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ABSTRACT Nucleic acid reassociation techniques were
used to determine the kinetic complexity of small circular DNA
in cultured cells of Drosophila melanogaster. Two kinetic
components are present. One of these constitutes 82% of the
mass of the circular DNA and has a complexity of 1.8 X 104
nucleotide pairs; the other constitutes 18% of the mass and has
a significantly higher but undefined sequence complexity. We
have demonstrated that these circular molecules hybridize to
middle repetitive chromosomal sequences by hybridization of
in vitro-labeled circular DNA tracer with a vast excess of Dro-
sophila chromosomal DNA. Thermal stability measurements
indicate that base-pair mismatch between small circular DNA
and middle repetitive chromosomal DNA does not exceed 2% .

We discuss possible functions of these small circular DNAs in

light of the above findings.

Heterogeneous closed circular DNA is an intriguing and little
understood class of molecules that has been described in a wide
variety of eukaryotic organisms, including Neurospora, Eu-
glena, trypanosomes, yeast, tobacco, Xenopus, and boar, and
in cell culture lines from monkey, mouse, and human (1-9).

We have investigated this class of molecules in embryos and
cultured cells of Drosophila melanogaster (10) because of the
unique genetic and cytological advantages that this organism
offers for the study of structure and function of DNA sequences.
In the cultured cells (Schpeider’s line 2), small circular DNA
is predominantly nuclear and exhibits a buoyant density in
neutral CsCl indistinguishable from that of the main band
nuclear DNA. The circular molecules range in size from ap-
proximately 300 to >7500 nucleotide pairs (Nt Pr) with an
average size of 3300 Nt Pr. The size distribution and average
circle size of small circular DNA in embryos and in a cloned
subline of Schneider’s line 2 cells differ significantly from that
of Schneider’s line 2. Both logarithmic and stationary phase cells
contain a minimum of 3 to a maximum of 40 average-sized
small circular DNA molecules per cell, constituting a maximum
of 0.03% of the total cellular DNA (10).

Although the function of heterogeneous circular DNA is
unknown, it has been suggested that it might be involved in
various genetic regulatory phenomena in Drosophila via in-
tegration into and excision from chromosomal DNA (11-17).
Because an understanding of the function of these circular
molecules depends upon the characterization of the sequences
contained within them, we have determined the sequence
complexity of Drosophila heterogeneous circular DNA and its
homology to chromosomal DNA. Our finding that these circles
are complementary to middle repetitive sequences of the
Drosophila genome supports the notion that circles may interact
with chromosomal DNA.

The publication costs of this article were defrayed in part by page
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this fact.
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MATERIALS AND METHODS

Purification and In Vitro Labeling of Small Circular DNA.
Covalently closed circular DNA was prepared from cleared
lysates of Schneider’s line 2 cells (18) by a modification of the
procedure of Stanfield and Helinski (10). After purification in
three consecutive CsCl/ethidium bromide gradients, circular
DNA was digested with RNase T1 (20 ug/ml), a-amylase (100
pug/ml), and preboiled RNase A (20 ug/ml) in 15 mM NaCl/1.5
mM Na citrate, pH 7.2/0.02 M Nag EDTA for 30 min at 37°C.
Sarkosyl was added to 1% and the DNA was recentrifuged on
two consecutive analytical grade CsCl gradients to separate
mitochondrial (p = 1.680 g/ml) from small circular (o = 1.703
g/ml) DNA. Small circular DNA was quantitated by electron
microscopy, using added plasmid R6K as an internal standard
(10).

Small circular DNA was labeled in vitro with 3H or 32P to
specific activities of 1.3 X 108 cpm/ug or 1.8 X 10® cpm/ug,
respectively, by using the “nick translation” procedure of Rigby
et al. (19). The small circular DNA tracer preparation used in
the chromosome homology experiment (Fig. 2) was signifi-
cantly contaminated with mitochondrial DNA when originally
prepared. This was apparently due to an increase in the weight
ratio of mitochondrial to small circular DNA that occurred in
the cultured cells during the course of these experiments. Be-
cause small circular DNA does not hybridize to mitochondrial
DNA (see legend of Fig. 1), we removed more than 98% of
contaminating mitochondrial DNA from the tracer by hy-
bridization to a large excess of highly purified unlabeled mi-
tochondrial DNA, followed by hydroxylapatite (HAP) chro-
matography. The final preparation was contaminated by 12%
reactable mitochondrial DNA as determined by hybridization
to excess unlabeled mitochondrial DNA.

Preparation of Unlabeled Chromosomal DNA. Unlabeled
chromosomal DNA was prepared by two different procedures.
(1) Isolation from purified nuclei. Pelleted nuclei from a 2%
Triton X-100 lysate were washed in 0.05 M Tris-HCI, pH
8.0/0.03 M NagEDTA /7.35% (wt/vol) sucrose and resuspended
in TES buffer (0.03 M Tris-HCI, pH 8.0/0.05 M NaCl/5 mM
NagEDTA). Sarkosyl was added to 1% and the viscous lysate
was centrifuged to equilibrium in a CsCl gradient. The viscous
band was pooled and dialyzed against TES. Supercoiled Col E1
DNA (6600 Nt Pr) marker was added and 250-ug portions of
the chromosomal DNA were sedimented through 15-50%

Abbreviations: Nt, nucleotide(s); Nt Pr, nucleotide pairs; Cot, initial
concentration of DNA (moles of nucleotide/liter) X time (seconds);
ECot, equivalent DNA conditions; PERT, phenol emulsion reassocia-
tion technique; HAP, hydroxyapatite; t,,, melting temperature (of
double-stranded nucleic acid).
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neutral sucrose gradients at 18,000 rpm for 16 hr at 16°C in an
SW27 rotor. Rapidly sedimenting fractions (>33 S) containing
less than 1% of the supercoiled Col E1 DNA were pooled and
digested with RNase A, RNase T1, and a-amylase as described
above for the purification of circular DNA. Pronase (1 mg/ml,
predigested for 30 min at 60°C) was added, incubation was
continued for 30 min, and the reaction was then terminated
with 1% Sarkosyl. The DNA was centrifuged to equilibrium in
neutral CsCl, pooled, sonicated, and passed over Sephadex
SP-C25 and Chelex.

(#) Isolation from pellets of cleared lysates of whole cells.
Pellets were slowly resuspended in TES during extended di-
gestion with proteinase K at 4°C. Large DNA was then pelleted
and resuspended twice by using the procedure described by
Hirt (20). The final pellet was resuspended in distilled water,
brought to 0.02 M NaCl, sonicated, and purified by HAP
chromatography in 8 M urea (21).

DNA/DNA Reassociation by the Standard Aqueous
Technique. All DNAs were sonicated (except for in vitro-la-
beled DNA) and then extracted with chloroform and passed
over Sephadex SP-C25 and Chelex. DNA reaction mixtures
were denatured at 110°C and incubated in 0.48 M sodium
phosphate, pH 6.8/0.06% sodium dodecyl sulfate at 70°C, and
reactions were terminated by freezing in liquid nitrogen.
Frozen samples were thawed rapidly, diluted into 0.14 M so-
dium phosphate, pH 6.8/0.2% sodium dodecyl sulfate, and
passed over HAP at 56.5°C to separate double-stranded from
single-stranded molecules (22). Column effluents were assayed
for radioactivity in Aquasol-2. Zero time values were obtained
by denaturing the DNA in 0.14 M sodium phosphate, chilling
immediately in ice water, and assaying on HAP. Cgt values were
corrected to equivalent DNA (ECot) conditions (60°C, 0.12 M
phosphate buffer) by multiplying by 5.65 (23).

DNA/DNA Reassociation by the Phenol Emulsion Reas-
sociation Technique. The phenol emulsion reassociation
technique (PERT) of Kohne et al. (24) was used to reassociate
very low concentrations (1-2 ng/ml) of in vitro-labeled small
circular DNA. Denatured small circular DNA was shaken at
room temperature on a Vortex Genie mixer, at one-half maxi-
mal speed, in 0.13 M sodium phosphate, pH 6.8/1.67 M sodium
perchlorate/9% phenol. Reactions were terminated by diluting
aliquots into 0.14 M sodium phosphate, pH 6.8/0.2% sodium
dodecyl sulfate followed by chromatography on HAP. The
PEP(();I‘ Cot values were corrected to ECot by multiplying by 3
X 104,

‘ RESULTS

Kinetic Complexity of Small Circular DNA. The size het-
erogeneity of the small circular DNA (0.3-2.1 X 10% Nt Pr)
raises the question of the total sequence complexity contained
within the population of circles. Previous data ruled out the
possibility that small circular DNA consisted of repeats of a
single short sequence (10), but no estimates of total sequence
complexity were made due to the difficulty of obtaining suf-
ficient material to generate high Cgt values under standard
aqueous conditions. By using the PERT (24), which greatly
increases the rate of DNA/DNA reassociation, we were able
to study the self-hybridization of small circular DNA with the
small amount of material available. The PERT conditions used
here increase the rate of hybridization for Escherichia coli DNA
approximately 20,000- to 40,000-fold over that observed under
standard aqueous (ECot) conditions.

The self-annealing of small circular DNA in Fig. 1 shows that
data obtained in an aqueous hybridization system overlap with
data obtained with the PERT when the latter are multiplied
by 3 X 10% Duplicate reassociations of small circular DNA by
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FIG. 1. Self-reassociation of small circular DNA. Small circular
[*H]DNA, 480 nucleotides (Nt) in length, was reassociated by using
both the PERT (1.4 ng/ml)(®) and the standard aqueous technique
(4.2 ng/ml)(0). The small circular DNA preparation was contami-
nated with less than 5% reactable mitochondrial DNA and less than
2% chromosomal DNA. The amount of contaminating mitochondrial
DNA was determined by hybridization of a portion of the nick-
translated circular [SH]DNA preparation to an excess of purified
mitochondrial ['YC]DNA. The amount of contaminating chromosomal
(linear) DNA was determined by electron microscopy prior to in vitro
labeling. The solid line through the data points represents the best
least-squares solution, assuming two second-order kinetic components
(25). The dashed curves represent the elements of the overall solu-
tion.

using the PERT, performed in two different laboratories with
two different preparations of small circular DNA, yielded rate
constants that differed by no more than a factor of 2. This
supports our belief that the PERT yields reasonably accurate
kinetic complexity data for the bulk of small circular DNA. By
using the PERT, we find that Drosophila small circular DNA
reassociates as two components whose observed rate constants
(kobs) differ by over 2 orders of magnitude (see Table 1). At the
highest Cot values obtained, 85% of the DNA reacted; the re-
maining nonhybridizing DNA probably consists of very short
sequences created by the in vitro labeling procedure. The
major, rapidly renaturing component thus constitutes 82%, and
the minor, slowly renaturing component constitutes 18% of the
total reactable small circular DNA.

The complexity of the major component of small circular
DNA was calculated by using our determination of the rate
constant for single-copy Drosophila chromosomal DNA under
aqueous conditions (Fig. 2) as a kinetic standard. The rate
constants of pure single copy chromosomal DNA and pure
major component small circular DNA are 0.012 M~! sec™! and
68 M~ ! sec™!, respectively [corrected to the rate expected for
690-Nt Pr DNA (see Table 1)]. From the ratio of these rate
constants and the complexity of Drosophila single copy DNA
[0.56 X (1.8 X 108 Nt Pr) = 1.0 X 108 Nt Pr, calculated from
Table 1 and ref. 28], we calculate that the major component of
small circular DNA has a complexity of 1.8 X 10* Nt Pr.

The rate constant for the pure minor component of small
circular DNA seen in Fig. 1 is 0.74 M~! sec™! (Table 1). Because
this slower reacting component represents a minor fraction of
the total small circular DNA, and could be due in part to the
presence of short or damaged sequences in the in vitro-labeled
preparation, we prefer not to make an estimate of its complexity
other than to say that it is significantly more complex than the
1.8 X 10%*-Nt Pr component.

Homology of Small Circular DNA to Chromosomal DNA.
In order to study possible homology between small circular
DNA and chromosomal DNA, we performed hybridization
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Table 1. Kinetic components of small circular DNA and chromosomal DNA
kobsy kadj to 690 Nty‘ kpure:1
Component F1* F2t M-1sec™! M-1sec™! M-1sec™!
Self-annealed small circular [*H]DNA:
Low-complexity component 0.70 0.82 40 48 68
High-complexity component 0.15 0.18 0.093 0.11 0.74
Chromosomal [3H|DNA driven by
unlabeled chromosomal DNA:
Very highly repetitive and foldback 0.26 0.27 Not defined _ —
Middle repetitive 0.16 0.17 0.43 0.50 3.1
Single copy 0.53 0.56 '0.0056 0.0064 0.012
Tracer small circular [32P]DNA driven by
chromosomal DNA — — 0.12 0.74 —

Kinetic parameters were obtained by computer fit of data in Figs. 1 and 2.

* The fraction of total labeled DNA in each component.

t The fraction of total labeled reactable DNA in each component.

1 The rate constants for the different hybridizations were corrected for disparity in tracer and driver lengths (26) and adjusted
to the rate for 690-Nt DNA (27) for ease of comparison as follows: self-annealed small circular [PH]DNA, kagj to 630 Nt
= Robs (690/480)1/2; self-annealed chromosomal [BH]DNA, kadj o 690 Nt = kobs (690/600)1/2 (690/600)1/2; small circular

[32P]DNA tracer driven by chromosomal DNA, Eadj 0 690 Nt = Robs (690/110)1/2 (690/110) /2,

1 kpure = kadj to 690 Nt /F1.

experiments by using a vast excess of Drosophila chromosomal
DNA and trace amounts of labeled small circular DNA.
Chromosomal DNA driver was freed of greater than 99% of the
contaminating small circular DNA by differential sedimenta-
tion. Therefore, under the chromosomal DNA excess conditions
of the hybridization reaction shown in Fig. 2, the small circular
[32P]DNA can reassociate only if homologous sequences are
present in the chromosomal DNA.

A large fraction of the small circular [32P]DNA tracer was
driven into hybrid by chromosomal DNA (Fig. 2). The kinetics
of this single-component reaction yielded a corrected rate
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FiG. 2. Reassociation of small circular DNA with chromosomal
DNA. Approximately 0.4 ng of small circular [32P]DNA per ml (O)
was hybridized to a 500,000-fold excess of unlabeled chromosomal
DNA containing a small amount of chromosomal [*H]DNA (@) by
using the aqueous technique. The small circular [?2P]DNA prepara-
tion was contaminated by 12% reactable mitochondrial DNA. The
sizes of the circular [32P]DNA, the unlabeled chromosomal DNA, and
the chromosomal [PH]DNA, as determined by alkaline sedimentation,
were 110, 690, and 600 Nt, respectively. The ratio of unlabeled DNA
to chromosomal [PH]DNA was 60:1. A zero-time binding of 1.5% was
subtracted from each of the small circular DNA data points (0). No
zero-time binding was subtracted from the chromosomal DNA data
points (@). The solid curves through the data points represent the best
least-squares solution for three components for chromosomal DNA
and one component for circular DNA. A control experiment, in which
approximately 0.4 ng of small circular [?2P]DNA per ml was mixed
with a 500,000-fold excess of unlabeled calf thymus DNA showed 3.3%
hybridization by an ECot of 980 M sec after a zero-time value of 1.5%

was subtracted. .

P

constant of 0.74 M~1 sec™! (see Table 1). The ratio of this rate
constant to that for single copy DNA indicates that the average
sequence homologous to small circular DNA is present about
120 times per haploid genome. The moderately repetitive DNA
sequences of Drosophila (corrected rate constant = 0.50 M~!
sec™1, Table 1) are present about 78 times per haploid genome.
Therefore, the great majority of chromosomal DNA sequences
homologous to small circular DNA can be considered to be
members of the moderately repetitive class. No significant
hybridization of small.circular DNA to either highly repetitive
or single copy DNA was observed.

Because chromosomal sequences homologous to small cir-
cular DNA are 120-fold repeated and the complexity of the
major component of small circular DNA is 1.8 X 10# Nt Pr, the
sequences homologous to small circular DNA represent about
1.2% of total chromosomal DNA. There are thus approximately
40 times more small circular DNA-homologous sequences
present in the chromosomal DNA than in the DNA fraction
characterized as small circular, which constitutes a maximum
of 0.03% of the total DNA (10). This conclusion is supported by
the fact that the rate of reaction of small circular DNA with total
unfractionated cellular DNA (data not shown) is not detectably
different from its rate of reaction with chromosomal DNA that
lacks the small circular DNA fraction.

Because 12% of the small circular DNA tracer consisted of
contaminating mitochondrial DNA capable of hybridizing to
contaminating mitochondrial DNA in the driver, we also at-
tempted to fit the tracer data to two components. Whether the
mitochondrial DNA was considered to renature either more
slowly or more rapidly than the small circular DNA, however,
the adjusted rate constants for the small circular DNA com-
ponent (0.42 or 1.2 M~! sec™!) were not significantly different
from that determined for moderately repetitive chromosomal
DNA (0.50 M~! sec™!). Thus, contamination of small circular
DNA by mitochondrial DNA does not alter our conclusion that
a large fraction of small circular DNA is homologous to mod-
erately repetitive chromosomal sequences.

The final level of hybridization of 55% shown in Fig. 2
probably represents the total reactability of the circular DNA
used in this experiment, because the average size of the in
vitro-labeled circular DNA was very small (110 Nt). In other
experiments (not shown) in which the small circular DNA tracer
was significantly larger and essentially free of contaminating
mitochondrial DNA, as much as 70% of the small circular DNA
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was driven into hybrid by chromosomal DNA at ECgt values
below those at which significant self-hybridization of circular
DNA occurred. Because the maximum reactability of the in
vitro-labeled circular DNAs used in these experiments never
exceeded 80%, we consider it likely that small circular DNA
is entirely homologous to chromosomal DNA, specifically, to
the middle repetitive sequences of chromosomal DNA.
Stability of Duplexes Formed Between Small Circular and
Chromosomal DNA. To determine the degree of sequence
homology, we compared the melting behavior of small circular
DNA with that of hybrids between small circular DNA and
chromosomal DNA. Upon heating, in vitro-labeled native small
circular DNA melted with two apparent transitions (Fig. 3A).
Approximately 13% of the small circular DNA (probably rep-
resenting very small, thermally unstable pieces) melted below
75°C. The remainder melted with a thermal denaturation
temperature (t,,) of approximately 87.6°C, or about 1.6°C
below that of native chromosomal DNA (¢, = 89.2°C, Fig. 3A).
This small difference in ¢, is probably due to thé fact that the
circular DNA used in this experiment was smaller in size than
the chromosomal DNA (23). The assumption that the material
in native small circular DNA that melted at the lower tem-
perature consists of very small DNA is supported by the melt
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F1G. 3. Thermal dissociation profiles of native and renatured
small circular DNA. (A) Native, in vitro *H-labeled small circular
DNA of average size 240 Nt Pr, containing less than 4% contaminating
mitochondrial DNA, (@) and native chromosomal ['4C]DNA (400 Nt
Pr) (0) were mixed and melted together. (B) Small circular [’JH]DNA,
denatured and self-hybridized to an ECyt of 8.5 M sec (72% renatured)
by using the PERT, was melted (®); small circular [*H]DNA hy-
bridized to a 20,000-fold excess of unlabeled chromosomal DNA to
an ECyt of 30 M sec (55% hybridized) was melted (O). The latter two
small circular [SH]DNA preparations were identical to that described
in the legend of Fig. 1. The DNAs were bound to HAP at 56.5°C, then
released by washing with 0.14 M phosphate buffer at 2°C temperature
intervals increasing from 59°C to 98°C. Eluates were collected in
scintillation vials and assayed for radioactivity in the presence of
Aquasol-2. At the end of the experiment, irreversibly adsorbed DNA
was detected by dissolving the HAP in 6 M HCI and assaying for ra-
dioactivity. The label in this fraction was summed with that of the
other fractions to obtain total input counts. The failure of three of the
curves to reach 100% was due to the irreversible binding of less than
5% of the DNA to the HAP.
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of renatured small circular DNA. In this case, only a single
transition is seen with a ¢, of 87.0°C (Fig. 3B).

Duplexes between small circular DNA and chromosomal
DNA (Fig. 3B) melted over a broader temperature range than
did self-annealed small circular DNA, with a ¢, of 85.2°C. The
difference of 1.8°C in t,, between self-reassociated small cir-
cular DNA and small circular DNA annealed to chromosomal
DNA indicates a base pair mismatch between small circular
DNA and middle repetitive chromosomal DNA sequences of
approximately 2% (29).

DISCUSSION

Sequence Complexity of Small Circular DNA. Self-an-
nealing experiments demonstrate.that a major portion (82%)
of small circular DNA has a sequence complexity of approxi-
mately 1.8 X 10* Nt Pr. A minor component, with a higher but
undefined sequence complexity, is also indicated by the data.
The maximal sequence complexity that could be contained in
the circular DNA of an average cell is 1.3 X 10° Nt Pr, based
on an average circle size of 3300 Nt Pr and a maximum of 40
circles per cell (10). Each cell could thus contain all sequences
in the 1.8 X 10%-Nt Pr complexity component. Whether the
circular DNA is present in all cells, or is restricted to a subset
of the cell population, however, remains an open question.

Homology Between Small Circular DNA and Chromo-
somal DNA. The major portion (possibly all) of small circular
DNA hybridizes to chromosomal DNA and is homologous to
middle repetitive DNA (Fig. 2). There is no detectable ho-
mology with highly repetitive (satellite) or single-copy
DNA.

The nucleotide sequences in small circular DNA are of near
perfect complementarity, indicated by the fact that native and
self-reassociated circular DNA have nearly identical thermal
stabilities (Fig. 3). There is thus very little divergence among
the sequences present in the small circular DNA population.
Hybrids between small circular DNA and chromosomal DNA
melt at a slightly lower temperature, however, than self-reas-
sociated small circular DNA, indicating a base pair mismatch
of approximately 2%. This result would be expected, even if
small circular DNA were perfectly matched with certain
chromosomal sequences, because families of intermediate re-
peat DNA are mismatched by 3-7% in Drosophila (30). The
mismatch of only 2% suggests that the sequences in small cir-
cular DNA belong to well-matched families of repeated se-
quences.

Possible Function of Small Circular DNA The high degree
of homology between small circular DNA and middle repetitive
chromosomal DNA allows the speculation that small circular
DNA has the capacity to insert into, and.excise from, chromo-
somal DNA. If the circles are indeed mobile, they might be
analogous to translocatable elements of prokaryotes, various
representatives of which are known to cause translocation of
gene sequences, to stimulate the formation of deletions, and to
act as promoters or terminators of transcription (for review, see
ref. 31). In eukaryotes, circular DNA with the properties of
translocatable elements has been postulated to explain a number
of genetic phenomena, such as the presence of “controlling
elements” in maize (ref. 32; reviewed in ref. 33), high muta-
bility and reversion at certain loci in Drosophila (13), the rec-
tification of moderately repetitive chromosomal sequences (11),
and the dispersion of repeated structural genes in the Dro-
sophila genome (15).

If small circular DNA were altering gene activity by con-
tinually interacting with the chromosome, one might expect
the population of circles to differ in cells containing different
sets of active genes. Although sequence complexities have not
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been compared, the size distributions of small circular DNA
have been shown to differ in Drosophila cultured cells and
(embryos (10) and in bursae of chicken embryos and chicks
34).

In a previous paper (10), we speculated on the possibility that
small circular DNA represents amplified moderately repetitive
Drosophila genes, the most obvious of which is ribosomal DNA.
We have found no evidence, however, for significant homology
of small circular DNA to either ribosomal or transfer RNAs; the
homology of small circular DNA to other cellular RNAs is the
subjclect) of another report (Stanfield and Lengyel, unpublished
results).
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and to M. Uchiyamada for assistance in manuscript preparation. We
are indebted to Dr. D. E. Kohne for generous assistance and advice
throughout this work and for critical reading of the manuscript. This
work was supported by National Cancer Institute Training Grant 09056
and National Institutes of Health Postdoctoral Fellowship GM 06176
to S.W.S., by National Institutes of Health Grant HD 09948 and Na-
tional Science Foundation Grant PCM 76-04197 to J.A.L., and by U.S.
Public Health Service Grant RR 07009.
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