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ABSTRACT

The composition of the 5' polyphosphorylated and capped termini of pulse
labeled hnRNA from mouse L cells was analyzed by two-dimensional electrophor-
esis. Purine tri- and diphos?hates: ppEF, PPPA, ng and ppA; as well as four
varieties of cap structure: m/GpppX™, X" = G®, (mP)A™, C® and UM, were detected,
With increasing labeling time the relative proportion of hnRNA molecules with
tri- and diphosphorylated 5' ends decreases and the relative proportion of
capped hnRNA increases, indicating that caps are metabolically more stable than
the polyphosphate termini. About half of the hnRNA molecules that are labeled
within 2 hr have capped ends. This finding, together with results of earlier
kinetic and structural studies, implies that a relatively high proportion of
the labeled hnRNA molecules are mRNA precursors. Large hnRNA molecules ex-
hibit a higher proportion of capped ends and a lower proportion of 5'-tri-
phosphate ends as compared to small hnRNA. Given the lower stability of
triphosphate termini relative to caps, this result may mean that capping of
some hnRNA molecules can occur before the completion of transcription.

INTRODUCTION

Heterogeneous nuclear RNA (hnRNA) is a diverse mixture of molecules repre-
senting primary gene transcripts and processed derivatives of these transcripts.
A substantial portion of the hnRNA molecules contain messenger RNA sequences in
various stages of processing (1). A valuable diagnostic feature for sorting out
the different forms of hnRNA is the character of the 5'-terminus. For example,
primary transcripts are terminated by 5'-purine triphosphates (pppA--- or
PPPG* **), whereas processed molecules may have other types of 5'-termini, such
as diphosphates (ppX---), monophosphates (pX:-:) and caps (m7Gpprm"') (2-4).
The cap-containing sequences appear to be conserved, and eventually become the
5'-termini of mature cytoplasmic mRNA (5,6). A consideration of the nucleotide
compositions of the various 5'-termini in 32p pulse-labeled total hnRNA of
mouse L cells led us to propose two general processing pathways (2). For one
class of transcripts thepppA--- orpppG--- termini would presumably be con-
verted directly to ppA--- or ppG--+, and then to the respective A™ and G&-
containing caps, while for another class, the primary transcription products

would be cleaved at internal positions that ultimately become the sites for
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subsequent capping reactions. This latter class would include all of the pre-
cursors of mRNAs whose cap sequences contain pyrimidines in the X™ position.

Since the extent of processing may also be related to the size and age of
the hnRNA molecules, further insight into the nature of the processing pathways
might be gained if one knew how the relative amounts of the different types of
termini varied with size and age of the hnRNA. For this reason we have quan-
titatively analyzed the 5' termini of hnRNA that was fractionated on the basis
of molecular size and hnRNA that was derived from cells labeled for varying
periods with radioactive RNA precursors. In order to perform these analyses
on relatively small amounts of radioactive material, we developed a compact
two-dimensional electrophoretic method, which enabled us to separate, on one
small plate, the relevant 5'-terminal derivatives bearing similar net charges.
Our results demonstrate that the tri- and diphosphorylated termini are meta-
bolically less stable than the corresponding cap termini, and that the propor-
tion of triphosphorylated termini relative to cap in large (>35S) hnRNA is
considerably less than in small hnRNA., These findings are consistent with the
view that the 5' portions of some primary transcripts are capped, in some

cases possibly even before the completion of transcription.

MATERIALS AND METHODS
Isolation of labeled nuclear RNA

Labeling of mouse L cells with 32P04 or the four JH nucleosides was per-
formed as described in the appropriate figure and table legends. 1In all proto-
cols the cells were incubated with 80 ng/ml actinomycin D immediately prior to,
and during the incubation with radioactive precursors, in order to selectively
suppress the synthesis of ribosomal RNA. Under these conditions the synthesis
and capping of hnRNA occurs, and capped mRNA appears on cytoplasmic polyribo-
somes; however, the rate of mRNA processing may be somewhat retarded (5). RNA
was extracted from detergent washed nuclei (7) according to Scherrer (8), or,
where indicated, according to Hames and Perry (9). The purified RNA was sub-
jected to stringent denaturation conditions and fractionated on sucrose grad-
ients as described previously (5).

Enzyme digestions and analytical procedures

RNA was digested with T2 ribonuclease (0.5 - 1 unit/Ajygq unit) at 379C for

14 - 16 hr in 1 ml of 0.02 M Naacetate, pH 4.5. After the digestion mixture

was brought to pH 7 with Tris base, and EDTA added to 1 mM, 10 ug of ribonu-
clease Tl and 20 pg of ribonuclease A were added, and the incubation continued
for 2 hr at 379C. The samples were then adjusted to 7 M urea, 20 mM Tris, and
directly applied to DEAE-Sephadex (urea) columns (2). The material eluting with
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a net charge of -5 was pooled, diluted about 7-fold with Hy0 and applied to
a8 1 ml column of DEAE-Sephadex in a 3 ml plastic syringe. After washing the
column with 100-150 ml of 0.3% triethylammonium carbonate (TEAC), ~pH 6, the
nucleotide derivatives were eluted in the cold with 30% TEAC, pH 7.6. The
elimination of salt and urea residues by this extensive washing procedure was
necessary in order to make the samples suitable for fingerprinting procedures.
The eluted nucleotides were dried in an Evapo-mix (Buchler Instrument Co.),
redissolved in Hp0, dried again, and the process repeated until no visible
residue was discernible. The nucleotide derivatives were then dissolved in
200 pl H,0, transferred to 1.5 ml conical Brinkman tubes, lyophilized, redis-
solved in 10 pl 20 mM ammonium acetate, pH 5.3, containing 30 ug penicillium
(P1l) nuclease, and incubated for 1 hr at 50°C. The appropriate marker nucleo-
tides were added, the incubation mixture lyophilized, the residue dissolved in
6 - 10 pl of Hy0, and a portion applied to cellulose acetate strips as described
below.
Nucleotide pyrophosphatase digestions, used for the estimation of specific
activity ratios of p and o phosphates, were carried out for 2 hr at 37°C in
200 pl 20 mM Tris, pH 7.6, 1 mM MgCl, containing 50 ug nucleotide pyrophos-
phatase (Sigma Chem. Co.). The nucleotide pyrophosphatase contained no detect-
able phosphomonoesterase activity as judged by control incubations with 32P
labeled 5' mononucleotides. The reaction mixtures were lyophilized, dissolved
in 3 - 20 pl Hy0, and electrophoresed together with ATP, ADP, AMP and adenosine
markers on Whatman 3MM paper (6). The marker nucleotides were located under UV,
and the radioactive nucleotides detected either by autoradiography or by
cutting the paper into 1 cm strips which were directly counted in Liquifluor
(New England Nuclear Corp.). Partial digestions of 32P-ATP, used to estimate
. y-phosphate specific activity, were done in 50 pl volumes in the presence of
4 uM ATP, 10° cpm 3H-ATP and 0.8 unit inorganic pyrophosphatase (Boeringer).
Fifteen pl aliquots of the reaction mixture were withdrawn at 15, 30 and 60 min,
quenched with 3 yl 10 mM EDTA, and analyzed as described above.
Two-dimensional electrophoresis

Separation of 5' terminal structures was perforimed according to Cory and
Adams (10), except that 20 x 20 cm DEAE cellulose thin layer plates (Analtech)
were used in the second dimension rather than DEAE paper. This adaptation gave
excellent resolution of the different types of polyphosphorylated 5' termini as
small compact spots (Fig. 1), thus allowing maximum sensitivity of detection.

Two to three ul of the Pl nuclease digest were applied as a 0.7 cm streak about
6 cm from the end of a 31 cm long cellulose acetate strip (Schleicher and Schuell
Co.) that was moistened with 7 M urea, 5% pyridinium acetate, pH 3.5, 1 mM EDTA.
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The nucleotide streak was then flanked by two spots of electrophoresis dye mix-
ture (11), and electrophoresis carried out at 500 v for 20 min in a small tank
containing varsol, and then at 2000 v until the fast moving (pink) dye reached
the anode buffer. The cellulose-acetate strip was then briefly blotted with
filter paper to remove most of the varsol and the nucleotides transferred onto
the DEAE cellulose plate about 2 cm from the origin as described by Volckaert
et al. (2). The plate was then immersed in methanol for 10 min to remove the
urea, sprayed with 5% pyridinium acetate pH 3.5, 1 mM EDTA, and electrophoresed
at 1000 v in a well-cooled (5-10°C) varsol tank until the blue dye moved about
8 cm. We found that with some batches of plates cracking or folding of the DEAE-
cellulose layers can occur during electrophoresis. However, this did not sig-
nificantly decrease resolution of the nucleotides.

After the plates had been thoroughly dried with a fan the nucleotides
were located under UV and by autoradiography. The areas containing radioactivity
were scraped off the plate, collected by suction in a disposable plastic pipette
tip plugged with some glass wool and cellulose powder (2), and eluted with
300 pl of 307 TEAC, pH 7.6. This eluate was either diluted five times with
H20 and directly counted in 15 ml of ACS scintillation fluid (Amersham) or lyo-
philized for experiments involving subsequent digestion with nucleotide pyro-
phosphatase.

RESULTS

Quantitative analysis of 5'-termini
32

P-labeled hnRNA, size fractionated so as to exclude the low molecular
weight species of nuclear RNA, was digested with ribonucleases T2, Tl and A,
and the digestion products separated by chromatography on DEAE-Sephadex in the
presence of 7 M urea. The material eluting at about -5 charge, which consists
of a mixture of the pppXp, ppXp and m7Gpprmpr derivatives, was treated with

7Gpppxm and pY) analyzed by two-

Pl nuclease, and the products (pppX, ppX, m
dimensional electrophoresis. An example of such an electrophoretogram is shown
in Fig. 1. Radioactive components co-migrating with markers of GTP, ATP, GDP,
ADP and four species of cap core (m’GpppX®, X® = %, mOA™ or A, C™ and U™) are
routinely observed. The cap cores containing doubly methylated and singly
methylated A co-migrate in this system. With some preparations faint radio-
active spots were seen near, but notcoincident with, the UDP and CDP markers.
These components, which migrate slightly faster than the markers in the first
dimension and slightly slower in the second dimension, probably correspond to
the radioactive components previously considered to be UDP and CDP on the basis

of a one-dimensional chromatographic analysis (2). Owing to their scarcity, we
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have not been able to analyze these components further. However, given the
superior resolution of the two-dimensional system, it seems reasonable to con-
clude that there is little, if any, hnRNA with an ummodified pyrimidine diphos-
phate at the 5'-terminus.

When the appropriate spots are scraped from the DEAE plate and counted the
resultant data provide quantitative assays of the different 5'-terminal deriva-
tives containing more than one phosphate. The proportion of radioactivity in
each spot is a function of the mole fraction of the particular derivative and
the specific activities of its labeled constituents. Since uniform labeling of
the various precursor pools is not realized during the brief incubations used in
the present experiments, an assessment of relative specific activities is re-
quired in order to convert radioactivity fractions to mole fractions. In the
case of 32p labeled hnRNA, this entails specific activity estimates for the @,
B and vy phosphates of each of the four nucleotide species. For hnRNA labeled
with 3H nucleosides only the relative specific activity of each nucleotide
species is required.

The relative specific activities of the a-32

P phosphates were determined by
digesting parallel samples of the relevant hnRNA preparations with either RNAse
T2 or Pl nuclease. The T2 digestion produces nucleotides containing the phos-
phates incorporated with the 3'-nearest neighbors. Since the nearest neighbors
of a particular nucleotide species, N, are essentially random, the proportion
of radioactivity, Ry(T2), is equivalent to the molar proportion (My) of that
species in hnRNA. The P1 digestion produces nucleotides containing the 5' (v)
phosphates, so that the proportion of radioactivity, Ry(P1l), is equal to the
product (My)(Sy), where Sy represents the relative specific activity of the

@ -phosphate in nucleotide species N. Thus, for each nucleotide species, the
ratio RN(Pl)/RN(TZ) provides a measure of Sy. Similarly, a Pl digest of 3H
nucleoside-labeled hnRNA can be used together with the molar compositions
determined above to calculate the relative specific activity of each tritiated
nucleotide species.

The relative specific activities of the B phosphates were estimated by di-
gesting either g%x or m7d%§%xm derivatives with nucleotide pyrophosphatase, and
measuring the relative proportions of radioactivity in Pi and nucleotide mono-
phosphates (Fig. 2). 1In all cases the preponderant fraction of radioactivity
was released as Pi indicating a high ratio of B/@ specific activity. For an
estimate of the y/B ratio, the gg%A derivative was partially digested with
nucleotide pyrophosphatase in the presence of 34-ATP and excess inorganic pyro-
phosphatase. Using the tritiated products to monitor molar yields of ATP, ADP

and AMP, we estimated the Y/g (and B/x) specific activities from the corres-
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Fig. 2 Determination of the g/y specific activity in ppX and m7Gpprm deriva-
tives. Nucleotide derivatives, recovered from DEAE-cellulose plates after two-
dimensional electrophoresis, were analyzed by paper electrophoresis in the
presence of appropriate UV markers with or without subsequent nucleotide pyro-
phosphatase (Npp-ase) digestion. The position of inorganic phosphate (Pi) was
determined in a separate run with 32P04. (a) ppA, untreated; (b) ppA,
pyrop?oSphatase-treated; (¢) ppG, untreated;_(d) ppG, pyrophosphatase-treated;
(e) m/GpppG™, pyrophosphatase-treated; (£f) m/GpppC™, pyrophosphatase-treated.

ponding 32p products.

The results of these specific activity determinations are summarized in
Table 1. For the 32p-labeled hnRNA it is evident that almost all of the radio-
activity in the terminal derivatives is contributed by the Yy and g phosphates.
However, since the relative specific activities of these phosphates are only
roughly estimated by the methods employed here, calculations of molar ratios
from the 32p data are subject to considerable error. On the other hand, with
hnRNA labeled with 3H nucleosides, reasonably precise determinations of rela-
tive specific activities can be made, and since the magnitude of the Sy cor-

rections is small, we would expect such data to provide a reliable estimate

of molar ratios.
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Table 1

The relative specific activities of @, B and v phosphates
and tritiated nucleosides in pulse-labeled hnRNA -

Isotope- Duration of Relative specific activity (Sy)

position labeling (min) G A C U
324 30 0.12 0.82 1.5 1.4
Bt ~10 ~11 ~8 n.d.
y** n.d. ~ 6 n.d. n.d.

3H nucleosides™ 15 1.1 1.2 0.67 1.2
30 1.6 1.7 0.63 0.9
120 1.5 1.4 0.62 1.0

A molar base composition of 23% G, 237% A, 267 C and 28% U for 30 min labeled
hnRNA, based on analyses of RNAse T2 digests of the 30 min 32p-labeled hnRNA
was used for these calculations.

Estimated from B/o ratios of g%x and m7Gpg%Xm. The g/o ratios for XDP and
cap were essentially the same.

Estimated from y/B ratios of gg%A.
Fedkek
The relative specific activities refer to each particular labeling period.

The increase in absolute specific activity with labeling time is not measured
by this analysis.

n.d. = not determined

A comparison of 5'-termini in large and small hnRNA
For this experiment hnRNA from cells labeled for 30 min with 32Po4 was ex-

tracted by the method of Hames (9), denatured by heating for 2 min at 70°C in
80% dimethylsulfoxide, and sedimented through a 15-30% sucrose gradient (Fig. 3a).
Fractions estimated to be greater than and less than 35S were concentrated and
resedimented through a second set of sucrose gradients (Fig. 3b,c). The >35S
fraction was re-exposed to stringent denaturation conditions before sedimentation
through the second sucrose gradient. The fractions corresponding to >35S and
16-35S were pooled, concentrated and digested with ribonucleases T2, Tl and A.
Figure 4 illustrates the elution profiles on DEAE-Sephadex of the RNAse di-
gests. There are very large peaks at -2 consisting of the internal nucleotides
(Np), small peaks at -4 composed of 5'-terminal monophosphate derivatives (pXp)
and peaks at -5 containing the tri- and diphosphate termini and the cap deriva-
tives. )

That our size fractionation procedure is highly effective in eliminating
adventitious aggregation of hnRNA molecules (13) was verified by a measurement
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Fig. 3 Sucrose gradient fractionation of hnRNA. 2.2 liters of L cells at

3 x 10”2 cells/ml were pelleted, washed with 100 ml of growth medium lacking
phosphate and suspended in 66 ml of phosphate lacking medium, After 45 min
incubation at 37°C, actinomycin D was added to 80 ng/ml, and the cells incu-
bated for an additional 15 min. Then, 25 mC of carrier-free 32P0; was added;
the cells incubated for 30 min and harvested. hnRNA was extracted by the
method of Hames (9), denatured in 80% dimethylsulfoxide and sedimented at
18,000 rpm for 17 hr at 229C through a 32 ml 15-30% (w/w) sucrose gradient
overlaid on a 2 ml cushion of 45% sucrose. Gradients and cushion were made
with 10 mM Tris HC1 buffer (pH 7.4) containing 0.1 M NaCl, 1 mM EDTA and
0.57% sodium dodecyl sulphate. Fractions sedimenting >32S (panel a) were
pooled, concentrated by ethanol precipitation, denatured in 807 dimethylsul-
phoxide and submitted to a second sucrose gradient centrifugation under the
conditions described above (panel b). Fractions corresponding to about 7-32S
were pooled, concentrated and sedimented at 20,000 rpm for 15 hr at 220C
through a 32 ml 5-25% (w/w) sucrose gradient overlaid on a 2 ml cushion
(panel c). The horizontal bars in panels b and ¢ indicate the fractions used
for subsequent analysis. '
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Fig. 4 Separation of nucleotide derivatives of hnRNA by DEAE-Sephadex chroma-
tography. The hnRNA samples of Fig. 3 were digested with ribonucleases T2, T1
and A and chromatographed on DEAE-Sephadex columns. The material in the -5
peaks (horizontal bars) was used for subsequent analysis. The dashed lines
under the -4 and -5 peaks indicate the base line corrections applied to the
calculations of Table 2. a: >35S hnRNA; b: 16-35S hnRNA

of the chain lengths of the two hnRNA fractions. The average chain lengths,
estimated from the relative proportions of radioactivity in the various peaks
of Fig. 4, were approximately 9.7 kb for the >35S hnRNA fraction and 2.1 kb for
the 16-35S hnRNA fraction (Table 2).

Examination of Pl digests of the material in the -5 peaks by two-dimensional
electrophoresis indicated a marked difference in the distribution of termini in
the two size fractions (Table 3). The proportion of radioactivity in triphos-

phate termini relative to cap termini is considerably lower in large (>35S)
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Table 3
A comparison of the 5'-termini of hnRNA molecules of different sizes

Tri + diphosphates

Size class pppX ppX m7Gpprm m7Gpprm purine caps *
of hnRNA (X:A+G) (X:A+G) (XM:Am4gm)y  (X™:C™4U™) Radioactivity Moles
>358 33 5 53 9 0.7 0.5
16-35S 67 7 21 5 3.6 2.3

The material from the -5 peaks of Fig. 3 was treated with Pl nuclease and anal-
yzed by two-dimensional electrophoresis as illustrated in Fig. 1. The radio-
activity in pppG, pppA, ppG, ppA and m7Gpprm [X® = g™, (mb)Am, cm and U™] was
measured, and the combined radioactivity in each category of terminus expressed
as a percentage of the total recovered radioactivity.

* B
Estimated from the data of Table 1 assuming the y phosphate of GTIP to be equal
to that of ATP.

hnRNA as compared to small hnRNA, Although the molar ratios are calculated
with approximate specific activity corrections (see above), we would not ex-
pect these corrections to differ significantly between the two hnRNA size
classes. Thus, it is clear from these data that the larger hnRNA molecules
have a relatively low probability of retaining the 5'-termini characteristic of
primary transcription products.

The foregoing results may be indicativeof some intrinsic difference between

large and small transcription units. Alternatively, they might be related to a

Table 4
A comparison of the 5'-termini of hnRNA labeled
for different periods with 32?04

Duration of Tri + diphosphates
labeling pppX ppX m7Gpprm m7Gpprm purine caps
(min) (X:A+G) (X:A+G) (XM A4 GM) (XM C4UM) Radioactivity Moles
30 64 13 18 5 4.3 3.0
45 49 19 27 5 2.6 -
90 49 11 33 7 2.0 -

L cells were concentrated to 107 cells/ml and incubated for 30 min in ¥edium
lacking phosphate and containing 80 ng/ml actinomycin D. One mCi/ml 3 PO, was
then added and ‘the cells incubated for the times indicated. From each batch of
cells the hnRNA >18S was isolated, digested with ribonucleases T2, Tl and A, and
the digests chromatographed on DEAE-Sephadex columns. The material in the -5
peaks was analyzed and expressed as percentage of total radioactivity as described|
in Table 3.
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difference in the relative metabolic stabilities of triphosphate and capped ter-
mini, If the elimination of triphosphate termini and the formation of relative-
ly stable cap termini could occur during the growth of RNA chains, then the
probability of there having been an alteration at the 5' terminus would increase
with the length of the growing transcript. Such an effect would be detectable
if growing chains and recently completed transcripts comprise a reasonably high
proportion of the labeled hnRNA molecules. This is likely to be the case in this
experiment since the specific activity of the nucleotide precursor pools is con-
tinually increasing during the 30 min incubation with 32P04. To investigate the
relative stabilities of phosphorylated and capped ends, we examined the rela-
tive proportions of different 5' termini in hnRNA labeled for different periods
of time.

Proportions of different 5' termini as a function of the duration of labeling

An analysis similar to that described above was made with total (>18S) hnRNA
labeled for varying periods of time with 32p, with increasing duration of
labeling we observed an increase in the proportion of radioactivity in capped ter-
mini relative to that in tri- and diphosphate ﬁermini (Table 4), suggesting a
significant alteration in the composition of 5'-termini as a function of label-
ing time.

To confirm this observation under conditions which permit a reliable estimate

of molar ratios, we repeated this experiment using hnRNA from cells labeled with

Table 5
The molar percentage of 5'-termini of hnRNA labeled
for different periods with 3H nucleosides

Duration of

labeling pppX ppX m7Gpngm m7Gpprm Tri + diphosphates
(min) (X:A4G) (X:A+G)  XT: (m°)AT4G™ (X™: C4y™) purine caps
15 40 22 32 6 2.0
30 36 12 44 9 1.1

120 21 8 60 11 0.5

L cells were incubated for 30 min with 80 ng actinomycin D/ml and then concentrated
to 3 - 5 x 105 cells/ml and incubated with 20 - 25 pc/ml each of 8-3n guanosine,
2,8-3H adenosine, 5-3H cytidine and 5-34 uridine for the times indicated. From
each batch of cells hnRNA >18S was isolated and hydrolyzed with RNAses T2, Tl and A.
The -5 derivatives were analyzed as described in Table 3. The percentage °H radio-
activity in each spot was divided by the relative specific activity value appro-
priate for the particular nucleotide species (Table 1) to give the molar percentage.
In the case of the cap cores the value corresponding to the particular X species
was used: the tritium on the 8 position of guanine is lost when it is converted to

rﬂG a4).
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Table 6
Proportions of the various types of 5'-termini of hnRNA

as a function of labeling time

Duration of Molar percentage of total 5' termini
labeling Polyphosphate Monophosphate 7 Cap m
(min) (pppXp and ppXp) (pXp) (m" GpppX pYp)
15 36 42 22
30 31 35 34
120 20 31 49

Data from the hnRNA samples analyzed in Table 5. The molar percentage of monophos-
phate termini relative to the other types of termini was calculated from the rela-
tive proportions of radioactivity in the -4 and -5 peaks of DEAE-Sephadex pro-
files, accounting for the two nucleotides contributed by cap structures to the -5
peak and for the specific activity differences among termini of different composi-
tion as given in Tables 1 and 5.

all four species of 3H nucleosides. The results (Table 5) indicate that there is
indeed a relative diminution in tri- and diphosphorylated ends relative to caps

as the incubation interval is increased. Between 15 min and 2 hr the proportion
of triphosphate ends drops from about 40 to 217% while the proportion of capped
termini increases from 38 to 717%. In terms of purine-terminated molecules the
ratio of tri- and diphosphorylated to capped ends decreases by a factor of four.
These results are most readily interpreted in terms of a greater metabolic stabil-

ity of capped ends as compared to di- and triphosphate termini.

The data from this experiment were also used to calculate the relative propor-
tions of pX-:* termini and to estimate the average chain length of the hnRNA mole-
cules. The proportion of pX--- termini, like the proportion of polyphosphate ter-
mini, diminishes with increasing labeling time (Table 6). The average chain length,
estimated from the ratios of moles of internal nucleotides to moles of total 5'
termini, is 3 to 5 kb, which is roughly comparable to the calculated value for total
32P-labeled hnRNA (Table 2). The fact that these average chain length estimates
are not very different from the number average molecular weight calculated from
the sedimentation behavior of hnRNA (1) indicates that we have accounted for most,
if not all, of the 5'-termini in these studies. If an appreciable fraction of
hnRNA had ends that were not detected by our analysis, e.g., 5'-OH, then our chain
length estimates would have yielded abnormally high values; this is clearly not

the case.
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DISCUSSION .

Our analysisof the composition of 5'termini of hnRNA by two-dimensional elec-
trophoresis revealed the purine tri-and diphosphates:pppG, pppA,ppG and ppA; as
well as four cap structures: m/GpppX™, X® = G®, mOA® or AT, ™ and U™. We also
observed monophosphorylated termini, pX---, which, according to previous studies
(2), contain pU--- as the predominant species. Contrary to our earlier interpre-
tations of one-dimensional chromatographic analyses,there appear to be little or
no hnRNA molecules bearing ummodified pyrimidine diphosphate termini. The pre-
sumed existence of such termini led us to propose a model in which all of the
termini that are destined to be capped, including those formed by cleavage at in-
ternal sites of hnRNA, pass through a ppX-‘* intermediate. Although the present
results eliminate an important piece of supportive evidence for this model, they
do not necessarily negate it. Indeed, the only cellular (non-viral) cap-forming
enzyme described to date appears to require a ppX°°" terminus (15).

The studies of hnRNA labeled for increasing periods of time indicate a trend
toward a higher proportion of capped ends anda lower proportionof tri-and diphos-
phorylated ends. This implies that caps are metabolically more stable than the
pppX°°* and ppX°‘* termini. This result is consistent with our previous proposal
(2) that the 5' ends of some primary transcripts are directly converted to caps,
On the other hand, we cannot exclude the possibilitjthat cappingoccurs exclusively
at internal cleavage sites, and that the putative 5'-leader sequences are either
modified or absent in our hnRNA preparations. However, the recent discovery of
an enzyme activity in mammalian cells which forms caps by condensation of GTP with
diphosphate terminated RNA (16,17) lends considerable credence to the idea of
direct capping of initial ends of primary transcripts.

In cells incubated for two hours with tritiated nucleosides approximately half
of the labeled hnRNA molecules have capped ends. This rather high proportion of
capped molecules agrees well with an estimation based on the amounts of internal
mbA per cap and per nucleotide. Previously we observed that there are about 3.6.
moles of mPA per mole of cap in the >16S hnRNA of cells labeled for either 15 or
60 min with 3H methionine (5,6). A second type of determination, based on a two-
dimensional chromatographic separation of m6Apand the four unmodified nucleotides
in a ribonuclease digest of 30 min 32p_1abeled hnRNA, indicated that there are
about four residues of I per 10* nucleotides in >16S hnRNA (unpublished ob-
servation). Combining these values [(4m6A/104 nucleotides) + (3.6 m6A/cap) =
1.1 cap/lO4 nucleotides], and taking 4 to 5 kb as the average chain length of
hnRNA, we obtain 50 + 6% for the proportion of capped hnRNA molecules. Since
most or all hnRNA caps appear to constitute precursors of mRNA caps (5,6), this
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result would seem to mean that there is a high proportion of pre-mRNA molecules
in the hnRNA that is labeled in a 2 hr period. This conclusion is consistent
with the substantial sequence homology observed between the mRNA and pulse-
labeled hnRNA of mouse L cells (9). What about hnRNA molecules that lack mRNA
sequences? On the basis of sequence complexity studies such molecules are gen-
erally considered to comprise a reasonably large fraction of the steady-state
hnRNA population [cf. Davidson et al. (17)]. This notion could be reconciled
with our findings if non mRNA-related molecules had a relatively high stability,
in which case their contribution to pulse-labeled hnRNA fractions would pre-
dictably be small.

In hnRNA from cells labeled for 30 min with 32P04 the proportion of tri-
phosphorylated termini relative to cap in large molecules is significantly
lower than in small molecules. In view of the lower metabolic stability of the
pppX termini, this observation could imply that some hnRNA molecules are subject
to processing reactions before the completion of chain growth. If such were
the case, the probability of having undergone a modification of the 5' terminus
would be greater for large hnRNA than for small hnRNA, and one would expect the
proportion of triphosphate termini to be less in the large hnRNA class.

In contrast to our finding, when poly (A)+hnRNA from HeLa cells labeled for
3 hr with 32?04 was analyzed, the large molecules were observed to have the same
proportion of capped 5'-termini as the small molecules (18). This discrepancy
is probably attributable to the fact that the 30 min labeled hnRNA analyzed in
our experiments tends to emphasize growing and recently completed transcripts,
‘whereas the 3 hr labeled poly (A)*hnRNA consists exclusively of completed chains
that have subsequently been polyadenylated at their 3' termini. 1In fact, the
result obtained with the poly (A)*hnRNA tends to argue against the alternative
explanation for our observation, namely, that the extent of cap formation and
triphosphate degradation is related to the intrinsic size of the transcription
units. If this were so, one would have expected to see similar differences in
the relative extents of capping of large and small hnRNAs at all stages of
processing. The possibility of cap formation on growing RNA chains was in-
dicated by the finding that the guanylyltransferase of Reovirus can form a
cap with the dinucleotide ppGpC as a substrate (19). The apparent coupling of
transcription and cap formation in mammalian subcellular systems (16,20) is

also consistent with this idea.
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