pores, and in a number of theoretical
studies the effect of the size of the
pores on their mobility has been investi-
gated in detail. In general these studies
show that the mobility of pores in-
creases rapidly with a decrease in their
size. Depending upon the mechanism
postulated, the velocity is computed to
be inversely proportional to the third
or fourth power of the radius of the
pore. Since fine pores can be obtained
only with fine powders and since high
mobility of pores will inhibit discon-
tinuous grain growth, this establishes the
great importance of the sizes of fine
particles if high densities are sought in
sintered materials.

Quite recently, Anderson and Jor-
gensen (I5) have exploited . the impor-
tance of decreasing the mobility of
grain boundaries to produce pore-free
yttrium oxide (Fig. 1). Pore-free alumi-
num oxide is not transparent because
the individual grains are doubly refract-
ing, and each grain boundary is a light-
scattering interface. Yttrium oxide is
cubic, and optically isotropic, so that
the polycrystalline ceramic is as trans-
parent as glass, with the additional
advantage of good transmission in the
infrared and a melting point of 2400°C.

Future Trends

Only a partial view of the importance
of ceramics in today’s technology and
of the existing knowledge of the be-
havior of ceramic materials has been
possible in this brief review. Much of
the emphasis here, and by ceramists
generally, has been to understand the
thermodynamics, kinetics, and mecha-
nisms of the structure-controlling reac-
tions used for processing powders, be-
cause such understanding is necessary
in order to regulate the processing. As
new materials and new structures are
needed, emphasis will shift to other
methods—direct solidification from the
melt and vapor-deposition techniques,
for example. In the fabrication of prod-
ucts from powder, more attention will
be paid to the control and characteriza-
tion of the powder.

The need is for even more extreme
properties—higher thermal conductivity
coupled with low electrical conductivity,
lower evaporation rates at high tem-
peratures under reducing conditions,
higher strengths, higher stiffness, higher
electrical breakdown strength, and so
forth. Some of these goals will be met
by using materials that have not yet

Hydrodynamic Studies of Structure
of Biological Macromolecules

Experimental and theoretical advances yield structural
details of proteins, DNA, viruses, and polysomes.

Hydrodynamic measurements have
been prime sources of information on
the molecular weight, size, shape, and
configurational mobility of biological
macromolecules. The quantities mea-
sured typically include sedimentation
and translational diffusion coefficients,
rotational diffusion coefficients, and in-
trinsic viscosities. Each such measure-
ment gives a single number. Thus, even
if all currently known or conceivable
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hydrodynamic techniques were brought
to focus on a single protein or nucleic
acid molecule, the handful of param-
eters thereby obtained would be grossly
inadequate to determine the thousands
of atomic positions in the molecule.
For atomic details, only x-ray diffrac-
tion studies will suffice. However, hy-
drodynamic studies are extremely useful
for elucidating overall, long-range as-
pects of biopolymer structure.

been exploited to any great extent, but
many of them will be met by minor
modifications of the structure and com-
position of materials already well
known. The future progress of ceramic
science will be to provide the knowledge
and understanding of this class of mate-
rials which will support these develop-
ments.
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This article reviews some of the
developments which have forged hy-
drodynamics into a sharper and strong-
er tool for the study of biopolymer
structure. The greatest experimental
advances have been made in ultracen-
trifugation, where improved optical
systems and density-gradient techniques
have enabled measurements of a pre-
cision, sensitivity, and diversity never
before possible. Viscometry, long a
key technique in the characterization
of synthetic polymers, has been adapted
to the very low shear stress situations
necessary for studying DNA of high
molecular weight. Methods for the
study of rotational motion and relax-
ation, notably fluorescence depolariza-
tion and flow and electric birefrin-
gence, have provided insight into the
dynamical behavior of proteins and
nucleic acids.

Concurrent with the experimental
advances has come a flurry of signifi-
cant theoretical activity. The number
of types of model structures in terms
of which hydrodynamic experiments
can be interpreted has expanded sub-
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stantially. In addition to the standard
ellipsoids of revolution and flexible ran-
dom-coil models for macromolecular
structure, we can now deal with macro-
molecules composed of complicated as-
semblies of subunits and with semiflex-
ible, wormlike chains. The predicted
behavior of these more complicated
model structures, when combined with
electron microscopic studies of biopoly-
mer morphology and topology, leads to
the interpretation of experiments in
terms of structural parameters pertinent
to the real molecule in solution. Recent
theoretical developments have also
elucidated the effect of some of the
approximations which enter these mod-
el calculations.

Finally, we review the application
of these techniques and theories to
several types of biological macromole-
cules. These applications include: the
study of subunit structure and associa-
tion and allosteric changes in proteins;
determination of the molecular weight
and flexibility of native DNA, and
study of the structure of cyclic and su-
percoiled DNA; study of the size and
structural transitions of bacteriophages;
and characterization of the conforma-
tion of polysomes in solution.

Ultracentrifuge Techniques

In the past few years the common
schlieren optical system for the ultra-
centrifuge (/) has been supplemented
or supplanted for many applications
by interference and absorption optical
systems. The Rayleigh interference op-
tical system (I, 2) produces a displace-
ment of interference fringes formed
by slits placed behind a sedimenting
solution column and a reference sol-
vent column. The fringe displacement
is directly proportional to the difference
in refractive index, and hence concen-
tration, between solution and solvent;
it can be measured with great accuracy.
The number and movement of the sedi-
menting boundaries are not as con-
veniently visualized as with the schlie-
ren system, which gives the refractive
index gradient directly. However, the
interference system gives very much
greater accuracy in the determination
of concentrations, and allows study
of somewhat more dilute solutions. It
has been widely used for the determina-
tion of molecular weights in sedimenta-
tion equilibrium, and shows promise for
the study of preferential binding of
small molecules to macromolecules.

The domains of DNA molecules of
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high molecular weight are so large that
it is necessary to measure sedimenta-
tion coefficients at very low concentra-
tions, where refractive index methods
are inapplicable. This has been done
by reviving (3) the absorption optical
system used by Svedberg (4) in his
initial work with the ultracentrifuge.
By using the strong nucleotide absorp-
tion around 260 my, it was possible to
lower the minimum feasible concen-
tration from the 0.1 g/100 ml attain-
able with schlieren optics to 1 mg/100
ml. This extreme sensitivity can also
be used for study of dilute solutions of
proteins and of interacting systems (5).
Although photographic recording of the
cell image, with densitometric analysis
of the films, has been employed most
widely, photoelectric scanning systems
have been developed (5) and are com-
mercially available. These have the
marked advantage of allowing the run
to be followed while it is in progress.

A very ingenious method for study-
ing the sedimentation of active enzymes
has been devised by Cohen (6). A
minute amount of enzyme solution, at
a concentration in the micrograms per
milliliter range, is layered on a substrate
solution. As the thin enzyme layer sedi-
ments, its motion is followed by
observing spectrophotometrically the
disappearance of substrate or appear-
ance of product.

One of the most important advances
in analytical ultracentrifuge practice is
the band centrifugation technique of
Vinograd et al. (7). An adaptation of
the zone centrifugation technique in
the preparative ultracentrifuge (8), this
involves layering a thin lamella of a
macromolecule solution onto a denser
liquid in a rotating ultracentrifuge cell.
A density gradient, which stabilizes the
system against convection, is generated
during the experiment by the diffusion
of small molecules under the combined
influence of the centrifugal field and
the difference in their chemical poten-
tial in the polymer solution and in the
sedimentation solvent. Band centrifu-
gation has a number of significant ad-
vantages, among which are the small
amounts of material required, the
physical separation of resolved com-
ponents in a mixture, and the leaving
of slow-moving contaminants behind

the moving bands. In conjunction with .

the absorption optical system, this
technique has been very widely used
in nucleic acid studies. A substantial
amount of work has been done on
band-forming centerpieces (9), suitable
solvent systems (10), and detailed the-

oretical interpretation of band patterns
©, 11).

Interpretation of sedimentation ex-
periments demands a knowledge of the
polymer partial specific volume ¥,,
since the sedimentation coefficient S is
related to the molecular weight M,
and translational frictional coefficient in
two-component systems by

S = M:(1 — Vp)/Naf @

where N, is Avogadro’s number and
p is the solution density. Standard
methods, mainly pycnometric, are avail-
able for determining v, (/2). However,
these require relatively large amounts
of material, which may be difficult to
obtain for many biologically interesting
substances. Sedimentation equilibrium
experiments give the buoyant molec-
ular weight M,(1 — ¥,p) directly. By
performing equilibrium experiments
in H,O-D,O mixtures, and by plotting
My (1 — vyp), versus p, one can de-
termine simultaneously both M, and
¥y (13). This technique, though not of
highest accuracy, requires only small
amounts of material, and purity require-
ments are not stringent.

Viscosity and Rotatory Motion

Viscometry has long been one of the
prime methods for characterizing high
polymers in solution. A difficulty arises
in application to DNA of high molecu-
lar weight because of its extreme sen-
sitivity to distorting shear stresses. This
makes the intrinsic viscosity at shear
rates commonly found in capillary vis-
cometers (10% per second) much lower
than that characteristic of the molecule
in the limit of zero shear. Specially
designed capillary viscometers (/4) pro-
duce shear rates of about 10 per second,
but even these are inadequate for very
high molecular weight viral and bac-
terial DNA.

A viscometer now in wide use which
obviates this difficulty is the all-glass
rotating cylinder viscometer designed
by Zimm and Crothers (I5). This fea-
tures an inner rotating cylinder which
is driven by a hysteresis interaction be-
tween a small iron plug in the rotor
bottom and an external rotating mag-
netic field. The rotor is supported by
buoyancy and centered by surface ten-
sion. Shear rates as low as 102 per
second, corresponding to shear stresses
in aqueous solution of 10-* dyne/cm?,
are possible with this instrument; and
it has been shown that the intrinsic
viscosities of viral DNA’s with molecu-
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lar weights as high as 1.3 X 10% meas-
ured thereby are effectively zero shear
viscosities.

Among the difficulties associated with
the use of the Zimm-Crothers (15) vis-
cometer are the inability to change
shear rates without changing rotors
when studying non-Newtonian effects,
the need for extreme surface cleanli-
ness, and the relatively large volumes
of solution (about 3 ml) needed. These
difficulties have been overcome in a ro-
tating Cartesian-diver viscometer de-
signed by Gill and Thompson (/6). The
rotor is driven by the interaction of a
rotating magnetic field with a magnetic
field caused by eddy currents induced
in a conducting ring in the bottom of
the rotor. It is kept submerged at con-
stant depth by a servomechanism-con-
trolled pressure-regulating system. De-
spite somewhat greater complexities of
construction, this viscometer is versa-
tile and easy to use, and will probably
become the instrument of choice for
DNA work.

Automatic recording of rotor rota-
tion speed has been developed (I7)
which makes viscosity measurements
more convenient and, with appropriate
electronic circuitry, allows viscometric
study of kinetics.

Rotational motion and relaxation can
be studied by a number of techniques,
all of which are sufficiently complex as
not to be in wide use. However, there
have been a number of developments in
instrumentation recently, and it is hoped
that the great potential of these tech-
niques for studying asymmetry and re-
laxation behavior can be vigorously ex-
ploited.

Perhaps the most common of these
techniques is flow birefringence, in
which the macromolecules are oriented
by flow, usually between concentric cyl-
inders (/&8). A photoelectric detection
system has been designed that is sub-
stantially more sensitive than the stand-
ard optical compensation system (19),
which makes it possible to study low
concentrations of DNA of high molec-
ular weight. By rapidly braking the
rotor, it is possible to study polymer
relaxation times (20). An apparatus has
also been constructed which permits
measurement of birefringence and dis-
persion in the radial as well as axial
direction (217). It it thereby possible to
completely determine the refractive in-
dex ellipsoid of the streaming fluid.

Orientation in flow can also be
studied by flow dichroism (22).

Macromolecules may be oriented
by strong electric fields, and the solu-
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tion anisotropy may be studied by
dichroism or birefringence measure-
ments. This technique can provide in-
formation on the rotational diffusion
coefficient and internal rigidity of the
polymer, its dipole moment and polariz-
ability, and its interaction with the
surrounding ion atmosphere. For inter-
pretation of experiments, however, the
separate contribution of each of these
parameters must be understood theo-
retically, a task which is rather far
from completion. An important instru-
mental development in this field is the
introduction of a high-speed delay line
pulse generator (23) which enables the
study of globular proteins as well as
long, asymmetric polymers. Relaxation
times may be studied by electric bire-
fringence relaxation (24).

Polymer orientation in an electric
field may also be studied by dielectric
dispersion (25). The relaxation times of
large, asymmetric polymers are long—
in the millisecond range or longer—
and therefore problems of electrode
polarization in conducting solutions at
the requisite low frequencies are se-
vere. However, progress in this area
has been made recently (26), and a
variety of relaxation times have been
observed in solutions of proteins, syn-
thetic polypeptides, and nucleic acids.

We may finally mention fluorescence
depolarization as a very useful method
of studying rotation and conformational
flexibility in proteins. Although the
lifetimes of the fluorescent amino acids
are themselves too short to be very use-
ful in the study of rotation relaxation,
fluorescent conjugates may be made
which have lifetimes in the proper
range and other desirable properties.
The theory and applications of this
technique have been the subject of
several recent reviews (27).

Basic Hydrodynamic Principles

The treatment of viscous flow most
frequently encountered is based on the
Navier-Stokes equation. An alternative
treatment was developed by Oseen
(28) and adapted for macromolecular
suspensions by Burgers (29). This ap-
proach concentrates on the motion of
a fluid produced by the application of
forces to points in the fluid. This for-
mulation is obviously appropriate and
convenient for calculation of the hydro-
dynamic behavior of chain molecule
solutions. The polymer segments may
be identified with the points at which
force is being applied to the solvent

due to the relative motion of solvent
and segment.

One may write that the force F; on
the solvent flowing with velocity v; at
the position of a segment moving with
velocity u; is

Fi= —{(vi—w) (¥))]

¢ is the translational frictional coeffici-
ent of a segment, which for a sphere
of radius 7 in a solvent of viscosity 7,
is, according to Stoke’s law, 677

The velocity v; is not the bulk sol-
vent velocity v° because of the pertur-
bation of solvent flow by the motion
of the other segments in the chain.
This effect is called Aydrodynamic in-
teraction. We write the velocity at i as
a sum of v0 and the perturbations due
to all the other segments:

Vo= v° +Z Tij . Fj

j==i

3)

The hydrodynamic interaction ten-
sor T;; is an operator which converts
a force exerted on the solvent by the
jth segment into a velocity perturba-
tion at the position of the ith segment.
It is a function of the vector distances
r;; between pairs of segments. It is in
this way that the polymer dimensions
are brought into the problem.

A further factor which must be taken
into account is Brownian motion. If
the shear rates in the system are suf-
ficiently low with respect to the rota-
tional diffusion coefficients of the
macromolecule, T;; may be taken as
an average over all orientations of the
molecule with respect to an external
coordinate system. If, in addition, the
polymer is flexible, it is necessary to
average over all internal configurations
of the chain. The result is that (30)

<Toi>=1/6mn) <Ury> @

where the angular brackets denote
averaging over internal configurations.

Theoretical Results

The concepts outlined above were
integrated by Kirkwood (31) into a
theory of irreversible processes in so-
lutions of macromolecules composed of
identical subunits. The simplest ap-
plication is to the translational friction-
al coefficient f in Eq. 1. The total force
F exerted by the macromolecule on the
solvent is the sum of the forces exerted
by the subunits:

F:ZFi (5)
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It is also equal to the product of f
and the relative velocity of the macro-
molecular center of mass with respect
to bulk solvent:

F=—f{v —u (6)

Solution of the set of simultaneous
Eqgs. 2 and 3, and use of Egs. 4 to 6,
with u; = wu, then yields

f=Ng/
[1+@omm 2 2 <tm>]
it ]

N is the number of subunits. If the
double sum were missing from the
denominator of Eq. 7, the frictional
coefficient of the polymer would be
the sum of the frictional coefficients
of the monomers. This is the so-called
“free-draining” limit. The presence of
the double sum reflects hydrodynamic
interaction, which lowers f because
solvent is trapped to a certain extent
within the polymer domain and moves
with it through solution.

Equation 7 has been used to calcu-
late f for a wide variety of macromole-
cules for which dimensions or dimen-
sional statistics are ‘known, so that
<1/r;> may be evaluated. Some re-
sults for biological macromolecules are
discussed below. Results are surprising-
ly accurate even for short-chain hydro-
carbons, except when the solvent
molecules are substantially larger than
the polymer segments (32). This sup-
ports the validity of the assumption
that the solvent may be treated as a
hydrodynamic continuum,

A similar treatment is applicable to
rotational motion. The Kirkwood theory
(31) has been applied by Hearst (33)
to calculate the components of the ro-
tational diffusion coefficient tensor D
for a distribution of elements having
cylindrical symmetry. The result has
been used, with appropriate chain sta-
tistics, to calculate the diffusion coeffi-
cients of wormlike coils and weakly
bending rods, which are good models
for long and short-chain double-helical
DNA.

The theory outlined above has been
generalized by Bloomfield and co-work-
ers (34) to accomodate structures com-
posed of assemblies of nonidentical
subunits. The subunits are modeled by
surface shells of smaller spheres of
identical size. In the limit of a continu-
ous surface distribution, this “shell
model” approach was shown to give
exact results in translation and rotation
for a sphere, and to deviate by only
a few percent from the results for
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ellipsoids of revolution. The analog of
Eq. 7 for an assembly of spherical sub-
units of differing radii r; is

= 6m(2r?)

[Zrﬁ + Z er < Ury >] (8)

ik ‘

This approach lends itself well to
computer calculations of frictional
properties of rigid macromolecules of
complex shape. The double summation
in Eq. 8 is evaluated numerically after
the disposition of subunits has been
established.

Although the Kirkwood (37) theory
of irreversible processes may be used
for the calculation of intrinsic viscosity
[»], a more convenient method has been
found. This method, which was intro-
duced by Rouse and by Bueche (35),
employs the familiar device of normal
coordinates. Zimm (36) managed to
solve the eigenvalue problem for a
Gaussian chain with hydrodynamic in-
teraction. The beads in the polymer
chain move under the combined influ-
ence of direct pulls exerted by their
nearest neighbors along the chain,
Brownian motion, and frictional resis-
tance of the solvent as modified by
hydrodynamic interaction. The result-
ant intrinsic viscosity is a sum of con-
tributions from each of the normal
modes.

The Zimm result could be cast in
the form proposed by Flory (37),

[1] = & <L*>*/M %)

where M is the polymer molecular
weight and <L2> the mean-square
end-to-end distance of the chain. The
parameter & was calculated to have the
value 2.84 X 10%% cgs units in a theta
solvent, in which there are no net
excluded volume effects, so that poly-
mer chains have their ideal random-
walk dimensions. Subsequent calcula-
tions (38) have shown that & is a
decreasing function of excluded vol-
ume, in accord with experiment, and is
about 2.1 X 10% in typical good sol-
vents.

For stiff-chain molecules such as
wormlike coils, it is necessary to take
bending modes into account. Harris
and Hearst (39) have made such a cal-
culation, using Green’s function tech-
niques to calculate the eigenvalues and
eigenfunctions in the free-draining
limit, and using perturbation theory to
pass from these results to the zero-

frequency viscosity in the presence of

hydrodynamic interaction and excluded
volume.

Mention should also be made of the
useful approximate theory of intrinsic
viscosity devised by Peterlin (40). This
theory simplifies the polymer normal
modes by assuming that segments re-
lated symmetrically on either side of
the middle of the chain move with
equal and opposite velocities. The ve-
locity of a segment is linearly related
to its contour distance from the chain
center. Agreement with exact theories
(36) is good, which bolsters confidence
in the applicability of the Peterlin the-
ory to complicated situations in which
exact solutions cannot be obtained.

There are three approximations in
the theory outlined above which have
drawn attention. The first is the pre-
mature averaging of the Oseen inter-
action tensor implicit in the combina-
tion of Egs. 3 and 4. Fixman and
Pyun (41) have recalculated the intrin-
sic vicosity of flexible chains by a
procedure which avoids this approxi-
mation. The avoidance of preaverag-
ing leads to a 5 percent reduction in
@ of Eq. 9, to 2.68 X 1023 in a theta
solvent. This approximation is there-
fore not serious. Isihara (42) has also
developed a method of -calculating
frictional properties without preaver-
aging the Oseen tensor, but this method
has not as yet been combined with a
detailed treatment of chain dynamics.

The second approximation is the
representation of monomers as point
sources of friction. For a rigid rodlike
polymer, it has been shown (43) that
this approximation can lead to singu~
larities in the translational diffusion co-
efficient for physically plausible values
of hydrodynamic interaction.

Finally, it has been noticed that
Kirkwood’s derivation of Eq. 7 is not
exact (44). Among other things, this
has the disturbing consequence that
the diffusion coefficients of a long rigid
rod and a rigid ring of the same length
are equal, though physical intuition
would suggest that the latter would have
a larger D because of its more com-
pact shape. Even more disturbing is the
fact that when the exact result for the
ring is used (44, 45);7it is found that
D(ring) < D(rod)! This paradox may
be related to the inadequacies in the
Oseen approximation noted in the pre-
ceding paragraph.

Since calculations based on the Oseen
approximation have proved adequate
for flexible chains and rigid arrays
which are not too asymmetric (34), it
may be conjectured that the approxi-
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mation will in general be satisfactory
for configurations of approximately
spherical symmetry. It is clearly im-
portant to investigate this point fur-
ther.

Protein Subunits

The experimental and theoretical ad-
vances described above have led to
substantial advances in our understand-
ing of the structure of biological macro-
molecules in solution. The subunit
structure of proteins is one such area
of increased understanding.

Bovine serum albumin undergoes a
reversible transition below pH 4 which
is attended by large changes in hydro-
dynamic properties but not by a change
in molecular weight. Intrinsic viscosity
increases, and diffusion and sedimenta-
tion coefficients decrease, suggesting an
overall expansion of the molecule; but
fluorescence depolarization increases
(46), suggesting a decrease in size of
the rotationally relaxing unit. These
observations suggest that the transi-
tion involves a separation of covalently
bonded subunits. This interpretation
was supported by the finding that pep-
sin-catalyzed hydrolysis of bovine se-
rum albumin in acid yielded subunits
of molecular weight 30,000 and 11,000
to 12,000 (47). Detailed calculation of
hydrodynamic and low-angle x-ray
scattering properties of various subunit
models led to the proposal of a linear
trimer model, which contains one
spherical subunit of 26.6-A radius and
two subunits of 19-A radius (48). Other
interesting examples of the combina-
tion of hydrodynamic and chemical
cleavage studies on the subunit
structure of proteins are found in work
on myosin (49) and y-globulin (50).
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Hemocyanins are multisubunit pro-
teins whose structures may be observed
by electron microscopy (57). The pre-
sumed hierachy of structures is shown
in Fig. 1, along with a comparison be-
tween observed sedimentation coeffici-
ents and those calculated from Eqgs. 1
and 8 by using the electron microscope
dimensions of the 59§ component of
squid hemocyanin (52, 53). Agreement
is excellent, and underlines the utility
of a combination of hydrodynamics
and electron microscopy in studying
biopolymer structure.

Quantitative studies of the equilibri-
um and kinetics of reversibly asso-
ciating systems of proteins or other
macromolecules may also be carried
out in the ultracentrifuge (54). For
slow reactions, peaks corresponding to
each of the separate components will
be observed; while for reactions in
which equilibrium lies far to one side,
only the peak corresponding to fa-
vored species will be seen. If the equi-
librium is very rapid, only one peak
may be seen; but the apparent sedi-
mentation coefficient will increase with
concentration, because of the formation
of heavier, faster-sedimenting aggre-
gates (55). This is in contrast to the
usual behavior for non-associating poly-
mers, in which S decreases with con-
centration because of hydrodynamic
interaction. Reactions of intermediate
velocity may lead to very complex sedi-
mentation patterns (54-56).

A cautionary note has been injected
into sedimentation studies of associa-
tion by the observation that the equi-
librium constant for the myosin
monomer-polymer system is highly
pressure-dependent (57). Since hydro-
static pressure can vary by several
hundred atmospheres from top to bot-
tom of the cell, this effect may be very

10 15 20
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Fig. 1. Structures and sedimentation coeflicients of molluscan hemocyanins. [Repro-
duced with permission from Bloomfield e al. (53)]
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important. Similar considerations ob-
tain in sedimentation equilibrium (58).
Sedimentation velocity studies have
demonstrated a structural change in
the regulatory enzyme aspartyl trans-
carbamylase (59). In the presence of
both carbamyl phosphate and the sub-
strate analog succinate, the sedimenta-
tion coefficient of the enzyme dropped
3.6 percent. This is one of the few
demonstrations of gross structural
changes in allosteric enzymes.

DNA

The hydrodynamic behavior of linear
double-helical DNA’s of various molec-
ular weights has been studied exten-
sively over the past decade. Just as
with common synthetic polymers, much
of this work has been devoted to estab-
lishing correlations of § and [y] with
molecular weight. This enables both the
determination of the molecular weight
of an unknown DNA from measure-
ment of S or [7], and investigation of
the characteristic structural parameters
of the chain. These studies have been
collated and summarized by Eigner and
Doty (60) in Fig. 2. It will be noted
that log-log plots of S versus M, and
particularly [] versus M, are nonlin-
ear, which is a consequence of the re-
markable stiffness of the double helix.

The lines in Fig. 2 have been fit by
the equations (67)

10g(8%0,w — 2.7) = — 1.819

-+ 0.445 log M 10)

log([7] + 5) = — 2.863 + 0.665 log M

It has been possible (62) to rationalize
these - expressions, using the Kirkwood
(31) and Peterlin (40) theories, if DNA
is treated structurally as a wormlike
coil (63) with excluded volume effects.
The double helix is rodlike in the short
run, behaves like a weakly bending
rod over a contour length of several
hundred angstroms, and acquires sub-
stantial flexibility over long contour
lengths. It is this behavior which is
characteristic of a wormlike coil.

The excluded volume parameter e,
defined by

<>/ <> = 0" 11)

where ¢ is the number of statistical
segments in the chain and the sub-
script zero denotes a theta solvent, is
0.11. Of this, roughly half is attribut-
able to polyelectrolyte repulsions, and
the rest to physical excluded volume
effects (64). The persistence length of
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the wormlike coil—roughly speaking,
the length of polymer backbone over
which correlations with the initial di-
rection of the chain decay to zero—
lies between 270 and 450 A from S
and [y] measurements (39, 62). This
range is consistent with light scattering
measurements (65), while flow bire-
fringence gives an upper limit of 550
A (66). The hydrodynamic diameter of
the double helix is around 27 A (62).

Circular DNA molecules have been
detected in a large number of viruses,
bacteria, and higher organisms (67).
Theoretical calculations (62, 68) indi-
cate that the ratio of the sedimenta-
tion coefficients of linear and circular
polymers of the same molecular weight,
81/8q, should be about 0.88, nearly
independent of excluded volume. This
is observed experimentally. The ratio
[9]e/[nlc has been predicted (68) to
begin at 1.55 for ¢ = 0, and to increase
with increasingly excluded volume. This
has been verified experimentally (64),
and indicates that, because their ends
are tied together, circular molecules
are less free to expand under the in-
fluence of excluded volume forces than
are linear polymers.

Twisted circular DNA molecules have
also been found in a variety of sources
(67, 69). In this topologically very in-
teresting type of molecule, superhelical
turns are formed as the Watson-Crick
double helix winds or unwinds. That
is, opposite sides of the circular mole-
cule become wrapped around each
other in helical fashion. Sedimentation
coefficient calculations (70) which
model the twisted circular DNA as a
rigid, rodlike superhelix give a number
of superhelical turns in the same range
—about 15 to 20—as observed experi-
mentally (69). At ionic strengths below
10-2M, a model for twisted circular
DNA which agrees qualitatively with
experiment is a superhelix wound
around a torus (70).

Plots of § versus molecular weight
for circular and twisted circular DNA
have been presented (71). However,
Wang et al. (72) have shown that the
amount of supercoiling is a function of
temperature and ionic environment.

Therefore, § versus M correlations for

twisted circular DNA must be viewed
with caution.

Viruses and Polysomes

Very complex virus structures may
be observed in electron microscopy. A
case in point is T2 bacteriophage, de-
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Fig. 2. Double-logarithmic plots of sedimentation coefficients and intrinsic viscosity
versus molecular weight for native DNA. Experiments performed in 0.2M Na* neutral
buffer. [Reproduced with permission from Eigner and Doty (60)]

picted schematically in Fig. 3. It has
a hexagonal bipyramidal head, a tail
(actually a tail core and contractile
sheath), a tail plate, and six kinked tail
fibers (73). In addition, T2 undergoes
a transition, triggered by decreasing
temperature, decreasing pH, or increas-
ing [Ca*], from the “slow” form
which comes out of the lysed bacterial
host with a sedimentation coefficient of

700 S, to the “fast” form necessary
for injection into a new host with a
sedimentation coefficient of 1000 § (74).
The rotational diffusion coefficients of
the slow and fast forms, as measured
by electrical birefringence, are 111 =
22 per second and 555 = 54 per sec-
ond, respectively (75).

Considerable interest attaches to the
nature of the structural changes in the
virus giving rise to these large differ-
ences in hydrodynamic properties. It
has been speculated that the change
lies in extension of the tail fibers (75,
76), or in a difference in head perme-
ability along with a small change in
head size (77). Calculations based on
Egs. 7 or 8 for translation (53), or on
equivalent shell model expressions for
rotation (78), suggest that neither ex-
planation is adequate, Instead, the slow
form must have a head two or three
times larger than the size observed in
electron microscopy in order to ac-
count for the sedimentation and rota-

Fig. 3 (left). Structure of T2 bacteriophage,
reproduced with permission from Filson
(78). Kinks in the tail fibers, details of the
tail core and sheath structure, and the tail
plate were neglected in the calculations
(53, 78).
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tional diffusion data, Confidence in
these calculations is buttressed by the
finding that reaction of T2 with indole,
which is presumed only to change the
fiber disposition from an extended to
a nonextended state, leads to an in-
crease in § of 10 to 15 percent (79),
in accord with theory (53).

However, macroscopic studies of the
rotation of T2 phage models in highly
viscous oil indicate that the tail fibers
have substantially more effect than was
indicated by the calculations reported
above (80), so that the head size
changes in going from the slow to the
fast form need not be so large. This
discrepancy may tentatively be as-
cribed to the failure of the Oseen ap-
proximation in the highly asymmetric
structure depicted in Fig. 3. Doubt is
also cast thereby on the interpretation
of the indole-binding experiments (79).

Electron micrographs of polysome
preparations often show polygonal or
helical arrays. Determination of sedi-
mentation coefficients of a series of
polysomes from rat liver, containing
from 1 to 12 ribosomes (87), afforded
an opportunity to test’ whether such
ordered configurations were present in
solution. It was found (82), by using Eq.
7 with various assumed models for
polysome structure, that helical or poly-
gonal arrays were too compact, while
random coil configurations, generated
on lattices by complete enumeration or
Monte Carlo computer techniques, were
too extended. It appears, however, that
essentially random configurations, with
weak attractive interactions between the
ribosomes, are the most likely. It is
not clear whether the ordered struc-
tures seen in electron microscopy are
preparational artifacts, or whether they
have some functional significance in
connection with the cell membrane.

Summary and Prospects

The advances in our knowledge of
biopolymer structure reported above
reflect a fourfold confluence of ad-
vances in experimental and theoretical
techniques. Biologists and biochemists
have made great strides in identifying,
and isolating in forms sufficiently pure
and undamaged to be profitably studied
by physical methods, a whole host of
multisubunit proteins, nucleic acids,
viruses, and other complex structures.
Physical chemists have developed sedi-
mentation analysis, viscometry, and
other instrumental techniques to a level
of sensitivity and accuracy where they
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can cope with the low concentrations
and subtle changes encountered in these
macromolecular systems. Electron mi-
croscopists have made possible the di-
rect visualization of the larger biolog-
ical macromolecules, thus extending
our conceptions of structure and
topology far beyond the simple models
of the random coil and ellipsoid of
revolution. Theoreticians have devised
methods for calculating the properties
of these more complex types of struc-
tures, thus enabling (with the help of
computers) assessment of size and
structure under conditions in solution
closely approaching the physiological.

It seems clear that further pursuit of
this fourfold way (a waterway, since we
have been discussing hydrodynamics)—
isolation, measurement, visualization,
and calculation—will lead to further
striking advances in our understanding
of the structure of biological macro-
molecules.
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Eye Movement Control

in Primates

The oculomotor system contains specialized subsystems
for acquiring and tracking visual targets.

The retinas of most animals in which
the eyes face forward have a special
area, the fovea centralis, which has a
high density of photoreceptors. To see
an object with good visual acuity, these
animals must move their eyes to place
its image on each fovea. The eye move-
ment system is especially well devel-
oped in primates. The purpose of this
system is to acquire a visual target and
then track it so that its image remains
on the fovea. To do this, the oculo-
motor system overcomes, with nervous
tissue and muscle, the same problems
encountered in tracking systems de-
signed by man. Current research in this
field is directed not only toward diag-
nosis of eye movement disorders in
man but also toward understanding
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how the central nervous system proc-
esses information and manipulates sig-
nals to achieve the regulation and co-
ordination which this control system
displays.

Four Oculomotor Subsystems

All tracking systems made by man
or nature have at least two require-
ments: to acquire a given target rapid-
ly, and then to follow it if it moves
relative to the environment. The eye
movement systems which perform these
two functions are called the saccadic
and smooth pursuit systems. When the
tracking device is mounted on a mov-
ing platform (for example, a shipboard-
mounted radar system) an additional
requirement is that of stabilizing the
tracking device automatically against
movements of the platform. For eye
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movements, this function is fulfilled
by the vestibular system. Finally, for
depth perception (analogous to stereo-
scopic range-finding in some gunnery
systems) the vergence system controls
the degree of convergence of the visual
axes of the eyes necessary to maintain
the target image on each fovea. In
short, the saccadic, smooth pursuit,
vestibular, and vergence systems per-
form the four functions of acquiring
targets, tracking them if they move in
the environment, compensating for
movements of the head in the environ-
ment, and tracking in depth.

Almost all eye movements in pri-
mates are combinations of the move-
ments produced by each of these
subsystems. The tasks are different
from each other and appear to be per-
formed by separate neurological con-
trol systems specializing in individual
tasks. They can be excited independent-
ly, and their responses can be observed
independently, so that each may be
studied in isolation. Figure 1 illustrates
this subdivision and the types of move-
ments produced by each system. Ex-
cept for the vestibular system, which
obtains information about movement
of the head in space from the semi-
circular canals, all the systems depend
on visual information derived from the
retina and carried centrally on the optic
nerve. The outputs of the four systems
converge on the motor nuclei whose
motor cells relay the information along
the motor nerves to the extraocular
muscles. Each eye is equipped with
three pairs of antagonist muscles that
rotate the globe in three roughly mu-
tually perpendicular planes: horizontal,
vertical, and torsional. This arrange-
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