
Molecular anatomy is concerned 
with the description, at the molecular 
level, of the structure and organiza- 
tion of cells and tissues. It is the logi- 
cal extension of microscopic anatomy, 
and it will ultimately be the basis of 
a molecular pathology of human cells 
and tissues. 

Progress in molecular anatomy has 
been, and is, critically dependent on 
the development of techniques for cell 
dissection and fractionation which 
make it possible to isolate subcellular 
formed elements in quantity, and to 
disassemble these elements into their 
constituent molecular species. While 
a very large literature and a vast 
storehouse of information are avail- 
able concerning subcellular particles 
and enzymes, much remains to be 
discovered. 

Since cells and their aggregates are 
the most complex systems with which 
modern science deals, molecular anat- 
omy will ultimately require more so- 

phisticated research instrumentation 
and techniques than are now avail- 
able. Since the development of the 
necessary analytical tools, the demon- 
stration of their validity in measure- 
ments made on animal and human 
cells, and their application in broadly 
based experimental and clinical stud- 
ies will be costly, the program can 
be justified only if the ultimate ob- 
jective is the dissection and analysis 
of normal and abnormal human cells. 

The need for a detailed explora- 
tion and cataloging of human cell con- 
stituents arises from the belief that 
most human diseases are ultimately to 
be understood at the molecular level, 
and that treatment, if it is to be ra- 

tionally evolved, must function and be 
understood at this level. For only a 
few human diseases is the ultimate mo- 
lecular lesion known; for only a few of 
the many drugs in common use has 
the molecular target or site of action 
been discovered. Unlike human blood 
plasma, which has been almost com- 
pletely fractionated, which can be sep- 
arated into constituent proteins on a 
large scale for therapeutic purposes, 
and which can easily be studied by 
immunoelectrophoretic methods, the 
molecular constituents of human cells 
have been only partially charted. Mat- 
ters are put in perspective when one 
attempts to draw up a balance sheet 
listing the amount of protein in each 
human-cell fraction accounted for by 
well-characterized molecular species. 
The available data are insufficient for 
this purpose. 

The question has been asked (1, 2), 
Should a systematic attempt be made 
to develop high-resolution methods for 
sorting out cell molecular constituents 
and to catalog them in an orderly 
fashion? 

In an attempt to answer this ques- 
tion experimentally, a small-scale 
Molecular Anatomy Program has been 
organized at Oak Ridge (3). 

Choice of Initial Problems 

For feasibility studies, difficult key 
problems are generally chosen. The 
isolation of subcellular organelles is a 
necessary first step and, therefore, the 
logical area for initial studies. 

The choice of the subcellular parti- 
cle to be emphasized initially was 
based on the following consideration. 
In the development of high-resolution 
separation systems, test particles are 

required. If ill-defined and physically 
heterogeneous particles are used, it is 
difficult to distinguish between particle 
inhomogeneity and low resolution of 
the separation system. It is difficult 
to find homogeneous particles in the 
size range lof interest; the best known 
are certain viruses. Isolation of virus 
from tissues and from large-volume 
suspensions was therefore emphasized, 
and centrifuge systems designed to ac- 
complish this are being developed by 
the Oak Ridge Molecular Anatomy 
Section in collaboration with the Tech- 
nical Division of the Oak Ridge Gase- 
ous Diffusion Plant (4). This imme- 
diate objective has the advantage that 
the centrifuge systems would be di- 
rectly applicable in virus vaccine pu- 
rification (5). 

At the molecular level certain prob- 
lems concerned with high-resolution 
ion exchange separation were chosen 
(6). These are discussed below. 

Tissue Fractionation and Virus Isolation 

The centrifugal systems now avail- 
able are capable of making separa- 
tions on the basis of either particle 
sedimentation rate or buoyant (isopyc- 
nic or banding) density. The question 
is, What sorts of separations may be 
expected from the application of high- 
resolution centrifuges of either of 
these types in studies of cells and tis- 
sues? Obviously a particle having a 
sedimentation coefficient and a banding 
density not shared by other subcellular 
particles can, in theory, be isolated 
in a pure state. If the sedimenta- 
tion coefficients of a number of vi- 
ruses and subcellular particles are plot- 
ted against banding densities, a plot 
like that of Fig. 1 is obtained (7). 
Such a plot led to the suggestion that 
most (but not all) viruses fall in a 
clear space or "virus window" corre- 
sponding to densities intermediate be- 
tween those of endoplasmic-reticulum 
fragments and polysomes, and that 
they could be isolated by a combina- 
tion of rate-zonal and isopycnic-zonal 
centrifugation. Even if a virus does not 
have a unique sedimentation rate and 
banding density, if it is relatively 
homogenous and not bound to, other 
subcellular particles it should be sepa- 
rable from the majority of the cell 
mass by these methods. An experimen- 
tal verification of the plot of Fig. 1 
can be made with the earlier swinging- 
tube centrifuges. However, we con- 
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Fig. 1. Diagrammatic presentation of distribution of subcellular components as a func- 
tion of sedimentation rate and banding density. Components are: 1, soluble proteins; 
2, membranes with attached particles; 3, smooth membranes; 4, mitochondria; 5, nuclei; 
6, ribosomal subunits, ribosomes, and polysomes; 7, glycogen; 8, RNA; 9, poliovirus; 
10, T3 bacteriophage; 11, adenovirus, type 2. Banding densities for most particles are 
those for cesium chloride. Note that viruses fall in a clear space-the "virus window." 
The positions of additional viruses are given in 7. [Adapted from Anderson et al. (7)] 

sider isolation of cell components or 
viruses a first step toward a more com- 
plete molecular fractionation, and, for 
such studies, quantities sufficient for 
purely analytical purposes are insuffi- 
cient. Large-scale separations based on 
sedimentation rate and on banding den- 
sity are therefore required. 

Development of Zonal Centrifuges 

The basic problem is that of ar- 
ranging for separations to occur in 
liquid density gradients in the strongest 
large-volume rotors that can be de- 
signed. Swinging-tube rotors do not fill 
the requirement, for the simple rea- 
son that the capacity of such tubes is 
severely limited by the strengths of 
available materials. Swinging tubes, 
and tubes in any form, can be elimi- 
nated if use is made of centrifugal 
force to stabilize gradients and sample 
layers during loading and unloading 
-that is, if the rotor is loaded and 
unloaded during rotation (8). Load- 
ing and unloading during rotation re- 
quires a seal system which makes it 
possible to attach two fluid lines to 
the rotor. These may be left attached 
to the rotor during high-speed opera- 
tion (9), or they may be detached 
after loading and reattached for un- 
loading (9-11). Sector-shaped com- 
partments are required to avoid wall 
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effects (12-14) and to prevent swirl- 
ing due to Coriolis forces (13) or to 
change in rotational speed. 

To date, over 40 rotor systems and 
rotor modifications have been con- 
structed in the development of zonal 
centrifuges (14). These have been 
grouped into classes on the basis of 
their speed ranges and uses. Thus the 
A-series rotors are for operation at 
relatively low speeds (15); the B- 
series, for operation at intermediate 
speeds (16, 17); the C-series, for ex- 
perimental work at speeds between 70,- 
000 and 150,000 revolutions per min- 
ute; the D-series for use above 150,000 
revolutions per minute; the F-series, 
for rapid centrifugal freezing (18); and 
the K-series, for large-scale vaccine 
purification with batches of 100 liters 
and above (19). The A-XII (15), B-IV 
(16, 17), and B-XIV and B-XV (11) 
rotors are now routinely used for rate 
zonal separations. The salient charac- 
teristics of rotors B-XIV and B-XV 
are shown in Table 1. The loading and 
unloading sequence of the B-XV rotor 
is shown in Fig. 2, and the rotor com- 
ponents are shown in Fig. 3. 

With such large gradients, accu- 
rate measurements of the shape of the 
gradient may be made. When gradi- 
ents are loaded into the rotor and 
then recovered during rotation, little 
change between the introduced and 
the collected gradients is seen (9). A 

25-milliliter sample is recovered in a 
volume which occupied a zone less 
than 2 millimeters wide in the rotor. 
Theoretical studies by Berman (13) 
suggest that the gradient capacity (the 
mass of material which may be 
placed in a zone of a given width 
without disturbing the gradient) may 
vary markedly as sedimentation oc- 
curs, the variation depending on the 
physical properties and shape of the 
gradient. Berman's work suggests that 
the small gradient capacity reported 
experimentally (20) may be due to 
anomalies in the gradient used. In 
swinging buckets, for example, it is 
difficult to control the shape of the 
gradient immediately below the sam- 
ple layer. 

Representative results of separations 
made with zonal centrifuge rotors 
are shown in Figs. 4-6. In the A- 
XII rotor, aging human-heart pig- 
ment (21), rat liver nuclei and mito- 
chondria (15), spinach chloroplasts 
(22), rat myo,fibrils (23), rat skeletal- 
muscle relaxing particles (24), and 
oral structures from Tetrahymena 
(25) have been separated. The B-IV 
and B-XV rotors have been used to 
isolate nuclei (26), mitochondria (27), 
microsomes (9), ribosomes and poly- 
somes (28), ribosomal subunits (16, 
29), and ribosomal RNA (30), and 
to clearly separate mitochondrial and 
lysosomal activities (31). The isolation 
of serum macroglobulin (32) demon- 
strates the lower limits of resolution 
of these rotors. Rather large amounts 
of virus have been isolated, including 
poliovirus (9, 33), influenza virus 
(34), echo 28 virus (35), T2 and T3 
bacteriophage (7, 35), and tobacco 
mosaic virus (36). The B-IV or the 
B-XV rotor is capable of handling 
more than a million doses of a given 
strain of influenza virus at one time 
(37). Two types of viruses having 
different sedimentation coefficients, 
such as T2 and T3, may be cleanly 
separated (7). Concentration of virus 
from large fluid volumes is a neces- 
sary prerequisite for this work and is 
discussed below. A computer pro- 
gram for calculating the equivalent 
sedimentation coefficients (S ) for 
ideal particles (particles which are 
spherical, impermeable, and nonosmot- 
ic) sedimenting in the B-IV, B-XIV, 
and B-XV rotors has been written 
(38); equations developed by E. J. 
Barber (39) for sucrose density and 
viscosity as functions of concentration 
and temperature were used in the cal- 
culation. 
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