JOURNAL oF ViroLOGY, May 1975, p. 1202-1213
Copyright © 1975 American Society for Microbiology

Vol. 15, No. 5
Printed in U.S.A.

Analysis of Early Adenovirus 2 RNA Using Eco R-R1 Viral

DNA Fragments

ELIZABETH A. CRAIG, STEPHEN ZIMMER, ano HESCHEL J. RASKAS*

Departments of Pathology and Microbiology, Washington University School of Medicine,
St. Louis, Missouri 63110

Received for publication 30 December 1974

Adenovirus 2 RNA synthesized early in productive infection was analyzed by
RNA-DNA hybridization. Hybridization experiments were performed with
adenovirus 2 DNA and with the six adenovirus 2 DNA fragments generated by
digestion with the restriction endonuclease Eco R-R1. Duplex formation between
RNA and *?P-labeled viral DNA was assayed by S, nuclease digestion. RNA from
the cytoplasm annealed 12% of the total viral DNA and the following percentage
of each of the R.R1 fragments: 6% of R1-A, 24% of R1-B, 0% of R1-F, 40% of R1-
D, 13% of R1-E, and 22% of R1-C. The early cytoplasmic RNA is composed of two
sequence classes: class I, present in greatly reduced quantities at late times in
infection (18 h), and class II, which remains at high concentrations at 18 h. In
hybridization-inhibition experiments, hybridization of class II RNA is inhibited
by late cytoplasmic RNA, whereas hybridization of class I RNA is not blocked by
late cytoplasmic RNA (J. J. Lucas and H. S. Ginsberg, 1971; E. A. Craig and H.
J. Raskas, 1974). To determine the location of class I and II sequences on the
genome, membrane bound DNA fragments were used in hybridization-inhibition
experiments. These studies demonstrated that the early cytoplasmic transcripts
of R1-D belong to class II, whereas R1-C transcripts are class I sequences. The
cytoplasmic RNAs transcribed from fragments A and B contain both class I and
class II sequences. Analysis of cytoplasmic RNA fractionated by size demon-
strated that the class I sequences include a 19S RNA transcribed from R1-B and
class II sequences include a 20S RNA derived from R1-D. Nuclear RNA purified
from cultures early in infection was annealed with *?P-labeled R1 fragments.
With all six fragments the nuclear RNA annealed as much or more of the DNA
than did cytoplasmic RNA. Eco R1-F annealed at least 25% with early nuclear
RNA, whereas no sequences homologous to R1-F were detected in early
cytoplasmic RNA. When cultures were labeled from 2 to 6 h after infection, at
least 5% of the *H-labeled early nuclear viral RNA annealed to Eco R1-F. Some of
these nuclear transcripts from R1-F appear to be covalently linked to sequences
transcribed from a contiguous region of the genome (Eco R1-B); 8.4% of the RNA
selected by hybridization of R1-F reannealed to R1-B, whereas no more than 1.5%
reannealed to R1 fragments A, D, E, or C.

The early phase of adenovirus 2 replication in
cultured human cells lasts for approximately 6
h, until the onset of viral DNA replication.
DNA-RNA hybridization studies have demon-
strated that early cytoplasmic viral RNA repre-
sents only a limited portion of the genome (4, 5,
23), and that the early cytoplasmic viral RNAs
are found as two major size classes, 19 to 20S
and 11 to 158 (4, 9, 14). These two size classes
have been further resolved into at least six viral
RNA species by hybridization of size fraction-
ated RNA to the unique adenovirus 2 DNA
fragments generated by endonuclease Eco R-R1
(21). The early cytoplasmic RNA includes two

subclasses: class I RNA, which is present in at
least a 16-fold lower concentration at 18 h than
at 6 h, and class II RNA, which remains at high
concentrations at late times (4, 10). In the
present study we have extended the analysis of
early cytoplasmic RNA by performing addi-
tional RNA-DNA hybridization studies with
the six Eco R-R1 adenovirus 2 DNA fragments
(15). The results of these studies allow the
assignment of class I and class II RNAs to
specific regions of the genome.

Earlier studies have established that the early
nuclear viral RNA purified from cultures la-
beled for short intervals is considerably larger
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than the largest of the early cytoplasmic
mRNAs (12, 24). These high-molecular-weight
nuclear RNAs contain all the viral sequences
present in early cytoplasmic viral RN As as well
as additional viral sequences (22, 24). These
additional sequences present in the nucleus
have been characterized further in hybridiza-
tion experiments using the R1 DNA fragments.

(A preliminary report of this work was pre-
sented at the Cold Spring Harbor Symposium
on Quantitative Biology, June 1974.)

MATERIALS AND METHODS

Cell culture, virus infection, and virus purifica-
tion. Suspension cultures of KB cells were main-
tained in Joklik minimal essential medium supple-
mented with horse serum. Infections were performed
as described previously (17, 18).

Stock adenovirus 2 was purified from cultures
infected at a multiplicity of 15 PFU/cell and har-
vested 30 h later (6, 7). The infected cells werée
collected by centrifugation and suspended in 0.01 M
Tris-hydrochloride (pH 8.1) at a concentration of 3 x
107 cells/ml. The suspension was frozen and thawed
three times using an acetone-dry ice bath, and then
sonically treated for sufficient time to destroy all
cells; cell disruption was verified microscopically.
After sonic treatment the extract was diluted twofold
with 0.01 M Tris (pH 8.1) and homogenized with an
equal volume of fluorocarbon (Trichlorotrifluoro-
ethane, Allied Chemical Co.). The mixture was cen-
trifuged at 2,000 rpm for 5 min at 5 C in a no. 269 rotor
in the IEC PRJ centrifuge. The virus in the superna-
tant fluid was then concentrated by centrifugation
onto a 5-ml cesium chloride cushion of density 1.43
g/cm?®. Centrifugation was for 1 h at 20,000 rpm in a
Spinco SW25.1 rotor. The band containing virus was
further purified by two equilibrium centrifugations in
cesium chloride of density 1.34 g/cm?®. Centrifugation
was performed for 18 h in a Spinco type 65 rotor at
30,000 rpm, 5 C. Virus to be used as stock for further
infections was diluted 10-fold into 0.01 M Tris (pH
8.1), 0.15 M NaCl, 0.1% serum albumin, and 50%
glycerol and stored at —20 C.

Cultures to be harvested 6 h after infection were
infected at a multiplicity of 100 PFU/cell and diluted
to 9 x 10° cells/ml after a 1-h adsorption period. In
most experiments, 25 ug of cycloheximide (Sigma
Chemical Co.) per ml was added at the time of
dilution (3). Early RNA was labeled by exposing
cultures to 12 uCi of [*H]uridine (40 Ci/mmol; New
England Nuclear) per ml from 2 to 6 h after infection.
Cultures to be harvested at late times, 18 to 22 h after
infection, were diluted to 3 x 10°® cell/ml after the 1-h
adsorption period.

Cell fractionation and RNA purification. Cul-
tures were harvested, and cytoplasmic and nuclear
extracts were prepared as described by Craig and
Raskas (3). RNA in cytoplasmic extracts waspurified
by the addition of 0.5% sodium dodecyl sulfate (SDS),
followed by three extractions at room temperature
with an equal volume of water-saturated phenol and
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24:1 chloroform/isoamy! alcohol (for details see Craig
and Raskas [3]). The RNA was precipitated by the
addition of two volumes of 95% ethanol in the
presence of 0.15 M NaCl. RNA containing poly(A)
was separated from RNA lacking poly(A) by selective
retention on oligo(dT)-cellulose (1, 3).

Nuclei were lysed in high salt buffer (0.5 M NaCl,
0.05 M MgCl,, 0.05 M Tris-hydrochloride, pH 7.4),
treated with DNase and then diluted 10-fold with
TES buffer (0.05 M Tris-hydrochloride, pH 7.4, 0.02
M EDTA; 0.5% SDS) (3). Following dilution, the
preparations were extracted three times at 60 C with
water-saturated phenol and chloroform/isoamyl alco-
hol. The RNA was precipitated with ethanol, resus-
pended in high salt buffer, and incubated a second
time with DNase. The RNA was then re-extracted
with water-saturated phenol and precipitated with
ethanol.

Nucleic acid - concentrations were determined by
optical density measurements at 260 nm, assuming 43
ug of RNA per optical density unit. The yield of RNA
per 3 x 10° cells was approximately 1.3 mg of
cytoplasmic RNA from cultures harvested at 6 h and
2.0 mg of cytoplasmic RNA from cultures harvested at
18 h. Nucleic acids purified from nuclei of cultures
harvested at 6 h amounted to 0.75 mg and 1.3 mg per 3
x 108 cells from cells harvested at 18 h.

Purification of viral DNA. Viral DNA was ex-
tracted from purified virus essentially as described by
Green and Pina (7). The purified virus in cesium
chloride was dialyzed against several changes of 0.01
M Tris-hydrochloride (pH 8.1) for a minimum of 2 h
and then incubated at 37 C with 0.6 mg of papain per
ml (Sigma Chemical Co.) in 0.0075 EDTA, 0.015 M
cysteine-hydrochloride and 0.15 M sodium phosphate
(pH 6.9). After 1 h SDS was added to a concentration
of 0.75%, and the incubation was continued for an
additional 30 min. The sample was extracted twice
with gentle agitation at 4 C using an equal volume of
phenol saturated with 0.05 M Tris-hydrochloride (pH
7.4), 0.1 M NaCl, and 0.001 M EDTA. The final
aqueous layer was dialyzed against 0.1x SSC (0.15 M
NaCl plus 0.015 M sodium citrate) at 4 C for 24 h;
during this time the 300 ml of buffer was changed six
times. The concentration of DNA was determined by
optical density measurements at 260 nm assuming 50
ug of DNA per optical density unit.

Preparation of R1 DNA fragments. Digestion of
adenovirus 2 DNA by endonuclease R -R1 was carried
out as described by Pettersson et al. (15). The
standard reaction mixture contained 10 mM MgCl,,
90 mM Tris-hydrochloride (pH 7.6) and 2 units of
enzyme per 1 ug of DNA with a maximum of 150 ug of
DNA/ml. One unit of enzyme was defined as the
amount needed to cleave 1 mg of adenovirus 2 DNA
to completion with no detectable intermediates re-
maining. Incubations with enzyme were for 60 min at
37 C; digestion was terminated by addition of EDTA
to a concentration of 20 mM.

A similar procedure was used to prepare *?P-labeled
DNA fragments. Radioactive virions were purified
from cultures exposed to **P (60 uCi/ml; New Eng-
land Nuclear) as described by Craig and Raskas (4),
and DNA was extracted as described above. When
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necessary to concentrate DNA before electrophoresis,
the digested **P-labeled DNA was extracted with an
equal volume of chloroform/isoamyl alcohol (at a ratio
of 24:1) and precipitated with 0.1 M NaCl and 2
volumes of ethanol.

The Eco R-R1 DNA fragments were separated by
using the agarose gel system developed by Sharp et al.
(19). The gels (0.8 by 12 ¢cm) contained 1.4% agarose
(Seakem), 0.04 M Tris-hydrochloride (pH 7.6), 0.005
M sodium acetate, 0.001 M EDTA, and 0.5 ug of
ethidium bromide per ml (Sigma Chemical Co.).
Electrophoresis was performed for 4.5 h at 5 mA/tube
in buffer containing 0.04 M Tris-hydrochloride (pH
7.6), 0.005 M sodium acetate, 0.001 M EDTA, and 0.5
ug of ethidium bromide per ml. After electrophoresis
the DNA fragments were visualized as fluorescent
bands using a high intensity UV light, and portions of
the gel containing DNA fragments were excised.
32p_labeled DNA fragments were fractionated in the
same manner except that the gel was cut into 2 mm
slices, and the position of the fragments was deter-
mined by Cerenkov radiation in a liquid scintillation
counter. The DNA in gel fractions was eluted by
electrophoresis at 100 V for 2 h (15, 21).

DNA:RNA hybridizations with membrane-
bound DNA. Hybridizations were performed with
adenovirus 2 DNA immobilized on 6.5-mm cellulose
nitrate membranes (Schleicher and Schuell, type B6)
as described by Craig and Raskas (3). Two-step
hybridization-inhibition experiments were performed
in 30% formamide (Matheson, Coleman and Bell), 3x
SSC, 0.1% SDS, and 0.01 M TES [N-tris(hydroxy-
methyl)methyl-2-amino-ethane sulfonic acid] (pH
7.4) at 45 C. The formamide was further purified as
described by Tibbetts et al. (23) except that Amber-
lite MB3 was used and the ether extractions were
omitted.

To determine the relationship between RNA se-
quences present in different preparations, hybridiza-
tion-inhibition experiments were performed. In the
first step of such experiments increasing concentra-
tions of unlabeled RNA were incubated for 24 h with
filters containing R1 DNA fragments derived from 0.5
ug of total viral DNA (e.g., 0.5-ug equivalents). The
RNA used as inhibitor had been previously treated
with alkali (1 M NaOH for 90 s at room temperature)
as described by Lucas and Ginsberg (10). This treat-
ment reduced the average size to 4S (as determined
by gel electrophoresis) but did not reduce the amount
of acid-precipitable RNA. After the first incubation
the filters were washed at 60 C for 1.5 h with 8 ml of
2x SSC. During this time the buffer was changed
three times. *H-labeled RNA was then added for a
second incubation at 45 C for 24 h. The filter was
washed three times at 60 C with 2x SSC, treated with
20 ug of pancreatic RNase (Worthington Biochemical
Co.) per ml for 1 h at room temperature, and then
washed again with 2x SSC. The filters were dried and
counted in a liquid scintillation counter.

In some experiments hybridization-inhibition stud-
ies were performed with the RNA in individual
fractions from acrylamide gels. For these experiments
*H-labeled RNA was fractionated on 3.2% ethylene
diacrylate cross-linked acrylamide gels as described
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previously (4). The gel slices were solubilized by
addition of 6x SSC containing 0.1% SDS and subse-

-quent incubation at 60 C for 16 h. Portions were then

hybridized at 66 C for 20 h to membrane-bound DNA
which had been preincubated with unlabeled alkali-
treated RNA. The first hybridization was performed
at 45 C for 20 h in 30% formamide as described above.
Two types of inhibitor RNAs were used: cytoplasmic
RNA from uninfected KB cultures and from cultures
harvested 18 h after infection. The filters prehybrid-
ized to the same type of inhibitor were imcubated
simultaneously in one reaction mixture of 300 pul.
After 20 h the filters were removed, washed at 60 C
with 2x SSC, and then added to the solubilized gel
slice for the second incubation.

For some experiments, RNA was hybridized and
then eluted and rehybridized essentially as described
by Weinberg et al. (25). Hybridizations were carried
out as described above in 30% formamide at 45 C but
using 25-mm membranes and incubating for 36 h.
Both sides of the filters were then washed by filtration
with 50 ml of 2x SSC containing 0.2% SDS. The filter
was then incubated for 2 h at 45 C with 10 ml of
hybridization buffer. The filter was again washed on
both sides, first with 20 ml of 2x SSC plus 0.2% SDS,
and then with 10 ml of hybridization buffer. RNA was
eluted by incubation in 1 ml of 90% formamide, 0.01
M NaPO, (pH 7.0), and 0.2% SDS for 1 h at 45 C. At
least 80% of the hybridized RNA was recovered. The
eluted RNA was diluted 1:3 with 0.01 M Tris-hydro-
chloride (pH 7.4), 5 ug of carrier KB RNA per ml was
added, and the RNA was precipitated by ethanol;
subsequent rehybridization was performed in 30%
formamide as described above.

Liquid phase hybridizations were performed with
32P_labeled DNA. Before hybridization, the DNA was
fragmented by boiling in 0.2 M NaOH for 1 h. The
DNA was neutralized by the addition of hydrochlo-
ride. DNA denatured by this procedure reannealed as
expected. Hybridizations were performed in 1.2 M
NaCl and 0.01 M Tris-hydrochloride (pH 7.0) at 66 C.
The fraction of the DNA present as hybrid was
determined by digestion with the single-strand spe-
cific nuclease (S,) from Aspergillus oryzae. S, nu-
clease was purified from diastase powder (Sigma
Chemical Co.) as described by Sutton (20). The
reaction mixtures contained 500 U of enzyme, 0.03 M
sodium acetate buffer (pH 4.5). 3 x 10-* M ZnCl,,
0.12 M NaCl, 20 ug of calf thymus DNA per ml, and
1,000 to 10,000 counts per min of **P-labeled DNA
(specific activity 5 x 10° counts per min/ug). Nu-
clease digestion was performed for 2.5 h at 50 C. In
these conditions, 100% of native adenovirus DNA and
only 0.2% of denatured DNA remained acid precipita-
ble. For each experiment in which DNA was annealed
with RNA from infected cells, a control hybridization
was performed with RNA from uninfected cells. In
general, in the time required to achieve maximal
formation of RNA-DNA hybrids, less thar 2% of DNA
was double stranded in the presence of RNA from
uninfected cells (Fig. 1, 2, and 5).

The hybridization reactions were carried out in 0.7-
to 1 ml volumes. Samples (25 ul) were removed in
triplicate for a determination of input counts; 100-ul
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samples were removed at various times and diluted
into 0.9 ml of S, nuclease reaction mixture. After
digestion with nuclease, the samples were precipi-
tated with 5% trichloroacetic acid, collected by filtra-
tion, dried, and counted in a liquid scintillation
counter.

RESULTS

Liquid hybridization of total viral DNA
with nuclear and cytoplasmic RNAs from
cultures harvested 6 h after infection. To
compare viral transcripts present in the nucleus
and cytoplasm at early times in infection, early
RNAs were prepared from cultures infected in
the presence of cycloheximide. Cycloheximide,
an inhibitor of protein synthesis, prevents the
onset of viral DNA synthesis (8). Since the
initiation of viral DNA synthesis and other late
events may not be synchronous in all infected
cells, drug treatment eliminates possible con-
tamination of early cytoplasmic viral RNA with
low concentrations of late RNA (3).

Liquid hybridization experiments were per-
formed with 3?P-labeled viral DNA, and forma-
tion of RNA-DNA hybrids was determined by
resistance to digestion with the single-strand
nuclease S, from Aspergillus oryzae (20). Early
cytoplasmic RNA formed a hybrid with 12% of
total viral DNA (Fig. 1). The same percent
hybridization was obtained when the RNA
concentration ranged from 0.4 to 2.0 mg/ml.
Early nuclear RNA was also annealed with
32p_labeled viral DNA. Although the amount of
nuclear RNA used for the experiment corre-
sponded to seven times as many cell equivalents
as were used for the hybridization with early
cytoplasmic RNA, a longer incubation time was
required to approach maximal hybridization
with the nuclear RNA; at least 26% of total viral
DNA annealed with early nuclear RNA.

Liquid hybridization of cytoplasmic RNA
with Eco R-R1 DNA fragments. For a more
detailed analysis of the viral RNA synthesized
early in infection, cytoplasmic RNAs were hy-
bridized to *?P-labeled adenovirus 2 DNA frag-
ments generated by digestion with the restric-
tion endonuclease Eco R-R1. The molecular
weight (15) and linear order (C. Mulder, J.
Arrand, H. Delius, W. Keller, U. Pettersson, R.
Roberts, and Sharp, Cold Spring Harbor Symp.
Quant. Biol., in press) of the six DNA fragments
obtained by incubation with Eco R-R1 are
reviewed in Table 1.

Each DNA fragment was annealed with cyto-
plasmic RNA from cultures harvested 6 h after
infection and also with cytoplasmic RNA har-
vested from uninfected cells (Fig. 2). In reac-
tions containing RNA from infected cells the
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FiGc. 1. Liquid-phase hybridization of early cyto-
plasmic and nuclear RNA with **P-labeled adenovi-
rus 2 DNA. RNA purified from cells harvested at 6 h
after infection was hybridized to denatured **P-
labeled DNA as described in Materials and Meth-
ods. 28,000 counts/min of **P-labeled DNA/m! was
annealed with 0.8 mg of early cytoplasmic RNA (@)
per ml or 4.6 mg of early nuclear RNA (B) per ml. The
yield of RNA per 3 x 10® cells was approximately 1.3
mg of cytoplasmic RNA and 0.75 mg of nuclear RNA.
A control reaction (O) contained 1 mg of RNA from
uninfected cells per ml. At the indicated times, 100-ul
samples were removed, and the percentage of the
DNA forming hybrid was determined by digestion
with S, nuclease.

formation of RNA-DNA hybrids tended to
reach a plateau within 1 h.

The maximal hybridization of each of the six
R1 fragments with early cytoplasmic RNA is
summarized in Table 1: 6% of R1-A, 24% of
R1-B, 0% of R1-F, 40% of R1-D, 13% of R1-E,
and 24% of R1-C. The percentage of the genome
represented in early cytoplasmic RNA can be
calculated by summation of the hybridizations
achieved with the six R1 DNA fragments. This
calculated value of 12% for early RNA agrees
with the result obtained by hybridization of
total viral DNA (Fig. 1).

Assignment of class I and class II early
RNASs to regions of the genome defined by the
Eco R-R1 fragments. The existence of class I
early RNA was first demonstrated by hybridiza-
tion-inhibition experiments (10). When mem-
branes containing total viral DNA were first
exposed to early cytoplasmic RNA, the subse-
quent hybridization of *H-labeled early cyto-
plasmic RNA was inhibited at least 90%. How-
ever, when the inhibitor RNA was nonradioac-
tive late (18 h) RNA, the hybridization of
3H-labeled early cytoplasmic RNA was inhib-
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TaBLe 1. Hybridization of **P-labeled Eco R-R1
fragments of adenovirus 2 DNA with cytoplasmic
RNA harvested early in infection®

DNA
. hybridized
Mol wt Fractional

Fragment (x10-9 length (%) *)
A B
A 13.6 58.3 51 6
B 2.7 11.9 28 | 24
F 1.1 4.5 0 0
D 1.7 7.2 | 42| 40
E 1.4 5.8 12 | 15
C 2.3 9.9 24 | 24

2The R1 fragments are listed in their linear order
(C. Mulder, J. Arrand, H.. Delius, W. Keller, U.
Pettersson, R. Roberts, and P. Sharp, Cold Spring
Harbor Symp. Quant. Biol., in press). Information
concerning the molecular weight and fractional length
of each fragment is from Pettersson et al. (15). The
percent DNA hybridized was obtained from data such
as shown in Fig. 2. Data from two different experi-
ments (A and B) are presented. The calculated
percent DNA hybridized is the value hybridized at
the minimum time required to reach the plateau
value for hybrid formation; since DNA reannealing
was generally less than 1% at these times, no correc-
tion was made for formation of DNA-DNA hybrids.’

ited only 50%. Thus approximately half of the
viral RNA sequences in early cytoplasmic RNA
are present in greatly reduced concentrations by
18 h after infection (class I) (4, 10). The early
RNA remaining in high concentrations at 18 h
was designated class II (10). To localize early
class I and class II RNA to segments of the viral
genome, experiments were performed with the
Eco R-R1 adenovirus 2 DNA fragments (Fig. 3).
Nonradioactive RNAs from cells harvested
early and late in infection and from uninfected
cells were used in hybridization-inhibition ex-
periments with membrane-bound DNA frag-
ments. The *H-labeled early cytoplasmic RNA
for the second step of the hybridization-inhi-
bition experiments was utilized in less than sat-
urating amounts; a previous analysis (4) dem-
onstrated that the difference in concentration
between class I and class II RNAs at late times
could be detected even when the °H-labeled
early cytoplasmic RNA was not present in
saturating amounts.

In control experiments, hybridization of *H-
labeled early cytoplasmic RNA to DNA frag-
ments A, B, C, and D was not inhibited by RNA
from uninfected cells and was inhibited at least
90% by homologous early cytoplasmic RNA
(Fig. 3). Using late cytoplasmic RNA as inhibi-
tor, the following results were obtained: hybrid-
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ization of *H-labeled early cytoplasmic RNA to
fragments A and B was partially inhibited, 63%
and 59%, respectively. Hybridization of the
same °H-labeled RNA to R1-C was inhibited
less than 5% by late cytoplasmic RNA, whereas
formation of hybrids with R1-D was inhibited at
least 85%. In these experiments, hybridization
to E fragment DNA was too low to permit
quantitation of hybridization inhibition. Since
early cytoplasmic RNA does not hybridize to F
fragment DNA (Fig. 2) (21), hybridization-inhi-
bition experiments were not performed with this
DNA fragment.

In a recent study, hybridization of size-frac-
tionated early cytoplasmic RNA to the Eco
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Fi6. 2. Liquid-phase hybridization of early cyto-
plasmic RNA with **P-labeled R1 DNA fragments.;
*P-labeled DNA fragments were annealed with 1 mg
of early cytoplasmic RNA (@) per ml and with 1 mg of
RNA from uninfected KB cells (O) per ml. 100-ul
aliquots were removed at the indicated times, and the
percentage of the DNA hybridized was determined by
digestion with S, nuclease. One hundred microliters
of the reaction mixtures contained the following
amounts of radioactivity: 12,000 counts/min of A;
3,800 counts/min of B; 1,600 counts/min of F; 5,000
counts/min of D; 5,000 counts/min of E; and 2,000
counts/min of C. The results of the hybridizations are
presented in the linear order of the fragments, A, B, F,
D, Eand C.
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R-R1DNA fragments resulted in the identifica-
tion of at least six early viral RNA species (21).
Two of these species are a 20S RNA transcribed
from R1-D and a 19S RNA from R1-B. Previous
hybridization studies with total viral DNA
demonstrated that the 19 to 20S early RNA
contains both class I and class II sequences (4).
Experiments were therefore performed to deter-
mine which of the 19 to 20S RNA species
belongs to class I. *H-labeled early cytoplasmic
RNA was size fractionated by polyacrylamide
gel e]ect,rophoresis. The RNA in the fractions of
the gel containing 19 to 20S molecules was
divided into two aliquots, and the RNA in each
aliquot was annealed simultaneously to two
DNA filters (Fig. 4). One aliquot was annealed
to B and D fragment filters which had been
preincubated with saturating amounts of RNA
from uninfected cells. The hybrids formed with
these membranes revealed the 20S RNA tran-
scribed from R1-D and the 19S RNA from R1-B.
The RNA in the second aliquot from each gel
slice was annealed to B and D fragment filters
which had been preincubated with saturating
amounts of cytoplasmic RNA from cultures
harvested 18 h after infection. The prehybridi-
zation with late RNA did not prevent hybridiza-
tion of the 19S RNA to B fragment but reduced
hybridization of the 20S D fragment RNA more
than 85%. This result establishes that the 19S B
fragment RNA is a class | RNA and that the 20S
RNA transcribed from R1-D is a class II RNA.

Liquid hybridization of early nuclear RNA
with Eco R-R1 DNA fragments. In experi-
ments analogous to those performed with cyto-
plasmic RNA (Fig. 2), early nuclear RNA was
hybridized with *?P-labeled Eco R-R1 DNA
fragments (Fig. 5). For all six fragments the
plateau value for hybridization with early nu-
clear RNA was equal to or greater than that
obtained with cytoplasmic RNA. For example,
21% of A fragment was annealed by early
nuclear RNA as compared to 6% with early
cytoplasmic RNA (Fig. 5; Table 1). Early cyto-
plasmic RNA did not anneal at all to F frag-
ment DNA (Table 1); nuclear RNA hybridized
to 256% of F fragment DNA (Fig. 5).

Transcription of Eco R-R1 fragment DNA
at early times in infection. The liquid hybridi-
zation studies with R1-F DNA demonstrated
the cytoplasmic RNA, harvested at early times
in infection, does not contain transcripts of this
specific fragment, but early nuclear RNA does
contain sequences homologous to F fragment
DNA (Fig. 2 and 5).

The absence of a cytoplasmic viral mRNA
transcribed from R1-F was previously demon-
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Fic. 3. Ability of late cytoplasmic RNA to inhibit
early cytoplasmic RNA hybridization to the Eco R-R1
fragments. Cytoplasmic *H-labeled RNA was purified
from cells treated with cycloheximide and harvested 6
h after infection. Two-step hybridization inhibition
experiments were performed with fragments A, B, C,
D and E DNA immobilized on filters. The amount of
fragment DNA per membrane was the amount de-
rived from 0.5 ug of total adenovirus 2 DNA. RNA
purified from uninfected KB cells (), cells harvested
at 6 h after infection (@), and cells harvested at 18 h
(O) were used as inhibitors at the concentrations
indicated. *H-labeled early RNA (3 x 10° counts/min;
specific activity of 40,000 counts/min per ug) was
added in the second hybridization step. One hundred
percent hybridization corresponded to 1,000 counts/
min for RI1-A; 1,200 counts/min for RI-B; 1,120
counts/min for R1-C; and 1,310 counts/min for R1-D.
Insufficient counts hybridized to fragment E to allow
an accurate determination of inhibition.

strated by hybridizing size fractionated °H-
labeled early cytoplasmic RNA with F fragment
DNA (21). The reduced hybridization of *H-
labeled early cytoplasmic RNA to F fragment is
shown in Table 2. Although F fragment com-
prises 4.5% of the genome, only 0.46% (20 counts
per min) of the hybridized early RNA bound to
F fragment DNA. In contrast, of the hybridized
early nuclear RNA, 5.8% was homologous to F
fragment (Table 2). Nuclear RNAs containing
and lacking poly(A) were also analyzed for
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Fic. 4. Ability of late RNA to inhibit hybridization
of 19 to 20S *H-labeled early RNA to R1-B and R1-D
DNA. Poly(A)-selected *H-labeled early RNA (5 x
10° counts/min) was fractionated on a 3.2% acrylam-
ide gel; electrophoresis was for 4 h at 5§ mA/tube. Gel
slices (2 mm) were solubilized in 150 ul of 6x SSC
plus 0.1% SDS. Fractions 10 to 17, which contained
18S to 21S RNA, were divided into two aliquots;
the two aliquots of each fraction. were hybridized
simultaneously to two filters, one containing 0.5-ug
equivalents of R1-B DNA and one containing 0.5-ug
equivalents of R1-D RNA. One aliquot was hybridized
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transcripts from F fragment DNA (Table 2). Of
the poly(A)-containing RNA which was virus
specific, 5.1% was transcribed from F fragment
DNA. Analysis of nuclear RNA lacking poly(A)
showed that 9.1% of the hybridizing RNA was
homologous to F fragment.

The possibility that the nuclear R1-F tran-
scripts are linked to transcripts of other portions
of the genome was tested by further analysis of
RNA which hybridized to F fragment DNA.
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Fi6. 5. Liquid-phase hybridization of early nuclear
RNA with **P-labeled R1 DNA fragments. **P-labeled
DNA fragments were hybridized with 2 mg of early
nuclear RNA (@) per ml and with 2 mg of RNA puri-
fied from uninfected KB cells (O) per ml. Aliquots
(100 ul) removed at the indicated times, and the per-
centage of the DNA annealed was determined by di-
gestion with S, nuclease. 100 ul of the reaction mix-
ture contained the following amounts of radioactivity:
1,700 counts/min of RI1-A; 900 counts/min of R1-B;
700 counts/min of R1-F; 900 counts/min of R1-D; 800
counts/min of R1-E; 1,000 counts/min of R1-C. The
results are presented in the linear order of the frag-
ments, A, B, F, D, E and C.

to filters prehybridized to 3 mg of KB RNA (@) per
ml; the other was annealed to filters prehybridized
to 3 mg of late cytoplasmic RNA (O) per ml. A
parallel gel contained '‘C-labeled ribosomal RNA.
The arrow indicates the position of 18S RNA; fraction
6 contained 28S RNA.
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TaBLE 2. Hybridization of cytoplasmic and nuclear *H-labeled early RNA to Eco R-R1 DNA fragments®

Cytoplasmic RNA total Nuclear RNA
.. Non-poly(A)
Total Poly(A) containing containing
Fragment Counts/min | Hybridized Hybrid- Hybrid- Hybrid-
hybridized cou (%) Counts/ ized Counts/ ized Counts/ ized
minhy- | counts/ | minhy- | counts/ | minhy- | counts/
bridized min bridized min bridized min
(%) (%) (%)
A 539 12.5 1,528 13.8 597 13.2 210 15.9
B 772 179 2,204 20.0 1,029 22.8 202 15.3
F 20 0.46 640 5.8 229 5.1 120 9.1
D 1,300 34.5 3,391 30.8 1,170 26 320 24.8
E 143 3.3 411 3.1 328 7.3 76 5.8
C 1,484 30.2 2,781 25.2 1,148 25.5 400 30.3

@A culture infected in the presence of cycloheximide was labeled with [*HJuridine from 2 to 6 h after
infection. Cytoplasmic and nuclear RNAs were purified; a portion of the nuclear RNA was separated into
poly(A)-containing and non-poly(A)-containing fractions by chromatography on oligo(dT)-cellulose. Each of
these RNA samples was hybridized simultaneously to six filters, each containing 1.0-ug equivalents of one of the
Eco R-RI1 fragments. The hybridization reactions contained the following counts per minute: total cytoplasmic
RNA, 1.4 x 10% total nuclear RNA, 2.8 x 10°% poly(A)-containing nuclear RNA, 3.2 x 10% non-poly(A)-con-
taining nuclear RNA, 3.5 x 10% The percent hybridized counts per minute bound to each fragment is the
hybridization to an individual fragment divided by the total counts per minute hybridized to all six fragments.
For all data shown, background was subtracted (12 counts/min).

TaBLE 3. Rehybridization of early nuclear R1-F
fragment transcripts®

Counts/min
hybridized Average %
Fragment hybridized
1 2
F 422 476 52
A 32 51 0.9
B 410 345 8.4
D 69 76 1.6
E 35 37 0.8
C 70 45 1.3

¢ A culture was infected in the presence of cyclohex-
imide, labeled with [*HJuridine from 2 to 6 h, and
then harvested. Total nuclear RNA (8 x 10* counts/
min) was hybridized in 30% formamide at 45 C to two
membranes, each containing 4.2-ug equivalents of F
fragment DNA. The hybridized RNA was eluted in
90% formamide giving a total of 8,250 counts/min.
Part of the eluted RNA (870 counts/min) was rehybri-
dized to F fragment DNA. Another portion was
hybridized simultaneously to five filters,each contain-
ing 1-ug equivalents of the other five R1 fragments.

Early nuclear RNA was annealed to F fragment
DNA in 30% formamide at 45 C, conditions
which greatly reduce RNA degradation (2, 25).
RNase treatment was omitted and the hybrid-

ized RNA was eluted by treatment with 90%,

formamide. The eluted RNA rehybridized 52%

to F fragment DNA (Table 3). When the eluted
RNA was hybridized simultaneously to the
other five R1 fragments, 8.4% annealed to B
fragment DNA (Table 3). The amount anneal-
ing to B fragment DNA was five times more
than hybridized to any of the other four frag-
ments (A, D, E, C).

DISCUSSION

The results of liquid hybridization with R1
fragments as compared to the viral mRNAs
assigned to R1 fragments. In agreement with
the result obtained when total viral DNA was
annealed with early cytoplasmic RNA (Fig. 1)
(4), studies with the R1 fragments demon-
strated that early cytoplasmic RNA contains
transcripts corresponding to 24% of the coding
capacity of the genome (Table 1). This result is
in reasonable agreement with studies performed
in two other laboratories (L. Philipson, U.
Pettersson, U. Lindberg, C. Tibbetts, B. Venn-
strom, and T. Persson, Cold Spring Harbor
Symp. Quant. Biol., in press; and P. Sharp, P.
Gallimore, and S. Flint, Cold Spring Harbor
Symp. Quant. Biol., in press). The studies with
DNA fragments show that even though only a
small portion of the genome codes for early
cytoplasmic viral RNA, the segments of the
genome coding for early RNA are widely distrib-
uted. Of the six R1 fragments, only F fragment
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did not code for early cytoplasmic RNA (Fig. 2).
Thus the genes coding for early functions are
not clustered in one region of the genome.

The liquid hybridization studies supplement
a previous report in which *H-labeled early viral
mRNAs were annealed to the R1 fragments
(21). Using size fractionated *H-labeled early
RNA, hybridization showed that 13S and 11S
molecules are transcribed from R1-A, 19S and
11S from R1-B, 20S and 13S from R1-D, 13S
from R1-E, and heterogeneous transcripts (10S
to 24S) from R1-C (21). Analysis of the size of
these RNAs and the segments of the genome
from which they are transcribed suggests that
the six RNAs from fragments A, B, and D
represent at least six different viral species, and
that the transcripts from R1-E are part of the
13S molecules from R1-D (21; E. A. Craig, M.
McGrogan, C. Mulder, and H. J. Raskas, man-
uscript in preparation). Assuming that the
migration of these RNA species in acrylamide
gels is proportional to the logarithm of their
molecular weights, a comparison can be made of
the viral mRNAs transcribed from each frag-
ment and the percentage of each fragment DNA
which anneals to early cytoplasmic RNA (Table
4). Although there is reasonable agreement
between the two sets of data, in several in-
stances (R1-B and R1-D) the sum of the molec-
ular weights of the viral mRNAs is greater than
would be expected on the basis of the liquid
hybridizations. Either the liquid hybridizations
may not have reached completion or, more
likely, the molecular weight estimates for at
least several of the RNAs may be too high. In
fact, several of the viral RNA size classes
migrate more rapidly relative to ribosomal RNA
when analyzed in formamide gels (unpublished
data).

Early cytoplasmic RNA contains two sub-
classes. As originally reported by Lucas and
Ginsberg (10) and confirmed by Craig and
Raskas (4), the cytoplasmic viral RNA se-
quences synthesized at early times consist of
two subciasses. Class I RNA, the RNA present
in reduced concentrations at 18 h, had not been
detected in early hybridization-inhibition ex-
periments (5). Subsequent studies showed that
precautions must be taken to avoid nonspecific
inhibition in the first step of hybridization-inhi-
bition experiments (10); either the nonradioac-
tive RNA must be degraded to small fragments
before use, or alternatively the membranes
must be treated with RNase after exposure to
the inhibitor RNA and before addition of the
3H-labeled RNA.

Liquid hybridization experiments with *2P-
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TaBLE 4. Comparison of early cytoplasmic viral
RNAs assigned to R-R1 DNA fragments and results of
liquid hybridizations with cytoplasmic RNA and
R-R1 fragments®

Mol wt of
DNA | cytoplasmic
Frag- |hybrid- | RNA Viral | Molwtof
ment ized | transcribed | mRNAs mRNAs
(%) |from hybrid-
ized DNA
A 6 0.81 x 10° 138 0.38 x 10°¢
118 0.30 x 10°
B 24 0.65 x 10¢ 19S 0.71 x 10°®
118 0.30 x 10¢
F 0
D 40 0.68 x 10° 208 0.79 x 10°¢
(%) 13S | 0.24 x 10°
E 14 0.20 x 10® | (¥5)13S | 0.12 x 10°®
C 22 |0.50 x 10® | Heterog-
enous

2The data for the first two columns of this table
were obtained from the information in Table 1. The
assignment of mRNAs to the R-R1 fragments is based
on the studies of Tal et al. (21; see Fig. 6); the
presence of two 118 species, one from R1-A and one
from R1-B, has been recently established (Craig,
McGrogan, Mulder and Raskas, manuscript in prepa-
ration). It is likely that there is only one 13S molecule
which overlaps the D-E cleavage site, with approxi-
mately V5 of the molecule originating from R1-E (21).
Molecular weights were assigned to the viral RNAs
assuming the migration in acrylamide gels with aque-
ous buffers is proportional to the logarithm of molecu-
lar weights and that 28S and 18S ribosomal RNAs are
appropriate markers; since the poly(A) tract is not
transcribed from the genome (16), 50,000 was sub-
tracted from the molecular weight of each RNA.

labeled viral DNA (4) demonstrated that a
mixture of early and late cytoplasmic RNA
annealed more viral DNA than late RNA alone,
as would be expected if part of the early RNA is
in reduced concentrations at 18 h. However
other experiments (23; Sharp, Gallimore, and
Flint, Cold Spring Harbor Symp. Quant. Biol.,
in press), using a similar ratio of viral RNA:
DNA, did not reveal the existence of class I
RNA. It is likely that this discrepancy can be
explained in the following manner: since the
experiments of Tibbetts et al. (23) and Sharp et
al. (Cold Spring Harbor Symp. Quant. Biol., in
press) utilized separated strands of DNA, it was
possible to continue the hybridization reactions
for 36 h, as compared to 3 to 4 h for the
annealing reactions performed by Craig and
Raskas (4). Such hybridizations with separated
DNA strands might detect viral RNAs present
in very low concentrations, i.e., the early class I
RNA and possibly other RNAs. This explana-
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tion is consistent with the quantitation of the
liquid hybridizations using late cytoplasmic
RNA: Tibbetts et al. (23) and Sharp et al. (Cold
Spring Harbor Symp. Quant. Biol., in press)
both found that at least 45% of viral DNA could
be annealed to late RNA, whereas Craig and
Raskas reported 24% (4). Indeed, more recent
experiments by Tibbetts, Pettersson, and Phi-
lipson (personal communication) have shown
that some cytoplasmic RNAs present at 18 h are
at lower concentrations, a finding compatible
with the existence of class I RNA.
Localization of class I and class II early
mRNAs to regions of the genome. The hybrid-
ization-inhibition studies with *H-labeled early
cytoplasmic RNA have allowed the assignment
of class I early RNA to regions of the genome
(Fig. 3). The early transcripts from Eco R-R1-D
DNA belong to class II, whereas those from Eco
R R1-C appear to be class I. The cytoplasmic
RNAs transcribed from R1-A and R1-B contain
both class I and class II sequences. Combining
these results with the hybridization-inhibition
experiments utilizing 19 to 20S RNA (Fig. 4),
many of the early mRNA species (see Table 4)
can be assigned unambiguously to these two
sequence classes (Fig. 6). The 20S and 13S
RNAs transcribed from R1-D are both class II
RNAs. The assignment of R1-D 20S RNA to
class II has been confirmed by direct hybridiza-
tion of 20S RNA to D fragment DNA (Fig. 4).
The 13S RNA transcribed from R1-E migrates
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at exactly the same rate as the 13S R1-D RNA
and is present only in very small amounts. For
this reason it is likely that the 13S R1-E and
R1-D RNAs are the same molecule which over-
laps the R1 cleavage site (21). As also shown
directly by hybridization of size-fractionated
RNA (Fig. 4), the 19S RNA transcribed from
R1-Bis a class I RNA. Since the early cytoplas-
mic transcripts from R1-B contain both class I
and class II sequences, the second mRNA tran-
scribed from R1-B, an 118 RNA, should be a
class II molecule. In our previous study (21) the
R1-A fragment appeared to code for 13S and
11S RNAs with the 11S RNA comigrating with
the R1-B 118 RNA. Recent results demonstrate
that the R1-A and R1-B 11S RNAs are different
molecules (Craig, McGrogan, Mulder, and Ras-
kas, manuscript in preparation). Experiments
are in progress to determine which of the R1-A
RNAs are class I and class II.

A comparison of the genome distributior of
class I and class II early RNAs (Fig. 6) shows
that these sequences, like the total cytoplasmic
early RNA, are not clustered in a particular
region of the genome. Using separated DNA
strands, the early cytoplasmic RNA transcripts
have been assigned to the two strands (Philip-
son et al. Cold spring Harbor Symp. Quant.
Biol., in press; and Sharp et al. Cold Spring
Harbor Symp. Quant. Biol., in press). The
transcripts from R1 fragments A, D, and E are
from the 1 strand, whereas the RNAs derived
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Fi6. 6. Localization of early class I and class II virai RNAs to Rl segments of the adenovirus genome.

The data of Fig. 2, 3 and 4 were combined with a previous study which assigned individual viral
mRNAs to the RI fragments (21). The genome location of individual mRNAs is based on the results of
Tal et al. (21) with the following exceptions: recent experiments (Craig, McGrogan, Mulder and Raskas,
manuscript in preparation) have shown that the 11S RNA transcribed from RI1-B is different from the
RI-A 11S RNA. The length of the RNAs is proportional to their molecular weights (Table 4) as calcu-
lated from electrophoretic mobility. The size of a unique early RNA transcribed from R1-C has not been
identified (21), and therefore a question mark is positioned under that fragment; the size of cytoplas-
mic transcripts from R1-C shown on the map is based on the liquid hybridization experiments with R1-C
(Fig. 2) assuming that the 24% of RI-C which is transcribed into cytoplasmic RNA codes for a single
mRNA. Within R1 fragments the precise location of the sequences coding for individual mRNAs has not
been determined; for example, within the RI-A and RI-B fragments the relative position of the mRNAs is
not yet known. Closed areas represent class I RNAs. Viral mRNAs which could not be placed in class I or II
were drawn half closed and half cross-hatched.
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from DNA fragments B and C are from the h
strand. Since more than 95% of the cytoplasmic
viral mRNA synthesized at late times is derived
from the 1 strand (Philipson et al. Cold Spring
Harbor Symp. Quant. Biol., in press), one
possible model is that the early mRNAs tran-
scribed from the 1 strand remain at high
concentrations at late times, i.e., class II. This
model is consistent with what we have found for
transcripts from R1 fragments C and D but not
for the transcripts from A and B. Thus it is
unlikely that the different metabolism of class I
and class II RNAs is determined solely by the
strand transcribed. In formulating models for
the differential control of early RNAs it should
be noted that the decreased concentration of
class I RNA at late times may be caused either
by reduced formation or greater instability of
class I RNA or a combination of these two
factors.

Analysis of early nuclear RNA using Rl
DNA fragments. The liquid hybridizations
with early nuclear RNA (Fig. 5) detected tran-
scripts that were not represented in early cyto-
plasmic RNA (Fig. 1). These additional se-
quences are present in relatively high concen-
trations, for they could be detected in hybridi-
zations using denatured duplex DNA. Viral
RNA sequences which are restricted to the
nucleus were first identified by hybridization-
inhibition experiments (11, 12, 22, 24); the

hybridization of *H-labeled early or *H-labeled .

late nuclear RNAs was inhibited only partially
by early or late cytoplasmic RNA.

The RNA sequences restricted to the nucleus
at early times are transcribed from at least four
of the adenovirus 2 R1 DNA fragments (Fig. 1
and 5). The values obtained for hybridization of
the R1 fragments by nuclear RNA are minimal
estimates. In hybridization studies with sepa-
rated strands of R1 fragments, Sharp et al.
(Cold Spring Harbor Symp. Quant. Biol., in
press) have achieved a higher percent hybridi-
zation with early nuclear RNA, reaching a level
of 80 to 100% of an asymmetric transcript of the
DNA in each fragment. The nuclear RNA from
cultures harvested late in infection (18 h) con-
tains symmetrical transcripts of the entire viral
genome (Philipson et al. Cold Spring Harbor
Symp. Quant. Biol., in press; Sharp et al. Cold
Spring Harbor Symp. Quant. Biol., in press).
Therefore the possibility of symmetrical tran-
scription at early times merits serious consider-
ation.

Both liquid-phase hybridizations and hybrid-
izations with membrane-bound R1-F DNA
demonstrated that early nuclear but not cyto-
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plasmic RNA contains transcripts of R1-F (Fig.
2 and 5; Table 2) (21). The nuclear F transcripts
comprise approximately 5% of the nuclear viral
RNA labeled from 2 to 6 h after infection. As
shown by the following calculation, these tran-
scripts are found predominantly in the non-
poly(A)-containing portion of nuclear RNA:
approximately 11% of early nuclear RNA la-
beled in the presence of cycloheximide binds to
oligo (dT)-cellulose (3); 17% of the poly(A)-con-
taining RNA anneals to viral DNA, whereas 3%
of the non-poly(A)-containing RNA is virus
specified. Therefore at least 40% of the nuclear
viral RNA labeled from 2 to 6 h after infection
is polyadenylated. When nuclear poly(A)-con-
taining RNA was annealed to Rl fragments
(Table 2), 5% of the hybridized RNA bound to
R1-F. Using non-polyadenylated RNA, 9% of
virus-specified RNA was bound to R1-F. Nor-
malizing these results to the input counts per
minute for the hybridizations (see Table 2) and
again using 11% as the percent of nuclear
RNA binding to oligo (dT)-cellulose, we
calculate that 80% of the nuclear F transcripts
are in non-polyadenylated molecules.

Since the early cytoplasmic RNA does not
contain transcripts of R1-F, the early nuclear
R1-F RNAs are not utilized in early viral
mRNA. For this reason the possible relationship
of nuclear F transcripts to other RNA sequences
has been investigated. F fragment RNA was
selected by hybridization and elution in buffers
containing formamide, conditions which aid in
preserving the integrity of RNA molecules (2,
25). At least some nuclear F fragment tran-
scripts obtained by this procedure may be
covalently linked to RNA transcribed from
R1-B (Table 3). An alternative explanation of
this data is that nuclear R1-F transcripts are
bound to R1-B transcripts by hydrogen bonds.
The role of nuclear transcripts from R1-F is not
clear. These transcripts might be part of precur-
sors to the cytoplasmic mRNAs. For example,
the F transcripts might be found in molecules
which are precursors to the mRNAs derived
from regions to the right or left of R1-F, i.e.,
R1-B or R1-D. Either of these possibilities is
compatible with the predominance of R1-F
transcripts in the non-polyadenylated fraction
of nuclear RNA, since the F sequences might be
cleaved early in processing of the mRNA. Fur-
ther studies with other viral DNA fragments
and separated strands of DNA fragments can
distinguish between various models for the
structure of nuclear R1-F transcripts. However,
it should be noted that even though the struc-
ture of such nuclear RNAs may be compatible
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with the role of precursor to a cytoplasmic RNA,
metabolic studies are necessary to establish
such a relationship.
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