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Specific serological relationships were found among the partially purified DNA
polymerases of the two groups of avian viruses whose virions contain RNA and a
DNA polymerase-the avian leukosis-sarcoma viruses and the reticuloendotheli-
osis viruses-and three avian species which are natural hosts for these viruses:
chickens, turkeys, and Pekin ducks. No relationships were found to DNA
polymerases of HeLa cells or Escherichia coli. These results are consistent with
the hypothesis that RNA viruses with a DNA polymerase originated from normal
cellular components.

The reticuloendotheliosis viruses (REV)-
chicken syncytial virus (CSV), duck infectious
anemia virus (DIAV), reticuloendotheliosis
virus (strain T) (REV-T), and Trager duck
spleen necrosis virus (TDSNV)-are a newly
described group of avian RNA viruses (8). REV
virions are enveloped, have C-type morphology,
and contain 60 to 70S RNA and a DNA polym-
erase (3, 4, 7). Their replication requires a
replicative cell cycle and involves a DNA inter-
mediate (12; Kang, personal communication;
Cooper, personal communication). However, in
spite of these characteristics, REV are not
classified as members of the avian leukosis-sar-
coma virus group (ALV). The virions of ALV
and REV are antigenically distinct (2); there is
apparently no genetic or physiological interac-
tion between REV-T and ALV (2); the DNA
polymerase activity of disrupted virions of REV
and ALV are serologically distinct (5); and there
is little or no detectable nucleic acid sequence
homology between RNAs of ALV and REV (3).
However, our hypothesis that RNA viruses

which replicate through a DNA intermediate
arose from normal cellular components (10; H.
M. Temin, Advan. Cancer Res., 19:47-104,
1974) prompted us to examine the partially
purified DNA polymerases of REV and ALV
virions and of chickens, Pekin ducks, and tur-
keys for serological relationships. This paper
reports such relationships.

MATERIALS AND METHODS

Viruses. The viruses used have been described
previously (5). Carr-Zilber associated virus (CZAV)
was a kind gift of David Boettiger. The viruses were

grown in chicken or pheasant embryo fibroblasts and
were purified by the methods described previously
(5). No contamination (less than 0.01%) of TDSNV,
REV-T, and CSV preparations by ALV and no
contamination (less than 0.01%) of RSV-RAV-0 prep-
arations by REV was found by nucleic acid hybridiza-
tion (Kang, personal communication).

Isotopes and other chemicals. [3H ]dTTP (18
Ci/mmol) was purchased from Schwarz/Mann
(Orangeburg, N.Y.). Calf thymus DNA, RNase A
(EC 2.7.7.16), and bovine serum albumin were pur-
chased from Worthington, Freehold, N.J. Human
gamma globulin was purchased from Nutritional
Biochemicals, Inc., Cleveland, Ohio.

Purification of DNA polymerases. Two chicken
embryo DNA polymerases, one 10S (S3-L) and one 3
to 4S (S3-S) in size, were partially purified from the
soluble fraction of homogenates of chicken embryos as
previously described (5).
DNA polymerases were partially purified from

Muscovy duck, Pekin duck, pheasant, turkey, and rat
livers by the following steps. A liver (39 g) from a
Muscovy duck, a liver (20 g) from a Pekin duck, a
liver (18 g) from a ring-necked pheasant, and a liver
(100 g) from a turkey, all obtained from local farmers,
and several livers (100 g) from Fisher rats (Charles
River Breeding Laboratory) were washed with phos-
phate-buffered saline (pH 7.0) and were homogenized
with a motor-driven Teflon-glass Potter-Elvejhem ho-
mogenizer in 0.02 M Tris-hydrochloride (pH 7.5)
containing 0.25 M sucrose, 0.01 M KCl, 0.005 M
MgCl2, and 0.005 M 2-mercaptoethanol. The homoge-
nates were centrifuged at 105,000 x g for 1 h at 4 C.
The supernatants were adsorbed to phosphocellulose
columns (3 by 10 cm) (P-1, Whatman) equilibrated
with 0.02 M Tris-hydrochloride (pH 8.0) containing
0.001 M EDTA, 0.005 M 2-mercaptoethanol, 30%
(vol/vol) glycerol, and 0.2% Triton X-100 (buffer A).
After washing with 50 ml of buffer A, the DNA
polymerase activities were eluted with 0.5 M NaCI in
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buffer A. Fractions containing DNA polymerase ac-
tivity were pooled and were concentrated to 8 ml with
a Diaflo apparatus (PM-10, Amicon). The concen-
trated fractions were loaded on Sephadex G-100
columns (2.5 by 30 cm) equilibrated with 0.02 M
Tris-hydrochloride (pH 7.5) containing 0.5 M KCl,
0.001 M EDTA, 0.005 M 2-mercaptoethanol, and 10%
(vol/vol) glycerol. Each DNA polymerase activity was
separated into two peaks. Each peak was concen-
trated with a Diaflo apparatus (PM-10, Amicon), was
layered on a 15 to 45% (vol/vol) glycerol gradient
containing 0.5 M KCl, 0.02 M Tris-hydrochloride (pH
8.0), and 0.005 M dithiothreitol, and was centrifuged
at 50,000 rpm for 15 h at 4 C in a SW 50.1 rotor
(Beckman) as described in the legend of Fig. 1. The
large DNA polymerases isolated from the Muscovy
duck, Pekin duck, pheasant, turkey, and rat livers
sedimented at 8 to 9S, and all the small DNA
polymerases sedimented at 3 to 4S. All the sedimenta-
tion values are relative to RNase A (s2o.w 2.0), bovine
serum albumin (s20.w 4.6), and human gamma globu-
lin (s20.W 7.1) sedimented in a parallel gradient.
Approximately a 200- to 300-fold purification was
attained by these procedures.
DNA polymerases were partially purified from

purified virions of RSV-RAV-0, CZAV, REV-T,
TDSNV, and CSV as previously described (5). Unless
otherwise stated, all DNA polymerases were cen-
trifuged in glycerol gradients containing 0.5 M KCl.

Purified DNA polymerase I (fraction VI) from
Escherichia coli was kindly supplied by Robert Wells.
Partially purified DNA polymerase from HeLa cells
was kindly supplied by S. Seki. It was purified by
phosphocellulose column chromatography and glyc-
erol gradient centrifugation. It sedimented at 8 to 9S
in a gradient like that of Fig. 1.

Antibodies. Antibodies against avian myeloblasto-
sis virus (AMV) DNA polymerase, chicken embryo
large (10S) DNA polymerase (S3-L), and chicken
embryo small (3 to 4S) DNA polymerase (S3-S) have
been described previously (5, 6). Antibodies against
RSV-RAV-0 and TDSNV DNA polymerases were
made in (W/Fu x BN)F1 hybrid rats by the method
described by Nowinski et al. (6) except that the
amount of DNA polymerase per injection was 10 to 20
jg. IgG was isolated from each antiserum with the use
of a Sephadex G-200 column. Antibodies against
AMV, chicken embryo large, chicken embryo small,
RSV-RAV-0, and TDSNV DNA polymerases are
called IgG-AMV, IgG-L, IgG-S, IgG-RSV-RAV-0, and
IgG-TDSNV, respectively.

Antibody activity of IgG-RSV-RAV-0 and IgG-
TDSNV was examined with detergent-disrupted vi-
rions of avian leukosis-sarcoma viruses and reticulo-
endotheliosis viruses. A 0.3- to 0.5-gg amount of
Nonidet P-40 disrupted virions of each virus was
incubated with 5 or 50 jig of each antibody in 25 ,liters
at room temperature for 30 min. DNA polymerase
activity remaining was assayed as [3H JTMP incorpo-
ration into trichloroacetic acid-insoluble counts with
activated calf thymus DNA as a template primer.
IgG-RSV-RAV-0 (50 jg) neutralized the DNA polym-
erase activities (over 90%) of disrupted virions of all
ALVs tested (RSV-RAV-0, RSV-RAV-60, RAV-0, and

B77V). It did not neutralize the DNA polymerase
activities of disrupted REV virions (CSV, REV-T,
and TSDNV) or chicken embryo large and small DNA
polymerases (data not shown).
IgG-TDSNV (5 mg) neutralized the DNA polymer-

ase activities of disrupted virions of CSV, REV-T, and
TDSNV (data not shown). However, the DNA polym-
erase activities of disrupted virions of avian leukosis-
sarcoma viruses (RSV-RAV-0, RSV-RAV-60, RAV-61,
RAV-0, and B77V) were not neutralized even by 50 Mg
of antibody (data not shown).
DNA polymerase assay. Unless otherwise indi-

cated, a standard DNA polymerase assay was used
(13). A 100-gg/ml amount of activated calf thymus
DNA (9) was used as template primer. All reactions
were carried out in volumes of 125 Aliters in the wells
of plastic microtiter plates (IS-MRC-96) (Linbro
Chemical Co., New Haven, Conn.) covered with
Scotch tape and floated in a water bath. The
[3H]dTlP used was 5,000 counts per min per pmol.

RESULTS

Size of REV DNA polymerases. Partially
purified TDSNV DNA polymerase was cen-
trifuged in linear 15 to 45% (vol/vol) glycerol
gradients containing 0.05 or 0.5 M KCl (Fig. 1).
In the gradient containing 0.05 M KCl, the
TDSNV DNA polymerase sedimented in a
broad peak faster than the bovine serum al-
bumin marker. In the gradient containing 0.5 M
KCl, the TDSNV DNA polymerase sedimented
as a sharp band at the position of the bovine
serum albumin marker. The differences in the
sedimentation patterns ofTDSNV DNA polym-
erase at these two salt concentrations may be
due to aggregation, or change in conformation of
the DNA polymerase, or both.
The sedimentation patterns of REV-T DNA

polymerase in gradients containing 0.05 M or
0.5 M KCl were similar to those of TDSNV
DNA polymerase (data not shown). However,
this variation of sedimentation pattern with salt
concentration was not found with all avian virus
DNA polymerases. For example, partially puri-
fied RSV-RAV-0 DNA polymerase sedimented
in glycerol gradients of several different salt
concentrations with the same band width at the
same position relative to marker proteins faster
than human gamma globulin (data not shown).
From the similar sedimentation values of

TDSNV and REV-T DNA polymerases and of
bovine serum albumin in gradients containing
0.5 M KCI, the molecular masses of TDSNV
and REV-T DNA polymerases were roughly
estimated as 70,000 daltons. The molecular
mass of TDSNV DNA polymerase was also
estimated as about 75,000 daltons from its rate
of migration in a Sephadex G-200 column
containing 0.5 M KCI (data not shown). The
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FIG. 1. Glycerol gradient centrifugation of partially purified TDSNV DNA polymerase. Linear 15 to 45%
(vol/vol) glycerol gradients (4.6 ml) in 0.02M Tris-hydrochloride (pH 8.0) containing 0.001 M EDTA, 0.005M
dithiothreitol, and 0.05M KCI (0) or 0.5M KCI (0) were prepared in tubes of a Spinco SW50.1 rotor. Enzyme
solution (0.5 ml) was loaded onto the gradients, and the gradients, were centrifuged in a Spinco L centrifuge at
50,000 rpm for 15 h at 5 C. The gradients were fractionated from the bottom. The DNA polymerase peaks were
detected by a standard DNA polymerase assay containing activated calf thymus DNA. The positions of the
protein markers (detected by Lowry assay) run in parallel gradients containing 0.05 or 0.5M KCI are indicated
by arrows: (a) human gamma globulin (s2o,0 7.1); (b) bovine serum albumin (s2o., 4.6); and (c) ribonuclease A
(S20.W 2.0). (The relative positions of the protein markers were the same in the gradients containing 0.05 and 0.5
M KCI.)

molecular masses of TDSNV DNA polymerase
determined by these two methods were close to
each other and were much smaller than the
110,000 to 180,000 daltons reported for avian
leukosis-sarcoma virus DNA polymerases (11).

Neutralization of partially purified DNA
polymerases of REV. Although previous stud-
ies using detergent-disrupted virions had not
shown any serological relationships among
DNA polymerases of REV, ALV, and chicken
cells (5), the differences in sedimentation pat-
terns in gradients with different salt concentra-
tions (Fig. 1) suggested that different results
might be found with partially purified REV

DNA polymerases. Therefore, samples of par-
tially purified TDSNV DNA polymerase were
incubated separately with IgG-TDSNV, IgG-
AMV, IgG-L, IgG-S, and IgG-RSV-RAV-0, and
the amount of neutralization was determined.
The results of these experiments are summa-
rized in Fig. 2. TDSNV DNA polymerase activ-
ity was neutralized 80% by 10 ug ofIgG-TDSNV
and 60 to 70% by 150 to 200 ,ug of IgG-AMV or
IgG-L. TDSNV DNA polymerase activity was
not neutralized in this experiment by IgG-S or
IgG-RSV-RAV-0. In other experiments using
three different partially purified preparations of
TDSNV DNA polymerase, the TDSNV DNA
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FIG. 2. Neutralization of partially purified

TDSNVDNA polymerase. A 3-,ug amount of partially
purified TDSNV DNA polymerase was incubated
separately at room temperature for 30 min in 30
Mliters of 0.17 M KCl.with the indicated amounts of
IgG-TDSNV (K), IgG-AMV (0), IgG-L (0), IgG-S
(A), or IgG-RSV-RAV-0 (0). The amounts of DNA
polymerase activity remaining were assayed in stan-
dard reaction mixtures containing activated calf thy-
mus DNA. One hundred percent activity was 4,000
counts/mmn in a 20-min incubation.

polymerase activity was neutralized 20% by 200
gg of IgG-S (data not shown).
The amounts of IgG-AMV and IgG-L re-

quired to neutralize 50% of the activity of
TDSNV DNA polymerase were about 100 times
greater than the amounts of these antibodies
required to neutralize 50% of the activity of the
homologous DNA polymerase. For example, 1

,ug of IgG-L neutralized 50% of the activity of
the chicken embryo large DNA polymerase (5).
Since IgG-S was about 10-fold weaker than the
other two antibodies, this relative amount of
antibody was not available for use.
As a test for the possibility that the TDSNV

DNA polymerase was contaminated by a
chicken cell DNA polymerase, a mixture of
approximately equal quantities (by a DNA
polymerase activity measure) of TDSNV DNA
polymerase and the chicken embryo large DNA
polymerase was made, and an experiment simi-
lar to that shown in Fig. 2 was performed. In
this mixture, 50% of the DNA polymerase
activity was neutralized by 5 ug of IgG-L (data
not shown). Therefore, the results of Fig. 2 do

not appear to be the result of contamination of
the TDSNV DNA polymerase.
The neutralization of TDSNV DNA polymer-

ase by IgG-AMV and by IgG-L appeared to be
dependent upon the pretreatment of the
TDSNV DNA polymerase. The activity of
TDSNV DNA polymerase in disrupted virions
or recovered from glycerol gradients containing
0.05 M KCl was not neutralized by 200 ,ug of
IgG-AMV or IgG-L. TDSNV DNA polymerase
treated with 0.5 M KCl and then centrifuged in
a glycerol gradient containing 0.05 M KCl was
not neutralized by 200 ,g of IgG-AMV or IgG-L.
These results may indicate that some salt-
dependent, reversible conformational changes
occurred in the TDSNV DNA polymerase dur-
ing purification.

Partially purified REV-T DNA polymerase
was also incubated separately with the same
antibodies, IgG-TDSNV, IgG-AMV, IgG-L,
IgG-S, and IgG-RSV-RAV-0. The activity of
partially purified REV-T DNA polymerase was
neutralized 80% by 10 ug of IgG-TDSNV, 50 to
60% by 200 jig of IgG-AMV, IgG-L, and IgG-S,
and 15% by 200 ,ug of IgG-RSV-RAV-0 (Fig. 3).
On the other hand, the partially purified

DNA polymerase of another member of the
reticuloendotheliosis virus group, CSV, was not
neutralized by 200 ug of each of the four

IgG-RSV-RAV-O
100*e

o801 \
0 60 f G >\ -

<> 4 IgG-TDSNV \

40

20 _i

REV-T DNA polymerose

0 50 100 150 200

IgG ( ug )
FIG. 3. Neutralization of partially purified REV-T

DNA polymerase. The procedures described in the
legend of Fig. 2 were followed with partially purified
REV-TDNA polymerase. One hundred percent activ-
ity was 6,800 counts/min in a 20-min incubation.
Symbols: IgG-TDSNV, O; IgG-AMV, 0; IgG-L, 0;
IgG-S, A; and IgG-RSV-RA V-0, *.
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heterologous antibodies, but was neutralized
(80%) by IgG-TDSNV (Table 1).
Neutralization of partially purified DNA

polymerases by IgG-TDSNV. IgG-TDSNV
was incubated with ALV, chicken, and Pekin
duck partially purified DNA polymerases to test
for serological relationships. The activity of
partially purified RSV-RAV-0 DNA polymerase
was slightly neutralized (10 to 15%) by IgG-
TDSNV only at high concentrations (100 mg) of
antibody (Fig. 4). In other experiments, the
activities of partially purified B77 virus and
Schmidt-Ruppin D RSV DNA polymerases
were also slightly neutralized (10 to 20%) by 200
/g of IgG-TDSNV (data not shown). The activ-
ity of chicken embryo large DNA polymerase
was neutralized 30% by 5 ug of IgG-TDSNV,
but the activity of chicken embryo small DNA
polymerase was not neutralized by even 200 Mg
of IgG-TDSNV (Fig. 4). The activity of Pekin
duck liver large DNA polymerase was in some
experiments neutralized approximately 20% by
200 Mg of IgG-TDSNV (Fig. 4).
The activities of the Pekin duck liver small,

the Muscovy duck liver large and small, the
pheasant liver large and small, the turkey liver
large and small, the rat liver large and small,
and the E. coli DNA polymerases were not
neutralized by 200 Mg of IgG-TDSNV, IgG-
AMV, or IgG-RSV-RAV-0 (data not shown).

Serological relationships among chicken,
Pekin duck, Muscovy duck, pheasant, tur-
key, rat, and E. coli DNA polymerases.
REV-T was isolated from turkeys and TDSNV
from Pekin ducks. Therefore, experiments were
performed with DNA polymerases from turkeys
and Pekin ducks to determine if there were
serological relationships to chicken DNA po-
lymerases. DNA polymerases of pheasants,

TABLE 1. Neutralization of partially purified CSV
DNA polymerase"

[3H ITMP incorporation

IgG (counts per min per 20 min)
° sg 200 ug

IgG-TDSNV ............ 9,600 1,800
IgG-AMV .............. 8,600 8,400
IgG-L .................. 7,700 7,800
IgG-S .................. 9,000 10,400
IgG-RSV-RAV-0 ........ 8,700 8,600

"A 3-Ag amount of partially purified CSV DNA
polymerase was incubated separately at room temper-
ature for 30 min in 30 ,uliters with 0 or 200 ug of
IgG-TDSNV, IgG-AMV, IgG-L, IgG-S, or IgG-RSV-
RAV-0. The amounts of DNA polymerase activity
remaining were assayed in standard reaction mixtures
containing activated calf thymus DNA.
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FIG. 4. Neutralization of partially purified DNA
polymerases with IgG-TDSNV. Approximately simi-
lar amounts of TDSNV (0), RSV-RA V-0 (0), Pekin
duck large (a), chicken embryo large (0), or chicken
embryo small (A) DNA polymerase activities
( [3HIdTMP incorporation: 20,000 to 60,000 counts per
min per 20 min) were separately incubated with the
indicated amounts of IgG-TDSNV at room tempera-
ture for 30 min in 30 gliters. The DNA polymerase
activity remaining was assayed with activated calf
thymus DNA as a template primer. Results are ex-
pressed as a percentage of the DNA polymerase
activity remaining without incubation with antibody.

Muscovy ducks, rats, and E. coli were also
studied. All the cellular DNA polymerases used
for these neutralization studies were exposed to
0.5 M KCl in glycerol gradients. The salt
dependency of the neutralization of the cellular
DNA polymerases was not studied. Neutraliza-
tion of large and small DNA polymerases par-
tially purified from the soluble fractions of
livers of these birds and rats and from E. coli
was examined with antibodies previously pre-
pared against the chicken large and small DNA
polymerases (IgG-L and IgG-S) (Table 2).
The Pekin duck large DNA polymerase was

neutralized by IgG-L. The Pekin duck and the
turkey small DNA polymerases were neutral-
ized by IgG-S. These neutralizations were con-
firmed in experiments by using a number of
different antibody concentrations (up to 200
,ug/25 Mliters). The curves of percent neutraliza-
tion versus antibody concentration were almost
the same as those in the homologous neutraliza-
tions (data not shown).

In addition, IgG-L (200 ,g) did not neutralize
the activity of the DNA polymerases from
Muscovy duck, pheasant, and turkey livers.
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IgG-S (50 ug) neutralized 30% of the activity of
the Muscovy duck large DNA polymerase, 70%
of the activity of the Muscovy duck small DNA
polymerase, 20 to 25% of the activity of the
pheasant small and large DNA polymerases,
and 20% of the activity of the rat small DNA
polymerase. For comparison, 2 to 5 ,g of IgG-L
and 20 Mug of IgG-S neutralized over 90% of the
activity of the homologous chicken DNA polym-
erases (5). No cross-reactions between the
chicken large and small DNA polymerases were
observed previously using neutralization tests
(5).
No neutralization was found of the rat liver

large or E. coli DNA polymerases.
Therefore, there are specific serological rela-

tionships among these avian DNA polymerases
and between chicken and rat small DNA polym-
erases. Previously, it was reported that several
mammalian large and small DNA polymerases
are serologically related (1).
Antibody blocking activity. The antibody

blocking activities of the partially purified DNA
polymerases were studied to provide further
evidence for serological relationships among
REV, ALV, and avian DNA polymerases. The
salt concentration in the DNA polymerase prep-

TABLE 2. Neutralization of partially purified
pheasant, turkey, duck, and rat liver and E. coli DNA

polymerasesa

Inhibition (%)
DNA polymerase

IgG-L IgG-S

Pheasant liver
Large ...................... 0 25
Small ...................... 0 20

Turkey liver
Large ................... 0 0
Small ........... 0 95

Pekin duck liver
Large ...................... 60 20
Small ...................... 0 90

Muscovy duck liver
Large ...................... 0 30
Small ...................... 0 70

Rat liver
Large ............. 0 0
Small ...................... 0 20

E. coli ...................... 0 0

aA 5-to-10 ,g amount of each partially purified
DNA polymerase was incubated in 30 pliters with 50
gg of each antibody at room temperature for 30 min.
The DNA polymerase activity remaining was assayed
in a standard reaction mixture containing activated
calf thymus DNA. 100% activity for each reaction was
between 15,000 and 45,000 counts per min per 20 min,
except for the E. coli DNA polymerase which had a
100-fold greater activity.

arations was lowered by dialysis against 0.01 M
Tris buffer (pH 7.5) before the blocking experi-
ments to prevent a salt effect on DNA polymer-
ase activity.
Constant amounts of IgG-L, IgG-AMV, or

IgG-TDSNV were incubated with increasing
amounts of several partially purified DNA po-
lymerases. Then the antibody activity remain-
ing was assayed with the homologous DNA
polymerases-IgG-L and chicken embryo large
DNA polymerase; IgG-AMV and Carr-Zilber-
associated virus DNA polymerase; and IgG-
TDSNV and TDSNV DNA polymerase.
IgG-L was blocked 50% by 10 Mg of chicken

embryo large DNA polymerase, 50% by 4 Mg of
REV-T DNA polymerase, and 40% by 12 Mg of
TDSNV DNA polymerase (Fig. 5). (The
chicken embryo large DNA polymerase was less
pure than the REV-T DNA polymerase.) IgG-L
was not significantly blocked by 20 Mg of
chicken embryo small DNA polymerase, 15,Mg
of rat liver large or small DNA polymerases, and
9 Mg of E. coli DNA polymerase I. (A slight
serological relationship between chicken em-
bryo large and small DNA polymerases was
observed in antibody blocking tests with IgG-S
and chicken embryo large DNA polymerase
[data not shown].)
IgG-AMV was blocked 80% by 1 Mg of RSV-

RAV-0 DNA polymerase, 90% by 20 Mg of
chicken embryo large DNA polymerase, 75% by
20 Mg of chicken embryo small DNA polymer-
ase, 50% by 10 Mg of TDSNV DNA polymerase,
and 25% by 4 Mg of REV-T DNA polymerase
(Fig. 6). IgG-AMV was not blocked by 20 Mg of
rat liver large DNA polymerase, rat liver small
DNA polymerase, or E. coli DNA polymerase I.
IgG-TDSNV was blocked 70% by 1 ug of

TDSNV DNA polymerase and 30 to 50% by 10
Mg of RSV-RAV-0, Pekin duck large, and
chicken embryo large and small DNA poly-
merases (Fig. 7). Turkey liver large and rat liver
large and small DNA polymerases blocked
similarly (data not shown). IgG-TDSNV was
not blocked by 8 Mg of HeLa cell large DNA
polymerase or 20 Mg of E. coli DNA polymerase
I (Fig. 7).
No blocking of IgG-L or IgG-AMV was found

with 8 Mg of HeLa cell large DNA polymerase
(data not shown).
These results are consistent with the neutral-

ization data presented in Fig. 2, 3, and 4 and in
Table 2.
The sum of these experiments (Table 3)

indicates that reticuloendotheliosis virus DNA
polymerases are serologically related specifi-
cally to avian leukosis-sarcoma virus DNA po-
lymerases and to chicken embryo and Pekin
duck liver DNA polymerases.
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FIG. 5. Antibody blocking activity of DNA polymerases against IgG-L. A 4-gg amount of IgG-L was
incubated in 25 Aliters (0.01 M Tris buffer, pH 7.5) with the indicated amounts of REV-T (*), chicken embryo
large (0), TDSNV (0), chicken embryo small (A), rat liver large ( * ), RSV-RAV-0 (0), and E. coli ( ) DNA
polymerases in the presence.of 100 gg of bovine serum albumin per ml at 37 C for 20 min. The E. coli DNA
polymerase was inactivated by heating at 56 C overnight before use. The same lack of blocking was found with
native E. coli DNA polymerase. After incubation at 37 C for 20 min, the mixtures were heated at 56 C for 30 min
to inactivate the DNA polymerases. Partially purified chicken embryo large DNA polymerase (4 jug) was then
added to the incubation mixtures (total volume 30 j.liters [0.01 M Tris buffer, pH 7.5, containing 0.03M KC11),
and the mixtures were incubated at room temperature for another 30 min. The DNA polymerase activity
remaining was assayed with activated calf thymus DNA as a template primer. The DNA polymerase activity
remaining in the sample incubated without antibody (30,000 counts/min) was set at 100% activity. Eighty
percent of the chicken embryo large DNA polymerase activity was neutralized by 4 jg of IgG-L. Zero percent
blocking was defined as the percent activity remaining in the reaction without preincubation with DNA
polymerases. The percentage of blocking was calculated as the percentage of increase in activity after
preincubation with the DNA polymerases.

DISCUSSION

Specific serological relationships were found
among the DNA polymerases of the two groups
of avian viruses whose virions contain RNA and
a DNA polymerase (the avian leukosis-sarcoma
and reticuloendotheliosis viruses) and three
avian species which are natural hosts for these
viruses (chicken, turkey, and Pekin duck). In
addition, serological relationships were found
among TDSNV, chicken embryo small, and rat

liver large and small DNA polymerases. Sero-
logical relationships between rat liver large and
small DNA polymerases had been previously
reported (1). No serological relationships were
found with a HeLa cell DNA polymerase and
an E. coli DNA polymerase.

Previously, using the DNA polymerase activ-
ity of disrupted virions, group-specific serologi-
cal relationships were only found among the
different reticuloendotheliosis viruses and
among the different avian-leukosis sarcoma vi-
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FIG. 6. Antibody blocking activity of DNA poly-

merases against IgG-AMV. A 2-,gg amount of IgG-
AMV was incubated in 25 lsliters with the indicated
amounts of RSV-RAV-0 (0), chicken embryo large
(0), chicken embryo small (A), TDSNV (c), REV-T
(#), rat liver large and small and E. coli (.) DNA
polymerases as in the legend to Fig. 5. Partially puri-
fied Carr-Zilber associated virus DNA polymerase
(0.5 ug) was used to test for residual antibody activ-
ity. The DNA polymerase activity remaining in the
sample incubated without antibody (20,000 counts!
min) was set at 100% activity. Seventy percent of
the DNA polymerase activity was neutralized by the
2 Mg of IgG-AMV. Calculations were done as de-
scribed in the legend to Fig. 5.

ruses (5). The newly described serological rela-
tionships, which we shall call class-specific,
were weaker and were seen only with partially
purified DNA polymerases. In addition, only
reticuloendotheliosis virus DNA polymerases
exposed to a high salt concentration during
purification showed these class-specific sero-
logical relationships, and CSV DNA polymerase
showed no class-specific relationships. Among
the class-specific serological relationships, some
were seen both by neutralization and by block-
ing tests-between avian leukosis-sarcoma
virus and reticuloendotheliosis virus DNA po-
lymerases, and between chicken large and retic-
uloendotheliosis virus DNA polymerases.
Others were only seen by blocking tests-be-
tween avian leukosis-sarcoma virus and chicken
DNA polymerases, and between reticuloendo-
theliosis virus and turkey and duck large and
chicken small DNA polymerases. The relation-
ship between TDSNV DNA polymerase and rat
liver large and small DNA polymerases reflects

the relationships between chicken small DNA
polymerase and rat small DNA polymerase, and
between rat large and small DNA polymerases.
No relationships were seen by neutralization
and not by blocking.
There are some possible expprimental prob-

lems with this data. (i) Reciprocal neutraliza-
tions were not always found. For example, IgG-
RSV-RAV-0 did not neutralize TDSNV DNA
polymerase activity, and IgG-TDSNV only
slightly neutralized RSV-RAV-0 DNA polymer-
ase activity, whereas RSV-RAV-0 DNA polym-
erase was 10% as effective as TDSNV DNA
polymerase in blocking the activity of IgG-
TDSNV; and RSV-RAV-0 DNA polymerase did
not block IgG-L, whereas chicken embryo large
DNA polymerase blocked IgG-AMV.

(ii) One hundred percent blocking was not
found in the experiments of Fig. 5 and 7 even
with the homologous antigens.

Io0r IgG-TDSNV

I-

:

0
-J
m

HeLa E.coli I
0 H
0 5 10 15 20

DNA POLYMERASE(,9g)
FIG. 7. Antibody blocking activity of DNA polym-

erases against IgG-TDSNV. A 4-Mug amount of IgG-
TDSNV was mixed with the indicated amounts of
partially purified TDSNV (<), RSV-RA V-0 (0),
Pekin duck large (a), chicken embryo large (0),
chicken embryo small (A), and HeLa cell and E. coli
(.) DNA polymerases as in the legend to Fig. 5.
Partially purified TDSNV DNA polymerase (2 Mg)
was added to these mixtures, and the mixtures were
incubated at room temperature for 30 min. The DNA
polymerase activity remaining was assayed with acti-
vated calf thymus DNA as a template primer. The
DNA polymerase activity remaining in the sample
incubated without antibody (45,000 counts/min) was
set at 100% activity. Seventy to 80%7o of the TDSNV
DNA polymerase activity was neutralized by 4 yg of
IgG-TDSNV. Blocking activity was calculated as
described in the legend of Fig. 5.
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TABLE 3. Summary of serological relationships among DNA polymerases

Antibody against partially purif'ied DNA polymerase
DNA polymerase

CH-L CH-S AMV RSV-RAV-O TDSNN'

Cell
Chicken-L + +
Chicken-S 0 + + ± -
Pheasant-L + _-
Pheasant-S _ +_
Turkey-L _ _ ±
Turkey-S _ + + _ _
Pekin duck-L + + + _
Pekin duck-S _ + + -_
Muscovy duck-L _ + -
Muscovy duck-S - + -_ -
Rat-L 0 0 _ ±
Rat-S 0 + 0 +
HeLa-L 0 NT 0 NT 0
E. coll I 0 _0 0

Virus
RSV-RAV-O" 0 + + + + +
CSV - _ - - ++
REV-T' + + + + + +
TDSNVa+ + + + + +

t+ +, Strong cross-reaction; +. some neutralization
blocking not tested; 0, no cross-reaction; NT, not teste

'All ALV DNA polymerases were similar.
-, With disrupted virions except for IgG-TDSNV.

(iii) Contamination of DNA polymerases
might have occurred if cell polymerases con-

taminated REV or REV infected the chicken
embryos, or if ALV contaminated REV or REV
contaminated ALV.

It is unlikely that cell DNA polymerases
contaminated REV virions. All virions were

prepared and were purified in the same fashion
by sucrose density gradient centrifugation.
However, the cross-reactions of the different
REV DNA polymerases differed (Fig. 2 and 3,
Table 1). Furthermore, the quantities of IgG-S
and IgG-L required to neutralize the REV DNA
polymerases were 100 times larger than re-

quired to neutralize the homologous cell DNA
polymerases.

It is unlikely that REV was present in the
chicken embryos. Chickens have not been found
to have natural antibodies to REV (8), and
chicken DNA does not have many of REV RNA
sequences. REV did not contaminate the turkey
or Pekin duck livers used for DNA polymerase
preparation by nucleic acid hybridization tests
(Kang, personal communication).

It is unlikely that ALV contaminated REV or

that REV contaminated ALV. REV has not
been studied in the laboratory where the AMV
used to prepare IgG-AMV was grown. All other

l; ±, blocking, no neutralization; -, no neutralization,
ed.

viruses used in this study were monitored for
contamination by nucleic acid hybridization.
No contamination was found. The nucleic acid
hybridization technique used has proven capa-
ble of recognizing 0.01% contamination of REV
by ALV (Kang, personal communication).
We believe that these possible problems do

not affect our results and that the serological
relationships between ALV and REV DNA
polymerases, and between ALV, REV, and
avian cell DNA polymerases discussed above,
(Table 3) are real.
These serological relationships could result

from evolutionary links and/or recombinational
events. The relationships among the avian cell
DNA polymerases and between the chicken and
rat small DNA polymerases probably reflect
evolutionary relationships. Possibly, the rela-
tionships between the ALV and the REV DNA
polymerases and between the ALV, the REV,
and the avian cell DNA polymerases result from
both causes. Recombination between avian leu-
kosis-sarcoma viruses and cells seems to be well
documented (H. M. Temin, Advan. Cancer
Res., 19:47-104, 1974). Evolution from normal
cell components of RNA viruses whose virions
contain a DNA polymerase (10; H. M. Temin,
Advan. Cancer Res., 19:47-104, 1974) seems
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also a real possibility. Further studies of these
DNA polymerases may enable these and other
hypotheses to be tested.
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