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BIOCHEMICAL STUDIES ON ADENOVIRUS MIULTIPLICATION,
VI. PROPERTIES OF HIGHLY PURIFIED TUMORIGENIC

HUMAN ADENOVIRUSES AND THEIR DNA's*
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Communicated by Edward A. Doisy, April 21, 1964

Preparations containing adenovirus types 121, 2 and 182 have been found to in-
duce tumors in newborn hamsters. We have previously studied the biochemical
events associated with the replication of adenovirus type 2 in cell culture3"8 and
several of the chemical and physical properties of adenovirus type 2. In this
paper, we present a comparison of some of the biological, chemical, and physical
properties of highly purified tumorigenic adenovirus types 12 and 18 and their
DNA's with those of nontumorigenic9 adenovirus types 2 and 4. Preliminary re-
ports of some of this work have appeared. 10-12

Experimental Methods.-Cells, media, and virus: See Green and Pifia for methodological de-
tails.6 Seed cultures of the adenoviruses were generously supplied by Dr. R. J. Huebner. Stock
virus was subsequently prepared by passage in KB cell monolayers. Plaque titration of the
adenoviruses was performed by a modification of the procedure of Rouse, Bonifas, and Schles-
inger.13

Virus purification: Adenovirus types 2 and 4 were cultivated, isolated, and purified as pre-
viously described.6 In addition to the prototype strain of adenovirus type 12 (designated type
12A), three new strains kindly provided by Dr. Huebner were cultivated, purified, and studied
(I2B, 12C, and 12D). The following two modifications were employed in the purification of
adenovirus types 12 and 18: (1) suspension cultures of KB cells were infected at 4-5 X 106 cells/
ml and diluted to 3 X 105 cells/ml at two hr after the addition of virus; (2) infected cells were
broken by sonic disruption for 5 min in the Raytheon 10-kc sonic oscillator.
The purified virus preparation (after the 2nd RbCl gradient) was made up to 1.0 ml with RbCl
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(p = 1.34) in 0.01 M Tris buffer (pH 8.1 at 250) and stored at 4°. Prior to use in various studies,
the virus was dialyzed for two hr against two changes of 200 X volume of 0.01 M Tris buffer,
pH 8.1. Purified adenoviruses tend to precipitate and lose infectivity in dilute buffer; therefore,
experiments were carried out on freshly prepared (less than 5 days old) and dialyzed material.

Chemical analysis: The protein, DNA, RNA, and P content of the virus preparations were
determined by micromethods previously described.3 4

Tumorigenicity measurements: Virus preparations were diluted in 0.01 M Tris buffer, pH 8.1,
and 0.05 ml was injected subcutaneously over the abdomen into newborn hamsters (less than
24 hr old). Penetration of virus into the abdominal cavity occurred by this route as indicated by
the formation of tumors in the cavity. Animals were examined daily for tumors, and autopsies
were performed on dead animals.

Preparation of viral DNA: Numerous attempts to isolate viral DNA from adenovirus type 2
by the phenol method'4 and several modifications gave low yields (5-20%/r). The method finally
developed is as follows. Virus was dialyzed against 0.01 M Tris, pH 8.1 to remove RbCl and
treated with crystalline papain (0.6 mg/ml) in 0.1 M acetate, pH 5.1 containing 0.1 M cysteine
and 0.005 M versene. (The papain had no detectable DNase activity; H3-thymidine-labeled
DNA from adenovirus type 2 was incubated with papain under these conditions for 18 hr with
less than 0.1,%breakdown to an acid-soluble form.) After one hr at 370, one fifteenth the volume
of 5%X0 sodium lauryl sulfate in 45% ethanol was added and the sample further incubated at room
temperature for 30 min. Protein was removed by either of two procedures: (1) solid CsCl was
added to provide a density of 1.45 and the solution centrifuged for 20 hr at 35,000 rpm in the
SW 39 rotor of the Spinco preparative centrifuge. The DNA pellet was dissolved in 0.15 AI NaCl-
0.015 Ml sodium citrate. (2) The preparation was shaken with an equal volume of phenol (satu-
rated with 0.1 M NaCl-0.05 M sodium phosphate, pH 6.7) for 15 min at 4°. After centrifugation
at 14,000 X g for 10 min, the aqueous layer containing the DNA was removed and treated twice
more with phenol. The final aqueous solution was dialyzed for about 24 hr against five changes
of buffer (0.1 M NaCl-0.05 M sodium phosphate) to remove all traces of phenol. Viral DNA pre-
pared by procedure (1) contained up to 5% protein, while that prepared by procedure (2) generally
contained less than 1 %O protein. The data reported here were obtained with DNA prepared by the
phenol procedure, although no differences have been observed in DNA prepared by either method.
Yields of 50-80%X/ of the l)NA's from the various adenovirus types were obtained.

Physical studies: The buoyant density of viral DNA was determined by density-gradient
equilibrium centrifugation as previously described.'2 The buoyant density of adenovirus (5-10
pg/ml) was analyzed in a similar manner using CsCl solution at p = 1.34 in 0.01 M Tris, pH 8.1.

Sedimentation velocity measurements on viral D)NA were performed in 12-mm Kel-F cells at
35,600 rpm using the Spinco E analytical ultracentrifuge with ultraviolet absorption optics.
D)ensitometer tracings of the photographic films were made with the Spinco analytrol and S%0o,
values calculated by standard procedures.'6 DNA was sedimented in 1 Ml NaCl-0.01 M Tris
buffer, pH 7.5 to provide the S20,v. values recorded here. As reported by Davison and Freifelder'6
with bacteriophage T7 I)NA, and also observed here, variable results were frequently obtained
with lower ionic strength solvents (0.15 M NaCl-0.015 M sodium citrate).
The thermal denaturation curves of viral DNA were determined as previously described.'2
Results and Discussion.-Virus isolation: Yields of 0.5--2.0 mg of highly purified

adenovirus type 12A were isolated from 5-10 X 108 infected cells (0.5-2 X 10`'
plaque-forming units). Similar yields of adenovirus type 18 were obtained while
2 and 10 times the amount of adenovirus types 4 and 2, respectively, were isolated.
Differences in the proliferative capacities of the adenovirus types probably account
for the different yields.

Chemical analysis of purified adenoviruses: Fresh virus preparations were
analyzed simultaneously to minimize possible analytical variation and facilitate
comparison of one virus with another. Values for protein, DNA, and P of adeno-
virus types 2, 4, 12A, and 18 are presented in Table 1. Adenovirus types 2 and 4
contain 13.3 and 13.8 per cent DNA (average values) in agreement with previous
analyses.6 However, the results of analysis of 10 different preparations of adeno-
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TABLE 1
CHEMICAL ANALYSES OF ADENOVIRUS TYPES 2, 4, 12, AND 18

Protein DNA P
Preparation (pg/ml) (Ag/ml) (pg/ml) % DNA*
Type 2

(1) 1110 165 16.7 12.9
(2) 2820 443 43.2 13.6
(3) 3900 602 55.9 13.4
(4) 2000 299 13.0
(5) 750 121 - 13.8

Avg. 13.3 (40.4)t
Type 4

(1) 507 83 8.19 14.1
(2) 1940 305 28.5 13.6
(3) 2850 455 46.8 13.8

Avg. 13.8 (J-0.3)
Type 12A

(1) 2410 359 34.2 12.9
(2) 1250 185 18.0 12.9
(3) 487 65 11.6
(4) 438 53 - 10.8
(5) 525 69 11.6
(6) 412 55 - 11.9
(7) 613 79 11.4
(8) 638 85 11.9
(9) 562 71 11.2

(10) 525 69 11.6
Avg. 11.8 (4-0.5)

Type 18
(1) 538 62 5.86 10.4
(2) 760 88 9.90 10.4
(3) 875 132 14.2 13.0

- ~~~~~~Avg.11.3 (-41.3)
* DNA/DNA + protein X 100.
t i Standard deviation.

virus type 12A indicate only 11.8 per cent DNA. Analyses of three preparations
of adenovirus type 18 suggest that this virus also has a lower DNA content. Thus,
tumorigenic adenovirus types 12A and 18 appear to contain about 12 per cent less
DNA than the nontumorigenic adenovirus types 2 and 4.

Several lines of evidence indicate a high degree of purity for adenovirus type 2
isolated by this procedure.6 Other adenovirus types, which are anticipated to
possess a similar chemical and physical makeup, should be of similar purity. The
following facts support this expectation: (1) the P content (Table 1) is close to 10
per cent of the DNA content suggesting the absence of appreciable RNA and phos-
pholipid; no RNA was detected by calorimetric analysis (less than 1%). (2)
Serological analyses6 of four adenovirus type 12A preparations did not detect any
host cell antigen (less than 0.3%). Less than 0.01 per cent host cell contamination
of adenovirus type 2 was detected (larger amounts of virus were tested, thus in-
creasing the sensitivity).
Buoyant density of adenoviruses: Chemical analyses (Table 1) indicate that

tumorigenic adenovirus types 12A and 18 have less DNA than nontumorigenic
adenovirus types 2 and 4. Virus particles with different DNA contents would be
expected to possess different buoyant densities.17 Density-gradient equilibrium
centrifugations were performed on paired mixtures of tumorigenic and nontumori-
genic adenovirus types, i.e., type 2 with type 12A, type 2 with type 18, and type 4
with type 12A. In each case, two well-separated bands were formed (Fig. 1);
types 12A and 18 banded at a lower density than types 2 and 4. Each of the four



1254 BIOCHEMISTRY: GREEN AND PINA PROC. N. A. S.

Adenovirus
Roto CF(e.te FIG. 1.-Analytical density-gradient centrifugation of tumori-

--- -I genic and nontumorigenic adenoviruses. UV photographs of

Types 2 & 12 E 1- virus bands were made after 15 hr of centrifugation at 44,770
rpm. The bands on the left are adenovirus types 2 and 4; those

Types 2 & 18 [T further toward the rotor center are adenovirus types 12A and

Types4
_

12
E

o18 (line on extreme right is the meniscus).

strains of adenovirus type 12 banded at the lower position. The lower buoyant
density of the tumorigenic adenoviruses confirms the lower DNA content obtained
by chemical analysis.

Different preparations of the same virus type were found to have the same
buoyant density. The possibility exists, however, that the virus preparations are
composed of mixtures of adenovirus particles of different buoyant densities. To
ascertain if density heterogeneity occurs, the following fractionation procedure was
employed with preparations of adenovirus types 2, 4, 12A, and 18. The virus band
obtained in the final preparative RbCl density gradient was separated into four
successive fractions by drop collection. An aliquot of each fraction was centrifuged
with a reference adenovirus of different buoyant density as described above. The
four fractions of each virus were found to have the same buoyant density. It is
concluded that each virus type has a uniform buoyant density.

Tumor-inrducing capacity of highly purified adenoviruses: Type 12A (prototype
strain) induced tumors as early as two to three weeks after inoculation of newborn
hamsters (Table 2). Animals died with tumors measuring 1-8 cm in diameter
within 25-60 days after inoculation. Generally from 1 to 6 tumor masses were
found in the abdominal cavity. It is not known whether tumors occasionally ob-
served in the liver and lungs are the result of virus infiltration or metastasis. The
tumors were classified as sarcomas by Dr. H. Pinkerton of our Pathology Depart-
ment. Cancer formation was prevented by rabbit antiserum prepared against
purified adenovirus type 12A but not by normal serum (Table 2).
As little as 0.2 ,ug of adenovirus type 12A induced tumors in newborn hamsters;

TABLE 2
TUMOR INDUCTION IN HAMSTERS INJECTED WITH PURIFIED ADENOVIRUs TYPES 12 AND 18

No. Age at death
Amount injected Adenovirus positive/total* (days)

6 jug Type 12A (prototype) 6/6 25-43
2.5 " 6/6 28-51
1 " 8/8 28-50
0.25 " 6/6 39-70
0.20 4/5 42-90
0.15 2/3 35-80
0.02 0/10
1.5 " + normal serumt 5/5 33-60
1.5 " + anti-12 serum 0/6
2.5 ,ug Type 12B 4/5 74-180
2.5 jug Type 12C 3/4 79-108
2.5 1g Type 12D 2/3 50-73
4.3 jug Type 18 3/4 56-65
1.6 1/4 93

* Numpber of hamsters dying with tumnors/nunmber of animals surviving a minimum of 15 days. Animnals
were observed for at least 120 days.

t Incubated 30 min at 370 with equal volume of normal rabbit serum or antiserum prepared against
purified type 12A adenovirus.
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Type 12 Type 2
Adenovirus DNA Adenovirus DNA

FIG. 2.-Analytical sedimentation patterns of DNA's from adenovirus types 2 and 12A.
UV photographs were taken every 8 min at 35,600 rpm.

larger levels were tumorigenic in 100 per cent of the animals injected. Higher
doses and longer time periods (Table 2) were required to induce tumors with the
other three strains of adenovirus type 12 (12B, C, and D) and with adenovirus, type
18.
Tumors have not developed within 16 months after injection of newborn hamsters

with 3-30 m~g of purified adenovirus type 2. Sufficient time has not elapsed since
the inoculation of newborn hamsters with purified adenovirus type 49, to permit a
definitive statement as to its tuinorigenicity.

in additional experiments, adult hamsters were inoculated with 5 ug of adenovirus
type 12A, six subcutaneous, six intrapulmonary, and six by the intraperitoneal
route; no evidence of tumor formation was found 15 months after inoculation.

Sedimentation velocity analysis of adenovirus DNA's: Two alternative explana-
tions may be suggested for the lower DNA content of adenovirus type 12A as com-
pared to type 2, namely, (1) the DNA of adenovirus type 12A has a lower molecular
weight than that of type 2, or (2) the DNA's have the same molecular weight, but
the particle size of adenovirus type 12A is larger than that of type 2. To test
these possibilities, sedimentation velocity measurements were performed on the
DNA's of adenovirus types 2 and 12A. The sharp sedimenting boundaries (Fig.
2) indicate a high degree of homogeneity in both DNA's (examination of the
analytrol tracings showed a boundary spread of less than 1 S after sedimenting 6
nun). The S20,'1 values at zero concentration were 32.0 and 30.7 for the DNA's
of adenovirus types 2 and 12A, respectively, as determined in M NaCl (Fig. 3).
Sovo,w values were 7-10 per cent lower in 0.15 M NaCl-0.015 M sodium citrate;
the reason for this is not known but presumably some change in molecular con-
figuration is involved.
The lower sedimentation coefficient of the DNA of adenovirus type 12A as com-

pared to the DNA of adenovirus type 2 was verified byr zone centrifugation analy-
sis.18 Mixtures of DNA's of adenovirus types 2 and 12A, differently labeled with
P32-phosphate or Hs-thymidine, were centrifuged in density gradients of sucrose
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0.040 and relative sedimentation rates determined.
0.039 The DNA of adenovirus type 12A consist-
0/03eently sedimented at a 2-3 per cent lower

0.038 01D rate than did the DNA of type 2. Accord-
0.037 TYP 1 ing to the relationship described by Burgi
0.036 - and Hershey,"8 a 2-3 per cent difference in
-0.035 ZTYPE2ADENOVIRUSDNA S value corresponds to a 6-9 per cent differ-
0.034 30.7 ence in molecular weight of DNA. Con-0'034 sidering the errors involved in comparing
0.033 small differences in physical and chemical
0.032 measurements, the 6-9 per cent difference
0.031 20 W . 32.0 in molecular weights of the DNA's of adeno-
0.030II_ III__ virus types 12A and 2 is consistent with the

CONCENTRATION2 12 per cent diffference in the DNA content
FIG. 3.-Relationship between 1/S20,. of the viruses (Table 1). We conclude

and the concentration of DNA from therefore that the lower DNA content of the
adenovirus types 2 and 12A; solvent, tumorigenic adenoviruses is due to a lower
M-NaCl.

molecular weight of the viral DNA.
An S020,Wvalue of 32 in 1 A1 NaCl and 30 in 0.15 Alf NaCl-0.015 Al sodium citrate

was determined by analytical centrifugation for the DNA of adenovirus type 2
(the S value of 25 previously reported8 was not corrected to standard conditions
and zero concentration). The sedimentation coefficient was further determined
by zone centrifugation of a mixture of PI'-labeled DNA of adenovirus type 2 with
HI-labeled DNA of phage lambda (generously supplied by Drs. Burgi and Hershey).
By comparison with the reference lambda DNA (S°20,w of 33.618), a S020,w of 30 was
measured for the DNA of adenovirus type 2, a value which is in fair agreement with
that determined by analytical centrifugation. The molecular weight of the DNA
calculated from S020ow = 30 by the formula of Burgi and Hershey"8 is 22.6 million.
This value for the molecular weight-of the DNA would appear to be too large since
it leads to an unreasonably high molecular weight for the virus particle, calculated
as follows: 22.6 X 106 (mol. wt. DNA) divided by 0.133 (fractional DNA content)
= 169 million for the molecular weight for adenovirus. M\inimum and maximum
molecular weight estimates' for this virus are 90 and 150 million, 120 million being a
reasonable approximation. Since the relationship" between S20 ,W value and molec-

Adenovi rus DNA FIG. 4.-Analytical density-
gradient centrifugation of the
DNA's from tumorigenic and

Rotor Center nontumorigenic adenoviruses.
UV photographs were taken after
centrifugation in CsCl solution at
44,770 rpm for 20 hr. The bands

-.w._...._ ..labeled density marker are the
reference Ps. aeruginosa DNA'sTypes 2 12 (buoyant density of 1.727), the
middle bands are the DNA's of
adenovirus types 2 and 4, and
the bands on the right are the

Types 4 & 1 8 DNA's of adenovirus types 12A
Density A and 18.
marker I
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* ADENOVIRUS TYPE 12 DNA S ADENOVIRUSTYPE 18 DNA

o ADENOVIRUS TYPE 2 DNA 0 ADENOVIRUS TYPE 4 DNA

O KB CELL DNA

1.4 1.4

UJ 0

Z12A and the cell. and1.3

uniformDNA',T -88i9te92.5
co-T_8. -88.0 T, - 92.4 g

.2>12.2

80 35 90 95 100 so 90 95 100

TEM4PERATURE (0C) TEMPERATURE (0C)

FIG. 5.-Thermal denaturation curves FIG. 6.-Thermal denaturation curves
for the DNA's of adenovirus types 2 and for the DNA's of adenovirus -types 4
12A and the KB cell. and 18.

ular weight has been verified for several well-characterized, linear, double-stranded,
uniform DNA's, it is suggested that the higher-than-expected S~O,~value for the
DNA of adenovirus type 2 is indicative of a different molecular configuration, per-
haps a ring structure. Evidence for a ring structure has been reported for the
DNA's of polyoma virus19' 20 and bacteriophage 45X-174 DNA;21 the faster sedi-
menting form of the DNA of rabbit papilloma virus22 presumably also exists in
a cyclic form. In addition, phage lambda DNA possesses two cohesive sites23
and can undergo reversible transitions from a linear to a folded form.

Density-gradient equilibrium centrifugation and thermal denaturation profiles of
adenovirus DNA's: The DNA's of tumorigenic adenovirus types 12 and 18 have
lower buoyant densities (1.708 and 1.709) than that of nontumorigenic adenovirus
types 2 and 4 (1.716 and 1.718) and are readily separated from the latter in a CsCl
gradient in the analytical ultracentrifuge (Fig. 4). The DNA's of all four strains
of adenovirus type 12 (12A, B, C, and D) banded at the lower buoyant density.
The thermal denaturation curves of the DNA's of adenovirus types 2, 4, 12, and

18 show two interesting features: first, the relatively broad melting curves for the
DNA's (Figs. 5 and 6) suggest intramolecular heterogeneity of base composition,
an unusual property of small homogeneous DNA's, which may indicate the existence
of discrete segments of the viral genome with specialized functions; secondly, the
DNA's of the tumorigenic adenovirus types 12 and 18 have Tm values 3.5° lower
than the DNA's of the nontumorigenic adenoviruses.
Based on calculations from buoyant density and Tm values,12 the DNA's of

adenovirus types 12 and 18 contain 48-49 per cent guanine-cytosine in contrast to
the DNA's of adenovirus types 2 and 4 which contain 56-57 per cent guanine-
cytosine. The lower content of guanine-cytosine of the tumorigenic adenoviruses
may indicate that a specific base composition is associated with or essential for
viral tumorigenicity. To establish or disprove this correlation between base con-
position and tumorigenicity, it is important to perform base composition analyses
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and viral tumorigenicity tests on purified preparations of the 28 human adeno-
viruses.
Summary.-Tumorigenic human adenovirus types 12 (four strains) and 18 have

been purified and studied. Adenovirus types 12 and 18 contain less DNA (11-12%
DNA) than do nontumorigenic adenovirus types 2 and 4 (13-14% DNA). The
difference in DNA content was further shown by the physical separation of the
tumorigenic from the nontumorigenic adenoviruses by analytical density-gradient
equilibrium centrifugation in cesium chloride; as predicted from a lower DNA
content, tumorigenic adenovirus types 12 and 18 have lower buoyant densities than
nontumorigenic adenovirus types 2 and 4.

Purified adenovirus type 12 (prototype strain) induced tumors within three weeks
after inoculation of newborn hamsters. Tumors were induced with 0.2 /Ag of virus.
The induction of tumors with three other strains of adenovirus type 12 and adeno-
virus type 18 required larger amounts of virus and longer time periods.

Analytical centrifugation and zone centrifugation measurements on the DNA's
from adenovirus types 2 and 12 provided evidence for a high degree of homogeneity.
DNA from adenovirus type 12 sedimiented at a 2-3 per cent lower rate than the
DNA of adenovirus type 2. These data are consistent with the results of chemical
analyses and indicate that the molecular weights of the DNA's of the tumorigenic
adenoviruses are about 6-12 per cent lower than those of the nontumorigenic
adenoviruses.
Thermal denaturation and buoyant density measurements on the viral DNA's

showed that the DNA's of tumorigenic adenovirus types 12 and 18 possess markedly
lower denaturation temperatures and buoyant densities than the DNA's of non-
tumorigenic adenovirus types 2 and 4. From these data, it is calculated that the
DNA'sof adenovirus types 12 and 18 contain 48-49 per cent guanine plus cytosine,
while those of adenovirus types 2 and 4 contain 56-57 per cent guanine plus cyto-
sine. This remarkably different base composition for genetically related viruses is
unexpected, and its significance remains to be established.
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THE NATURE OF AITKEN CONDENSATION NUCLEI IN
THE ATAMOSPHERE*

BY F. W. WENT
WASHINGTON UNIVERSITY, ST. LOUIS

Read before the Academy April 27, 1964

We know that in normal air thousands of submicroscopic particles occur per
cubic centimeter which are capable of condensing water droplets from super-
saturated water vapor. These so-called Aitken nuclei can conveniently and simply
be counted with a Rich condensation-nuclei counter (made by Gardner Associates,
Inc., Schenectady, N. Y.). Their physical and chemical nature is only partly
known. It is for instance accepted that some of them are hygroscopic salt particles.
But it is also known that cigarette smoke, or match or gas flames, or- automobile
exhaust are very rich sources of condensation nuclei (hereafter referred to as en).
And en produced in a flame are not likely to be inorganic and hygroscopic.
There are several sets of data which make it possible to say something more

about the nature of these condensation nuclei. Their concentration is very low in
the higher atmosphere (at 3,000-4,000 m alt, 200 cn/cc), in high mountains,
and in northern airmasses during winter (in Yellowstone also 4 200 cn/cc toward
the end of January at temperatures of - 300C). During summer there are in the
morning 1,000-5,000 cn/cc in pure country air, which increases during the day.
This increase is primarily due to small nuclei (<0.1 / in diameter). This meansthat
they are being produced in the air, for small nuclei can only develop by coagulation
or conglomeration of smaller particles or by condensation of orginally molecularly
disperse material. In cities the concentration of en fluctuates between 10,000 and
well over 100,000 with maxima at hours of peak traffic.
The condensation of organic molecules to submicroscopic particles was demon-

strated 100 years ago by Tyndall (1869). He showed that in a beam of strong actinic
light (from a carbon arc) vapors of amyl nitrite or allyliodide would produce a
"blue cloud," consisting of submicroscopic particles reflecting particularly the
short wavelengths, explaining the polarized blue sky light. Lord Rayleigh tried to
explain this blue sky light by molecular reflection. But this can account at most
for the deep blue sky color under the clearest sky conditions (such as in Jerusalem,
or occasionally in the desert or at high altitudes, as in high mountains or in jet


