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Fic. 11. Distribution of oligo(U) in HnRNA. *P-labeled HnRNA termi-
nated with the poly(A) was selected by poly(U) Sepharose chromatography
from several size classes. The poly(A) content was measured to determine
the average length of a sample

200 cpm in poly(A)

A_vgléngth of molecules total cpm in sample

and the oligo(U) was measured to determine the amount of oligo(U) in
molecules of different lengths. Samples 20,000 nucleotides in length were
alkali treated; the resulting 3’ fragments were recollected by poly(U) Sepharose
chromatography and subjected to zonal sedimentation, and poly(A) and
oligo(U) were measured in these fragments. The results show the average
number of nucleotides in oligo(U) as a function of the length of
poly(A)-terminated HnRNA. Neither the alkali broken nor “native” molecules
shorter than 12,000-15,000 nucleotides have much oligo(C). From Molloy
et al. (1974).

the presence of dT:dA rich regions in DNA (Shenkin and
Burdon, 1972), transcription of which might lead to oligo(U).
The first experiments on the distribution of these oligo(U)
segments in HnRNA showed a higher absolute percentage in
larger molecules than in smaller ones indicating a considerably
greater molar percentage in long HnRNA molecules (Fig. 10).
Poly(A) terminated HnRNA has now been found (Molloy
et al., 1974) to contain approximately 100 residues in oligo(U)
regions out of 20,000 residues in the longest HnRNA; shorter
poly(A) terminated HnRNA molecules (less than 10,000 nucleo-
tides) from the cell have less or no oligo(U), and mRNA has
none (Molloy et al., 1972b) (Fig. 11). In addition very long
HnRNA molecules containing oligo(U) were subjected to alkali
breakage, and all of the 3’ terminal poly (A) containing fragments,
even those as long as 10,000-15,000 nucleotides, lacked oligo(U).
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Several conclusions can be drawn from these experiments:

1. Oligo(U) does not mark the 5’ boundary between mRNA
regions and HnRNA not destined to become mRNA; it is too
far from the 3’ poly (A) terminus.

2. Since oligo(U) may be close to the 5’ end of HnRNA (it
is at least a great distance from the 3’ end), some conclusions
about the nature of shorter HnRNA molecules seem possible.
If the shorter molecules were nascent (partially synthesized) they
should contain a higher proportion of 5’ regions than the longer
molecules, but the opposite is found to be true by oligo(U) analy-
sis. Therefore the majority of the smaller molecules which are
present in cell nuclei labeled for several hours must either be
derived from longer molecules or be unrelated to longer
molecules.

3. Repeated Sequences in HnRNA

As mentioned previously, Britten and Kohne (1968) realized
that base-pairing association (“hybridization”) of a fraction of
mammalian cell nucleic acids at rates as fast, or in some cases
faster, than viral or bacterial nucleic acids must mean that some
sequences are repeated many times in mammalian cell DNA. Since
then it has been shown that some repeated DNA sequences (par-
ticularly satellite DNAs) are not transcribed (Flamm ez al., 1969)
whereas other repeated sequences apparently are (Melli and
Bishop, 1969; Shearer and McCarthy, 1970; McCarthy and
Duerksen, 1970; Pagoulatos and Darnell, 1970; Darnell and
Balint, 1970; Perry et al., 1970; Scherrer et al., 1970). Transcrip-
tion of these repeated regions accounts for the most rapidly hy-
bridizing portions of HnRINA. Several points about repeated se-
quences in HnRNA and mRNA have been established for some
time: (a) most HnRNA molecules contain repeated sequences
(Darnell and Balint, 1970) and (b) the total fraction of HnRINA
contained in repeated sequences is 10-309% with the remainder
hybridizing sufficiently slowly so that it might come from
“unique” DNA (Pagoulatos and Darnell, 1970; Perry et al.,
1970; Scherrer et al., 1970); (c) some, if not most, repeated
sequences in HnRNA were not present or were present in much
lower quantities in mRNA (Shearer and McCarthy, 1967, 1970;
Darnell and Balint, 1970).
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Several new aspects of the repeated sequences in HnRNA have
been recognized in the past year or two. If HnRNA is digested
with RNase A, about 2-39 resists digestion. The RNase-resistant
portion appears to be double-stranded based on its density in
Cs,SO, and its base composition (Harel and Montagnier, 1970;
Kronenberg and Humphries, 1972; Jelinek and Darnell, 1972;
Ryskov et al., 1972). The double-stranded regions arise from
intramolecular base-pairing (“loops™) because exposure to DMSO
or boiling and quenching (quick return to 0°) of the native
HnRNA molecules does not decrease the amount of RNase-resis-
tant “double-stranded” portion (Jelinek et al., 1973a). When the
RNase-resistant double-stranded fraction is prepared and exposed
to DNA, no DNA-RNA hybridization occurs wuless it is boiled
to destroy secondary structure, after which the RNA rapidly hy-
bridizes to DNA (Harel and Montagnier, 1971; Jelinek et al.,
1973b). Thus the “double-stranded” regions are derived from
some repeated sites in DNA.

Further study of the effect of incomplete breakdown on the
hybridizing capacity of HnRNA has shown that alkali digestion
to segments about 500 nucleotides long or partial nuclease diges-
tion (about 30-409 conversion to acid solubility) plus boiling
releases about 5 times as many rapidly hybridizable (i.e., re-
peated) sites as exist in native HnRNA molecules (Jelinek e#
al., 1973b). The results would seem to favor a model for HnRNA
containing loops and stems. The stems and perhaps part of the
loops must originate from repeated sites in DNA (Fig. 12).
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FIG. 12. Model of repeated sequences in HnRNA. Effect of simple denatura-
tion, nuclease treatment and denaturation, and extensive alkali treatment in
releasing internally base-paired regions of HnRNA.
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Fic. 13. Hybridization rate of HnRNA fragments. **P-labeled large molecules
of HnRNA terminated with poly(A) were prepared by poly(U) Sepharose
chromatography. A portion of these molecules was alkali-treated, and the 3’-
terminal fragments were recollected and separated into various size classes.
The hybrids formed with a vast excess of cellular DNA at 6 and 24 hours
were determined for each sample and compared to the hybridization rate of
mRNA. The results show the 3’-terminal 4000 nucleotides of HnRNA hybridize
at the same rate as mRNA while the longer HnRNA molecules hybridize
at a faster rate (Molloy ez al., 1974).

With the availability of techniques for distinguishing the loca-
tion of regions of HnRNA relative to the 3’ terminal poly(A),
experiments to locate rapidly hybridizable (repeated) regions
within the HnRNA were carried out (Fig. 13). The shortest
3’ terminal fragments (3000 nucleotides or less) obtained from
HnRNA showed a substantially slower hybridization than the
total HnRNA and agreed in hybridization rate with mRNA. 3’-
Terminal fragments of HnRNA between 3000 and 8000 nucleo-
tides showed increasing hybridization rates as the length increased,
but fragments from 8000 to 30,000 nucleotides in length hybrid-
ized at the same rate as total HnRINA. These results indicate
that the repeated sequences in HnRNA are not present in the
3’-terminal, presumably mRNA region, but are approximately
evenly interspersed with nonrepeated regions beginning
30004000 nucleotides from the 3’ end, continuing all the way -
up to 20,000-30,000 nucleotides (Fig. 11). It should be empha-
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sized that this is an average distribution for all HnRNA mole-
cules, not a detailed picture of any one.

4. Adenovirns-Specific RNA

As mentioned previously, it is possible to study in the HnRNA
of DNA virus-transformed cells, e.g., Ad-2 (adenovirus, type
2) transformed cells least some sequences that will eventually
become mRNA. As tested by RNA:DNA hybridization, the ma-
jority of the Ad-2 sequences in nuclear RNA labeled for several
hours appear to be the same as the sequences found in the cyto-
plasm. The HnRNA molecules with Ad-2 regions (i.e., hybridiz-
able to Ad-2 DNA) appear to be distributed throughout the
total size range of HnRNA with about 309 larger and 70%
smaller than 45 S (Wall ef a/., 1973). The larger Ad-2 containing
HnRNA molecules contain host-specific sequences (Wall ez
al., 1973). Also, it has been shown that the Ad-2 mRNA mole-
cules are terminated with poly(A) like the cell mRNA. We have
recently examined the distribution of Ad-2 sequences in the
largest poly(A) terminated HnRNA. The Ad-2-specific RNA
per molecule, i.e., per poly(A) terminus, increases until average
length of about 15,000 nucleotides is reached (Table V) (M.
Salditt and Darnell, 1974, in press). When long poly(A) termi-
nated HnRNA molecules of average length 30,000 nucleotides are
exposed to alkali and the 3’ portion reselected, about two-thirds
of the adenovirus-specific RNA remains associated with poly(A)-
terminated fragments which have an average size of 6000-8000
nucleotides (Table VI). These results indicate then that (a) only
HnRNA molecules greater than 10,000 nucleotides contain the
maximum amount of Ad-2 specific RNA per molecule and (b)
that over 60% of such virus specific sequences occur in the
6000-8000 nucleotides at the 3’ terminus. Since the fragment of
adenovirus DNA integrated in these cells is about 12,000 base
pairs (Sharp et al., 1974), it may be that the entire region is
transcribed toward the 3’ end of an HnRINA molecule. Modifica-
tion by poly(A) addition at the 3’ terminus then occurs, followed
by cleavage to yield the virus-specific mRNA. However, even
if all the adeno-2 sequences in poly(A)-terminated molecules
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TABLE V

DISTRIBUTION OF ADENOSINE TYPE 2 (AD-2) SEQUENCE®

Approximate size

Poly (U) AD-2 per molecule
Starting material selected molecules % AD-2 (% AD-2/% Poly(A))
Large HnRNA 50-60 S 0.0092 0.0200
(>40 S) 45-50 S 0.0128 0.0204
40-45 S 0.0196 0.0190
30-40 S 0.0217 0.0161
10-30 S 0.100 0.0470
Small HnRNA 35-40 S 0.031 0.012
(10-40 S) 30-35 S 0.031 0.010
28 S 0.037 0.008
20-28 S 0.145 0.027
15-20 S 0.250 0.041
5-15 S 0:137 0.0137

2 Adenosine-3H and uridine-’H-labeled HnRNA from Ad-2-transformed rat
cells was separated by zonal sedimentation into > and < then 40 S and poly(A)-
terminated molecules selected by poly(U) chromatography and again subjected
to zonal sedimentation. The fraction of Ad-2 specific RNA was measured by
hybridization to Ad-2 DNA, and poly(A) was measured as in Fig. 8.

are 3’ terminal, the location of virus-specific regions in HnRNA
120t containing poly(A) is unknown.

VI. CONCLUSIONS AND PRO JECTIONS

The experiments described in this review provide evidence that
a general structure may exist for poly(A) terminated HnRNA
molecules and that mRNA is derived from such molecules (Fig.
14). HeLa cell HnRNA contains very long polyribonucleotides
(>20,000 nucleotides) to which poly(A) is added at the 3’ ter-
minus. These regions contain repeated sequences, probably largely
in internally base-paired loops, beginning some 3000 to 4000
nucleotides from the 3’ end and continuing interspersed with non-
repeated regions toward the 5’ end. At least 12,000-15,000 nucleo-

tides from the 3’ end there occur uridylate-rich regions (or a
region) averaging about 100 nucleotides in length. In poly(A)
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TABLE VI

ASSOCIATION OF ADENOSINE TyYPE 2 (AD-2)-Speciric RNA®

Poly(A)
Calculated
Sample Total cpm AD-2 % size
Alkali treated, poly(U) bound 1.7 X 108 358 2.4 8,000
Alkali treated, low through 6.9 X 106 222 0 -
Original poly(U) selected HnRNA - - 0.6 33,000

a 32P Jabeled HnRNA from Ad-2 transformed rat cells was selected by poly(U)
Sepharose chromatography, and its size was estimated from poly(A) content.
The sample was then exposed to alkali and the 3’ portions were recollected by
poly(U) selection. The bound and flow-through fractions after alkali treatment
were both assayed for Ad-2 sequences and poly(A).

terminated HnRNA from rat cells transformed by Ad-2, virus-
specific RNA sequences at least some of which are also found
in mRNA, are mostly, if not entirely, 3’ terminal. This result
is consistent with the model of mRNA derivation from the 3’
end of HnRNA drawn from the study of HeLa cell HnRNA
(Fig. 14).

The Remaining Puzzle

Unfortunately, a very major question bearing on genetic regula-
tion appears to be unresolved: What is the form in which

' g A mRNA '
5 —oligo(U)—oligo(U) A2°03
I I I I
~20,000- 15,000 ~3000 (o]
50,000 (500-4000)

NUCLEOTIDES FROM 3' END

Fi6. 14. Model of HnRNA from HeLa cells. The model is not drawn
to constant scale, and the configuration or size of the loops and stems is
not supposed to be the exact.
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THE ORIGIN OF mMRNA 39

HnRNA is synthesized? If processing of HnRNA (nucleolytic
attack and posttranscriptional additions) is rapid, then the nature
of the initial transcription product from mammalian chromosomes
is still unclear. The pattern of HnRNA synthesis and mRNA
formation can be envisioned in two extreme forms (Fig. 15).
(1) For each transcription unit there is a fixed initiation and
one or more fixed termination points for an RNA polymerase,
e.g., the DNA of an entire chromomere as suggested by Judd
et al. (1971). (2) There may or may not be fixed initiation
points and there may or may not be fixed termination points,
but frequently a 3’ terminus which can act as a poly(A) receptor
is derived by endonucleolytic attack followed by poly(A) addition
and mRNA derivation (Fig. 15). To settle these questions some
specific (? mRINA) nucleotide regions must be located with respect
to both 5’ and 3’ ends of unprocessed as well as processed mole-
cules to discover if they are always in a fixed position. If such
ordering experiments were accomplished for several specific re-
gions and a general pattern emerged, a satisfactory conclusion
could be made about a fixed or flexible pattern of HnRNA synthe-
sis. Such a task is at the moment extraordinarily difficult because
the only available technique for ordering sequences within
HnRNA involves selecting molecules on the basis of poly(A)
content, and these molecules apparently have already entered the
processing pathway. This later difficulty might be surmounted
by using purified poly(A) polymerase (Winters and Edmonds,
1973) to add poly(A) to HnRNA molecules lacking it followed
by positioning experiments of the type described here for
poly (A )-terminated molecules.

A second major problem concerns the measurement of mRINA
regions in newly synthesized HnRNA molecules. At present this
is possible only in labeled HnRNA from whole cells. To illustrate
the difficulty of measuring unprocessed HnRNA' let us examine
one of the current methods of measuring mRNA and mRNA
sequences within HnRNA. The technique involves the use of
reverse transcriptase to prepare a labeled DNA copy of a purified
mRNA, followed by hybridization of the copy to unlabeled
HnRNA (Imaizumi et al., 1973; Axel et al., 1973). This tech-
nique does not allow observation of 7ewly formed HnRNA, but
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only the accumulated products of synthesis and processing. If
isolated nuclei (Zylber and Penman, 1971) or enzyme-chromatin
preparations (Axel et al., 1973) can be shown to properly start
and complete very high molecular weight HnRNA, containing
measurable mRNA sequences then perhaps the task of studying
just completed molecules can be simplified.

A possibly promising line of attack on the problem of regularity
of transcrlptlon units involves the RNA transcribed from certain
sites in insect chromosomes. In the salivary glands of C. fesntans
there is the production of an RNA molecule from a single ex-
panded region of the chromosome (a “puff”) which appears to
nearly match in length the entire DNA component of this region
of the chromosome (Daneholt et a/., 1970; Daneholt and Hosick,
1973). Moreover, this giant 75 S RNA moves apparently intact
to the cell cytoplasm, where it may be a giant mRNA for a
very high molecular weight secreted protein. Perhaps this interest-
ing case and possibly others in insects (Suzuki and Brown, 1972;
Suzuki et al., 1972) are examples of transcriptional units which
can be studied, but if they represent specialized instances in which
no or minor processing occurs before the entire unit appears in
the cytoplasm, then they may not be useful models for understand-
ing general HnRNA transcription or processing. Possibly, labeled
RNA from virus-transformed cells may still offer the best material
for study of these problems.

Understanding the regulation of mRNA production in mamma-
lian cells will be greatly aided by knowing whether the transcrip-
tion unit is a relatively free or rigidly prescribed portion of the
genome. The task of understanding regulation is not finished
with this knowledge however. A fixed transcription unit would
seem to favor transcriptional compared to posttranscriptional reg-
ulation of mRNA formation. But it is still possible that as cells
are exposed to changing circumstances a variable amount of
HnRNA from a given transcriptional unit might be processed
into mRNA. An irregular sized transcription unit containing a
potential mRNA in a variable position would seem to make post-
transcriptional regulation more plausible. However, it may be
that even from such an irregular transcriptional unit (or units)
there is a constant probability of posttranscriptional success in
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making an mRNA, and thus the important decision in regulation
could still be at the level of transcription.

When a transcriptional unit is identified for a particular mRNA
(Fig. 15), the final question must then be posed: During a period
of regulation, when mRNA can be demonstrated to accumulate,
is more of a given transcriptional unit containing that mRNA
manufactured or is the same amount manufactured but a variable
proportion processed into mRNA? Now that this difficult experi-
ment can be accurately phrased we can hope for an answer soon.
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