
traviolet plus PR favored a repair pro- 
cess beneficial to survival. Either age 
damage was corrected at the time of 
treatment and was inherited as reduced 
levels of DNA damage in progeny cells, 
or the treatment activated a process that 
persisted for some cell divisions after 
treatment. 

Evidence is available that DNA dam- 
age accumulates in aged cells of higher 
organisms because of defective repair 
capacity (12). Mechanisms proposed for 
reduced repair in aged cells include de- 
creased levels of DNA polymerases, loss 
of fidelity of DNA polymerase, or 
changes in the DNA-chromatin complex, 
reducing the accessibility of DNA le- 
sions to repair (13). Ultraviolet plus PR 
may function to counteract such age 
changes in repair, or interact with some 
yet unknown contributor to repair capac- 
ity. Differences in repair capacity corre- 
late with organismal life-span (14, 15). 
Cell life-span may be a reflection of the 
genetic needs for mutation frequencies 
(16, 17), and thus regulation of repair be- 
comes a fundamental life maintenance 
and aging mechanism. Multicellular or- 
ganisms can be expected to conserve the 
aging and life maintenance processes of 
eukaryote cells, since the evolution of 
multicellular organisms was relatively 
short in comparison to the long period of 
evolution of eukaryotes (17). Different 
cells within the same organism have dif- 
ferent repair capacities (13, 18). If cell 
life-span determines organismal life-span 
(6), the cells with the shortest life-span 
(the weakest link) will determine the life- 
span of the whole organism, if it is as- 
sumed that the cells are essential for sur- 
vival and cannot be replaced. The weak- 
est link can be expected to differ in 
different species. The symptoms of aging 
manifested by consequences of loss of 
function of a particular organ should be 
diverse (19). The above results provide 
an explanation for the findings that orga- 
nismal life-span is correlated with repair 
capacity of cells (14, 15). Exceptions 
would be expected because of the com- 
plexity of the repair processes, variants 
within species, and species whose life- 
span is not determined by cellular muta- 
tional deterioration. DNA damage is 
linked not only to clonal senescence but 
also to carcinogenesis (20). Ultraviolet- 
induced damage resulted in tumorige- 
nesis in fish but not when the damage 
was repaired by photoreactivation (21). 

Accordingly, age damage can be re- 
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Accordingly, age damage can be re- 
versed or delayed. An understanding of 
the molecular mechanisms underlying 
this biological result could illuminate 
other means to activate the repair sys- 
tem. If higher organisms have main- 
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tained a reserve repair capacity, activa- 
tion should lead to reduction in mutage- 
nesis and degenerative diseases in higher 
organisms. The results provide a new ap- 
proach for regulation and reduction of 
mutation frequency: the activation of a 
reserve repair or protection process. 

JOAN SMITH-SONNEBORN 

Department of Zoology and Physiology, 
University of Wyoming, Laramie 82071 
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Polyoma virus DNA, and that of the 
similar tumorogenic simian virus 40, is 
packaged inside an icosahedral capsid as 
a supercoiled, circular, double-stranded 
molecule that is complexed with cellular 
histones (1). Infected cells also produce 
empty, noninfectious capsids whose sur- 
face morphology is very similar to that of 
the complete virion (2). The capsid is 
built of 72 morphological units arranged 
on an icosahedral surface lattice with 
triangulation number T = 7 (dextro) (3). 
Polyoma virions and capsids have pre- 
viously been crystallized from ammonium 
sulfate (4). Using sodium sulfate, we 
have now obtained large, single crystals 
suitable for x-ray structure analysis. 

Sodium rather than ammonium sulfate 
was chosen for comparative electron mi- 
croscopic studies of glutaraldehyde- 
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fixed crystals to avoid reaction with am- 
monia. Glutaraldehyde fixation also 
proved convenient for neutralizing the 
infectivity of the virion crystals used for 
studies in our x-ray laboratory, which 
does not yet have facilities for virus con- 
tainment. Purified virions and capsids (5) 
were crystallized by the hanging drop 
method (6) from half-saturated sodium 
sulfate. Rhombic dodecahedral crystals 
(the same form obtained from ammo- 
nium sulfate) grow up to 0.5 mm across 
in about 1 week. Large crystals (< 1 mm) 
often have highly stellated vertices. Vi- 
rion crystals have better-developed 
faces and sharper edges than capsid 
crystals. 

X-ray precession photographs (Fig. 1, 
a to c) show that the particles in the crys- 
tals are arranged on a body-centered 
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Polyoma Virion and Capsid Crystal Structures 

Abstract. X-ray diffraction shows that complete virus particles and empty capsids 
crystallize isomorphously. The surface morphology of the protein coat, as revealed 
by electron microscopy, is the dominant structtural feature determining the intensity 
of x-ray reflections to a resoluttion of approximately 30 angstroms. The structure 
and variability of the viral chromatin core can now be analyzed by comparison of 
electron density maps. 
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0.06 0.04 0.02 0 

Fig. 1. (a to c) Precession x-ray diffraction 
photographs of virion and capsid crystals 
viewed along the [100] direction with cube 
axes oriented vertical and horizontal. The 
scale for these three patterns is marked in (c). 
Exposures were made for 2 to 3 days, using a 
double-mirror focusing camera with an order- 
to-order resolution of 1000 to 1500 A and an 
Elliott GX-6 rotating anode x-ray generator. 
The capsid crystal in (a) and the virion crystal 
in (b) have comparable short-range disorder, 
but the virion crystal in (c) is better ordered. 
Arrows in (c) mark the directions of the ico- 
sahedral two-, three-, and fivefold axes that 
lie in the plane of these diffraction patterns. (d 
and e) Electron micrographs of thin sections 
of crystals fixed with glutaraldehyde and os- 
mium and embedded in Epon; (f and g) optical 
diffraction patterns of these micrographs. 

I ',I i I -- Scales for the micrographs and optical pat- 
0.02 0.04 0.06 A-1 terns, respectively, are marked at the bottom. 

Capsid crystal sections in (d) and (e) are cut 
approximately normal to a [110] direction. In 
(d) the lattice is oriented with a [001] axis ver- 
tical; the [110] axis near the direction of view 
is tilted by 8? sideways from the normal to the 
plane of sectioning. This section shows a diag- 
onal layer from the body-centered cubic lat- 
tice in which the nearest-neighbor separation 
is about 480 A. The virion crystal in (e) is ori- 
ented with a [ 110] axis nearly vertical, and the 
direction of view, normal to the section, is be- 
tween the [110] and [111] axes. Horizontal 
rows of virions in (e) are spaced 395 A apart, 
which is the same as the spacing of vertical 
columns of capsids in (d). Optical diffraction 
patterns of both capsid (f) and virion (g) mi- 
.crographs show that the resolution is about 50 
A. Because the sections are only about one 
particle thick and are slightly oblique to prin- 
cipal planes of the lattice, some spots appear 
in the optical diffraction patterns that do not 
occur in the x-ray patterns of crystals viewed 
along the [ 10] direction. 

5000 A 
I0. I -1 i-0 0.02 0 A- 0.02 

i I t I I I I I t t 
490 A 490 A 0.02 0 0.02 A-1 

Fig. 2. (a) Model of polyoma capsid viewed along a twofold axis. (b) Radiographic projection of the model. (c) Optical diffraction pattern of the 
radiographic projection. The radiograph was recorded with the 6-cm-diameter plastic model 5 m from a fine-focus x-ray source. To average out 
small irregularities in the model, the radiograph was superimposed on itself with the m m symmetry of the icosahedral twofold projection. The 
optical diffraction pattern (c) provides an analog continuous transform of the capsid model corresponding to the sampled transform of the x-ray 
patterns (Fig. 1, a to c) from capsid and virion crystals viewed down the [100] axis. 
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cubic latice. The lattice constant a of 

the cubic unit cell in virion crystals is 
568 ? 4 A; for capsid crystals this di- 
mension is about 1 percent smaller. The 
distance between neighboring lattice 
points of these body-centered crystals is 
(\/3/2)a, or about 490 A, which is close 
to the particle packing diameter mea- 
sured by electron microscopy (Fig. 1, d 
and e). The space group of the crystal 
[I23] requires that each lattice point have 
tetrahedral [23] symmetry. Particle cen- 
ters lie on lattice points of the crystal, 
with twofold and threefold particle axes 
coincident with crystal symmetry axes. 
Icosahedral [532] point group symmetry 
of the particle is reflected by spikes of 
high intensity in the diffraction pattern 
that lie in the direction of the non- 
crystallographic symmetry axes (for ex- 
ample, Fig. ic). The particle and space 
group symmetry is the same as that of 
tomato bushy stunt virus (TBSV) (7), but 
the polyoma virus crystal unit cell has 
three times the volume of the TBSV cell. 
The data collection strategy developed 
for TBSV (8) can be used with polyoma 
virus crystals, but for a particular resolu- 
tion three times as many data must be 
collected. 

The resolution (9) at which the poly- 
oma virus diffraction patterns fade out is 
not the same for all crystals. The most 
highly ordered crystal examined showed 
reflections (in a still photograph) out to a 
spacing of 6.5 A. In the screenless pre- 
cession photograph of a well-ordered vi- 
rion crystal (Fig. lc), upper level spots 
with a spacing of 15 A are clearly visible. 
For the few capsid crystals (Fig. la) pho- 
tographed, and for some virion crystals 
(Fig. lb), diffraction beyond a resolution 
of 30 A was not observed. An osmium- 
fixed and Epon-embedded crystal dif- 
fracted to a resolution of only about 40 
A. 

The small-angle x-ray reflections from 
the well-ordered virion crystal (Fig. lc) 
are weak, whereas the corresponding re- 
flections from the capsid crystal (Fig. 
la), and from the virion crystal with 
comparable short-range disorder (Fig. 
lb), are relatively strong. Differences in 
the intensity of the reflections from vi- 
rion and capsid crystals must result, at 
least in part, from the scattering contri- 
bution of the viral chromatin core. We 
cannot yet determine whether the in- 
tensity variations observed among virion 
crystals are due to differences in compo- 
sition or conformation. 

Electron micrographs of selected thin 
crystal sections, cut nearly normal to 
principal crystallographic directions, di- 
rectly reveal the particle packing ar- 
rangement deduced from the x-ray dif- 
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fraction patterns. In sections about one 
particle thick the capsids appear hollow 
(Fig. Id), whereas the virions have a sol- 
id core (Fig. le). The center-to-center, 
nearest-neighbor separation of particles 
in the plane of the sections is about 480 
A. 

Vacancies, which are a characteristic 
feature of these crystals, give the sec- 
tions a moth-eaten appearance. The 
holes are generally larger and more fre- 
quent in capsid than in virion crystals. 
Abnormally shaped particles [presum- 
ably polymorphic assemblies of capsid 
subunits (2)] are often observed at the 
edges of vacancies. Inclusion of aberrant 
particles necessarily disrupts the lattice 
order locally; but the disorganization 
does not propagate over long distances. 
Vacancies diffract, by Babinet's prin- 
ciple, like ghosts of the particles that 
would have filled up the holes. Ran- 
domly distributed vacancies will there- 
fore diffract like a solution of the missing 
particles. Still photographs of capsid 
crystals do, in fact, show diffuse small- 
angle scattering similar to the solution 
scattering pattern. 

Spherically symmetric small-angle 
scattering from virion solutions corre- 
sponds to that from a solid sphere of di- 
ameter 490 A, but the scattering from 
capsids indicates an empty shell with an 
inside diameter of about 300 A. Non- 
spherically symmetric scattering from vi- 
rion solutions has been accounted for to 
a resolution of --60 A by a simple point 
model (10) representing the arrangement 
of bumps on the capsid surface seen by 
electron microscopy. 

Finch (11) reconstructed a three-di- 
mensional image of polyoma virus to a 
resolution of 25 A from electron micro- 
graphs of negatively stained particles. 
We have produced diffraction patterns 
from a model of this structure as an ana- 
log for analyzing the low-resolution x- 
ray diffraction patterns. The model used 
was originally built (12) to fit electron mi- 
crographs of negatively stained human 
wart virus (13); it also corresponds close- 
ly to the polyoma virus morphology re- 
vealed by Finch's reconstruction. Opti- 
cal diffraction (Fig. 2c) from a radio- 
graphic projection (Fig. 2b) of the model 
(Fig. 2a) provides the analog Fourier 
transform. Although the optical process- 
es introduce nonlinearities that distort 
the amplitude scale of the transform, the 
intensity distributions in the optical 
(Fig. 2c) and x-ray (Fig. 1, a to c) dif- 
fraction patterns correspond relatively 
well. 

A close correlation between informa- 
tion about virus structure from x-ray dif- 
fraction and that from electron micros- 

copy has been established for TBSV to a 
resolution of -30 A (14). A qualitatively 
similar correlation can be made for poly- 
oma virus. The 72 bumps on the surface 
of the polyoma capsid that result from 
the clustering into pentamers and hex- 
amers of the 420 protein subunits pro- 
duce a strong modulation in the Fourier 
transform of the model at a spacing of 
-50 A. The intensity distribution in the 
x-ray diffraction patterns of virion and 
capsid crystals in this region is similar to 
that in the optical diffraction pattern 
from the capsid model. This indicates 
that the bumps in the capsid surface re- 
vealed by electron microscopy are the 
dominant feature determining the in- 
tensity of the diffraction out to a resolu- 
tion of --30 A. 

The design principles (15) applied in 
the construction of the T = 7 polyoma 
capsid are the same as those used for 
smaller icosahedral viruses. High-resolu- 
tion density maps of the TBSV coat pro- 
tein structure have revealed how quasi- 
equivalent packing of the 180 identical 
protein subunits in the T = 3 capsid is 
achieved (16). A similar crystallographic 
analysis of the southern bean mosaic vi- 
rus (SBMV) structure is in progress (17). 
The genome of these small plant viruses 
is a single-stranded RNA molecule that 
is packaged as a relatively disordered 
coil inside a very regular capsid. In con- 
trast, the DNA of polyoma virus and 
simian virus 40 forms a circular piece of 
chromatin (18) consisting of 20 or more 
nucleosomes, which must be closely 
packed within the capsid. 

In infected cells, histone HI stabilizes 
the unpackaged viral chromatin as a 
compact cluster of nucleosomes about 
300 A in diameter (19, 20). Up to 26 nu- 
cleosomes have been counted on the 
beaded ring formed when the mini- 
chromosome is unfolded (20). Possible 
mechanisms for orderly condensation of 
the beaded ring have been illustrated, 
but no direct information is yet available 
about the arrangement of nucleosomes 
within the cluster. This cluster could fit 
neatly within the 300-A cavity of the cap- 
sid. It is therefore possible that the high- 
er-order arrangement of the packaged 
ring of nucleosomes that lack histone HI 
may be similar to that of the intracellular 
form that includes HI. Capsid proteins 
evidently serve a role analogous to that 
of HI in stabilizing a compact nucleo- 
histone core. 

Changes in the chromatin structure 
within the capsid under different condi- 
tions could account for some of the vari- 
ation observed in the intensities of small- 
angle x-ray reflections among virion 
crystals. Isomorphism of the protein 
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coat in all the virion and capsid crystals 
implies that the structure or structures of 
the chromatin core can be determined by 
Fourier methods. Phases for x-ray re- 
flections can be calculated to a resolution 
of -30 A (14) from the particle shape de- 
termined by electron microscopy (11), 
and these phases can be refined by aver- 
aging about noncrystallographic symme- 
try axes (21) to produce three-dimen- 
sional maps of the electron density with- 
in the particle. The detail that can be 
resolved in the chromatin core will de- 
pend on the order in the condensed nu- 
cleosome cluster and its relation to the 
icosahedral symmetry of the capsid. 
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mas (hybridomas) that synthesize mono- 
clonal antibodies against single anti- 
gens, thus circumventing the problem 
of unwanted antibodies in xenogeneic 
immunizations (3-6). We have devel- 
oped a hybrid cell line that produces 
antibodies which react with an antigen 
present on human neuroblastoma, a reti- 
noblastoma, and fetal brain. A small 
amount of this antigen is detectable on a 
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glioblastoma, but it is not detectable in 
significant amounts on other human cell 
types including adult human brain. 

The process of coating human tumor 
cells with antiserum against another hu- 
man cell type has been used by other in- 
vestigators (7) to reduce the antibody re- 
sponse against human species antigens 
and thus increase the specificity against 
tumor antigens. Antibody-coated cells 
were employed in our immunization pro- 
tocol so that fewer hybridoma clones 
would have to be screened to find those 
making antibody specific for the human 
neuroblastomas. The human neuroblas- 
toma line IMR6 (8) was incubated with a 
hyperimmune mouse serum directed 
against the human lymphoblastoid line 
8866. The antibody-coated neuroblasto- 
ma cells were washed by centrifugation 
and injected intraperitoneally into mice. 
A second injection of coated cells was 
given intravenously 1 week later; 3 days 
after the second injection, the spleen 
cells were removed, made into a single 
cell suspension, and fused using poly- 
ethylene glycol 1000 with the 8-aza- 
guanine-resistant plasmacytoma line P3- 
X63Ag8. Hybrids grew in HY-HAT me- 
dium (3) in all the wells of six 96-well 
plates (Linbro). 

Supernatants from 200 wells were test- 
ed by microcytotoxicity (9) for anti- 
bodies against IMR6. Eighty-eight (44 
percent) were cytotoxic to IMR6, and 59 
(67 percent) of these were not cytotoxic 
to 8866. The hybrids producing cytotoxic 
antibody specific for IMR6 were pas- 
saged into tissue culture plates with 16- 
mm wells, and the supernatants were 
screened for binding to IMR6 and 8866. 
Antibodies bound to these target cells 
were detected by 125I-labeled rabbit anti- 
body to the antigen-binding portion of 
the immunoglobulin (anti-Fab) (10, 11). 
The two hybrids, PI153 and PI125, which 
showed the highest binding activity to 
IMR6 with no binding to 8866 were 
cloned in agarose (3), and ten clones of 
each cell type were analyzed. Super- 
natants from these 20 clones were as- 
sayed for activity against IMR6 and all 
were positive. The clone from each hy- 
brid line with the highest binding activity 
was then grown in culture for super- 
natant collection and passaged as an as- 
cites tumor in pristane-primed mice (3). 
The supernatants from cultures that 
grew to more than 106 cells per milliliter 
showed binding activity at dilutions of 
1/320 or 1/640. All the ascites fluids 
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antibody produced by the hybridomas 
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Hybrid Myelomas Producing Antibodies Against a 

Human Neuroblastoma Antigen Present on Fetal Brain 

Abstract. Spleen cells from mice immunized with a cultured hutman neuroblastoma 
were hybridized with the mouse plasmacytoma P3X63Ag8. Hybrid myelomas were 
screened for production of antibodies that reacted with human neuroblastomas but 
not with cells from other tissues. One of these hybridoma antibodies reacted with an 
antigen present on the six human neuroblastomas tested, one of two reti- 
noblastomas, a glioblastoma, and fetal brain, but did not react with other tumors or 
tissues including adult human brain. 
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