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ABSTRACT

Rapid, de ta i led , and accurate analysis of the length spectrum of 3'
terminal poly(A) 1n an RNA population can be obtained by 3' - terminal
3 2P-label l1ng of RNA with T4 RNA l igase, digestion with ribonucleases Tl
and A, and use of gel sequencing methods. Length d is t r ibu t ions of 3 ' -
terminal poly(A) of EMC v i rus , po l iov i rus , rh inovi rus, RAV-61, and CPMV
v i r i o n RNAs as well as mouse globin mRNA are presented.

INTRODUCTION

A common but l i t t l e understood feature of eukaryotic mRNAs 1s the

presence of 3" terminal poly(A) which 1s heterogenous 1n length. Such

poly(A) t rac ts can be released by digest ion with RNase Tl and/or RNase A

and displayed on polyacrylamide gels, but the i r accurate sizing has been

frustrated by the anomalous electrophoretic mobi l i ty of poly(A) even

under highly denaturing condit ions (1) . To overcome th is problem,

synthetic homopolynucleotides have been used d i rec t l y as size markers 1n

several studies (2-4) although such markers of appropriate and precisely

known length are d i f f i c u l t to obta in.

We f ind that 3' terminal 32P-labell1ng with T4 RNA ligase (5 ) ,

which requires less than pmol quant i t ies of polyadenylated RNA, allows

convenient generation of both the Intact 3' terminal poly(A) chains and

poly(A) marker fragments of a l l possible sizes 1n a highly radioact ive

form. Displaying both sets of fragments on high resolut ion nucleic a d d

sequencing gels (6) provides base by base enumeration of 3' poly(A) t a l l

lengths and allows the i r d i s t r i bu t i on to be determined d i r e c t l y and

rap id ly . We report the use of these methods to obtain length spectra of

3' terminal poly(A) of several RNAs.
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MATERIALS AND METHODS

RNA was extracted (7) from EMC and poi iovirus type I (Mahoney),

obtained from Mark Pallansch and Roland Rueckert, and from human rhino-

virus 14, obtained from John Mapoles, Joseph Icenogle, John Anderegg, and

Charles McLean. These viruses had been grown and isolated as previously

described (7-9). Polyadenylated RAV-61 vRNA (10), selected by binding to

ol1go(dT)-cellulose, was a g i f t of David Shealy and Roland Rueckert.

Mouse globin mRNA (11) was a g i f t of Jeffrey Ross. CPMV (yellow strain)

was grown 1n blackeyed cowpea from Inoculum provided by Ramsey Fr ist and

puri f ied according to Klootwijk e_t al_. (12). M and B vir ions were

separated and RNA extracted according to Steele and Fr is t (13).

RNA l iga t ion reactions were modelled af ter England and Uhlenbeck (5)

and typ ica l l y contained 5-10 pmol substrate RNA, 2 uM [5'-32P]pCp (1000-

2000 C1/mmol, from New England Nuclear), 12 units T4 RNA Ugase (PL

Biochemicals), and 12 pM ATP 1n 20 ul 50 mM Hepes pH 8.3, 10 mM MgCl2,

3.3 mM DTT, 12.5% glycerol and 10% DMSO. After the reaction was incubated

24 hours a t 4-5°C in a sealed glass cap i l la ry , the RNA was precipitated

twice with ethanol and washed once with ethanol.

RNase digestions and gel electrophoresis were as described for

determination of RNA sequences (14) except that RNase Tl and RNase A

concentrations were increased to 2 un1ts/ug RNA and 2 x 1 0 " gg/gg RNA

respectively to give complete digestion. Urea was omitted from digests

with RNase <j>l. Sensitized autoradiography (15) was carried out at -80°

with pre-flashed Kodak X-Omat R f i lm and Dupont Cronex Lightning-Plus

Intensifying screens. Autoradiographs were densitometered on a Joyce-

Loebl Mkl l lc microdensitometer.

RESULTS

Figure la shows an autoradiogram of f i ve separate digests and an

undigested control of 3' l igase-labelled EMC v i r ion RNA (vRNA) displayed

on a sequencing ge l . Near the bottom of the ge l , strong bands appear

only 1n par t ia l digests with formamide (which gives cuts at a l l residues),

RNase U2 (which cuts after A residues), and RNase <t>l (which cuts after

a l l but C residues), showing that EMC vRNA terminates at Us 3' end with

a run of A residues. Further up the ge l , bands result ing from digestion

at other than A residues f i r s t appear 1n the complete digest with RNase

Tl (which cuts after G residues). In th is digest fragments from approxi-

mately 18 to over 60 residues In length occur, showing that the number
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Figure 1. Autoradiograms of digests of 3' terminal ligase-labelled RNAs
separated on 12% acrylamide 7 M urea thin sequencing gels. The following
syntools are used to denote the various lanes: C - minus enzyme control;
U2 - part ial RNase U2 digest; Tl - complete RNase Tl digest; F - part ial
formamide digest; $1 - part ial RNase <{.l digest; P - complete RNase A
digest. The numbering of the bands refers to the number of nucleotides
present from the 3' end of the original RNA and does not include the
terminal C added by l igat ion. (a) EMC vRNA digests, (b) Poliovirus
vRNA digests, (c) Mouse globin mRNA digests. Peaks in the poly(A)
distr ibut ion near residues 39 and 56 are clearly v is ib le , (d) CPMV M
vRNA digests.
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of consecutive A residues at the 3' end of the RNA varies accordingly.

This information 1s suff ic ient to define the length spectrum of 3'

terminal poly(A) on EMC vRNA. However, we note that the complete digest

with RNase A (which cuts after C and U residues) gives a pattern similar

to that of the complete RNase Tl digest, but shifted up four nucleotides.

This is in accord with the 3' terminal sequence ' ' 'U-A-G-A-G- poly(A) as

reported by Merregaert et_ a]_. (16).

Three anomalies in Fig. la deserve mention. F i rst , f a in t , mono-,

d i - , and trinucleotide bands appear in the complete RNase Tl and RNase A

digests. Inasmuch as these bands are quite weak and are discontinuous

with the primary distr ibut ion of bands in these lanes, we believe they

result from digestion of contaminating non-polyadenylated RNA fragments.

A group of such contaminating RNA fragments is fa in t l y v is ible 1n the

undigested control of Fig. la, below fu l l length EMC vRNA. Second, a

rather broad band is found in the partial RNase U2 digest just below

band 13. A similar but weaker band migrates between bands 19 and 20 in

both the partial U2 and $1 digests. The source of these bands is unknown

although they were found in similar part ial enzymatic digests of other

31 pCp-labelled polyadenylated RNAs. Such bands did not appear in

partial formamide digests.

The above techniques were applied to analyze the poly(A) length

spectrum of six other RNA samples. Digests of poliovirus vRNA, mouse

globin mRNA, and CPMV M vRNA are shown 1n Fig. l b - l d . I t was convenient

for us to use 5-10 pmol of polyadenylated substrate RNA for the l igat ion

reactions. However, such reactions were typical ly found to yield over

100 times the incorporated label required for these experiments, indicating

that substantially less substrate RNA could be used. Multiple loadings

of the digests for each RNA were electrophoresed as necessary to resolve

the entire distr ibut ion of bands. To maintain the count of fragment

size on gels where the smallest formamide digestion fragments, and thus

the or igin of counting, were run off the gel , i t was necessary to generate

landmarks along the poly (A) ladder. Such landmarks were provided by

electropnoresing digests of RNA fragments having dist inct ive sequences

alongside digests of 3' labelled polyadenylated RNAs.

Figures 2 and 3 show the poly(A) length spectrum of the seven RNA

samples tested. These spectra were determined by graphically integrating

the optical density of autoradiograph bands generated by complete RNA

digestion with RHase Tl or A. Adjacent bands on the autoradiograms
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Figure 2. Length distribution of 3' terminal poly(A) chains released
from picomavirus vRNAs and mouse globin mRNA by complete RNase Tl
digestion. The abundance of chain lengths over 145 residues long 1n
mouse globin mRNA was approximated as discussed 1n the text for every
tenth residue and the resulting points were connected with straight
lines. Vertical arrows mark the position of the number average 3"
poly(A) cha,1n length for each distribution. This value 1s Indicated
above the arrow.

which appeared by eye to be well resolved were frequently shown by

densitometry to overlap slightly. Since adjacent bands were usually of

comparable optical density it was assumed in such cases that spillover

between bands was equal in both directions. Also, poly(A) chains over

240 residues long were not resolved on the 40 cm gels used. (They

should be resolvable on longer gels.) Their abundance was estimated as

follows. For poly(A) chains over 15 residues long, band mobility on the

sequencing gels was found to be a linear function of In n, and band

spacing thus prooortional to Ir.^-1-—), where n equals the number of
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Figure 3. Length distributions of 31 terminal poly(A) chains released
from RAV-61 and CPHV vRNAs by complete RNase A digestion. The abundance
of chain lengths over 240 residues long in RAV-61 and CPMV vRNAs was
approximated as discussed 1n the text for every tenth residue. The
number average 3' poly(A) chain length 1s indicated for each distribution
by a vertical arrow.

residues in the chain. The position on an autoradiogram of an unresolved

poly(A) chain n residues long was determined by extrapolation according

to In n. The abundance of that length poly(A) chain was taken to be

proportional to the optical density at the extrapolated point multiplied

by the band spacing parameter 1 n(—^—).

DISCUSSION

Previous determinations of picornavirus vRNA poly(A) length have

failed to agree completely. The average length of the 3' terminal

poly(A) chain on unfractionated EMC vRNA has been variously reported as

14 to 18 residues (17), 10 to 20 residues (18), and 59 to 67 residues

(19). We find an intermediate value of 35 residues (number average).

Yogo and Wimmer (20) reported the average length of poliovirus vRNA

poly(A) to be 89 residues, while a later report (21) placed the value at

75 residues. Burness et al. (17) concluded that even this latter value
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is an overestimate. Our determination gives the average length of

poliovirus vRNA poly(A) as 62 residues. The average poly(A) length on

human rhinovirus vRNA has been reported as 90 residues (22) and 150

residues (23); we find the average to be 74 residues. We further note

that the poly(A) length distr ibutions for vRNA of a l l three picornaviruses

are asymmetric, being skewed toward the smaller lengths. Some of the

conf l ic t 1n the above reports may be due to actual differences in poly(A)

length depending on the strain of virus and virus growth conditions

used, as suggested by Gillespie et al_. (24). Hruby and Roberts (19),

however, found that choice of cell suspension media had l i t t l e influence

on the average poly(A) length in EMC vRNA.

Morrison et̂  aK (25) found the average 31 poly(A) tract on mouse

globin mRNA to be 50 nucleotides long. Gorski et̂  aj_. (26) further

showed that the length distr ibut ion of mouse globin mRNA poly(A) chains

contained major peaks centered at 40 and 60 residues plus a shoulder of

chains 75 to 120 residues long electrophoresing next to the peak at 60

residues. This uneven length distr ibut ion was common to both a- and B-

globin mRNAs. Our results are similar. We find the average poly(A)

length to be 50 residues and our length distr ibut ion contains two dist inct

major peaks at approximately 39 and 56 residues, respectively, with the

suggestion of a shoulder on the high side of the peak at 56 residues.

However, we also find a minor but d is t inct peak centered at 20 residues.

We find that RAV-61 vRNA bears a 3' terminal poly(A) chain averaging

213 residues in length. This is comparable to Rous sarcoma virus vRNA

whose poly(A) is approximately 200 residues long (27). Since the RAV-61

vRNA used 1n this study was selected by binding to oligo(dT)-cellulose,

we are unable to say whether any fraction of RAV-61 vRNA 1s unpolyadenylated,

as has been found for Rous sarcoma virus vRNA (27).

In a study by El Manna and Bruening, the length distr ibut ion of 3'

terminal poly(A) chains on CPMV M and B vRNAs was shown to be qual i tat ively

similar by sucrose density gradient sedimentation (28). Recovery of

RNase Tl and RNase A resistant oligonucleotides from a mixture of

uniformly P-labelled CPMV M and B vRNAs gave the average length of 3'

terminal poly(A) chains as 100 residues. Steele and Frist (13) estimated

the peak poly(A) lengths on both CPMV M and B vRNAs at 113 residues.

Using gel electrophoresis, they found no gross difference between the

overall poly(A) length distr ibutions of the two RNAs, but this may be

due to the short electrophoretic runs used which fai led to move the
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longest poly(A) fragments discernibly away from the or ig in . Using

higher resolution gels and longer electrophoretic runs, we find that a

substantial difference does exist in the length distr ibut ion of poly(A)

chains on these two RNAs. Although the poly(A) length spectra for both

CPMV M and B vRNAs peak 1n the range of 80-100 residues, poly(A) chains

of over 300 residues are present on CPMV M vRNA while CPMV B vRNA

contains essentially no poly(A) chains over 170 residues 1n length. I t

is conceivable that the extremely wide distr ibut ion in poly(A) chain

length observed for CPMV M vRNA 1s an ar t i fac t caused by the presence of

a large RNase-resistant oligonucleotide adjacent to the 3' poly(A).

However, this seems unlikely in view of the highly denaturing conditions

used for RNase Incubation and the fact that the band pattern was not

changed by increasing the RNase A concentration 25-fold. Since CPMV M

vRNA (1.4 Md) and CPMV B vRNA (2.0 Md) are believed to be enclosed in

identical capsids, the absence of longer poly(A) tracts on CPMV B vRNA

may represent selective encapsidation. In addition to the ful l - length

genomic RNAs whose poly(A) lengths were measured, the ligated CPMV M and

B vRNA preparations contained 4 to 5 labelled bands which co-electrophoresed

with polyadenylate fragments of 70 to 90 bases (F1g. Id ) . The only

other case of signif icant labelling of lower MW RNA species in these

experiments occurred with the RAV-61 vRNA sample. Here the tRNA primer

which 1s encapsidated with the genomic RNA was also labelled ef f ic ient ly

by RNA Ugase. Inasmuch as RNA ligase wi l l not label the 3' phosphate

ends generated by common laboratory-contaminating endonucleases and the

same low MW labelled bands were reproduced in preparations of both CPMV

vRNAs, which are isolated independently from separate classes of vir ions,

the possibi l i ty arises that the presence of small RNAs in the CPMV

samples 1s of biological significance.

As reported here, end labelling with T4 RNA ligase provides several

advantages for studying 31 terminal poly(A) t racts. The method is

extremely rapid, requires only pmol quantities of RNA, is insensitive to

internal poly(A) t racts , and, in combination with existing sequencing

technology, can give very detailed results. Most importantly, poly(A)

chain length 1s determined directly by enumeration, eliminating the

accuracy problems discussed by Burness e_t al_. (17) for previous methods.

The ab i l i t y to determine the complete poly (A) length spectrum of an RNA

sample may make this method particularly useful in studies of poly(A)

synthesis and metabolism.
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