that
these rounded growth fronts may result from Kinetics
alone.** Simulation has also shown their presence on
the preferred growth plane.*> A lamellar thickening
growth (in addition to the familiar lateral growth)*é in
the context of levels of crystalline order*” may represent
an interfacial structure under certain growth conditions.
The comparative results of the molecular dimensions
at the growth fronts of sheaves, when compared to
details of the interfacial structure of crystals in the sheaf
interior, would tend to favor the presence of interfacial
structure of intermediate order. Whether this is a
general feature or a consequence of the gel structure



Macromolecules, Vol. 32, No. 18, 1999

prior to self-seeded nucleation of spheres is unknown
at present.

Conclusions

Studies of the physics of self-assembly in DNA
molecules have been shown to benefit from consider-
ation of basic processes in macromolecular crystalliza-
tion. In turn, the DNA double helix presents polymer
physicists with the enigma of a crystallizable polyelec-
trolyte having a random comonomer sequence, the DNA
molecule hiding its irregular primary structure inside
the very regular tertiary structure of the double helix:
a dimer of two linear, flexible macromolecules. The very
thick crystals and the large dimensions of the DNA
molecule have provided a unique opportunity to observe
some details of the crystallization process and of the
molecules at the crystal surfaces, which has not been
possible for synthetic macromolecules having molecular
cross sections an order of magnitude smaller. In DNA
at least, there appears to be some role for multimolecu-
lar or self-condensed bundles in the crystallization
process which reinforces the observation of the choles-
teric — lamellar crystal transformation documented in
ref 4.

DNA fractions of My, 680 000 g/mol and low polydis-
persity having a mean molecular length of 5—10 per-
sistence lengths form lamellae of ca. 2 persistence
lengths in thickness. This fact, together with the
microscopic evidence, suggests that the DNA helix is
able to form chain folded crystals, similar to synthetic
macromolecules crystallized from the melt or solution.®
An intriguing possibility in this semirigid macromol-
ecule is that diminished stability of the helix at the fold
sites is actually coded into the DNA base sequence.

TEM studies have demonstrated the presence of
crystal growth processes analogous to those of synthetic
macromolecules, including two-dimensional growth,
thickening, and folding. A question not addressed in this
work is whether the A-conformation is restricted to the
crystalline state or whether all molecules (crystalline
and noncrystalline) are in this conformation at the
indicated RH. The recent demonstration of electrical
conduction in DNA*8 should continue to generate inter-
est in the influence of state on physical properties.

These introductory observations of quiescent crystal
growth of DNA crystals have explored only a small
fraction of the crystal habits observed as a function of
RH.# Future avenues to consider for these studies are
diffraction studies of the structures in this report,
microspectrophotometry of gel and crystal states, details
of the ultrastructure of the different crystal habits, and
the effect of an additional deproteinating step on the
morphology. The question of the difference in the crystal
thickness in the calf thymus?® and salmon sperm!! DNA
single-crystal results remains, and this work would
suggest that the calf thymus DNA can form crystals on
the order of two persistence lengths and in the range of
1000 A. However, these crystals are chain (helix) folded.
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