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HYDRATED MACROMOLECULAR ASSEMBLY STRUCTURE
REVEALED BY FREEZE-ETCH STEREO-ELECTRON

MICROSCOPY

Spermidine-DNA Toruses and RNA Polymerase-DNA Complexes
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Hydrated macromolecules can be visualized using the
freeze-fracture, deep-etch (FET) protocol. By fracturing,
etching the specimen at —100°C, then cooling it to
—174°C in a 5 x 10~ torr vacuum, a 7-10 A surface
coating of Pt-C (45°) can resolve 10-20 A specimen
surface details by using transmission electron microscopy
(TEM). In contrast to uncoated molecules, which begin
disintegrating during the first micrograph, 10 or more
micrographs in a tilt series of a single Pt-C coated molecule
can be recorded with a eucentric goniometer without
specimen replica deterioration. Using pairs of stereo-
micrographs of magnification M, separated by the tilt
angle 6, parallax measurements of height H can reveal
three-dimensionsal topography of macromolecular com-
plexes using the parallax equation

H = (Py — P.)/2M sin (6/2). 1)

This methodology has advantages over other preparative
and physical techniques. The FET visualizes hydrated
specimens, whereas other EM techniques require a dehy-
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drated specimen or embedding in the high salt and unusual
pH of negative stains. Unlike x-ray or neutron diffraction
and NMR spectroscopy, which look at ordered or freely
diffusing molecular populations in large mass quantities, in
FET individual molecules are imaged in submicrogram
quantities in a noncrystalline sample. Furthermore, the
FET may be applied to any kind of macromolecular
assembly, and stereoscopic height measurements from the
object replica have been shown to achieve a 95% fractile
precision in the 5-10 A range (1). Stereoscopic imaging
complements structural data obtained by x-ray and neu-
tron diffraction, light scattering and, to a much lesser
extent, NMR spectroscopy. In contrast to light and neu-
tron scattering, FET can measure the dimensions and
topographic features of individual objects in a series of tilt
views rather than fitting an averaged scattering intensity to
a generalized model scattering object. This advantage is
illustrated by the two systems presented here: the spermid-
ine-condensed DNA toruses, which are in vitro model
systems for DNA packing in bacteriophage and certain
viruses, and the RNA polymerase-DNA ternary complex.
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FIGURE 1

Mirror stereoscope height measurements of DNA topology
in a spermidine-calf thymus DNA torus. All points, in A units, were
measured using 10°x prints of two torus tilt views separated by 10°.

RESULTS

In the first system we obtained information on individual
torus dimensions within a population. Although time-
consuming, it yielded detailed information that light scat-
tering cannot quantitatively yield such as the existence and
measured sizes of monomer and distinct multimer DNA
torus classes (2). Moreover, we obtained unique additional
information represented by Fig. 1: direct visualization of
circumferential DNA winding, the major DNA tertiary
structure organization in these objects, and measurements
of the detailed topology of individual DNA strands to a
high precision (10 A). The unique nature of the torus
dimensions measurable by FET TEM from a linear DNA
size series (Table I) suggests some simple principles of
torus self-assembly. The monomer DNA fragment size
results from gel electrophoresis of DNA digested in the

condensed state by micrococcal nuclease. We postulate
that the monomer fragment results from two cleavage
events in the same torus region but on either end of one
circumferential DNA length winding about the torus
(3, 4). Besides support for the circumferential winding of
DNA provided by our direct strand visualizations (Fig. 1),
a consequence of this particular model requires that the
monomer fragment size be flanked by the measured inner
and outer circumference values of the torus populations.
This is the case for all three DNA molecules.

Principles concerning the progression of DNA self-
assembly may also be drawn uniquely from these data. The
¢X-174 DNA torus parameters support a model of a thin,
relatively wide disk-shaped torus (2). This DNA must
self-assemble with minimum hexagonal packing by prefer-
entially condensing so as to lower the helix curvature of
successive strands (favored energetically). However, in
lowering the total free energy, self-assembly will try to
maximize helix-helix interactions and minimize energeti-
cally unfavorable helix-solution interactions. Therefore,
for larger DNA, self-assembly will not only continue in the
plane of the torus ring (Fig. 1, page plane) but will proceed
progressively to pack hexagonally in the orthogonal (out-
of-page) direction, forming a thicker disk with more
helix-helix interactions. This is consistent with the CT
DNA torus data showing increased disk thickness by
stereoscopic measurement (1). Lambda DNA toruses,
containing 2.4-8.9-fold as much DNA as the CT and
¢X-174 toruses, have correspondingly larger torus dimen-
sions. Self-assembly of A DNA strands occurs in both the
torus ring plane and orthogonal direction, producing
larger, thicker toruses with less DNA curvature (higher
average inner circumference) than either ¢$X-174 or CT
DNA toruses.

The second system we consider is the important cellular
protein-nucleic acid interaction of RNA polymerase with
DNA. This system has been little studied by physical
techniques because of its complexity and the difficulty of
obtaining large mass quantities of the complex. Primarily
through a very sophisticated neutron scattering approach
using label triangulation with selectively deuterated sub-
units and H,0/D,0 contrast matching, the intact RNA
polymerase holoenzyme has been recently modeled as to
general shape and subunit arrangement in the absence of

TABLE 1
TORUS PARAMETERS

Freeze-etch TEM torus parameters

MW Monomer
DNA fragment Ring End-on
(bp) Inner Outer . .
(bp) (bp) (bp) thickness view
(A) (A)
ox-174 5386 830 + 120 539 + 165 858 + 75 169 £ 15 3043
CT 20000 760 + 87 541 + 60 825 + 65 143 + 18 (60)
A 48000 1003 = 115 682 + 123 1086 + 120 200 + 17 60-210
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FIGURE 2 Twotilt views of an E. coli. RNA polymerase-pBR322 DNA
ternary complex. The large arrow indicates the replica tilt axis.

DNA (5). There have been few attempts to visualize the
intact RNA polymerase-DNA complex by high-resolution
TEM, but we have begun a study of the Escherichia coli
RNA polymerase-pBR322 DNA ternary complex. Fig. 2
shows two widely separated tilt views of a single RNA
polymerase-DNA ternary complex. The tilt view.in (a),
+20°, appears to look down on the wedge-shaped RNA
polymerase as its elongated 8 and 8’ subunits bind length-
wise along the DNA helix. This interpretation is in general
agreement with the wedge-shaped model for polymerase
and its binding to DNA proposed by the neutron scattering
study (5). In the tilt view in (b), —30°, RNA polymerase is
being visualized more from the side and the putative
position of the ¢ subunit (neutron study) contacting the 8
and #' subunits is indicated by small arrows. This complex
appears to cover some 60—65 bp of DNA helix, consistent
with estimates from enzymatic digestion protection experi-
ments. Furthermore, the DNA helix appears intact at
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either end of the complex, in general agreement with the
estimates of not more than 17 bp DNA unwound in’ the
complex (6).

As these two systems illustrate, any complex hydrated
macromolecular assembly can be visualized by FET TEM.
Using very low Pt/C metal replicas to preserve surface
detail, extensive object tilt series combined with a stereos-
copic measurement/surface mapping approach can yield
data that is unique or that complements information
obtained by other physical techniques.
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