
evidence that rabbits immunized with 
protein-conjugated sulfanil and dini- 
trophenyl groups develop splenic PFC 
specific for these haptens (6). 

Previous unsuccessful attempts to 
employ protein-conjugated erythrocytes 
in the LHG technique may now be sub- 
ject to review. The conditions imposed 
by antigen coupling or conjugation have 
frequently so damaged erythrocytes that 
they become useless for the LHG pro- 
cedure. Also certain steric and confor- 
mational factors are likely to affect the 
orientation and subsequent activation 
of complement on the red cell surface. 
Hapten-conjugated erythrocytes may be 
functionally suitable in the LHG tech- 
nique, by virtue of the relatively small 
dimensions of the attached haptenic 
groupings and their consequent close 
proximity to receptors indigenous to the 
erythrocyte, which are themselves nor- 
mally involved in immune hemolysis. 
By analogy, cells producing antibody 
to protein or synthetic polypeptide anti- 
gens might be readily detectable with 
the LHG technique by using indicator 
erythrocytes conjugated with appropri- 
ate peptides or with amino acid copoly- 
mers. 

The efficacy of simple haptens in the 
LHG technique adds a new dimension 
to investigation of the cytodynamics of 
the immune response. Despite their 
simple structure haptens elicit a com- 
plex antibody response. Nonetheless 
they are representative of the best de- 
fined and most extensively studied 
model systems in immunology. The 
present work demonstrates that these 
model immune systems are now amen- 
able to sensitive analysis in the study 
of antibody-producing cells. 
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Influenza Virus Purification with 

the Zonal Ultracentrifuge 

Abstract. Sufficient amounts of influenza virus (density, 1.185; size, 722S) can 
be highly purified (22,000 chicken cell agglutinating units per milligram of pro- 
tein) with a zonal ultracentrifuge, used first in a rate process followed by isopycnic 
banding, to permit its detailed biological and physical-chemical evaluation. 
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Harvey (1) first used the isopycnic- 
zonal centrifugation procedure to sep- 
arate biological materials by banding 
and Brakke (2, 3) originated the rate- 
zonal centrifugation technique. Re- 
views of these procedures (3) indicate 
their importance. As performed in 
swinging-bucket rotors, these micro- 
fractionation techniques should be con- 
sidered analytical methods rather than 
preparative procedures. They lead to 
purified fractions, measured as drops, 
which usually can be assessed only by 
methods which are highly sensitive to 
the relatively low concentrations of ma- 
terial present (4). Anderson and his 
collaborators have reported the con- 
tinuing development of several new 
zonal-ultracentrifuge rotors (5). These 
new instruments are of general interest 
because samples of much larger vol- 
ume now can be processed conveniently 
to obtain highly purified material for 
new or more complete evaluation. 
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We now describe our use of the 
commercially available B-IV rotor (6) 
(1.7-liter volume) for virus purifica- 
tion. Influenza virus, including types 
A (PR-8), A1 (Ann Arbor), A2 (Tai- 
wan), A, (Japan 170), A, (Japan 305), 
B (Maryland), and B (Great Lakes), 
was grown in embryonated chicken 
eggs. Harvested allantoic fluid was 
first subjected to differential centrifuga- 
tion in a Sharples Supercentrifuge with 
subsequent low-speed clarification of 
the resuspended virus pellet (7). This 
procedure for commercial vaccine pro- 
duction concentrates virus tenfold with 
respect to allantoic fluid and purifies 
it approximately 100-fold with respect 
to protein content. This partially puri- 
fied product, usually containing 2000 
chicken-cell agglutinating (CCA) units 
(8) per milligram of protein (9), was 
employed as starting material for the 
density gradient centrifugations. 

In a typical experiment (Fig. 1) we 
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Fig. 1. (A) Rate-zonal centrifugation of PR-8 influenza virus. (B) equilibrium-zonal cen- 
trifugation of virus pool from (A). UV, ultraviolet; HA hemagglutination. 
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injected 100 ml of virus concentrate 
(10X) in 3 percent sucrose into the B- 
IV rotor spinning at 5000 rev/min. 
This initial zone, containing 1 mg of 
protein per milliliter, rested on a den- 
sity gradient (1.2 liter) which was linear 
between 12 and 34 percent (by weight) 
sucrose (10), and was overlaid by 
200 ml of buffer. This gradient rested 
upon a 200-ml cushion of 60 per- 
cent sucrose. We first made a rate- 
zonal separation at 25,000 rev/min for 
30 minutes, unloading the rotor at 
5000 rev/min and obtaining 45 frac- 
tions, each 40 ml (Fig. IA). The bulk 
of the virus (S - 722) (11) was seen 
as a sharp ultraviolet-absorbing and 
hemagglutination zone (fractions 17 to 
21) rising out of the microsomal back- 

ground (5) (fractions 13 to 35) between 
the zone of soluble macromolecular 
impurity (fractions 4 to 12) and the 
zone of large particulate impurity 
(fraction 36 to 45). The latter is de- 
bris of chick tissue and bacteria. Virus 
fractions appear Tyndall blue. Typical- 
ly, less than 10 percent of the total 
absorbancy at 280 m/, and of Lowry 
protein is found in the virus fractions. 
Unless a preparation is degraded, es- 
sentially all hemagglutinin is associated 
with virus. 

As judged by electron microscopy 
the virus zone is contaminated with 
a few microsomes, which are larger 
than the virus and lack the typical 
spiked-surface morphology character- 
istic of myxoviruses embedded in 

Fig. 2. Representative electron-microscopic fields of virus concentrate (13). (top) 
Before purification; (bottom) after purification with the zonal ultracentrifuge. Hori- 
zontal mark denotes 1.0 micron. 
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phosphotungstate. Short filamentous 
forms of PR-8 were separated from the 
spherical forms by this rate-zonal pro- 
cess and were found in fractions 23 to 
26 (Fig. 1A) by electron microscopy, 
as well as being discernible as a small 
shoulder in the ultraviolet and hemag- 
glutinin profiles. The Ann Arbor strain 
repeatedly has given relatively more fila- 
mentous forms than have the other 
strains of egg-grown influenza viruses. 

In order to remove the microsomal 
contaminant, we pooled the five 40-mI 
fractions containing the bulk of the 
rate-zonal purified virus and centri- 
fuged it in the B-IV rotor, at 40,000 
rev/min for 4 hours, in a 1.2-liter den- 
sity gradient, linear between 34 and 
50 percent sucrose. Analysis of these 
fractions (Fig. 1B) shows that the 
microsomes formed a band at buoyant 
density 1.090, and the virus formed a 
band at buoyant density 1.185 (12). The 
dashed horizontal line connecting both 
sides of Fig. 1 is drawn to illustrate 
the fact that the virus has approxi- 
mately the same density as the bulk 
of the large-particle impurity. The ini- 
tial rate-zonal process permitted effec- 
tive sorting of the components accord- 
ing to size. If we had extended the time 
of that initial run, the virus band would 
then have been found with the large- 
particle impurity of the same density, 
as shown subsequently. 

Figure 2 shows representative elec- 
tron micrographs of the original 10X 
concentrate before and after purification 
by zonal ultracentrifugation. These 
micrographs were made under identi- 
cal conditions for quantitative electron 
microscopy by a modification of 
Sharp's procedure (13). 

Essentially all of the virus of this 
experiment was recovered in the iso- 
pycnic pool, as determined by hemag- 
glutination and particle count by elec- 
tron microscopy. The electron micro- 
scope, which can reveal impurities of 
about 1 percent when properly em- 
ployed (13-15), showed this to be a 
pure virus preparation. Dividing our 
Lowry protein determination (0.16 
mg/ml) by our particle count (3.8 X 
1011 viruses per milliliter) we obtain 
the following value, 4.2 X 10-16 g of 
protein per virus. Accepting that 75 
percent of this virus is protein and us- 
ing Avogadro's number, we can calcu- 
late directly that the molecular weight 
for this virus would be approximately 
3 X 108, a value in agreement with 
previous determinations (15) and sug- 
gesting a high degree of purity (14). 
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The 10X Sharples concentrate had 1800 
CCA units while the final product had 
22,000 CCA units per milligram of 

protein. Similar results are obtained 
with formalin-inactivated or with in- 
fectious virus. 

In contrast to the relatively impure 
starting material used in these studies, 
the highly purified virus preparations 
passed through Millipore filters (0.45 t) 
without loss of virus. 

The purified, formalin-inactivated 
virus, given as a single immunizing in- 
oculation, protected mice challenged 
intranasally to the same extent as im- 
pure virus did when given at the same 
virus concentration. The mice protected 
by purified egg-grown virus developed 
neutralizing antibodies against influ- 
enza virus adapted in tissue culture and 
against virus adapted in mice. The pure 
virus, in contrast to the starting mater- 
ial, was nonpyrogenic in rabbits. To 
date, these properties, as well as hemag- 
glutinin (standard CCA test) have been 
stable for at least 8 months at 4?C. 
Therefore, this purification process is 
not detrimental to these biological 
characteristics of the virus. 

CHARLES B. REIMER 

ROBERT S. BAKER 
THOMAS E. NEWLIN 

MILTON L. HAVENS 

Eli Lilly Research and Biological 
Development Laboratories, 
Indianapolis, Indiana 
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held on electron-microscopic grids supported 
in the bottom of a Spinco SW-39 swinging- 
bucket rotor. For each dilution, the sedi- 
mentation protocol was as follows: material 
not caught on the grids at 3000 rev/min in 
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Bagley (1) has described a dense 
structure with fivefold symmetry (Fig. 
1, left) which results from the continued 

packing of hard spheres on a pentag- 
onal bipyramidal nucleus. The growth 
of such a nucleus was proposed as a 
possible mechanism to account for a 
number of observations of apparent 
fivefold symmetry in crystals (2). These 
had earlier been explained as quintuple 
twins about a common axis (110) of 
face-centered cubic individuals, with 
lattice strain or imperfections making 
up the angular deficit of 7?20'. 

During the preparation of bacterio- 
phage fl a contaminant phage fraction 
was isolated by differential centrifuga- 

the electron microscope. 

Bagley (1) has described a dense 
structure with fivefold symmetry (Fig. 
1, left) which results from the continued 

packing of hard spheres on a pentag- 
onal bipyramidal nucleus. The growth 
of such a nucleus was proposed as a 
possible mechanism to account for a 
number of observations of apparent 
fivefold symmetry in crystals (2). These 
had earlier been explained as quintuple 
twins about a common axis (110) of 
face-centered cubic individuals, with 
lattice strain or imperfections making 
up the angular deficit of 7?20'. 

During the preparation of bacterio- 
phage fl a contaminant phage fraction 
was isolated by differential centrifuga- 

tion. Because our laboratory is involved 
in the large-scale growth of R17, we 
believe it to be the contaminant. Nega- 
tively stained electron-microscope prep- 
arations of both the contaminant and 
R17 phages appear identical. In an 
electron micrograph of an area in which 
both the contaminant virus concentra- 
tion and the specimen thickness were 
so great as to approach the limits of 
electron transmission, we were surprised 
to find two pentagonal groups of viruses 
(Fig. 2) which we had not seen on the 
electron-microscope viewing screen. Al- 
though we have been unsuccessful in 
finding further examples of this type 
of virus packing, the chance observation 
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Fig. 1. (Left) Model of the packing system proposed by Bagley (1). (Right) Staining 
pattern predicted if stain fills the gaps between virus particles arranged at the left. 
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